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Abstract

The aim of this PhD work was the implementation of the photoacoustic technique, a
powerful tool to determine the thermal diffusivity of materials. This thesis can be divided in two
fundamental sections: i) the set-up design, implementation, and calibration; and ii) thermal

property measurements of different material types with applications in thermoelectricity.

The main motivation to implement this technique lays on the importance of the thermal
properties in a wide variety of applications from thermal management in electronics, space
industry, or medicine; to energy conversion by means of the thermoelectric effects. The
thermoelectricity is the ability of the materials to convert temperature differences into electricity
and vice versa, so that any waste heat could be recovered and utilized. The efficiency of these
materials is directly related to the electrical conductivity and the Seebeck coefficient and
inversely related to the thermal conductivity. The thermal conductivity characterization is then
critical to evaluate a material as a promising thermoelectric candidate. Moreover, the
thermoelectric efficiency has been proved to be enhanced by the reduction of thermal
conductivity through the increasing of phonon scattering due to nanosize effects. Therefore, the
determination of the thermal properties of these nanostructures materials becomes crucial. For
that purpose, non-contact heating methods are being developed, which allows for the thermal
contact resistances to be avoided, which is one of the main drawbacks of many thermal property
measurement techniques. Non-contact heating techniques are usually based on photothermal
phenomenon, where heating is generated by an incident radiation. In the case of the
photoacoustic technique, an incident modulated radiation impinges on the sample so that its
surface is heating and cooling and hence, the air in contact with it expands and contracts as a
consequence of this periodically heating. From this effect, acoustic waves are created and
detected by a microphone. The signal coming from the microphone is then compared with the
laser incident signal and from the phase shift the thermal properties of the material can be

extracted with a proper theoretical model.

This thesis is divided in six chapters. In the first chapter, an introduction to
thermoelectricity and a review of the non-contact methods to measure the thermal conductivity
are presented. In the second chapter, the experimental methodologies used to fabricate and
characterize the thermoelectric materials under study are explained. Chapter 3 is devoted to the
photoacoustic technique from the optimization of the different elements of the experimental
setup to an exhaustive study about its stability, reproducibility and detection limits. In the fourth

chapter, bulk reference materials are measured in order to prove the validity of the technique for



Abstract

this type of materials. Then, two different systems are studied: a) zinc oxide doped with nickel
oxide nanoparticles and b) polyaniline blended with graphene nanoplatelets. The physical
explanation of the obtained thermoelectric measurements is given. Chapter five explains the
capability of the photoacoustic setup to measured multilayered materials is shown. Different
types of structures from films (Si-Ge or Te), to porous structures (porous alumina), or to
nanowires embedded into alumina matrix (Bi,Te; and Sh,Te;) are analyzed. Finally, chapter
sixth summarizes the most important conclusions of this PhD work.
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Resumen

El objetivo de este trabajo de doctorado consistié en la implementacion de la técnica
fotoacUstica, una herramienta muy poderosa para determinar la difusividad térmica de los

materiales.

Esta tesis puede dividirse en dos secciones principales: i) el disefio del montaje,
implementacion y calibracion, y ii) medidas de las propiedades térmicas de diferentes tipos de

materiales con aplicaciones en la termoelectricidad.

La mayor motivacion para implementar esta técnica se basa en la importancia de las
propiedades térmicas en una amplia variedad de aplicaciones desde gestion térmica en
electronica, industria espacial o medicina, hasta conversion de energia mediante el efecto
termoeléctrico. La termoelectricidad consiste en la habilidad de los materiales de convertir
diferencias de temperaturas en electricidad y viceversa, de modo que el calor residual podria ser
recuperado y reutilizado. La eficiencia de estos materiales est4 directamente relacionada con la
conductividad eléctrica y el coeficiente Seebeck, e inversamente relacionada con la
conductividad térmica. La caracterizacion de la conductividad térmica es por tanto critica para
evaluar a un material como un candidato prometedor en la termoelectricidad. Ademas, ha sido
comprobado cémo la eficiencia termoeléctrica mejora por la reduccién de la conductividad
térmica debida a la dispersion de fonones por el efecto del tamafio nanométrico. Por
consiguiente, la determinacion de las propiedades térmicas de estos materiales
nanoestructurados es crucial. Para este proposito se han desarrollado métodos de calentamiento
de no contacto, los cuales permiten evitar las resistencias térmicas de contacto, uno de los
grandes inconvenientes de muchas de las técnicas de medida de propiedades térmicas. Las
técnicas de calentamiento en modo no-contacto se basan normalmente en el fendémeno
fototérmico, donde el calor es generado por una radiacion incidente. En el caso de la técnica
fotoacustica, una radiacién incidente modulada incide en la muestra por lo que la superficie se
calienta y enfria y por tanto, el aire en contacto se expande y contrae como consecuencia de este
calentamiento periédico. Debido a este efecto, se crean ondas acuUsticas que son detectadas
mediante un microfono. La sefial proveniente del micré6fono se compara con la sefial del laser
incidente y a partir del desfase entre ambas se pueden obtener las propiedades térmicas del

material mediante un modelo teérico apropiado.

Esta tesis esta dividida en seis capitulos. En el primero se presenta una introduccion de
la termoelectricidad y una revision de los métodos de no-contacto para medir la conductividad
térmica. En el segundo capitulo se explican los métodos experimentales utilizados para fabricar

y caracterizar los diferentes materiales termoeléctricos estudiados. En el capitulo 3 se centra en
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la técnica fotoacUstica desde la optimizacion de los diferentes elementos del montaje
experimental a un estudio exhaustivo sobre su estabilidad, reproducibilidad y limites de
deteccion. En el capitulo 4, se recogen las medidas de diferentes materiales en volumen para
comprobar la validez de la técnica y obtener una explicacion fisica de las medidas
termoeléctricas. Se han estudiado dos tipos de sistemas diferentes: a) éxido de zinc dopado con
nanoparticulas de 6xido de niquel, y b) nanoplaquetas de grafeno embebidas en una matriz de
polianilina. En el capitulo 5, se muestra la capacidad del montaje fotoaclstico de medir
materiales multicapas. Se analizaron diferentes tipos de estructuras desde peliculas (Si-Ge o Te)
a estructuras porosas (alimina porosa) o nanohilos embebidos dentro de una matriz de alimina
(Bi,Tes y Sh,Tes). Finalmente, el capitulo 6 resume las conclusiones mas importantes de este
trabajo doctoral.



Chapter 1:

Introduction,
backeround and
objectives

In this Chapter, the main motivations of the thesis work are explained. The chapter starts with
a brief introduction about thermoelectricity and the necessity of characterizing the efficiency of
thermoelectric materials. Then, a short overview about the thermal conductivity is presented.
Afterwards, the state-of-the-art of the non-contact thermal conductivity measurements techniques is
given. Then, an introduction to the photoacoustic technique (the technique developed under this PhD
work) is explained in more detail; the historical background, basis concepts, experimental setup and

applications are exposed. Finally, the objectives and the organization of this thesis are pointed out.



Chapter 1

1.1 Motivation

Thermal conductivity and diffusivity along with heat capacity and thermal expansion are
among the most important thermal properties of solid materials. Characterization of these properties is
critical for new materials, in bulk or nanostructures, which is emerging at fast peace and has a variety
of applications from energy production (thermoelectricity) and thermal management of electronics to
space industry and medicine. On the other hand, thermal characterization, especially measurement of
thermal conductivity and diffusivity is typically not a simple task. The challenges can be especially
difficult when attempting to measure nanostructured materials, such as thin film or nanowires. For
instance, during the measurement of thermal conductivity or diffusivity, the specimen is locally heated
and the thermal response is recorded at various locations away from the heated spot. The thermal
property is then extracted by interpreting the experimental temperature data based on the theoretical
analysis of the heat transfer inside the material. Depending on the particularities of the experimental
setup, the heat transfer can be affected by heat losses or thermal contact resistances, which may
become dominant in nanoscale samples and difficult to predict accurately. Optical heating methods are
typically based on photothermal phenomenon, where heating is produced by absorbed incident
radiation. Thus, contact resistance from a heat source is avoided.

This thesis is focused on the design, development and implementation of a thermal property
measurement technique based on an optical heating method, the photoacoustic effect, which is able to
measure many different types of materials, from bulk materials (3D) to nanowires (1D) at room
temperature. The capabilities and limitations of the technique are established. Examples of the
different materials measured by this technique are given: ZnO nanostructured pellets, standard bulk
references, thick and thin films on different type of substrates, nanowire arrays embedded into anodic

aluminum, and skeletal anodic alumina oxide membranes.

1.2 Thermoelectricity

Nowadays, the search for alternative energy resources is mandatory due to the high and
increasing demand of electricity for human consume and the scarcity of fossil-fuel reserves. Apart
from investigating new clean energy resources, a great effort is being done to improve the efficiency
of the current energy system. The importance of this field of research lays on the fact that most of the
energy produced in our society is lost as wasted heat, mainly in electrical power generation and during
its transport. Generally speaking, two-thirds of the energy production is lost as heat'. In order to
confront this situation, thermoelectric materials are being researched to take advantage of that wasted
heat. These materials are able to convert a temperature difference into electrical energy and vice-versa

so that a more sustainable world is likely by improving this type of technology.
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The thermoelectricity is based on three different physics phenomena. The Seebeck effect
consists of the generation of a voltage difference within a material causing by a temperature gradient.
The Peltier effect, which is the inverse effect, generates a temperature difference when an electrical
current goes through this material. Finally, the Thomson effect is described as the heat absorbed or
emitted by a conductor when is subjected to a temperature gradient and an electrical current is passing
through it.

Thermoelectricity is implemented in our daily life by means of thermoelectric devices which
form the thermoelectric modules. Figure 1.1 shows the two operation modes used by a thermoelectric
device: refrigeration and power generation modes. In both cases two different semiconductor materials
are joint so that an n-type leg (conduction by free electrons) is connected electrically in series and
thermally in parallel with a p-type leg (conduction by free holes). The cooling mode, also called
Peltier cooler, needs an electrical current flowing through the module so that heat transfer takes place
from one side to the other thanks to the Peltier effect. On the contrary, in the power generation mode a

temperature difference is able to generate an electric voltage from the Seebeck effect.

COOLING POWER GENERATION

Heat absorbed Heat source

Thermoelectric

< materials N
(p-type, n-type)

Heat sink

e AV

Figure 1.1. Thermoelectric device: cooling and power generation modes.

As an example, a thermoelectric generator was employed in the New Horizons spacecraft
which recently collected Pluto images (July 2015) 2. The power generation was produced by modules
made of both n-type and p-type pellets of silicon-germanium (SiGe) which take advantage of the heat

produced from a radioactive decay of the plutonium 238 to convert it into usable electricity.

The efficiency of this type of materials is related to the figure of merit by means of,

Ty — TC) Vi+2zT -1 wn

n(%)=100'( Ty /N1 + 2T + (Ty/T,)
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where Ty and T, are the hot and cold sides and zT is the thermoelectric figure of merit which is in

turns expressed as,

S%2.0

K

zT =

T (1.2)

where S? - ¢ is called power factor, PF. In the above formula, S is the thermoelectric power (Seebeck
coefficient), o is the electrical conductivity, « is the thermal conductivity which includes the phononic,
Kpn, and electronic, k., contributions and T is the absolute temperature ®. A good thermoelectric
material should present a high Seebeck coefficient and electrical conductivity with a low thermal
conductivity. Nevertheless, the efficiency of thermoelectric materials keeps being low, so great efforts
are being made to improve it. Numerous materials for different temperature ranges as well as diverse
strategies are been studying to increase it with the purpose of making this technology as competitive as
other clean energies.

Metals present a large electrical conductivity but a very low Seebeck coefficient and high
thermal conductivity. On the contrary, insulators have a considerably high Seebeck coefficient and a
low thermal conductivity but these advantages are cancelled out by a significantly low electrical
conductivity. Therefore, semiconductors stand for the best thermoelectric materials since they present

an optimum combination of the three properties that govern their efficiency, as Table 1.1 summarizes.

Table I.1. Thermoelectric properties of the metals, semiconductors and insulators materials * °.

Property Metals Semiconductors Insulators
Seebeck coefficient
L ~5 ~ 200 ~ 1000
(HV-K™)
Electrical conductivit
) Y ~10° ~10° ~ 10"
(Q-cm)
Thermal conductivity
~ 100 ~1-10 ~0.2-2
(W-mtK?
Figure of merit Z (K% ~3.10° ~2:10° ~5.10"Y

The explanation of the adequacy of the semiconductor materials as good thermoelectric
candidates can be explained in terms of the carrier concentration. Figure 1.2 shows the compromise
existing between the Seebeck coefficient and the electrical conductivity. The maximum power factor
typically arises at carrier concentrations ranging from 10*°to 10 cm™ depending on the material itself.
However, it is necessary also to take the thermal conductivity into account. When doing that, the best
figure of merit values are found also for heavily doped semiconductors, whose carrier concentration
ranges approximately from 10*to 10%° cm™. Figure 1.2 evidences the entanglement between the three
properties. When the Seebeck coefficient is increased, a reduction in the electrical conductivity is

produced due to a decrease in the carrier concentration. Conversely, if the electrical conductivity
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increases, the electronic contribution of the thermal conductivity is also increased, as the Wiedemann-
Franz law points out °. Improving the figure of merit becomes a very difficult task due to this

entanglement.

Insulators Semiconductors Metals

Seebeck coefficient S

[a.u.]

Electrical
Conductivity o

_/ <

Thermal conductivity k

| l l
1018 1020 1021
Free Carrier Concentration [em™]

Figure 1.2. Figure of merit as a function of the carrier concentration. Figure adapted from reference .

Moreover, the efficiency of the thermoelectric materials also depends on the temperature range
of operation (See Figure 1.3) Three different regimes can be found:
a) Room temperature (RT - 300 °C): the most utilized materials are Bi,Te; and its alloys and
Sh,Tes. Also, Bi1.Shy is used in the low temperature range ®.
b) Mid-Temperatures: (300 °C — 700 °C): the most common materials are found to be from group
IV such as PbTe, GeTe, SnTe, among others.
¢) High temperatures: (700 °C — 1000 °C): the most researched materials for both p-type and n-

type components are SiGe as well as doped ZnO.

s e p-lype z1-
a) , b) ..
TAGS
12y SiGe "7 sh,Te ¥by MnSb
1.0 | BizTes 10122'% 14 1
) PbTe CoSh, ¥ CeFe,Shy,
0.8 08} :
] ] , SiGe
M os} “os| —~
0.4+t 04} /
02} 02}
0 . . . . 0 L 1 1 L
0 200 400 600 800 1,000 0 200 400 600 800 1,000

Temperature (°C) Temperature (°C)

Figure 1.3. Figure of merit as a function of the temperature for different (a) n-type and (b) p-type materials. Graphs taken
from reference °.
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Additionally, intensive studies have been carried out in organic materials. Intrinsically
conductive polymers (ICP) have become promising materials due to their low thermal conductivity
and relatively high electrical conductivity, especially when doping them ° and blending them with
different filler materials *°.

There are three different strategies to improve the overall figure of merit which are based on

increasing of the power factor, S2a, or reducing the thermal conductivity, x **:

- New materials with complex bands structure. The Seebeck coefficient would be increased
while keeping the electric conductivity and the electronic contribution of the thermal
conductivity.

- Controlling the disorder within the materials to obtain electron-crystal phonon-glass
behavior °. For instance, Skutterudites and Clathrates play an important role in this sense
since an increase of the electrical conductivity takes place at the same time as the phononic
thermal conductivity is reduced by means of a rattling effect in this type of structures *.

- Nanostructuration of the materials allows the reduction of the phononic thermal
conductivity due mainly to the phonon scattering at the boundaries **.

As this work is focused on the thermal conductivity measurements of many different materials
after the design and implementation of the photoacoustic technique, this last strategy will be explored

by means of the different found experimental results.

1.3 Thermal conductivity

In order to determine the efficiency of thermoelectric materials it is necessary to characterize
the physical properties involved in the figure of merit. Therefore, developing experimental techniques
to measure the Seebeck coefficient, electrical conductivity and thermal conductivity is as essential as
the thermoelectric materials fabrication or the final thermoelectric device design. From these three
magnitudes, the thermal conductivity is the most difficult one to determine, especially in the nanoscale

regime.

The thermal conductivity is an intensive and intrinsic magnitude of materials which represents
the ability of matter to conduct heat. Therefore, this parameter quantifies the capability of a substance
to transfer the kinetic energy from its molecules to other adjacent molecules or substance, which is in

contact to.

The thermal conductivity can be expressed as,



Introduction, background and objectives

g

K=—3
vT

(1.3)
where 6 is the heat flux vector across an unit section of the material and VT is the temperature
gradient **. The thermal conductivity is, thus, a tensor since it depends on the direction within the
material. However, it could be treated as a scalar magnitude for isotropic materials.

From a kinetic formalism point of view, the thermal conductivity in solids is found to be **,

1
K= §Cvl (1.4)

where C is the heat capacity, v is the particles velocity and [ is the particle mean free path. As the
thermal conductivity is a summation of many contributions from electrical carriers, lattice waves

(phonons), among other excitations, Eq. 1.4 can be generalized to,
1
= §Z Coval o (1.5)
a

In the above expression, the subscript « is related to the type of excitation which contributes to
the thermal conductivity. This expression can be utilized to estimate the order of magnitude of

different materials which are summarized in Figure 1.4.
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Figure 1.4. Thermal conductivity of different materials. Reference adapted from *°.

In metals, electrons carry most of the heat whereas in semiconductors and insulators, phonons
transport that heat. Both electrons and phonons can be scattered from defects (e.g. charged impurities,
neutral impurities, dislocations, etc.) and surfaces and boundaries. Moreover, electrons can be

scattered by phonons and other electrons and phonons can also be scattered from other phonons and
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electrons (which is called “phonon drag”). These scattering mechanisms determine the overall thermal
conductivity in any type of structure .

1.4 Review of Non-contact methods to measure thermal conductivity

In general, the techniques employed to measure thermal properties can be categorized based
on the time dependence of the thermal response as steady-state methods or transient methods as seen
in Figure 1.5 (a).
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Figure 1.5. (a) Classification of the thermal conductivity and diffusivity measurement techniques, (b) thermal effects
associated with incident radiation absorbed by a surface and (c) main measurement directions in a standard sample.
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For instance, in steady-state techniques the heat is applied uniformly across a sample of
uniform cross-section, the temperature is measured at both ends of the sample and the thermal
conductivity is determined by applying a one-dimensional heat transfer model and knowing the
sample dimensions ‘', On the other hand, transient methods study the thermal response as a function
of time when heating the material > ?*. The experimental setup and the data reduction of the steady-
state techniques are usually simpler than the transient techniques. However, the steady-state
measurements are more time-consuming and are extremely sensitive to heat losses through

convection, radiation and conduction.

Thermal properties characterization techniques are also classified depending on the heating
procedure as contact and non-contact methods. In the former, the sample is heated by direct contact

24-27

and the heating source can be either a microprobe as in Scanning Thermal Microscopy <, a thin-film

28, 29

electrical resistor deposited directly onto the surface of the sample as in 3w , a bolometer *, pulse

.32 or an external resistor in the case of hot disk **, or many of

heating ** and micro-bridge methods
the steady-state setups '°. These techniques have been used for measuring different kinds of structures
such as bulk, thick and thin films or nanowire arrays. However, when measuring thermal conductivity
of single nanowires, microchips are typically employed *. The main common disadvantage of these
techniques is the thermal contact resistance between the heat source and the sample, which makes it
challenging to perform an accurate measurement mainly when measuring nanostructures like
nanowires or thin film whose low thermal resistance can be easily overwhelmed by contact thermal
resistance. On the contrary, dimensions of the bulk samples can be tuned in order to have a larger
thermal resistance. Besides the thermal contact resistance, the complex microfabrication of the thin

film electrical resistor or microchip is a major drawback in the sample preparation.

In contrast, non-contact methods are typically based on photothermal phenomenon, where
heating is produced by absorbed incident radiation. Thus, contact resistance from a heat source is
avoided. These techniques are of interest due to the simplicity of sample preparation and the absence
of contact thermal resistances. Since it is difficult to establish accurately the amount of heat absorbed
in the sample, the non-contact methods generally make use of a transient or modulated response, and
the transport property determined experimentally is typically thermal diffusivity or effusivity. The
thermal diffusivity, a, indicates how fast a material responds to a temperature change and it is related

to the thermal conductivity, k, by,
k=a-Cy-p (1.6)

where p is the density and C,, is the specific heat. On the other hand, the thermal effusivity describes

the capability of a material to exchange heat with its surrounds and is given by,
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e= /k~Cp~p (1.7)

Therefore, the main disadvantage of these methods arises from the necessity of knowing both
density and specific heat in order to calculate the thermal conductivity. However, these properties can
be determined by other methods such as differential scanning calorimetry (DSC) for specific heat
measurement or pycnometry for density measurements. Oftentimes, when characterizing thermal
transport properties of nanostructures, the density and specific heat are often considered similar to
bulk *3*. This assumption should be used with caution as it could lead to errors, since changes on

phonon dispersion can affect the specific heat *.

Although most of the non-contact techniques are based on optical heating, the measurement
approach for thermal properties may be widely different depending on the thermal-sensitive
phenomena employed in the detection scheme. Thermal emission *, thermal expansion of the sample
22 refractive index changes 4 and acoustic waves ** are some examples of the effects that can be
caused by the optical heating and used for temperature measurement as schematically represented in
Figure 5 (b). Most of the techniques make use of 1D heat transfer models, which allows obtaining the
thermal conductivity or diffusivity in the out-of-plane direction, i.e., perpendicular to the surface of the
sample. However, different experiments and analysis can be performed in order to obtain the in-plane
thermal conductivity or diffusivity which corresponds to the value in the direction parallel to the
surface of the sample as depicted in Figure 1.5 (c). This fact is of great importance in order to take into

account the anisotropy of materials.

Regardless of the detection approach used, these techniques can be divided in two main
groups: time-domain and frequency-domain . The time-domain methods are based on the analysis of
the thermal response as a function of time, such as, for example, decay in the sample temperature after
pulse heating. In contrast, the frequency-domain is governed by an incident modulated radiation,
which generates a periodic signal whose amplitude and phase dependence on frequency are analyzed.
Besides these categories, additional methods employing non-contact optical heating for thermal
conductivity measurement involve the investigation of the sample response to a continuous incident
radiation. Among these, in Micro-Raman method the sample surface temperature increase is
determined from the relation of the Stokes and anti-Stokes shift peaks when illuminating with a
continuous wavelength . In microphotoluminescence the sample is heated by a continuous laser
causing a temperature increment gauged by studying the photoluminescence and then related to the
thermal conductivity by knowing the optical power applied . Apart from the optical heating
methods, an additional non-contact method for thermal properties characterization is the thermal

microprobe technique. This employs a Joule heated microprobe, which acts as a heating source,
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brought in the close proximity of the sample, and takes advantage of the quasi-ballistic air conduction

through the nanometer size air gap between the probe and sample surface *°.

Time-domain and frequency-domain techniques will be deeply reviewed since the

photoacoustic technique is found to be among the frequency-domain methods.
1.4.1 Time-Domain techniques

The time-domain techniques used to measure the thermal conductivity are based on the
analysis of the time-dependent thermal response of a material when this is heated by a pulsed laser
beam. The time-domain signals, similar to frequency-domain signals, contain more information about
the thermal properties of the sample since the transient response has multiple frequency components.
However, the signal analysis presents higher noise in comparison with the frequency modulation

techniques which typically use phase lock-in detection **.
1.4.1.1 Time-Domain Thermoreflectance (TDTR)
1.4.1.1.1 Principle of the TDTR and historical background

The thermoreflectance technique was first proposed by Eesley in 1983 *" %, Time-domain
thermoreflectance method employs the so called “pump and probe” experimental setup, schematically
shown in Figure 1.6 (a). In this setup, a pump laser, absorbed by the sample under investigation,
produces a transient change in temperature. In turn, this causes a change in surface reflectivity, which
is sensed with the help of the probe laser. Thus, the sample must be covered by a thin metallic layer,
highly reflecting at the wavelength of the probe laser. The change in reflectivity, AR, of metallic
materials is typically proportional to the temperature change (AT) through the thermoreflectance

coefficient, k *°,

AR—(laR)AT—kAT 1.8
® ~\&ar)* = (15

Figure 6 (a) illustrates the typical time dependence of the temperature increase. During
illumination, the heat is absorbed by the metallic film and its temperature increases, followed by a

decrease, which depends on the thermal properties of the sample underneath the absorber.
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Figure 1.6. (a) Schematic of the pump and probe laser setup and (b) Temperature response as a function of time after a single-
pulse.

1.4.1.1.2 TDTR Experimental setup

The experimental setup of TDTR is shown in Figure 1.7 and consists of an ultra-fast mode-
locked pulse laser, with a frequency on the order of tens of MHz, producing a repetition rate in the
nanoseconds range. This laser is split into a pump and a probe beams with the help of a beam splitter.
The probe is then delayed with respect to the pump via a mechanical stage from 300 ms to 1 ps *°.
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Figure 1.7. Time-Domain Thermoreflectance experimental setup.

The pump laser is modulated at a reference frequency which allows the lock-in detection
whereas the probe laser remains unmodulated as shown in Figure 1.8 (a) and (b), respectively. When
the pump and the probe lasers present the same repetition rate, the method is known as homodyne
optical sampling which allows high time resolution *. The periodic heating produces a temporary
increase in surface temperature which decays fast, depending on thermal properties of the sample. The
pulsed probe beam, delayed with respect to the pump beam, is reflected by the sample surface and
detected by a photodiode at each time delay. This probe laser is responsible for the detection of the
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temperature decay, which is proportional to the change in reflectivity of the surface metallic layer. The
time delay represents the time at which the temperature is probed and is key in data reduction since the
lock-in detection can sense the amplitude and phase of the sinusoidal wave formed at each time delay
as shown in Figure 1.8 (c). The real and imaginary parts or the in-phase (V;,) and out of phase (Vou)
components of the wave are detected and used to extract the thermal properties. For clarity the
detection scheme is shown in Figure 1.8.

a) — Modulated Pump pulses
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Time (arb. units)

b) == Probe pulses
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A SRR A
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Figure 1.8. Homodyne optical sampling by TDTR with pump frequency modulation and probe delay. (a) The modulated
pump beam, (b) Unmodulated probe beam and (c) Pump laser that heats the surface of the sample and creates a temperature
profile. The probe laser which is time delayed which respect to the pump laser, is reflected off surface so that a sinusoidal
wave is created and measured for different time delays.

This technique can be used without pump beam modulation **°" *2. However, accuracy is
increased if an electric-optic or acoustic-optic modulator is used to modulate sinusoidally the pump
beam (Figure 1.8 (a)) because frequency lock-in can then be employed in the detection of probe beam.
This allows to eliminate the noise that arises from pump laser scattered light and background light and

hence, the signal to noise ratio is increased, which is important as the change in reflectivity is small.

The mode-locked laser can be emitted as nanosecond, picosecond or femtosecond pulse. The
pulse length sets the spatial resolution of the experiment because the thermal penetration length must
be larger than the pulse length **:

l2

— 1.9
T<3a (1.9

In the above expression, [ is the thickness of the sample, « is the thermal diffusivity and t is

the pulse duration. Thus, shorter pulses allow for studying thinner samples. For example, for a thin
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film of 100 nm and thermal diffusivity of the order of 10° m*s™ (between metal and semiconductor
materials), the pulse duration should be lower than 1 ns in order to avoid heat dissipation into the
substrate which would require accounting for both the interface thermal resistance and the thermal
properties of the substrate in data reduction.

1.4.1.1.3 TDTR theoretical model and data reduction procedure

The derivation of the expression for TDTR temperature rise has been carried out by many in
both time ** ** and frequency * domains. Since the thermal diffusion length through the sample is

smaller than the pump laser spot size

the thermal analysis is based on one-dimensional heat
conduction, considering a Gaussian shaped periodic heat source on the surface.® The experimental

signal detected by the lock-in amplifier, Vi(t), is related to the temperature increase via:

Vr(t) _ QAR(Y)
Vo 2 R

(1.10)

where R is the reflectivity of the sample, AR(t) is the reflectivity change which is related to the
temperature change by Eq. 1.8, V, is the average voltage output of the detector, t is the probe beam
time delay and Q is the quality factor of the resonant circuit. Vs includes both the in-phase (or real;
Vin) and out of phase (or imaginary; V) signal components measured. Cahill used the ratio between
the in-phase and out-of-phase component of the recorded voltage to extract the thermal conductivity of

the material *°.

One of the limitations of TDTR technique is the necessity to ensure smooth sample surface to
minimize diffuse reflections. In addition, a quantitative analysis of the data for times lower than 50 ps
is difficult to carry out, one of the reason being that the thermal equilibrium between electrons and
phonons may not hold on this time scale. On the other hand, measurements at very long time delays
are not convenient since changes in the radius of the probe beam may occur by changing the length of

its optical path and the model considers a constant probe spot *°.

1.4.1.1.4 Applications of TDTR and recent developments of the techniques

Originally, this method was developed for measurement the out-of-plane thermal conductivity
of thin films or superlattices. Cross-plane thermal conductivity is typically difficult to measure in such
structures even when they are freely suspended, because the small thickness limits the magnitude of
thermal gradients that can be established cross-plane. However, thermal characterization can be
carried out with TDTR for film on substrate configuration, without any interference from the substrate
because of the picosecond time resolution** > °*8 More recently, this technique was modified to
allow for characterization of nanowire arrays *°, as well as thermal interface resistances °*®2. Heat

conduction across a monolayer or a few layers of graphene was also investigated with TDTR ®. It has

-14 -



Introduction, background and objectives

also been applied to emerging materials, such as characterization of thermal conductivity of silicon

phononic crystals in the out-of-plane direction *°.

While TDTR method is more straightforwardly implemented for measurement of cross-plane
thermal conductivity because the pump probe’s short pulse causes very little lateral heat spreading,

developments that allow for in-plane direction measurement have been also reported ** ®.

Other studies explored the possibility to extract extended thermal or non-thermal information

from TDTR measurements, For instance, Oyake et al.®

studied the possibility to use gold nano-islands
as heat absorbers for investigating the mean free path of the phonons in materials with low thermal
conductivity. The nano-islands were necessary because it is not possible to reduce the pump laser spot
to nanoscale range due to diffraction effects. Moreover, the study of the tiny peaks in the thermal
decay, called acoustic echoes, which are created by the pump laser, have been employed to determine

the film thickness and acoustic properties like the sound velocity ®" %,

1.4.1.2 Laser flash

1.4.1.2.1 Principle of laser flash and historical background

|69

The laser flash technique was developed in 1961 by Parker et al. >, and currently it is one of

the main techniques for measuring thermal properties of solid materials above room temperature 7.
It relies on heating the sample optically on one side with a laser pulse and detecting the temperature
change of the other side with infrared (IR) camera or a small thermocouple. Front heating and front

detection configuration can be an alternative ™.

Laser flash technique is usually employed for measuring bulk materials "%, although it has been
used for material other configurations such as nanowires embedded into a template *°, or thin film on
substrate > . For the later, the effect of the substrate and the interface thermal resistance between the

film and the substrate is taken into account in the heat conduction model used for data reduction **.
1.4.1.2.2 Experimental setup

Figure 1.9 shows a schematic of the experimental setup. In order to facilitate the absorption of
the uniform, short-duration pulse incident onto the sample’s surface, a layer of black paint is coated on
both faces of translucent or transparent samples. Black paint is also added on the back side to enhance

emissivity and enable more accurate temperature reading when IR camera is used for detection.

The typical temperature response obtained following a heating pulse is shown in Figure 1.10,
which exemplifies the temperature change on the back of the sample as function of time. The thermal

diffusivity is obtained by fitting the experimental data with a theoretical model.
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Figure 1.9. Laser flash experimental setup.
1.4.1.2.3 Theoretical model and data reduction procedure
Parker et al. ®® developed a solution of the one dimensional heat equation for the temperature

increase of the rear face of the sample when the front face is heated by a short laser pulse. Two

methods where proposed to obtain the thermal diffusivity.
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Figure 1.10. Sample response after a pulse of light.

|69

The half-rise time method developed by Parker et a is the most commonly employed for

determining the thermal diffusivity of the sample. Using this approach, the thermal diffusivity is given
by,

l2

a=138—
s tl/z

(1.11)

where t, /, is the time needed for the back-surface to reach one-half of the maximum temperature rise

reached, as illustrated in Figure 1.10.
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Another way to extract the thermal diffusivity is by extrapolating the linear regime of the
temperature increase in Figure 1.10 until it intercepts the axis, at a time t,.. Based on this, the thermal
diffusivity is determined as ®,

lZ
a =048

- (1.12)

Both approaches are developed on the basis that heat transfer inside the sample measured is
one-dimensional. To meet this condition, the laser pulse width must be short enough so that it can be
considered negligible when compared to the heat diffusion process characteristic time, the front
surface of the sample must be uniformly heated by the incident laser beam, the sample must be
adiabatically insulated, homogeneous, uniform in geometry and opaque to the wavelength of the
incident laser beam. Experimental errors may arise due to difficulties in meeting these requirements.
Radiative and convective heat losses from the sample can also affect the measurement so that they can
be corrected by accounting for heat losses using models which take into account both convection and
radiation like Cowan’s ™ method or Clark and Taylor’s " model, which only considers radiation
losses. There are other sources of errors, such as the effect of Planck’s law on emitted radiation which
is usually avoided by calibrating the radiation detector "/, the response time, when an IR detector is
used for temperature measurement and the uncertainty in the thickness of the sample. When a
thermocouple is used for temperature measurement the thermal contact resistance between the
thermocouple and the sample is also a source of experimental error. However, experimental

uncertainties lower than 5 % have been reported .

Among the limitations of the technique, it is worth noting that the relation between the thermal
diffusivity and the thickness of a sample plays an important role when measuring bulk samples. In
general, the pulse width has to be much shorter than the time response. However, for thin and highly
conductive samples, this assumption is no longer valid. For this reason, there is a thickness limitation
depending on the thermal conductivity of the samples, which is directly related with the minimum
pulse width that the setup can use’®; otherwise one must correct for the actual laser pulse width in very

thin samples in the model for data reduction .
1.4.1.2.4 Applications and other developments

This technique is widely used and commercial equipment has been developed by multiple
companies, such as Linseis and Netzsch, able to perform out-of-plane thermal diffusivity

measurements in the temperature ranges from -125 °C to 2800 °C.

When using an infrared camera for temperature measurement, the technique is also known as
pulsed photothermal radiometry and is has been employed to extract the thermal diffusivity of films

whose thicknesses are in the range of microns ®'.
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Efforts for extending this technique focused on the measurements in the in-plane direction in
order to measure samples with anisotropic thermal properties have been made™ %% For example,
Tiwari et al. ® developed an extension of laser flash by measuring the thermal response of the sample
at different distances between the thermocouple in the rear face and the laser spot in the front face.

Other developments include extending the technique to measure inhomogeneous samples,

85

such as fiber-reinforced composites, graded materials *°, and free standing carbon nanotubes

measurements %, among others.
1.4.1.3 Transient thermal grating (TTG)

1.4.1.3.1 Principle of TTG and historical background

Transient thermal grating was first proved by Eichler et al.®” in 1973 who measured the
thermal diffusivity in the in-plane direction of a solid sample for the first time. This technique relies on
the diffraction pattern produced by the interference of two laser beams with the same wavelength and
pulses of the order of nanoseconds to picoseconds which irradiate the surface of the sample under
study at an angle 8 on the sample surface. As a consequence, a sinusoidal intensity pattern is created
on the surface of the sample whose spatial period is in the micrometer scale range and varies with the
angle 6. As the thermal expansion is faster than the pulse duration, surface acoustic waves are created
by thermally elastic stress induced by the radiation. Those waves propagate along the direction parallel
to the surface of the sample forming standing waves. Due to the spatially modulated temperature
distribution a photothermal grating emerges. Both the spacing of this thermal grating and the
wavelength of the acoustic waves are the same as the spacing of the intensity pattern so that it can be
modulated by the angle of incidence of the two pump laser beams. As Figure 1.11 shows, the thermal
grating can be detected by the diffraction of a probe beam whose time relaxation time is related with
the thermal diffusivity of the sample under study ®.

Excitation laser pulses

Probe laser Probe reflected beam

\ /’ Probe diffracted beam

Deformed surface
SAMPLE

Figure 1.11.Surface thermal grating depiction.
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This method does not require coating the sample with a metal layer, which makes the sample
preparation easier, the measurements more accurate and not prone to error associated with metal layer
thickness and thermal contact. Moreover, the data fitting is much simpler since metal layer parameters
are avoided. On the other hand, the lack of a metal layer can be troublesome when measuring
semiconducting materials whose energy carriers could be affected by the light ®. Similar to thermal
grating, concentration grating of the excited energy carriers can be created and affects the signal.
However, this contribution used to be negligible since the time scale where this phenomena takes
place greatly differs from the time scale of thermal grating ®, i.e., the carrier grating normally decays

more rapidly than the thermal grating.
1.4.1.3.2 Experimental setup

Figure 1.12 (a) shows the typical transient thermal grating setup. An excitation laser beam is
divided in two parts and crossed on the sample surface thus, creating the intensity pattern and the
subsequent thermal grating. A probe laser is used to sense this phenomenon so that its diffracted beam
due to the thermal grating is detected by a photomultiplier. Figure 1.12 (b) shows the decay of the
thermal grating given by the intensity of the diffraction beam as a function of time, which follows an
exponential relation. The experimental setup can adopt two configurations: reflection or transmission.

In the second case, the sample must be transparent to the probe laser.

Detector
a) Beam dump

b)

\ Diffracted beam
\

Reflected beam
Beam splitter, \\ Sample

 Pump aser

Signal

Time

Figure 1.12. (a) Reflection configuration of the transient thermal grating setup sketch and (b) signal detected.

1.4.1.3.3 Theoretical model and data reduction procedure

Time-dependent and spatially periodic variations in the complex refractive index of the
material take place when exciting the sample with two laser beams due to distribution of the light

intensity created by their interference at each specific angle. %

The heat diffusion equation with appropriate boundary and initial conditions must be solved to

determine the temperature variation at the surface of the sample needed to fit the thermal grating decay
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% The thermal diffusivity in the out-of-plane direction only influences the amplitude factor of the
temperature decay, and the thermal diffusivity in the in-plane direction determines the temperature
profile of the decay, which makes this method especially sensible to the in-plane thermal diffusivity
measurements. This spatially periodic distribution of the temperature gives rise to a spatial distribution
of the refractive index, which acts as a phase grating of the probe laser. For the first diffraction order,
the relation between the temperature distribution and the diffracted beam efficiency is given by ®,

n(t) = K[g(®)]? (1.13)

where K is time-independent constant and g(t) is the time dependent component of the temperature
distribution, so there is a square-dependence of the intensity on the temperature and thus, the intensity

of the diffracted beam also decays exponentially with the relaxation time.

The limitations of this technique include the low efficiency of the diffraction probe beam,
which is normally overcome by the heterodyne detection. However, there are also difficulties in the
heterodyne detection where it is necessary to avoid time delays between the probe and reference
beams pulses and both must be collinear *. The experimental uncertainty is typically calculated from

the standard deviation from several measurements, as 10 - 15 % °.
1.4.1.3.4 Applications and other developments

This technique has permitted different studies such as the thermal diffusivity in the in-plane

direction of bulk materials ®" % **

and other kind of structures such as 5 um thick single crystal PbTe
%, polymide films * or diamond crystals *. In-plane thermal conductivity anisotropy of GaAs/AlAs
superlattices was measured by this technique, while the out-of-plane component was characterized
with TDTR described above ®. This technique has also allowed to prove some theoretical calculations
previously performed in silicon, corroborating a non-diffusive thermal transport in the in-plane
direction of freestanding silicon membranes in the range of microns *. Collins et al. * studied the
influence of the size of the grating period in the phonon transport thus, establishing a new dependence
of the relaxation time when the grating spacing is lower than the phonon mean free path, i.e., in the

ballistic regime.

Marshall et al. studied the thermal diffusivity in Y-Ba-Cu-O thin films deposited on MgO ¥’
and later on the thermal boundary resistance between both layers ®. Other studies have been carried
out in order to study the temperature distribution on both a film and the corresponding substrate by a
new model called the eigenfunction expansion method, which allows to calculate the thermal
properties of both layers *. The technique was greatly improved by the development of the heterodyne
detection. A reference beam is introduced in order to get an interference with the diffracted probe

beam whose intensity has a very good signal to noise ratio % *®.
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1.4.1.4 Pulsed photothermal displacement techniques

The pulsed phothothermal displacement techniques are based on the study of the thermal
properties from a surface deformation of the sample caused by a heating pulse. The main advantage of
this technique falls on the possibility of studying the surface temperature by a single pulse of the pump
beam as well as the thermal properties associated with the thermal expansion generated by this

temperature increment of the surface.
1.4.1.4.1 Pulsed photothermal mirror technique
1.4.1.4.1.1 Principle of pulsed photothermal mirror technique and historical background

The pulsed photothermal mirror technique was proposed by Astrath et al. *** in 2007. This
method is a type of photothermal displacement technique where a pump probe heats the sample,
producing a mechanical distortion on the surface, which depends on sample’s thermal expansion
coefficient and thermal properties of the underneath layers. A probe laser is used to sense the
wavefront distortion as shown in Figure 1.13 (a). In this technique a single pulse heats the sample and
causes subsequent deformation due to thermal expansion. As sample surface is deformed, the probe
beam is focused or defocused as a function of the expansion coefficient of the specimen which is
known as the thermal mirror effect (TM) where the distorted surface acts as a concave or convex
mirror 1°%1%2 By analyzing the change in the intensity profile of the central portion of the beam in the
far field, the thermal diffusivity can be extracted by means of a mathematical model based on the heat

diffusion and thermoelastic equations '*.

a) Pump laser b)
Pump laser
Probe Deflected
Detector laser beam  _@% Probe laser
Reflected — 1
Focused beam
and J \ J

unfocused

beam

Figure 1.13. Schematic representation of the photothermal displacement techniques. a) photothermal mirror technique and b)
Photothermal deflection method.

1.4.1.4.1.2 Experimental setup

Figure 1.14 shows the experimental setup where a nanosecond pulsed laser is commonly used
as pump beam which heats the sample and a probe laser almost collinear to the pump beam which is

the responsible for the detection of the thermal response of the sample by means of a photomultiplier.

-21 -



Chapter 1

Beam Sampler

E
[ Pump laser | S ) 2y

Probe-laser,

Photomultiplier
Reflection Signal v
Pinhole Mirror

Figure 1.14. Pulsed photothermal mirror technique setup.

In order to ensure a good absorbance of the incident radiation, the sample should be opaque

with an extremely low roughness, which can be achieved by surface polishing.

The response time depends on the thermal diffusivity of the sample ranging from hundreds of
microseconds to milliseconds *°%. Thus, a regular photomultiplier, whose response time is less than 2

um, is fast enough to perform the measurement.
1.4.1.4.1.3 Theoretical model and data reduction procedure

All the energy coming from the pump laser is absorbed by the sample and converted into heat,
which diffuses through the sample. The thermal expansion gives rise to a surface distortion which
follows the temperature rise distribution. The surface deformation can be seen as an optical element
which affects the probe reflected beam by changing its intensity profile which is measured in the far
field. The sample can be considered as semi-infinite and the heat is propagated in one-dimensional
way in the cross-plane direction of the sample. The temperature increase on the surface of the sample

can be determined from the heat diffusion equation ' and appropriate boundary conditions.

On the other hand, the temperature change causes a surface deformation that can be described
by the Navier-Stokes thermoelastic equation in the quasi-static approximation. The surface

displacement of the sample is obtained from both expressions.

The surface deformation behaves as an optical element which induces a phase shift to the
reflected probe beam. The intensity profile of the probe laser is related to this phase shift which in turn
is related to the surface displacement ' % From the measured intensity of the probe beam, the
thermal diffusivity can be extracted. The data reduction procedure relies on the knowledge of the

Poisson’s ratio, surface reflectivity, density and specific heat.
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1.4.1.4.1.4 Applications and other developments

The pulsed photothermal mirror technique has been used to study the thermal diffusivity in the
out-of-plane direction of different materials such as opaque materials '° or optical glasses **, where
the limit of semi-infinite and finite media is also established as a function of the of the bulk optical
absorption coefficient as well as the thickness of the sample. Moreover, this technique has also been
used to measure the convective heat transfer coefficient on the solid-fluid interface '®. Astrath et al. '
measured the thermal diffusivity of low absorbing materials.

1.4.1.4.2 Pulsed photothermal displacement technique

1.4.1.4.2.1 Principle of pulsed photothermal displacement technique and historical

background

The pulsed photothermal displacement technique (PTDT) was firstly proposed by Karner et al.
in 1985 ', In this method a pump probe pulse impinges on a sample so that the surface of the sample
experiences a deformation given by the thermal expansion due to the temperature increment. This
distortion is sensed by a probe laser as shown in Figure 1.13 (b) which is deflected by the deformation
of the surface and detected by a position sensitive detector. The angle between the deflected and

reflected beam contains information about the thermal properties of the sample.
1.4.1.4.2.2 Experimental setup

Figure 1.15 shows and sketch of the experimental setup of the pulsed photothermal
displacement technique. A pump laser pulse is used to excite the sample and the probe beam is
responsible for the thermal expansion of the surface detection by a position detector which records the

signal as a function of time.

Mirron

/

Collimator

Pump beam line

Probe beam 2D-position
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Figure 1.15. Pulsed photothermal displacement method setup
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1.4.1.4.2.3 Theoretical model and data reduction procedure

The theory of the pulsed photothermal displacement method was developed by Li in 1989 7,
The deflection of the probe beam is given by an angle and the photothermal displacement signal which
is in relation with the solution of the equation for thermoelastic deformation in the quasistatic
approximation from stress-free boundary conditions *® and the solution of the heat diffusion equation
subjected to adiabatic boundary conditions where heat does not flow out of the sample during the

measurement.
1.4.1.4.2.4 Applications and other developments

This technique has been used for measuring the thermal diffusivity of solid materials like
GaAs %1% or InGaAs/AlGaAs multiple quantum wells*®. Cheng and Zhang discussed the theory of
the PTDT method for semiconducting materials by taking into account the photogenerated carriers *°.
In 2003 Xu et al. ™ developed a new system for the detection of the pulsed photothermal

displacement based on optical birefringence interferometer .
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Table 1.11. Summary of the time-domain techniques for measuring the thermal properties of different structures together with

the advantages, disadvantages and uncertainties.

Time-Domain Thermoreflectance (TDTR)
What measures? Advantages Drawbacks Uncertainty
-No contact resistances - Smooth Surfaces
Thermal —Nar;omctcr scale depth - Extensive
ductivity: resolution. { .
concucavIy -Information about the postprocessing
a) Out-of-plane . . - Metallization ~10 %
thickness and microstructure
b) In-plane -Good sensitivity to thermal |~ Corr.lplcx
interfaces and conductivities | €Xperimental setup
wn of submicron thin films. - p and Cp needed
g Laser flash
—p What measures? Advantages Drawbacks Uncertainty
R -No contact resistances : s
=N Thermal diffusivity | - Easy data reduction . Tl:;grgssml:gcril:gatlon
: of mainly bulk -High or low temperatures ) el'hin ﬁlpms more ~5_10 %
(] materials in the -Low amount of energy . 0
complicated
(«P) out-of-plane needed to heat the sample Black nainti
N direction -Provide thermal diffusivity |~ L. oo Panting
) e - Big sizes
: and heat capacity
© . .
o Transient thermal grating
E What measures? Advantages Drawbacks Uncertainty
) . - Semiconductor
- No contact resistances materials are difficult
Q Thermal diffusivity | - In-plane measurements to be measured
qb in the in-plane - No sample prerpation - Low efficiency of the |~ 10-15 %
direction - Non-invasive . . y
E diffration pattern
= - p and Cp needed
Pulsed photothermal displacement techniques
‘What measures? Advantages Drawbacks Uncertainty
- Knowledge of the
Thermal diffusivity |~ No contact resistances Poisson’s ratio, surface
. ¥ | - Non-invasive reflectivity, p and Cp o
in the out-of-plane needed ~15%
direction
- Extremely low
roughness needed

1.4.2 Frequency-domain techniques

Frequency-based techniques are based on a modulated heating from a laser which is focused
on the surface of a sample. The periodic heat diffuses through the sample producing thermal waves
and a periodic temperature distribution. The thermal penetration depth, s, defined as the distance at
which the thermal wave is damped down to 1/e (around 37 %), is a function of the modulated

frequency,
(1.14)

where « is the thermal diffusivity and f is the modulated frequency. Based on this parameter, a critical
frequency can be defined for which the penetration depth is equal to the film thickness. If the
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frequency of the signal is higher (lower) than critical frequency the sample is said to be thermally
thick (thin). By sweeping the heating signal across a wide range of frequencies, the heated region can
be focused next to the surface, which allows for two-dimensional spreading, or can be forced to be one
dimensional across the sample of the film, allowing for a more comprehensive characterization of the

materials under study.
1.4.2.1 Frequency-domain reflectance method (FDTR)
1.4.2.1.1 Principle of FDTR and historical background

FDTR was originally proposed by Schmidt and colleagues in 2008 **2. In contrast to the TDTR
technique, the FDTR is based on a continuous wave (CW) illumination, which removes the multiple
time scales associated with pulse-lasers in TDTR methods. Both implementations are similar, but in
the case of FDTR the pump laser is modulated and the thermoreflectance signal is recorded at a fixed
time delay between the probe and pump pulse laser. Thus, unlike TDTR, FDTR does not require a
moving stage, which eliminates undesired contributions from the delay stage movement. However, the
sensitivity of the TDTR is highly dependent on the modulation frequency which has to be selected
before the experiment 3, FDTR is primarily used to measure the thermal conductivity of thin films
and bulk samples for an extensive variety of materials since it allows a great resolution of the thermal

penetration length 2.
1.4.2.1.2 Experimental setup

Figure 1.16 shows a sketch of the typical setup. The high power ( > 100 mW) CW pump laser
is modulated, so that it periodically heats the surface of the sample. A low power (5-10 mW) CW
laser beam, which acts as a probe, is directed on the sample and its reflection detected. Based on the
measured changes in the reflected probe laser beam, changes in on surface reflectivity can be assessed,
from which temperature variation of the sample using Eq. 1.8. The phase shift between the pump and
the probe lasers, which is recorded by a lock-in amplifier, is normally the observable of interest, since
the amplitude is affected by the frequency response of the detector, setup wires and properties of the

optical components in the beam path.
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Figure 1.16. Frequency-Domain Thermoreflectance experimental setup.

As in the case of TDTR, in FDTR it is necessary to include a metal transducer which acts as a
heater, and which experiences large changes in reflectivity with temperature at the wavelength of
interest, as explained earlier in Section 1.4.1.1.1.

In order to perform an analysis of the size effects on thermal transport, for example to
investigate the phonon transport mechanism in thin films, high frequencies are applied to the pump
beam, which can range from 200 kHz to 200 MHz ***. On the other hand, this technique has been also
used as a method to determine the heat capacity of both bulk and thin films and the in-plane and out-

of-plane thermal conductivity "> %,

1.4.2.1.3 Theoretical model of FDTR and data reduction procedure

As discussed earlier, the pump laser focused on the sample generates a periodic temperature
change through the sample, which is detected by changes in probe beam reflectivity. The theoretical
model of the heat transfer through a single film on substrate and their interface has been previously
presented >*'*2. From this solution, the amplitude and phase shift can be analyzed and fitted, which are

recorded by the lock-in amplifier.
1.4.2.1.4 Applications and other developments

FDTR has been typically used to measure the thermal conductivity of both bulk and thin films

113, 115-117

along with interface thermal conductances , but also other parameters such as conductance of

self-assembled monolayer junctions formed between metal leads with mismatched phonon spectra ™2

or thermal conductivity accumulation functions *+ **°.

114

A number of modified implementations of FTDR also exist. Regner et al. used a novel

heterodyne detection to avoid ambient and coherent noise by employing another electro-optical
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modulator which modulates the probe beam after being reflected from the sample surface. However,
Ramu et al.*® have developed a new heat transfer model for the FDTR experiment comprised of two
different channels for phonons with mean free path higher (quasi-ballistic channel) or lower (diffusive
channel) than a threshold which explained the results obtained by Regner et al. *°, suggesting that
FDTR has limited capabilities for studying of the accumulation function of bulk matter. Other
interesting developments involve the modification of TDTR data into the similar expressions with the
one used in FDTR. Thus, the high resolution and great signal to noise ratio of the TDTR are combined
with the advantages provided by the heat model associated with the FDTR, allowing the study of
signals obtained at very high frequencies where the TDTR is prone to effects of electron
superdiffusion in the transducer film *2. Finally, Yang et al. *** developed a technique based on FDTR
which allows for mapping with micrometer resolution of the in-plane and out-of-plane thermal

conductivity, heat capacity, thermal interface resistance and thickness of films.
1.4.2.2 Photothermal emission/photothermal radiometry method

1.4.2.2.1 Principle of Photothermal emission method and historical background

The photothermal emission method, photothermal radiometry, lock-in thermography or
infrared thermography was introduced in 1979 by Kanstad and Nordal '#. This technique is based on
the photothermal effect, where a surface emits more infrared radiation when heated. In this method, an
incident modulated radiation heats periodically the surface of a sample which is covered normally with
a thin layer to absorb the heat. The periodic radiation causes periodic fluctuations of temperature of
the surface of the sample which are dictated by the material placed underneath the covered layer,
which are recorded by an IR detector. By comparing the phase shift between the original signal, i.e.,
the modulated laser beam and the temperature variation, the thermal properties can be extracted ***
' This technique can be also used in the rear configuration, where the thermal emission from the rear
surface of the sample is recorded by the IR camera, a setup very similar to laser flash technique *°. In
this case, it is necessary to deposit a black layer on both surfaces of the sample in order to improve the

absorption of the laser and the backside infrared emission.
1.4.2.2.2 Experimental setup

A sketch of the experimental setup used in the photothermal radiometry technique is shown
Figure 1.17 in both front (a) and rear (b) configurations. In this setup the intensity modulated radiation
impinges onto the sample and the infrared radiation emitted by the front face is directed and focused
onto an infrared detector. (see Figure 1.17 (a)). The specular reflected beam is typically collected by a
beam dump. Visible radiation is blocked by using a Ge detector window with the proper spectral
range. Finally, the collected signal is pre-amplified and fed to a lock-in amplifier which measures the

amplitude and phase.
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Figure 1.17. Photothermal emission setup (&) front and (b) rear configurations.

The experimental measurements must take into account the experimental phase shift that the
setup introduces in the system and can distort the final signal. For that aim, a calibration is typically
performed by measuring the phase shift between the original laser beam and the specular reflected

beam '#’.
1.4.2.2.3 Theoretical model and data reduction procedure

When the sample surface is heated with a laser, the infrared radiation emitted by the sample is
phase shifted with respect to the incident radiation. The phase shift depends on the thermal transport
that takes place in the sample and its thermal properties. Specifically, it encodes information about the
thermal diffusivity of the sample, that can be extracted by fitting the data to a one-dimensional heat
transfer model where the phase shift, A¢, is proportional to the square root of the frequency as

128, 129
1)

provided that [ > u

lZ
Ap = 7"\/]? (1.15)

where [ is the thickness of the sample and « is the thermal diffusivity. Measurement of multilayered

structures is also possible by applying a multilayered model **.
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1.4.2.2.4 Applications and other developments

This technique has been employed to measure the out-of-plane thermal diffusivity of a
diversity of materials, including multiwall carbon nanotubes in the axial direction **’, hybrid organic-
inorganic films™" or vanadium-doped magnesium nanostructures **. The thermal diffusivity of Bi,Tes
nanowires embedded in an alumina matrix was measured in the direction perpendicular to the

129

nanowire axis '* along with other low conductive materials ***. The experimental uncertainty is found

to be in the vicinity of 10 % for most works **.

Recent improvements of this technique include extending the model to extract the optical
absorption coefficient of both homogeneous solids and multi-layered solids at the same time as the

thermal diffusivity measurements ** 1%

as well as the effective infrared optical absorption coefficient
of solid samples **. Simultaneous measurement of thermal diffusivity and the thermal conductivity
relative to a reference sample is also possible '?. In the case of semiconducting materials, the
recombination parameters can be extracted by studying the photothermal signal as a function of the
modulation frequency **’. The rear configuration has been mainly used to measure bulk samples **,

but it also serves to measure the in-plane thermal diffusivity of free standing thin films **.
1.4.2.3 Photothermal Beam deflection (PBD) or “mirage method”

1.4.2.3.1 Principle of PBD and historical background

The Photothermal Beam deflection (PBD) technique, also called “mirage method”, was firstly
proposed in 1980 by Boccara et al.™*. This technique is based on the deflection of a probe beam
tangential to the surface due to changes in the refractive index of the gas layer adjacent to the surface
(mirage effect) induced by a temperature change caused by a pump laser. The pump beam is typically
modulated so that the heat diffusion through the sample and the temperature surface depends on the
frequency modulation. A gradient in the refractive index causes the deflection, which depends on both
the optical absorption coefficient and the thermal properties of the sample. From the deflection beam

signal the thermal diffusivity in the out-of-plane direction can be extracted.
1.4.2.3.2 PBD Experimental setup

Figure 1.18 shows the experimental setup of the PBD technique. The pump laser heating the
sample is modulated. A position sensitive detector is used to sense the deflection of the probe beam
caused by the thermal response of the gas layer in the proximity of the sample. The detector is
connected to a lock-in amplifier which compares the phase of the recorded signal with the reference

one from the pump laser.
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Figure 1.18. Photothermal beam deflection sketch.

1.4.2.3.3 Theoretical model and data reduction procedure

A complete description of the theoretical models used in data fitting of the PBD technique can
be found elsewhere *°. Considering a simple one dimensional model, the probe laser beam parallel to
the surface of the sample is deflected by an angle *** related to the temperature of the gas layer which
is obtained by solving the heat diffusion equation for each layer (gas, sample and backing material)
when the sample is periodically heated by a Gaussian beam and taking into account the appropriate
boundary conditions for each layer, i.e., temperature continuity at the sample surfaces and heat flow

continuity *#

The thermal diffusivity can be extracted from the slope of the linear relationship between the
first non-central zero crossings of the real part of the transversal deflection versus the inverse of the
frequency root square which is known as crossing method **°. Thermal diffusivity can be also
extracted by the phase method in which the thermal diffusivity value is obtained from the slope of the
linear relation between the transversal deflection phase signal versus the offset between the pump and

probe lasers **.
1.4.2.3.4 Applications and other developments

This technigue has been used to measure the thermal diffusivity in the out-of-plane direction

148 'Wong et al. **° derived a

of bulk materials *** %, thick films **’ as well as thin films or multilayers
solution of the mirage signal suitable to take into account the effect of the substrate in measurements
where a thin film is deposited on a substrate. Low thermal diffusivity samples which are difficult to
measure due to the high damping of the thermal wave profile have been also measured *°. Bertolotti et
al.™ developed three new experimental setups in order to measure large sizes samples like

semiconductor wafers. The experimental uncertainty was reported to be approximately 10-15 %.
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1.4.2.4 Photothermal displacement techniques (PTDT)
1.4.2.4.1 Principle of PTDT and historical background

In 1983 Olmstead et al.”** developed the photothermal displacement technique (PTDT) in
order to extract thermal and optical properties of solids. The modulated radiation can also cause a
thermal expansion in the sample which can be detected by different techniques, such as the deflection
of a probe laser or interferometry. These techniques are widely used mainly for samples whose
thermal expansion coefficient is high enough to generate a detectable signal, like polymers, to measure
their thermal diffusivity of bulk and thin films and thermal boundary resistance between the film and
the substrate.

In this method an intensity modulated pump laser beam impinges onto the sample along the
normal direction, whereas a probe laser is incident to the surface at an oblique angle as shown in
Figure 1.19. When the pump laser is off, the probe beam angle is reflected from the surface at an angle
equal to the incident angle. When the pump probe is switched on, the angle of the reflected probe laser
changes because the surface of the sample undergoes mechanical distortion caused by the heating **.

1.4.2.4.2 Experimental setup

A sketch of the experimental setup is shown in Figure 1.19. A pump laser is modulated by
means of a mechanical chopper, driven by a reference signal from a lock-in amplifier. This modulated
signal is guided to the sample, where is absorbed by its surface. At the same time, the probe laser is
directed onto the sample surface at an oblique angle. Because the sample is heated periodically, the
probe beam is deflected as a function of the surface of the sample deformation. This deflection is
sensed by means of a position sensitive detector, as depicted in Figure 1.19. Finally, the lock-in

amplifier provides amplitude and phase data of the measured signal.
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Figure 1.19. Photothermal displacement method experimental setup.
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1.4.2.4.3 Theoretical model and data reduction procedure

The analysis of this technique is similar to that of the pulsed photothermal mirror technique,
which combines heat diffusion equation with a Gaussian beam as a heat source and thermoelastic
Navier-Stokes equation for a slab ** 2. After solving these equations the solution, the slope of the
vertical displacement is derived, as seen elsewhere ** **°. This is a complex solution which can be
described as a sum of the in-phase and out-of-phase components with respect to the reference pump
laser signal. The actual measurement that is taken from the lock-in amplifier is given by the arctangent
of the ratio between both components. This phase angle is measured as a function of the modulated
frequency and can be fitted by knowing some laser and sample parameters such as the sample

thickness, optical absorption coefficient, Poisson ratio or the pump beam radius.

1.4.2.4.4 Applications and other developments

The photothermal displacement technique has been employed to measure the out-of-plane

thermal diffusivity of materials. Ogawa et al. *?

measured free-standing polymer thin films. Hu et al.
153 developed a model that allows measuring film on a substrate. This technique has been used also as
a tool for surface profiling of materials with a vertical resolution of approximately 0.1 um ***. Penco et
al.™ developed a modified version of PTDT, based on a Michelson interferometer, where the sample
under study substitutes one of the mirrors. A CW laser heats the surface of the sample and in response
to this, the surface undergoes a thermal expansion, which modifies the optical path of a laser beam
reflected by it. Since the Michelson interferometer is extremely sensible to distance changes, it can be
used to determine the thermal properties from this thermal expansion. This interferometric method was
used to measure the out-of-plane thermal diffusivity of silicon bulk and silicon thin film, as well as the
thermal interface resistance between the substrate and the film many decades ago by Kuo et al. *°. It
was also used to measure the thermal diffusivity of ferrites **’. The thermal diffusivity uncertainty was

reported to be approximately 15 — 20 % **,
1.4.2.5 Pyroelectric calorimetry (PC)
1.4.2.5.1 Principle of PC and historical background

The pyroelectric effect, which was discovered in the 18th century, is the ability of some
materials to temporally induce a voltage when they are heated or cooled. In that sense, pyroelectric
calorimetry uses a laser beam as a heat source which can be a single pulsed or modulated beam and a
pyroelectric temperature detector to sense the thermal induced response **%. The pyroelectric sensors
have the capability of transforming a temperature gradient into an electric signal with fast and stable
dynamic responses at temperatures below the Curie temperature. By studying the thermal response,

the thermal properties of the sample can be obtained *** ' This kind of detection ensures signal to
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noise ratios better than 102-103, so that it can be considered as an accurate technique to determine
thermal parameters of materials. This technique can operate in various configurations like front and
rear detection, with different sources of information, amplitude and phase of the signal, at different
frequency ranges or thicknesses of the samples depending on the particular study which is being
developing.

1.4.2.5.2 Experimental setup

The photopyroelectric calorimetry experimental setups are shown in Figure 1.20. An intensity
modulated laser impinges onto a pyroelectric sensor in the case of back illumination or directly onto
the sample in the in front configuration. In either case, the sample is in good contact with the
pyroelectric sensor. The thermal induced response, which encodes the thermal properties of the
sample, is transduced by the pyroelectric sensor. The sensor is typically for a thick film of PVDF foils
18161182 o1 |iTaO,, and produces a voltage which is amplified and sent to the lock-in amplifier.

a) b)

Chopper

Absorber —~ Absorber —+

Pyroelectric
electrode

Pyroelectric
electrode

Electrode — Electrode—

Electrode—

Backing material

Figure 1.20. (a) Back and (b) Front configurations of a pyroelectric calorimetry setup.

1.4.2.5.3 Theoretical model and data reduction procedure

The generated voltage detected by the pyroelectric sensor is related to the pyroelectric
coefficient, the thickness, the dielectric constant of the sensor and the average temperature fluctuation
across the film sensor *°. This thermal gradient can be calculated by solving the heat diffusion
equation with a heat source given by a Gaussian beam distribution and taking into account the proper

boundary conditions of heat-flux and temperature continuity across the layers **.

The data reduction needed to extract the thermal properties of the materials is performed by
analyzing either the amplitude of the phase shift between the reference signal associated with the laser

modulation and the sensed signal as a function of the modulation frequency.
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1.4.2.5.4 Applications and other developments

This technique has been used to measure the out-of-plane thermal diffusivity of bulk ****** and
thin films . It has been also adapted for measurement of both heat capacity and thermal diffusivity
simultaneously*® ', Moreover, this technique has been employed as an accurate method to determine

thermal properties of liquids *** *. Different uncertainties have been reported, ranging between 5 - 20
% 158, 167

1.4.2.6 Photothermoelectric technique
1.4.2.6.1 Principle of and historical background

In this technique a square wave modulated laser incident onto the sample is absorbed at the
surface, producing a temperature rise with a dc and ac components, which propagates through the
thickness of the sample. The temperature change is detected on the backside by a thermoelectric

junction formed between the sample surface and a sharp tip.

The amplitude and phase of the ac thermoelectric voltage produced in response to temperature
fluctuation are recorded by a lock-in amplifier. With this technique both in-plane and out-of-plane
thermal diffusivities can be measured. In-plane thermal diffusivity is determined based on the ac
temperature rise at the back surface measured as a function of distance from the heating spot. The out-
of-plane thermal diffusivity is determined by carrying out a frequency sweep for a fixed location of the

junction, typically right across the heating spot.

A main advantage of this technique is its capability of measuring both in-plane and out-of-
plane thermal properties '°®. Moreover, the experimental setup, especially the detection part, is
significantly simpler than that of others techniques which need high precision optical equipment.
However, non-conductive and non-absorbing samples must be coated with additional layers, and

knowing the properties of these layers is required for making accurate theoretical predictions.
1.4.2.6.2 Experimental setup

The experimental setup used in this method is similar to the laser flash set up. However,
instead of a pulsed laser, a modulated laser beam with Gaussian intensity profile is used to periodically
heat the front face of the sample as shown in Figure 1.21. For transparent samples, the surface must be
coated with a layer optically thick at the wavelength of the incoming light **. Thermal waves across
the sample are generated and detected by a fine thermocouple junction formed by back face of the
sample and a sharp metallic tip of a wire probe. If the surface of the sample is not conductive, a
metallic thin film has to be deposited in order to ensure the electrical contact. The thermocouple

circuit is closed by another wire electrically connected to the back face of the sample at least several
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thermal diffusion depths far from the heating spot. Because the heating is performed by an on-off laser
beam, an ac temperature signal is generated, which is superimposed on a dc component. The dc signal
is detected by a thermocouple to record the measurement temperature range, whereas the ac
component is sensed by the thermocouple junction and sent to the lock-in amplifier. The diameter of
the sharp wire probe must be as small as possible in order to avoid the heat loss and minimize the time
response of the probe. The ac detected signal is the Seebeck voltage and the ac temperature rise can be

determined directly if the Seebeck coefficient of the back surface and the sharp layer are known.

Optical Sample
chopper

Lens

Wire probe

Figure 1.21. Photo-thermoelectric experimental setup.

1.4.2.6.3 Theoretical model and data reduction procedure

The data reduction is based on fitting the experimentally measured temperature rise (typically
its phase) to temperature predictions based on a heat diffusion model solved in cylindrical coordinates.
If the sample is coated with absorbing and conductive layers on its top and bottom surfaces,
respectively, these layers must be taken into account. Assuming than the absorbing layer is optically
thick, and applying the proper boundary condition to the continuity of the heat flux and the
temperature rise at each interface for both out-of-plane and in-plane configurations, the solutions can

be obtained with the help of Hankel transformations. These solutions can be found elsewhere *.

This model neglects heat losses due to convection and radiation since the measurements are
typically performed under vacuum conditions and temperature raise above ambient is small (a few

degrees or less). Moreover, it also neglects heat losses through the probe.
1.4.2.6.4 Applications and other developments

The technique has been used for measuring thermal diffusivity of alumina templates'®, aligned

10 and bismuth '™ and bismuth telluride nanowire arrays embedded onto alumina

CNT arrays
templates 2. The uncertainty of the thermal diffusivity measured by this technique strongly depends

on the thickness uncertainty so that it ranges from 10-20 % .

Table 1.111 summarizes the advantages, disadvantages and uncertainties of each frequency-domain
technique as well as the main parameter (thermal conductivity or diffusivity) in the in-plane or out-of-

plane direction that is measured.
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Table 1.11l. Summary of the frequency-domain techniques for measuring the thermal properties of different structures
together with the advantages, disadvantages and uncertainties.

Frequency-Domain Thermoreflectance (FDTR)
‘What measures? Advantages Drawbacks Uncertain
Thermal conductivity: :ESIEO?;??gﬁzl:tances - Metallization
a) Out-of-plane Nanc;meter scale - Smooth surfaces ~10 %
b) In-plane _ . - Hard post-procesing
- Easier implementation than
TDTR - p and Cp needed
Photothermal emission method
‘What measures? Advantages Drawbacks Uncertainty
Thermal diffusivity in |~ No comz_lct r§sistances -p ar}d Cp needed .
the out-of-plane - Recombination parameters - Mainly bulk materials
directi semiconductor calculation - Metallization ~10 %
irection - Possible to determine the in- - Precise alignment
plane thermal diffusivity of the optical elements
Photothermal beam deflection (“mirage method”)
What measures? Advantages Drawbacks Uncertainty
- No contact resistances
Thermal diffusivity in |- Non-invasive - pand Cp needed
the out-of-plane - No sample preparation - Complex model ~10-15%
direction - Bulk and thin films
- Simple experimental setup
Photothermal displacement techniques
What measures? Advantages Drawbacks Uncertainty
e . . . |-No contact resistances - High thermal expansion
Thermal diffusivity in . coefficient 900
- Bulk and thin films . . ~15-20%
the out-of-plane Vertical lution of - Poisson’s ratio, surface
direction - ver lc,a resolution o reflectivity, p and Cp needed
approximately 0.1 pm - Low roughness needed
Pyroelectric calorimetry
What measures? Advantages Drawbacks Uncertainty
e L . . - Mainly bulk materials
Thermal diffusiviy in |- High signal o noise ratios | \ccpicalcontactwith | ~5— 20%
dircCli(fn - Nonlfinvasi\lr}c the detector
- p and Cp needed
Photothermoelectric technique
What measures? Advantages Drawbacks Uncertain
- Non-conductive and non-
o - No contact resistances absorbing samples must be
Thermal diffusivity In-plane and out-of-plane coated ~10-20%
a) Out-of-plane - Properties of these layers are
b) In-plane measurement required for theoretical
- Simple detection scheme predictions
- p and Cp needed
Photoacoustic technique
What measures? Advantages Drawbacks Uncertainty
- Thermal diffusivity |~ No contact resistances - Limited by the Depending on the
and thermal - Non-invasive frequency range of the | model and the
conductivit - All type of materials and microphone. thickness and
- Out-of- lanye structures - Metallization conductance:
P - Simple detection scheme - pand Cp needed ~10%

1.5 Photoacoustic technique

1.5.1 Principle of and historical background

The photoacoustic (PA) effect was discovered by Alexander Graham Bell in 1880 with the
photophone invention *®, This effect is based on the production of acoustic waves when an incident
modulated radiation impinges on a sample which is placed inside of a closed space. Specifically, an
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incident modulated radiation periodically heats the sample and subsequently causes the air in contact

with the surface to expand and contract as would do in a thermal piston

Nowadays, the number of publications in the last 30 years has increased considerably, as seen
in Figure 1.22, probably due to the improvements in the lasers and detection techniques, as in most
research fields. The main fields of photoacoustic applications involve biology and medicine. In
biomedicine, Photoacoustic imaging is being used as a hybrid biomedical imaging modality because
optical absorption is closely associated with physiological properties. The magnitude of the
photoacoustic signal reveals physiologically specific optical absorption contrast. 2D and 3D images of

the targeted areas can then be formed *"**"®.

Photoacoustic effect
10000 | mmmm Photoacoustic thermal conductivity
I Fhototacoustic imaging

1000 |
100
10F

1975 1980 1985 1990 1995 2000 2005 2010 2015
Years

Number of publications

Figure 1.22. Number of publications as a function of the year for three different keywords.

In our case, the main application is in relation with the material characterization, and how the
thermal properties of different materials can be studied. In 1976 Rosencwaig and Gersho developed a
model with the theory of the photoacoustic effect with solids.** As explained above, any light absorbed
by solid is converted, in part or in whole, into heat by non-radiative de-excitation processes within the
solid. They formulated a one-dimensional model of the heat flow in the cell resulting from the
absorbed light energy. They considered a simple cylindrical cell where the sample is mounted, so that
its front surface is exposed to the gas (air) within the cell and its back surface is against a poor thermal

conductor, backing material.

The photoacoustic signal is obtained from the complex temperature variation calculated from
the heat equation for each component and taking into account the boundary conditions between each

layer *
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1.5.2 Experimental setup

The apparatus is schematically illustrated in Figure 1.23. A photoacoustic cell is typically a
cylindrical cavity designed so that a 1D heat transfer model can be applied when analyzing the
generation of the acoustic signal. This model is applied provided that the thermal diffusion length of
the gas is much lower than the cell radius *”’. The photoacoustic cell is closed by a window and the
sample. A microphone is used to sense the acoustic waves, which is connected to a lock-in amplifier.

pee S0

Rei exre

Optical fiber Signal

conditioning

PA Signal

Sample
Backing material

Figure 1.23. Photoacoustic technique setup

Photoacoustic
cell

I

1.5.3 Theoretical model and data reduction procedure

The theory of the PA effect in solids was developed by Rosencwaig and Gersho who solved
the heat diffusion equation for each layer: backing material, solid sample and the gas layer using the
appropriate boundary conditions, and for illumination with a modulated uniform Gaussian beam. The

spatially averaged temperature of the gas within this layer given by *,

P(t) = (ﬁ) Bexp [j (wt - %n)] (1.16)

where 6 is the complex amplitude of the temperature at the solid gas boundary (x=0), w is the angular
frequency and j is the imaginary unit. The gas layer acts as a thermal piston due to the periodic heating
whose expansion is given by the ideal gas law,
$(t)
ox(t) = 2mp, —— 117

x(6) = 2mug = (117)
where u is the thermal diffusion length in the gas, and Ty, is the room temperature. The increment of
pressure associated with this displacement can be expressed as:

sP(6) = 220 sx(t) (1.18)

lg
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where Pyis the ambient pressure, y is the ratio of the specific heats and [ is the gas column length.

The full expression of the photoacoustic signal is somewhat difficult to interpret because of
the complicated expression of the temperature variation. However, physical insight may be gained by
examining special cases where the expression becomes relatively simple. They grouped these cases
according to the optical opaqueness of the solids. We can distinguish two groups, optically transparent
samples and optically opaque. Moreover, these groups can be divided into thermally thick or thermally
thin, so that finally we obtain 6 groups of samples. The PA signal is ultimately governed by the
magnitude of the thermal diffusion length (given by Eq. 1.14) of the solid and its dependence on

frequency.

The experimental signal is perturbed by the photoacoustic cell contribution as well as some
parasitic signal from the electronics so that a normalization procedure must be carried out in order to
remove the cell influence. For multilayer samples, the signal is normalized with the help of a reference
sample by using a multilayer model developed by Hu et al. where the samples are illuminated in the
front configuration (see Figure 1.24 (a)) . In the case of bulk samples, the normalization can be
carried out by measuring in front (see Figure 1.24 (a)) and rear configurations (See Figure 1.24 (b))

d 179, 180

and applying the phase lag metho

a) Incident modulated radiation b) Incident modulated radiation

\ 4
window

Acoustic waves, PA window

Microphone <t - cell

Backing material

- Vicrophone

cell  Acoustic waves

Front configuration Rear configuration

Figure 1.24. Schematic of the two main measurement modes (a) front and (b) rear configuration.

1.5.4 Applications and other developments

A number of modifications and improvements have been reported for this technique. In 1977

I'®! study the dependence of PA spectrometer sensitivity on the physical dimensions of

Aamodt et a
the cell because the amplitudes of the pressure fluctuations in the gas depend on the incident light
intensity, thermal properties of both, sample and gas and the details of the thermal diffusion processes
responsible for the heat flow. McDonald and Wetsel extended the theory of PA effect to include the
contribution of mechanical vibration of the sample, which was described as acoustic coupling between
heat diffusion and acoustic waves equations *¥. This effect is important for liquids, which present high

thermal expansion coefficient, and for transparent samples, because the acoustic coupling is higher
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when the absorption coefficient is reduced. Later, Cesar et al. studied the photoacoustic signal of a
solid, taking into account the surface thermal resistance of the sample **3. Then, Quimby et al. in 1980
developed a one dimensional theory of the PA effect in solids, which is valid provided that the thermal
diffusion length of the gas is much lower than the radius of the sample.”” This study considerably
simplifies the mathematical treatment. In the same year, Fernelius studied the two-layer samples,
where each layer had different optical and thermal properties **. Poulet studied the quantitative PAS
applied to thermally thick samples where the theoretical variations of the modulus and of the phase of
the PA signal were compared to the experimental results for a wide range of very or moderately
absorbing materials."® Three years later, Korpiun and Buchner demonstrated the isochoric character of
the PA effect '*. Rousset et al. developed a model which takes into account the thermoelastic bending,
which is the thermal expansion along the thickness of the sample due to a thermal gradient induced in
that direction '®”. This can occur when measuring solid samples especially in the rear configuration.
Other works improved the data reduction and the thermal diffusivity extraction by considering

phenomena, thermal diffusion and thermoelastic bending 2 1°.

Many works have been done but in 1999 a generalized theory of photoacoustic effect in
multilayer material was developed for Hu et al.'”® This work is the one which we are interested in
since one of our main objectives is the thermal conductivity measurements of multilayered materials.
The PA technique has been used to measure the thermal diffusivity or thermal conductivity in the out-
of-plane direction of bulk materials'™® %, thick films ** %% thin films'®*®, porous samples'®**®
or nanowire arrays *** 2°. This technique is also suitable to measure the thermal resistance between

layers 2.
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1.6 Objectives

The main objective of this thesis is the implementation of the photoacoustic technique as a
tool to determine the thermal properties of any type of structure, from bulk materials towards

nanoengineered materials.

The first objective set out is the design and optimization of the experimental setup as well as
the optimization of its operations modes. For that purpose, the design of the photoacoustic cell, laser
beam characterization and the instrumentation and microphone election have to be carried out. Once
the system is optimized, a deep study of the stability and reproducibility as well as the detection limits
and uncertainty of the technique will be carried out in order to perform measurements as accurate as

possible.

The second objective is related to the actual measurements of the thermal diffusivity of bulk
materials. To that aim, both front and rear configuration measurements must be used to normalize the
phase shift. The experimental conditions for each type of sample will be studied. The versatility and
reliability of this technique will be checked by measuring many different reference samples. Once the
system is found to be properly properly, the thermal properties of two types of bulk samples will be
studied: a) inorganic samples like zinc oxide (ZnO) doped with nickel oxide (NiO) nanoparticles (with
different sizes and NiO concentrations) sintered by Spark Plasma Sintering (SPS), and b) polyaniline

(PANI) blended with graphene nanoplatelets (GNPs) in different proportions.

The third objective consists on proving the versatility of the technique to measure films (thin
and thick), porous structures like non-filled anodic aluminum oxide (AAO) membranes (with different
pore diameters prepared under different conditions) and a novel template developed in our lab, the so
called 3D-AAO which has not been measured before. For that a model to understand its thermal
conductivity will be developed. Finally, the thermal properties of the filled AAO templates will be
investigated. The goal of measuring the filled AAO templates lays on the extraction of the thermal

conductivity a single nanowire by using the one dimensional theory.

The fourth objective is to advance in the understanding of how nanostructuration affects the

thermal properties of thermoelectric materials.

With all this measurements we will show the possibility of using this technique to measure the
thermal conductivity of all type of samples morphology and the limitations of the technique in each
case as well as to develop a better understanding of the thermal properties of materials when

nanoengineered.
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1.7 Organization of the Thesis

This thesis is comprised of six chapters:

Chapter 1 explains the main motivation of this thesis and gives a brief introduction about the
thermoelectricity along with the main transport properties required to characterize the efficiency of
this type of materials, especially, the thermal conductivity. Afterwards, this chapter also reviews the
state of the art of the optical heating techniques for measuring thermal diffusivity and conductivity,
finishing with a description of the experimental technique used in this PhD work, the photoacoustic
technique.

Chapter 2 is divided in two different parts. Firstly, the fabrication techniques used to prepare
the materials studied during this thesis are described. Secondly, the characterization techniques used to
study the fabricated materials are also presented.

Chapter 3 contains the photoacoustic technique implementation. It includes a wide explanation
about each of the elements of the experimental setup that we have developed during this PhD work:
the main instrumentation components and the design and the election of the acoustics and optics
elements. Also, this chapter includes a deep study of the signal to noise ratio, stability and
reproducibility of the measurement for different materials under diverse experimental conditions.

Finally, the detection limits of the technique are also studied.

In Chapter 4, the cross-plane thermal diffusivity of different bulk materials is presented. For
that purpose, measurements in front and rear configurations are optimized and a calibration of many
different reference samples, which cover a wide range of thermal diffusivity values, are showed. Once
the experimental setup was proved to be properly working, different studies were performed. Zinc
oxide pellets fabricated by ball milling and spark plasma sintering with different concentration of NiO
nanoparticles and different ZnO particle size were studied. Finally, a study of the thermoelectric
properties of samples composed of a conductive polymer, polyaniline (PANI), blended with graphene

nanoplatelets (GNP) is also shown.

Chapter 5 describes the operation of the photoacoustic experimental setup when measuring
films, porous structures and nanowires embedded into porous alumina membranes. Measurements of
some reference samples demonstrated that the setup worked properly by comparing the results with
those samples measured in other labs and by other techniques. Afterwards, different studies of diverse
materials are presented. The thermoelectric properties of electrodeposited tellurium thick films are
studied. Moreover, the thermal conductivity of SiGe thin films grown by sputtering are presented. The

thermal conductivity of empty anodic aluminum oxide (AAO) membranes with both ordinary
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longitudinal pores and with a tridimensional structure is investigated. Finally, the thermal conductivity

of Bi,Tez and Sh,Te; nanowires inside the previous AAO templates is also explored.

Finally, Chapter 6 summarizes the main conclusions of this PhD work.

-44 -



Introduction, background and objectives

1.8 References

1. Lave, L.; Savitz, M.; Berry, R.; Brown, M.; Cohen, L.; Craford, M.; Decotis, P.;
Degraffenreidt, J.; Geller, H.; Goldstein, D., The National Academies Press. In Washington DC, 2009.
2. Fountain, G. H.; Kusnierkiewicz, D. Y.; Hersman, C. B.; Herder, T. S.; Coughlin, T. B.;

Gibson, W. C.; Clancy, D. A.; DeBoy, C. C.; Hill, T. A.; Kinnison, J. D.; Mehoke, D. S.; Ottman, G.
K.; Rogers, G. D.; Stern, S. A.; Stratton, J. M.; Vernon, S. R.; Williams, S. P., The New Horizons
spacecraft. Space Science Reviews 2008, 140, 23-47.

3. Rowe, D. M., CRC Thermoelectrics Handbook: Macro to Nano. In CRC Press, Rowe, D. M.,
Ed. 2005.
4. Wood, C., Materials for thermoelectric energy conversion. Reports on Progress in Physics

1988, 51, 459-539.

5. Lide, D. R., CRC Handbook of Chemistry and Physics. In Press, C., Ed. Boca Raton, 2005.

6. Snyder, G. J.; Toberer, E. S., Complex thermoelectric materials. Nat Mater 2008, 7, 105-114.
7. Dughaish, Z., Lead telluride as a thermoelectric material for thermoelectric power generation.
Physica B: Condensed Matter 2002, 322, 205-223.

8. Tang, S.; Dresselhaus, M. S., Electronic properties of nano-structured bismuth-antimony
materials. Journal of Materials Chemistry C 2014, 2, 4710-4726.

0. Maiz, J.; Mufioz Rojo, M.; Abad, B.; Wilson, A. A.; Nogales, A.; Borca-Tasciuc, D. A;
Borca-Tasciuc, T.; Martin-Gonzalez, M., Enhancement of thermoelectric efficiency of doped
PCDTBT polymer films. RSC Advances 2015, 5, 66687-66694.

10. Abad, B.; Alda, I.; Diaz-Chao, P.; Kawakami, H.; Almarza, A.; Amantia, D.; Gutierrez, D.;
Aubouy, L.; Martin-Gonzalez, M., Improved power factor of polyaniline nanocomposites with
exfoliated graphene nanoplatelets (GNPs). Journal of Materials Chemistry A 2013, 1, 10450-10457.
11. Martin-Gonzalez, M.; Caballero-Calero, O.; Diaz-Chao, P., Nanoengineering thermoelectrics
for 21st century: Energy harvesting and other trends in the field. Renewable and Sustainable Energy
Reviews 2013, 24, 288-305.

12. Sales, B. C.; Mandrus, D.; Chakoumakos, B. C.; Keppens, V.; Thompson, J. R., Filled
skutterudite antimonides: Electron crystals and phonon glasses. Physical Review B 1997, 56, 15081-
15089.

13. Hopkins, P. E.; Reinke, C. M.; Su, M. F.; Olsson, R. H.; Shaner, E. A.; Leseman, Z. C;
Serrano, J. R.; Phinney, L. M.; El-Kady, I., Reduction in the Thermal Conductivity of Single
Crystalline Silicon by Phononic Crystal Patterning. Nano Letters 2011, 11, 107-112.

14. Tritt, T. M., Thermal Conductivity: Theory, properties and applications. In Tritt, T. M., Ed.
233 Spring Street, New York, New York 10013, 2004.

15. http://www.akts.com/time-to-maximum-rate-adiabatic/runaway-reactions-akts-thermal-safety-
software.html.

16. Beck, A., A steady state method for the rapid measurement of the thermal conductivity of
rocks. Journal of Scientific Instruments 1957, 34, 186.

17. Dettmer, E. S.; Romenesko, B. M.; Charles, H. K., Jr.; Carkhuff, B. G.; Merrill, D. J., Steady-
state thermal conductivity measurements of AIN and SiC substrate materials. Components, Hybrids,
and Manufacturing Technology, IEEE Transactions on 1989, 12, 543-547.

18. Sass, J. H.; Stone, C.; Munroe, R. J., Thermal conductivity determinations on solid rock — a
comparison between a steady-state divided-bar apparatus and a commercial transient line-source
device. Journal of Volcanology and Geothermal Research 1984, 20, 145-153.

19. Khorunzhii, 1.; Gabor, H.; Job, R.; Fahrner, W. R.; Denisenko, A.; Brunner, D.; Peschek, U.,
Steady-state thermal conductivity measurements of super-hard materials. Measurement 2002, 32, 163-
172.

20. Moon, J.; Weaver, K.; Feng, B.; Gi Chae, H.; Kumar, S.; Baek, J.-B.; Peterson, G. P., Note:
Thermal conductivity measurement of individual poly(ether ketone)/carbon nanotube fibers using a
steady-state dc thermal bridge method. Review of Scientific Instruments 2012, 83, 016103.

21. Stoib, B.; Filser, S.; Stotzel, J.; Greppmair, A.; Petermann, N.; Wiggers, H.; Schierning, G.;
Stutzmann, M.; Brandt, M. S., Spatially resolved determination of thermal conductivity by Raman
spectroscopy. Semiconductor Science and Technology 2014, 29, 124005.

- 45 -


http://www.akts.com/time-to-maximum-rate-adiabatic/runaway-reactions-akts-thermal-safety-software.html
http://www.akts.com/time-to-maximum-rate-adiabatic/runaway-reactions-akts-thermal-safety-software.html

Chapter 1

22. Gustafsson, S. E., Transient plane source techniques for thermal conductivity and thermal
diffusivity measurements of solid materials. Review of Scientific Instruments 1991, 62, 797-804.

23. Healy, J. J.; de Groot, J. J.; Kestin, J., The theory of the transient hot-wire method for
measuring thermal conductivity. Physica B+C 1976, 82, 392-408.

24, Gomes, S.; Assy, A.; Chapuis, P. O., Scanning thermal microscopy: A review. physica status
solidi (a) 2015, 212, 477-494.

25. Cahill, D. G.; Goodson, K.; Majumdar, A., Thermometry and Thermal Transport in
Micro/Nanoscale Solid-State Devices and Structures. Journal of Heat Transfer 2001, 124, 223-241.
26. Borca-Tasciuc, T., Scanning probe methods for thermal and thermoelectric property
measurements. Annual Review of Heat Transfer 2013, 16.

27. Wilson, A. A.; Rojo, M. M.; Abad, B.; Perez, J. A.; Maiz, J.; Schomacker, J.; Martin-
Gonzalez, M. S.; Borca-Tasciuc, D.-A.; Borca-Tasciuc, T., Thermal Conductivity Measurements of
High and Low Thermal Conductivity Films Using a Scanning Hot Probe Method in the 3[small
omega] Mode and Novel Calibration Strategies. Nanoscale 2015.

28. Cahill, D. G., Thermal conductivity measurement from 30 to 750 K: the 30 method. Review of
Scientific Instruments 1990, 61, 802-808.

29. Lu, L.; Yi, W.; Zhang, D. L., <equation>3&#x3c9;</equation> method for specific heat and
thermal conductivity measurements. Review of Scientific Instruments 2001, 72, 2996-3003.

30. Volklein, F., Thermal conductivity and diffusivity of a thin film SiO2[1Si3N4 sandwich
system. Thin Solid Films 1990, 188, 27-33.

31. Okuda, M.; Ohkubo, S., A novel method for measuring the thermal conductivity of
submicrometre thick dielectric films. Thin Solid Films 1992, 213, 176-181.

32. Davami, K.; Weathers, A.; Kheirabi, N.; Mortazavi, B.; Pettes, M. T.; Shi, L.; Lee, J.-S;;
Meyyappan, M., Thermal conductivity of ZnTe nanowires. Journal of Applied Physics 2013, 114,
134314,

33. Gustavsson, M.; Karawacki, E.; Gustafsson, S. E., Thermal conductivity, thermal diffusivity,
and specific heat of thin samples from transient measurements with hot disk sensors. Review of
Scientific Instruments 1994, 65, 3856-3859.

34. Volklein, F.; Reith, H.; Schmitt, M. C.; Huth, M.; Rauber, M.; Neumann, R., Microchips for
the Investigation of Thermal and Electrical Properties of Individual Nanowires. Journal of Elec Materi
2010, 39, 1950-1956

35. Hochbaum, A. I.; Chen, R.; Delgado, R. D.; Liang, W.; Garnett, E. C.; Najarian, M.;
Majumdar, A.; Yang, P., Enhanced thermoelectric performance of rough silicon nanowires. Nature
2008, 451, 163-167

36. Lee, E. K.; Yin, L.; Lee, Y.; Lee, J. W.; Lee, S. J.; Lee, J.; Cha, S. N.; Whang, D.; Hwang, G.
S.; Hippalgaonkar, K.; Majumdar, A.; Yu, C.; Choi, B. L.; Kim, J. M.; Kim, K., Large thermoelectric
figure-of-merits from SiGe nanowires by simultaneously measuring electrical and thermal transport
properties. Nano Letters 2012, 12, 2918-2923.

37. Roh, J. W.; Jang, S. Y.; Kang, J.; Lee, S.; Noh, J. S.; Kim, W.; Park, J.; Lee, W., Size-
dependent thermal conductivity of individual single-crystalline PbTe nanowires. Applied Physics
Letters 2010, 96.

38. Zhou, F.; Szczech, J.; Pettes, M. T.; Moore, A. L.; Jin, S.; Shi, L., Determination of transport
properties in chromium disilicide nanowires via combined thermoelectric and structural
characterizations. Nano Letters 2007, 7, 1649-1654.

39. Manzano, C. V.; Abad, B.; Mufioz-Rojo, M.; Koh, Y. R.; Hodson, S. L.; Martinez, A. M. L.;
Xu, X.; Shakouri, A.; Sands, T. D.; Borca-Tasciuc, T.; Martin-Gonzalez, M., Anisotropy effect on the
thermoelectric properties of highly oriented electrodeposited Bi2Te3 films. Scientific Reports 2015,
accepted.

40. Chen, G., Phonon heat conduction in nanostructuresl. International Journal of Thermal
Sciences 2000, 39, 471-480.

41, Garcia, J.; Mandelis, A.; Farahbakhsh, B.; Lebowitz, C.; Harris, I., Thermophysical properties
of thermal sprayed coatings on carbon steel substrates by photothermal radiometry. Int J Thermophys
1999, 20, 1587-1602

- 46 -



Introduction, background and objectives

42. Ogawa, E. T.; Hu, C.; Ho, P. S., Thermal diffusivity measurement of polymeric thin films
using the photothermal displacement technique. I. Free-standing film case. Journal of Applied Physics
1999, 86, 6018-6027

43. Paddock, C. A.; Eesley, G. L., Transient thermoreflectance from thin metal films. Journal of
Applied Physics 1986, 60, 285-290.

44, Rosencwaig, A.; Gersho, A., Theory of the photoacoustic effect with solids. Journal of
Applied Physics 1976, 47, 64-69.

45, Liu, X.; Wang, R.; Jiang, Y.; Zhang, Q.; Shan, X.; Qiu, X., Thermal conductivity
measurement of individual CdS nanowires using microphotoluminescence spectroscopy. Journal of
Applied Physics 2010, 108, 054310.

46. Zhang, Y.; Castillo, E. E.; Mehta, R. J.; Ramanath, G.; Borca-Tasciuc, T., A noncontact
thermal microprobe for local thermal conductivity measurement. Review of Scientific Instruments
2011, 82, 024902.

47, Eesley, G. L., Generation of nonequilibrium electron and lattice temperatures in copper by
picosecond laser pulses. Physical Review B 1986, 33, 2144-2151.

48. Eesley, G. L., Observation of Nonequilibrium Electron Heating in Copper. Physical Review
Letters 1983, 51, 2140-2143.

49, Favaloro, T.; Bahk, J.-H.; Shakouri, A., Characterization of the temperature dependence of the
thermoreflectance coefficient for conductive thin films. Review of Scientific Instruments 2015, 86,
024903.

50. Pernot, G.; Michel, H.; Vermeersch, B.; Burke, P.; Lu, H.; Rampnoux, J.-M.; Dilhaire, S.;
Ezzahri, Y.; Gossard, A.; Shakouri, A. In Frequency-Dependent Thermal Conductivity in Time
Domain Thermoreflectance Analysis of Thin Films, MRS Proceedings, 2011; Cambridge Univ Press:
2011; pp mrss11-1347-bb07-07.

51. Baba, T., Analysis of One-dimensional Heat Diffusion after Light Pulse Heating by the
Response Function Method. Japanese Journal of Applied Physics 2009, 48, 05EB0A4.

52. Norris, P. M.; Caffrey, A. P.; Stevens, R. J.; Klopf, J. M.; McLeskey Jr, J. T.; Smith, A. N.,
Femtosecond pump—probe nondestructive examination of materials. Review of Scientific Instruments
2003, 74, 400-406.

53. Capinski, W. S.; Maris, H. J.; Ruf, T.; Cardona, M.; Ploog, K.; Katzer, D. S., Thermal-
conductivity measurements of GaAs/AlAs superlattices using a picosecond optical pump-and-probe
technique. Physical Review B 1999, 59, 8105-8113.

54. Schmidt, A. J.; Chen, X.; Chen, G., Pulse accumulation, radial heat conduction, and
anisotropic thermal conductivity in pump-probe transient thermoreflectance. Review of Scientific
Instruments 2008, 79, 114902.

55. Cahill, D. G., Analysis of heat flow in layered structures for time-domain thermoreflectance.
Review of Scientific Instruments 2004, 75, 5119-5122.

56. Chiritescu, C.; Mortensen, C.; Cahill, D. G.; Johnson, D.; Zschack, P., Lower limit to the
lattice thermal conductivity of nanostructured Bi2Te3-based materials. Journal of Applied Physics
2009, 106, 073503

57. Chiritescu, C.; Cahill, D. G.; Nguyen, N.; Johnson, D.; Bodapati, A.; Keblinski, P.; Zschack,
P., Ultralow Thermal Conductivity in Disordered, Layered WSe2 Crystals. Science 2007, 315, 351-
353.

58. Luckyanova, M. N.; Garg, J.; Esfarjani, K.; Jandl, A.; Bulsara, M. T.; Schmidt, A. J.; Minnich,
A. J.; Chen, S.; Dresselhaus, M. S.; Ren, Z.; Fitzgerald, E. A.; Chen, G., Coherent Phonon Heat
Conduction in Superlattices. Science 2012, 338, 936-939.

59. Persson, A. I.; Koh, Y. K.; Cahill, D. G.; Samuelson, L.; Linke, H., Thermal Conductance of
InAs Nanowire Composites. Nano Letters 2009, 9, 4484-4488.

60. Costescu, R. M.; Wall, M. A.; Cahill, D. G., Thermal conductance of epitaxial interfaces.
Physical Review B 2003, 67, 054302.

61. Monachon, C.; Weber, L., Influence of a nanometric Al203 interlayer on the thermal
conductance of an Al/(Si, Diamond) interface. Advanced Engineering Materials 2015, 17, 68-75.

62. Cheaito, R.; Gaskins, J. T.; Caplan, M. E.; Donovan, B. F.; Foley, B. M.; Giri, A.; Duda, J. C;
Szwejkowski, C. J.; Constantin, C.; Brown-Shaklee, H. J.; lhlefeld, J. F.; Hopkins, P. E., Thermal

-47 -



Chapter 1

boundary conductance accumulation and interfacial phonon transmission: Measurements and theory.
Physical Review B 2015, 91, 035432.

63. Koh, Y. K.; Bae, M.-H.; Cahill, D. G.; Pop, E., Heat Conduction across Monolayer and Few-
Layer Graphenes. Nano Letters 2010, 10, 4363-4368.

64. Feser, J. P.; Liu, J.; Cahill, D. G., Pump-probe measurements of the thermal conductivity
tensor for materials lacking in-plane symmetry. Review of Scientific Instruments 2014, 85, 104903.

65. Zheng, X.; Cahill, D. G.; Zhao, J. C., Thermal Conductivity Imaging of Thermal Barrier
Coatings. Advanced Engineering Materials 2005, 7, 622-626.

66. Oyake, T.; Sakata, M.; Shiomi, J., Nanoscale thermal conductivity spectroscopy by using gold
nano-islands heat absorbers. Applied Physics Letters 2015, 106, 073102.

67. Thomsen, C.; Strait, J.; Vardeny, Z.; Maris, H. J.; Tauc, J.; Hauser, J. J., Coherent Phonon
Generation and Detection by Picosecond Light Pulses. Physical Review Letters 1984, 53, 989-992.

68. Grahn, H. T.; Young, D. A.; Maris, H. J.; Tauc, J.; Hong, J. M.; Smith, T. P., Sound velocity
and index of refraction of AlAs measured by picosecond ultrasonics. Applied Physics Letters 1988, 53,
2023-2024.

69. Parker, W. J.; Jenkins, R. J.; Butler, C. P.; Abbott, G. L., Flash Method of Determining
Thermal Diffusivity, Heat Capacity, and Thermal Conductivity. Journal of Applied Physics 1961, 32,
1679-1684.

70. Han, L.; Van Nong, N.; Zhang, W.; Hung, L. T.; Holgate, T.; Tashiro, K.; Ohtaki, M.; Pryds,
N.; Linderoth, S., Effects of morphology on the thermoelectric properties of Al-doped ZnO. RSC
Advances 2014, 4, 12353-12361

71. Ohta, H.; Shibata, H.; Kasamoto, T., Estimation of heat transfer of a front-heating front-
detection laser flash method measuring thermal conductivity for silicate melts at high temperatures.
IS1J International 2006, 46, 434-440.

72. Akoshima, M.; Baba, T., Study on a Thermal-diffusivity Standard for Laser Flash Method
Measurements. Int J Thermophys 2006, 27, 1189-1203.

73. Cai, A.; Yang, L.-p.; Chen, J.-p.; Xi, T.-g.; Xin, S.-g.; Wu, W., Thermal Conductivity of
Anodic Alumina Film at (220 to 480) K by Laser Flash Technique. Journal of Chemical &
Engineering Data 2010, 55, 4840-4843.

74. Ruoho, M.; Valset, K.; Finstad, T.; Tittonen, I., Measurement of thin film thermal conductivity
using the laser flash method. Nanotechnology 2015, 26.

75. Cowan, R. D., Pulse method of measuring thermal diffusivity at high temperatures. Journal of
Applied Physics 1963, 34, 926-927.

76. Clark 11, L.; Taylor, R., Radiation loss in the flash method for thermal diffusivity. Journal of
Applied Physics 1975, 46, 714-7109.

77. Baba, T.; Ono, A., Improvement of the laser flash method to reduce uncertainty in thermal
diffusivity measurements. Measurement Science and Technology 2001, 12, 2046.

78. Vozar, L.; Hohenauer, W., Uncertainty of Thermal Diffusivity Measurements Using the Laser
Flash Method. Int J Thermophys 2005, 26, 1899-1915.

79. Lindemann, A.; Blumm, J.; Brunner, M., Current limitations of commercial laser flash
techniques for highly conducting materials and thin films. High Temperatures - High Pressures 2014,
43, 243-252.

80. Larson, K. B.; Koyama, K., Correction for Finite-Pulse-Time Effects in Very Thin Samples
using the Flash Method of Measuring Thermal Diffusivity. Journal of Applied Physics 1967, 38, 465-
474,

81. Leung, W. P.; Tam, A. C., Thermal diffusivity in thin films measured by noncontact single-
ended pulsed-laser-induced thermal radiometry. Opt. Lett. 1984, 9, 93-95.

82. Tiwari, A.; Boussois, K.; Nait-Ali, B.; Smith, D. S.; Blanchart, P., Anisotropic thermal
conductivity of thin polycrystalline oxide samples. AIP Advances 2013, 3.

83. Kulkarni, A.; Gutleber, J.; Sampath, S.; Goland, A.; Lindquist, W. B.; Herman, H.; Allen, A.
J.; Dowd, B., Studies of the microstructure and properties of dense ceramic coatings produced by
high-velocity oxygen-fuel combustion spraying. Materials Science and Engineering A 2004, 369, 124-
137.

84. Goli, P.; Ning, H.; Li, X.; Lu, C. Y.; Novoselov, K. S.; Balandin, A. A., Thermal properties of
graphene-copper-graphene heterogeneous films. Nano Letters 2014, 14, 1497-1503.

-48 -



Introduction, background and objectives

85. Zajas, J.; Heiselberg, P., Determination of the local thermal conductivity of functionally
graded materials by a laser flash method. International Journal of Heat and Mass Transfer 2013, 60,
542-548.

86. Lin, W.; Shang, J.; Gu, W.; Wong, C., Parametric study of intrinsic thermal transport in
vertically aligned multi-walled carbon nanotubes using a laser flash technique. Carbon 2012, 50,
1591-1603.

87. Eichler, H.; Salje, G.; Stahl, H., Thermal diffusion measurements using spatially periodic
temperature distributions induced by laser light. Journal of Applied Physics 1973, 44, 5383-5388.

88. Harata, A.; Nishimura, H.; Sawada, T., Laser-induced surface acoustic waves and
photothermal surface gratings generated by crossing two pulsed laser beams. Applied Physics Letters
1990, 57, 132-134.

89. Luckyanova, M. N.; Johnson, J. A.; Maznev, A. A.; Garg, J.; Jandl, A.; Bulsara, M. T.;
Fitzgerald, E. A.; Nelson, K. A.; Chen, G., Anisotropy of the Thermal Conductivity in GaAs/AlAs
Superlattices. Nano Letters 2013, 13, 3973-3977.

90. Maznev, A. A., Optical heterodyne detection of laser-induced gratings. Opt. Lett. 1998, 23,
1319-1321.

91. Kéding, O. W.; Skurk, H.; Maznev, A. A.; Matthias, E., Transient thermal gratings at surfaces
for thermal characterization of bulk materials and thin films. Applied Physics A Materials Science &
Processing 1995, 61, 253-261.

92. Johnson, J. A.; Maznev, A. A.; Bulsara, M. T.; Fitzgerald, E. A.; Harman, T. C.; Calawa, S.;
Vineis, C. J.; Turner, G.; Nelson, K. A., Phase-controlled, heterodyne laser-induced transient grating
measurements of thermal transport properties in opagque material. Journal of Applied Physics 2012,
111, 023503.

93. Rogers, J. A,; Yang, Y.; Nelson, K. A., Elastic modulus and in-plane thermal diffusivity
measurements in thin polyimide films using symmetry-selective real-time impulsive stimulated
thermal scattering. Appl Phys A 1994, 58, 523-534.

94. Tokmakoff, A.; Banholzer, W. F.; Fayer, M. D., Thermal diffusivity measurements of natural
and isotopically enriched diamond by picosecond infrared transient grating experiments. Appl Phys A
1993, 56, 87-90.

95. Johnson, J. A.; Maznev, A. A.; Cuffe, J.; Eliason, J. K.; Minnich, A. J.; Kehoe, T.; Torres, C.
M. S.; Chen, G.; Nelson, K. A., Direct Measurement of Room-Temperature Nondiffusive Thermal
Transport Over Micron Distances in a Silicon Membrane. Physical Review Letters 2013, 110, 025901.
96. Collins, K. C.; Maznev, A. A.; Tian, Z.; Esfarjani, K.; Nelson, K. A.; Chen, G., Non-diffusive
relaxation of a transient thermal grating analyzed with the Boltzmann transport equation. Journal of
Applied Physics 2013, 114, 104302.

97. Marshall, C. D.; Fishman, I. M.; Fayer, M. D., Ultrasonic wave propagation and barrier-
limited heat flow in thin films of YBa2Cu307-x. Physical Review B 1991, 43, 2696-2699.

98. Marshall, C.; Fishman, I.; Dorfman, R.; Eom, C.; Fayer, M., Thermal diffusion, interfacial
thermal barrier, and ultrasonic propagation in YBa 2 Cu 3 O 7-x thin films: Surface-selective
transient-grating experiments. Physical Review B 1992, 45, 10009.

99. Ju, H.-y.; Kuo, P.-k.; Zhang, S.-y., Transient thermal grating analyses of film/substrate
structures by eigenfunction expansion method. The European Physical Journal Special Topics 2008,
153, 191-194.

100. Johnson, J. A.; Maznev, A. A.; Bulsara, M. T.; Fitzgerald, E. A.; Harman, T. C.; Calawa, S.;
Vinels, C. J.; Turner, G.; Nelson, K. A., Phase-controlled, heterodyne laser-induced transient grating
measurements of thermal transport properties in opaque material. Journal of Applied Physics 2012,
111.

101.  Astrath, N. G. C.; Malacarne, L. C.; Pedreira, P. R. B.; Bento, A. C.; Baesso, M. L.; Shen, J.,
Time-resolved thermal mirror for nanoscale surface displacement detection in low absorbing solids.
Applied Physics Letters 2007, 91.

102.  Capeloto, O. A.; Lukasievicz, G. V. B.; Zanuto, V. S.; Herculano, L. S.; Souza Filho, N. E.;
Novatski, A.; Malacarne, L. C.; Bialkowski, S. E.; Baesso, M. L.; Astrath, N. G. C., Pulsed
photothermal mirror technique: Characterization of opaque materials. Applied Optics 2014, 53, 7985-
7991.

103.  Carslaw, H.; Jaeger, J., Heat in solids. In Clarendon Press, Oxford: 1959.

- 49 -



Chapter 1

104. Zanuto, V. S.; Herculano, L. S.; Baesso, M. L.; Lukasievicz, G. V. B.; Jacinto, C.; Malacarne,
L. C.; Astrath, N. G. C., Thermal mirror spectrometry: An experimental investigation of optical
glasses. Optical Materials 2013, 35, 1129-1133.

105. Rebay, M.; Arfaoui, A.; Mebarki, G.; Ben Maad, R.; Padet, J., Improvement of the pulsed
photothermal technique for the measurement of the convective heat transfer coefficient. J. Therm. Sci.
2010, 19, 357-363.

106.  Karner, C.; Mandel, A.; Trager, F., Pulsed laser photothermal displacement spectroscopy for
surface studies. Applied Physics A Solids and Surfaces 1985, 38, 19-21.

107.  Li, B. C., Three-dimensional theory of pulsed photothermal deformation. Journal of Applied
Physics 1990, 68, 482-487.

108. Bennis, G. L.; Vyas, R.; Gupta, R.; Ang, S.; Brown, W. D., Thermal diffusivity measurement
of solid materials by the pulsed photothermal displacement technique. Journal of Applied Physics
1998, 84, 3602-3610.

109.  Soltanolkotabi, M.; Bennis, G.; Gupta, R., Temperature dependence of the thermal diffusivity
of GaAs in the 100-305 K range measured by the pulsed photothermal displacement technique.
Journal of Applied Physics 1999, 85, 794-798.

110. Cheng, J. C.; Zhang, S. Y., Theoretical studies of pulsed photothermal phenomena in
semiconductors. Journal of Applied Physics 1993, 74, 5718-5725.

111.  Xu, X.; Zhang, S.; Kuo, P., Application of an optical birefringence interferometer to
photothermal detection for characterizing thermal diffusivities. Review of Scientific Instruments 2003,
74, 639-641.

112.  Schmidt, A. J.; Cheaito, R.; Chiesa, M., A frequency-domain thermoreflectance method for
the characterization of thermal properties. Review of Scientific Instruments 2009, 80, 094901.

113.  Zhu, J.; Tang, D.; Wang, W.; Liu, J.; Holub, K. W.; Yang, R., Ultrafast thermoreflectance
techniques for measuring thermal conductivity and interface thermal conductance of thin films.
Journal of Applied Physics 2010, 108.

114. Regner, K. T.; Sellan, D. P.; Su, Z.; Amon, C. H.; McGaughey, A. J. H.; Malen, J. A,
Broadband phonon mean free path contributions to thermal conductivity measured using frequency
domain thermoreflectance. Nat Commun 2013, 4, 1640.

115.  Liu, J.; Zhu, J.; Tian, M.; Gu, X.; Schmidt, A.; Yang, R., Simultaneous measurement of
thermal conductivity and heat capacity of bulk and thin film materials using frequency-dependent
transient thermoreflectance method. Review of Scientific Instruments 2013, 84, 034902.

116. Malen, J. A.; Baheti, K.; Tong, T.; Zhao, Y.; Hudgings, J. A.; Majumdar, A., Optical
Measurement of Thermal Conductivity Using Fiber Aligned Frequency Domain Thermoreflectance.
Journal of Heat Transfer 2011, 133, 081601-081601.

117.  Zhu, J.; Tang, D.; Wang, W.; Liu, J.; Yang, R. In Freqguency-domain thermoreflectance
technique for measuring thermal conductivity and interface thermal conductance of thin films, 2010
14th International Heat Transfer Conference, IHTC 14, 2010; 2010; pp 371-379.

118. Majumdar, S.; Sierra-Suarez, J. A.; Schiffres, S. N.; Ong, W.-L.; Higgs, C. F.; McGaughey, A.
J. H.; Malen, J. A., Vibrational Mismatch of Metal Leads Controls Thermal Conductance of Self-
Assembled Monolayer Junctions. Nano Letters 2015, 15, 2985-2991.

119.  Regner, K. T.; Majumdar, S.; Malen, J. A., Instrumentation of broadband frequency domain
thermoreflectance for measuring thermal conductivity accumulation functions. Review of Scientific
Instruments 2013, 84.

120. Ramu, A. T.; Bowers, J. E., A compact heat transfer model based on an enhanced Fourier law
for analysis of frequency-domain thermoreflectance experiments. Applied Physics Letters 2015, 106,
263102.

121.  Collins, K. C.; Maznev, A. A.; Cuffe, J.; Nelson, K. A.; Chen, G., Examining thermal
transport through a frequency-domain representation of time-domain thermoreflectance data. Review
of Scientific Instruments 2014, 85, 124903.

122.  Yang, J.; Maragliano, C.; Schmidt, A. J., Thermal property microscopy with frequency
domain thermoreflectance. Review of Scientific Instruments 2013, 84, 104904,

123.  Otto Kanstad, S.; Nordal, P.-E., Photoacoustic and photothermal spectroscopy — novel tools
for the analysis of particulate matter. Powder Technology 1979, 22, 133-137.

-50 -



Introduction, background and objectives

124.  Huxtable, S.; Cahill, D. G.; Fauconnier, V.; White, J. O.; Zhao, J. C., Thermal conductivity
imaging at micrometre-scale resolution for combinatorial studies of materials. Nature Materials 2004,
3, 298-301.

125.  Dilhaire, S.; Pernot, G.; Calbris, G.; Rampnoux, J. M.; Grauby, S., Heterodyne picosecond
thermoreflectance applied to nanoscale thermal metrology. Journal of Applied Physics 2011, 110,
114314.

126.  Hostetler, J. L.; Smith, A. N.; Norris, P. M., Thin-film thermal conductivity and thickness
measurements using picosecond ultrasonics. Microscale Thermophysical Engineering 1997, 1, 237-
244.

127. Wang, X.; Zhong, Z.; Xu, J., Noncontact thermal characterization of multiwall carbon
nanotubes. Journal of Applied Physics 2005, 97, 064302.

128. Boué, C.; Holé, S., Infrared thermography protocol for simple measurements of thermal
diffusivity and conductivity. Infrared Physics & Technology 2012, 55, 376-379.

129.  Giri, L. I; Tuli, S.; Sharma, M.; Bugnon, P.; Berger, H.; Magrez, A., Thermal diffusivity
measurements of templated nanocomposite using infrared thermography. Materials Letters 2014, 115,
106-108.

130. Chen, X,; He, Y.; Zhao, Y.; Wang, X., Thermophysical properties of hydrogenated vanadium-
doped magnesium porous nanostructures. Nanotechnology 2010, 21, 055707.

131. Wang, T.; Wang, X.; Zhang, Y.; Liu, L.; Xu, L.; Liu, Y.; Zhang, L.; Luo, Z.; Cen, K., Effect
of zirconium (IV) propoxide concentration on the thermophysical properties of hybrid organic-
inorganic films. Journal of Applied Physics 2008, 104, 013528.

132.  Rémy, B.; Degiovanni, A.; Maillet, D., Measurement of the In-plane Thermal Diffusivity of
Materials by Infrared Thermography. Int J Thermophys 2005, 26, 493-505.

133.  Wolf, A.; Pohl, P.; Brendel, R., Thermophysical analysis of thin films by lock-in
thermography. Journal of Applied Physics 2004, 96, 6306-6312.

134.  Salazar, A.; Fuente, R.; Apinaniz, E.; Mendioroz, A.; Celorrio, R., Simultaneous measurement
of thermal diffusivity and optical absorption coefficient using photothermal radiometry. Il
Multilayered solids. Journal of Applied Physics 2011, 110, 033516.

135. Fuente, R.; Apinaniz, E.; Mendioroz, A.; Salazar, A., Simultaneous measurement of thermal
diffusivity and optical absorption coefficient using photothermal radiometry. I. Homogeneous solids.
Journal of Applied Physics 2011, 110, 033515.

136. Pawlak, M.; Malinski, M., Simultaneous measurement of thermal diffusivity and effective
infrared absorption coefficient in IR semitransparent and semiconducting n-CdMgSe crystals using
photothermal radiometry. Thermochimica Acta 2015, 599, 23-26.

137.  Mandelis, A.; Othonos, A.; Christofides, C.; Boussey-Said, J., Non-contacting measurements
of photocarrier lifetimes in bulk-and polycrystalline thin-film Si photoconductive devices by
photothermal radiometry. Journal of Applied Physics 1996, 80, 5332-5341.

138.  Mendioroz, A.; Fuente-Dacal, R.; Apifianiz, E.; Salazar, A., Thermal diffusivity measurements
of thin plates and filaments using lock-in thermography. Review of Scientific Instruments 2009, 80,
074904.

139. Boccara, A. C.; Fournier, D.; Badoz, J., Thermo-optical spectroscopy: Detection by the
"mirage effect”. Applied Physics Letters 1980, 36, 130-132.

140. Mandelis, A., Absolute optical absorption coefficient measurements using transverse
photothermal deflection spectroscopy. Journal of Applied Physics 1983, 54, 3404-3409.

141.  Vargas, H.; Miranda, L. C. M., Photoacoustic and related photothermal techniques. Physics
Reports 1988, 161, 43-101.

142.  Salazar, A.; S&nchez-Lavega, A.; Fernandez, J., Theory of thermal diffusivity determination
by the ‘‘mirage’’ technique in solids. Journal of Applied Physics 1989, 65, 4150-4156.

143.  Salazar, A.; Sanchez-Lavega, A.; Fernandez, J., Thermal diffusivity measurements in solids by
the "mirage" technique: Experimental results. Journal of Applied Physics 1991, 69, 1216-1223.

144,  Bertolotti, M.; Li Voti, R.; Liakhou, G.; Sibilia, C., On the photodeflection method applied to
low thermal diffusivity measurements. Review of Scientific Instruments 1993, 64, 1576-1583.

145.  Liu, X. J;; Huang, Q. J.; Zhang, S. Y.; Luo, A. H.; Zhao, C. X., Thermal diffusivity of double
perovskite Sr2ZMMoO6 (M = Fe, Mn and Co) and La doping effects studied by mirage effect. Journal
of Physics and Chemistry of Solids 2004, 65, 1247-1251.

-51-



Chapter 1

146.  Ghrib, T.; Yacoubi, N.; Saadallah, F., Simultaneous determination of thermal conductivity and
diffusivity of solid samples using the "Mirage effect" method. Sensors and Actuators, A: Physical
2007, 135, 346-354.

147.  Roger, J. P.; Lepoutre, F.; Fournier, D.; Boccara, A. C., Thermal diffusivity measurement of
micron-thick semiconductor films by mirage detection. Thin Solid Films 1987, 155, 165-174.

148. Gonzalez, E. J.; Bonevich, J. E.; Stafford, G. R.; White, G.; Josell, D., Thermal transport
through thin films: Mirage technique measurements on aluminum/titanium multilayers. Journal of
Materials Research 2000, 15, 764-771.

149.  Wong, P. K.; Fung, P. C. W.; Tam, H. L.; Gao, J., Thermal-diffusivity measurements of an
oriented superconducting-film\char21{}substrate composite using the mirage technique. Physical
Review B 1995, 51, 523-533.

150. Wong, P. K,; Fung, P. C. W.; Tam, H. L., Low thermal diffusivity measurements of thin films
using mirage technique. Journal of Applied Physics 1998, 84, 6623-6627.

151.  Bertolotti, M.; Dorogan, V.; Liakhou, G.; Li Voti, R.; Paoloni, S.; Sibilia, C., New
photothermal deflection method for thermal diffusivity measurement of semiconductor wafers. Review
of Scientific Instruments 1997, 68, 1521-1526.

152. Olmstead, M. A.; Amer, N. M.; Kohn, S.; Fournier, D.; Boccara, A. C., Photothermal
displacement spectroscopy: An optical probe for solids and surfaces. Applied Physics A Solids and
Surfaces 1983, 32, 141-154.

153. Hu, C.; Ogawa, E. T.; Ho, P. S., Thermal diffusivity measurement of polymeric thin films
using the photothermal displacement technique. Il. On-wafer measurement. Journal of Applied
Physics 1999, 86, 6028-6038.

154.  Umeda, N.; Itoh, K.-i., Surface Profiling Using the Photothermal Displacement Method.
Japanese Journal of Applied Physics 1990, 29, L1206.

155.  Penco, E.; Sparvieri, N.; Bertolotti, M.; Ferrari, A.; Sibilia, C.; Suber, G., Thermal diffusivity
measurements by an interferometric method on magnetic ceramic materials. Materials Chemistry and
Physics 1987, 17, 399-403.

156.  Kuo, B.; Li, J.; Schmid, A., Thermal conductivity and interface thermal resistance of Si film
on Si substrate determined by photothermal displacement interferometry. Appl Phys A 1992, 55, 289-
296.

157.  Sparvieri, N.; Penco, E.; Sibilia, C.; Bertolotti, M.; Suber, G.; Ferrari, A., A laser
interferometric method applied to thermal diffusivity measurements of ferrites. Materials Letters
1987, 5, 449-452.

158.  Coufal, H.; Hefferle, P., Thermal diffusivity measurements of thin films with a pyroelectric
calorimeter. Appl Phys A 1985, 38, 213-219.

159. John, P. K.; Miranda, L. C. M.; Rastogi, A. C., Thermal diffusivity measurement using the
photopyroelectric effect. Physical Review B 1986, 34, 4342-4345.

160.  Chirtoc, M.; Mihilescu, G., Theory of the photopyroelectric method for investigation of
optical and thermal materials properties. Physical Review B 1989, 40, 9606-9617.

161.  Menon, C. P.; Philip, J., Simultaneous determination of thermal conductivity and heat capacity
near solid state phase transitions by a photopyroelectric technique. Measurement Science and
Technology 2000, 11, 1744,

162. Balderas-Lopez, J. A.; Mandelis, A., New Photopyroelectric Technique for Precise
Measurements of the Thermal Effusivity of Transparent Liquids. Int J Thermophys 2003, 24, 463-471.
163. Dadarlat, D.; Streza, M.; Pop, M. N.; Tosa, V.; Delenclos, S.; Longuemart, S.; Sahraoui, A.
H., Photopyroelectric calorimetry of solids. Journal of Thermal Analysis and Calorimetry 2010, 101,
397-402.

164. Rombouts, M.; Froyen, L.; Gusarov, A. V.; Bentefour, E. H.; Glorieux, C., Photopyroelectric
measurement of thermal conductivity of metallic powders. Journal of Applied Physics 2005, 97,
024905.

165. Marinelli, M.; Murtas, F.; Mecozzi, M. G.; Zammit, U.; Pizzoferrato, R.; Scudieri, F.;
Martellucci, S.; Marinelli, M., Simultaneous determination of specific heat, thermal conductivity and
thermal diffusivity at low temperature via the photopyroelectric technique. Appl Phys A 1990, 51, 387-
393.

-52 -



Introduction, background and objectives

166. Dadarlat, D.; Pop, M. N., Self-consistent photopyroelectric calorimetry for liquids.
International Journal of Thermal Sciences 2012, 56, 19-22.

167. Dadarlat, D.; Pop, M. N., New front photopyroelectric methodology based on thickness
scanning procedure for measuring the thermal parameters of thin solids. Measurement Science and
Technology 2010, 21.

168. Borca-Tasciuc, D.-A.; Chen, G., Anisotropic thermal properties of nanochanneled alumina
templates. Journal of Applied Physics 2005, 97, -.

169. Borca-Tasciuc, T.; Borca-Tasciuc, D. A.; Chen, G., Photo-Thermoelectric Technique for
Anisotropic Thermal Diffusivity Measurements. Components and Packaging Technologies, IEEE
Transactions on 2007, 30, 609-617.

170. Borca-Tasciuc, T.; Vafaei, S.; Borca-Tasciuc, D.-A.; Wei, B. Q.; Vajtai, R.; Ajayan, P. M.,
Anisotropic thermal diffusivity of aligned multiwall carbon nanotube arrays. Journal of Applied
Physics 2005, 98, 054309.

171. Borca-Tasciuc, D.-A.; Chen, G.; Lin, Y.-M.; Rabin, O.; Dresselhaus, M. S.; Borshchevsky, A.;
Fleurial, J.-P.; Ryan, M. A. In Thermal Characterization of Nanowire Array in a-Al 2 O 3 Matrix,
MRS Proceedings, 2001; Cambridge Univ Press: 2001; p V2. 7.

172.  Borca-Tasciuc, D.-A.; Chen, G.; Prieto, A.; Martin-Gonzélez, M. S.; Stacy, A.; Sands, T.;
Ryan, M.; Fleurial, J., Thermal properties of electrodeposited bismuth telluride nanowires embedded
in amorphous alumina. Applied Physics Letters 2004, 85, 6001-6003.

173.  Bell, A. G., The Photophone. Science 1880, 1, 130-134.

174. De La Zerda, A.; Zavaleta, C.; Keren, S.; Vaithilingam, S.; Bodapati, S.; Liu, Z.; Levi, J,;
Smith, B. R.; Ma, T.-J.; Oralkan, O.; Cheng, Z.; Chen, X.; Dai, H.; Khuri-Yakub, B. T.; Gambhir, S.
S., Carbon nanotubes as photoacoustic molecular imaging agents in living mice. Nat Nano 2008, 3,
557-562.

175.  Wang, L. V., Multiscale photoacoustic microscopy and computed tomography. Nat Photon
2009, 3, 503-509.

176.  Ntziachristos, V.; Ripoll, J.; Wang, L. V.; Weissleder, R., Looking and listening to light: the
evolution of whole-body photonic imaging. Nat Biotech 2005, 23, 313-320.

177. Quimby, R. S.; Yen, W. M., On the adequacy of one dimensional treatments of the
photoacoustic effect. Journal of Applied Physics 1980, 51, 1252-1253.

178. Hu, H.; Wang, X.; Xu, X., Generalized theory of the photoacoustic effect in a multilayer
material. Journal of Applied Physics 1999, 86, 3953-3958.

179. Bento, A. C.; Mansanares, A. M.; Vargas, H.; Miranda, L. C. M., Photoacoustic measurement
of the thermal diffusivity of anisotropic samples using the phase lag method. Physics and Chemistry of
Glasses 1989, 30, 160-162.

180. Balderas-Lopez, J. A., Photoacoustic signal normalization method and its application to the
measurement of the thermal diffusivity for optically opagque materials. Review of Scientific Instruments
2006, 77, 064902-4.

181. Aamodt, L.; Murphy, J.; Parker, J., Size considerations in the design of cells for photoacoustic
spectroscopy. Journal of Applied Physics 1977, 48, 927-933.

182. McDonald, F. A.; Grover C. Wetsel, J., Generalized theory of the photoacoustic effect.
Journal of Applied Physics 1978, 49, 2313-2322.

183. Cesar, C. L.; Vargas, H.; Meyer, J. A.; Miranda, L. C. M., Photoacoustic Effect in Solids.
Physical Review Letters 1979, 42, 1570-1573.

184.  Fernelius, N. C., Extension of the Rosencwaig-Gersho photoacoustic spectroscopy theory to
include effects of a sample coating. Journal of Applied Physics 1980, 51, 650-654.

185.  Poulet, P.; Chambron, J.; Unterreiner, R., Quantitative photoacoustic spectroscopy applied to
thermally thick samples. Journal of Applied Physics 1980, 51, 1738-1742.

186.  Korpiun, P.; Bichner, B., On the thermodynamics of the photoacoustic effect of condensed
matter in gas cells. Appl. Phys. B 1983, 30, 121-129.

187. Rousset, G.; Lepoutre, F.; Bertrand, L., Influence of thermoelastic bending on photoacoustic
experiments related to measurements of thermal diffusivity of metals. Journal of Applied Physics
1983, 54, 2383-2391.

188.  Somer, A.; Camilotti, F.; Costa, G. F.; Bonardi, C.; Novatski, A.; Andrade, A. V. C;
Kozlowski, V. A.; Cruz, G. K., The thermoelastic bending and thermal diffusion processes influence

-53-



Chapter 1

on photoacoustic signal generation using open photoacoustic cell technique. Journal of Applied
Physics 2013, 114, 063503.

189. Bedoya, A.; Marin, E.; Mansanares, A. M.; Zambrano-Arjona, M. A.; Riech, I.; Calderon, A.,
On the thermal characterization of solids by photoacoustic calorimetry: Thermal diffusivity and linear
thermal expansion coefficient. Thermochimica Acta 2015, 614, 52-58.

190. Balderas-Lopez, J. A., Self-normalized photoacoustic technique for thermal diffusivity
measurements of transparent materials. Review of Scientific Instruments 2008, 79, 024901-6.

191.  Wang, X.; Hu, H.; Xu, X., Photo-Acoustic Measurement of Thermal Conductivity of Thin
Films and Bulk Materials. Journal of Heat Transfer 2000, 123, 138-144.

192. El-Brolossy, T. A.; lbrahim, S. S., Photoacoustic measurement of thermal properties of
polystyrene metal oxide composites. Thermochimica Acta 2010, 509, 46-49.

193. Abad, B.; Rull-Bravo, M.; Hodson, S. L.; Xu, X.; Martin-Gonzalez, M., Thermoelectric
properties of electrodeposited tellurium films and the sodium lignosulfonate effect. Electrochimica
Acta 2015, 169, 37-45.

194. Maiz, J.; Rojo, M. M.; Abad, B.; Wilson, A.; Nogales, A.; Borca-Tasciuc, D.-A.; Borca-
Tasciuc, T.; Martin-Gonzalez, M. S., Enhancement of thermoelectric efficiency of doped PCDTBT
polymer films. RSC Advances 2015.

195.  Pérez-Taborda, J.A.; Romero, J.J.; Abad, B.; Mufioz-Rojo, M.; Mello, A.; Briones, F.; Martin-
Gonzélez, M. S., Low thermal conductivity and improved thermoelectric performance of
nanocrystalline Silicon Germanium films by sputtering. Nanotechnology (under review) 2016.

196.  Sheng, C. K.; Mahmood Mat Yunus, W.; Yunus, W. M. Z. W.; Abidin Talib, Z.; Kassim, A.,
Characterization of thermal, optical and carrier transport properties of porous silicon using the
photoacoustic technique. Physica B: Condensed Matter 2008, 403, 2634-2638.

197.  Abad, B.; Maiz, J.; Martin-Gonzélez, M., Rules to determine thermal conductivity and density
of Anodic Aluminum Oxide (AAO) membranes Nano Research (under review) 2016.

198.  Abad, B.; Maiz, J.; Caballero-Calero, O.; Ruiz, A.; Martin-Gonzalez, M., Opening the door to
engineering material thermal properties by three dimensional porous alumina. Scientific Reports
(under review) 2016.

199.  Smith, M. K,; Singh, V.; Kalaitzidou, K.; Cola, B. A., Poly(3-hexylthiophene) nanotube array
surfaces with tunable wetting and contact thermal energy transport. ACS Nano 2015, 9, 1080-1088.
200. Biswas, K. G.; Sands, T. D.; Cola, B. A.; Xu, X., Thermal conductivity of bismuth telluride
nanowire array-epoxy composite. Applied Physics Letters 2009, 94, 223116-3.

201. Cola, B. A; Xu, J.; Cheng, C.; Xu, X.; Fisher, T. S.; Hu, H., Photoacoustic characterization of
carbon nanotube array thermal interfaces. Journal of Applied Physics 2007, 101, 054313-9.

-54 -



Chapter 2:

Experimental
methodology

This chapter is divided into two parts. Firstly, the fabrication techniques used to obtain the
different materials measured in this PhD work: anodic aluminum oxide membranes, nanowires, films
and bulk samples are explained (Section 2.1). Secondly, the physico-chemical characterization

performed on them to help us to understand their thermal conductivity properties.
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2.1. Fabrication techniques
2.1.1 Anodic Aluminum Oxide membranes fabrication

2.1.1.1 Fabrication of the regular AAO membranes

The anodic aluminum oxide (AAO) membranes are alumina membranes grown by an
electrochemical method, known as anodization, which induces the formation of aluminum oxide on an
aluminum surface and under certain conditions pores that self-ordered. These membranes can be
grown highly hexagonal pore order with high aspect ratio (since the pores diameters range from 8 nm
to 530 nm and their lengths can reach hundreds of microns)™™.

The anodization process was performed in an electrochemical cell, where an aluminum
substrate and a platinum mesh act as the anode and the cathode, respectively. The procedure used to
fabricate highly ordered AAO membranes is known as the two-step anodization process®. An ultrapure
aluminum foil (99.999%) from Advent Research Materials (England) with a thickness of 500 um and
a diameter of 1.6 cm was employed for the fabrication of each template. In order to carry out the AAO
membrane fabrication, five steps can be distinguished: aluminum cleaning, electropolishing, the first

anodization, chemical etching and the second anodization.

First, the aluminum foil is cleaned by sonication with different polarity solvents: acetone,
water, isopropanol and ethanol. Afterwards, the sample is electropolished under 20 V for 4 minutes in
a solution made of ethanol and perchloric acid (75:25) in order to reduce the aluminum roughness.
Second, the first anodization is performed. Different parameters such as the temperature, the constant
output voltage, the anodization time and the type and concentration of the electrolyte can be selected
during this process depending on the desired characteristics of the AAO membrane. The formation of
the pores takes place during this process, but in a non-ordered fashion with a huge size distribution.
However, after a certain time, the interface between the barrier layer and the alumina becomes

ordered. The time of the first anodization process determines the order of the membranes.

The third step consists on a chemical etching of the non-ordered porous alumina formed
during the first anodization process in an aqueous solution of chromic oxide (CrO3; 1.8 wt. %) and

phosphoric acid (HsPO, 7 wt. %), so that an ordered pattern in the aluminum surface is obtained.

Finally, a second anodization process is performed, where the previously ordered pattern act
as nucleation points, so that the new pores start to grow already with a hexagonal arrangement. The

time of the second anodization determines the pore’s length.

The different parameters used for the fabrication of the AAO membranes are shown in Table

1,2,4
21,727
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Table 2.1. Experimental parameters selected for the anodization in sulfuric, oxalic and phosphoric acid and the 2™

anodization time needed to obtain approximately 100 um length AAO membranes.

lst ad
Electrolyte Acid . Voltage Tempoerature anod.i zati anotziizatio dizxste
Concentration ) 0 on time .
(h) n time (h) r (nm)
H,S0,
(ethylene
glycol 50 10 wt.% 19 0 24 100 15
wt.%)
H,S0, 03M 25 1-2 24 24 25
H,C,0, 03M 40 3-5 24 30 40
H;PO,
(&(1)53/1 1 wt. % 205 5 6 20 150

2.1.1.2 Fabrication of 3D AAO membranes

The first anodization of the 3D AAO membrane is the same as the one used for the AAO
prepared in sulfuric acid (Table 2.1.). After removing the first alumina layer by chemical etching, a
pulsed anodization between a mild anodization (MA) and hard anodization (HA) with constant
voltages is performed ®°. In our case, the applied voltage remains constant during the MA steps
whereas the current is the limiting parameter in the HA steps, so that the resulting AAQO is selectively
etched. Therefore, the aluminum oxide formed during the HA steps is partially eliminated in such a

way that transversal nanochannels are created, and hence, the 3D porous network is established .

The AAO membranes used in this work were prepared by Dr. Jon Maiz at Instituto de
Microelectrénica de Madrid (IMM-CNM), CSIC.

2.1.1.3 Widening pores process, aluminum removal and barrier layer etching

In order to cover a broader range of pore diameters AAO membranes, a widening of the pores
is carried out by a controlled etching of the pore walls with a phosphoric acid solution whose
concentration is 5 wt.% at 35 °C. The etching time depends on the pore diameter desired for each

AAO template.

The AAO membranes were used for both, measuring their thermal conductivity and as a
template to grow nanowires by electrodeposition. In both cases, it is necessary to remove the
remaining aluminum layer and open the pores which are in contact with this layer. Firstly, the
aluminum substrate is chemically attacked by a solution composed of 3.6 g CuCl, + 50 ml HCI +100
ml H,O at 0 °C. Afterwards, the oxide barrier layer is eliminated by a chemical etching in a 10 wt.%
phosphoric acid solution at 30 °C during a certain time, depending on the AAO.
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2.1.2 Electrochemical deposition
The electrodeposition is an electrochemical process where a reduction of the ions, which are
present in a solution (known as electrolyte), are reduced onto a conductive substrate following the next

reaction,
M™ +ne” o M 2.1)

The reaction is determined by the equilibrium or reduction potential. The reduction potential
depends on the activities of the oxidized and reduced species as the Nernst equation explains,
RT ajf

Ln— (2.2)

E=E——
nF ay

where E© is the standard potential, R is the ideal gas constant (8.314 J-mol™-K™), T is the absolute
temperature, F is the Faraday constant (96485.339 C-mol™), and a}," and a,, are the oxidized and

reduced species activities, respectively.

During the electrodeposition two different processes take place: electron transfer, as deduced
from Eq. 2.1, and mass transport due to the ions movement through the electrolyte. Moreover, there
are three different phenomena related to the ions transport: migration, convection and diffusion. lons
migration is given by the driving force applied to the system, i.e., the electric field generated by the
applied potential. The convection is related to a mechanical force given for example, by stirring. The
diffusion phenomenon is associated to a concentration gradient. As the deposit is growing onto the
working electrode, the amount of ions near to its surface is lower so that a concentration gradient is

created between this surface and the bulk electrolyte.

The amount of deposited material on the working electrode during the electrodeposition
process can be controlled by selecting the applied potential. Faraday’s law describes the relation
between the mass of a substance deposited onto a conductive substrate, m, the molecular weight of the
substance, M, the number of electrons involved in the reduction reaction, n, and the total charge which

is the electric current, I(t), integrated over time t :

M t
m = ﬁjo I1(t)dt (2.3)

For the electrodeposition of the different materials presented in this dissertation, a
conventional three-electrode electrochemical cell was employed. The working electrode (WE) is a
conductive substrate which acts as a cathode. In this work, the WE consists of 5 nm of chromium and
150 nm of gold or platinum deposited by electron beam evaporation onto a silicon substrate (1 0 0).
The counter electrode (CE) is an inert material, a platinum mesh in our case, which acts as anode.

Finally, a reference electrode (RE) of Ag/AgCl (3M KCI) is used to control the applied potential.
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Figure 2.1 shows a scheme of the typical electrochemical cell used for the different electrodeposition
processes. All the films and nanowires prepared by electrodeposition during this thesis were prepared
by a bi-potentiostat (Eco Chemie, Model AUT302.0) governed by the software Nova 1.8.

Figure 2.1. Scheme of the electrochemical cell used in this work.

The electrodeposition process can be carried out by controlling the applied potential, which is
known as potentiostatic mode, or the applied electrical current, called galvanostatic mode.

The tellurium and bismuth telluride films were obtained at constant potential by using the
potentiostatic mode, whereas the bismuth telluride and antimony telluride nanowires were prepared by
pulsed electrodeposition between an applied potential and a zero current density, i.e., by alternating

the potentiostatic and galvanostatic modes.

The characterization of the electrolyte/electrode system and the growth of the different
materials have been carried out by using three electrochemical techniques: the cyclic voltammetry
(CV), the chronoamperometry and chronopotentiometry. The CV allows the study of the different
electrochemical processes that take place in the electrolyte and consequently, the determination of the

reduction potential necessary to obtain the desired material.

These curves are obtained by measuring the electrical current that flows through the WE
during a voltage sweep. In our case, the scan rate employed in all CVs was 0.01 V-s™ and the start
potential of the CVs is taken as the open circuit potential (OCP) which is the potential established
between the WE and RE when there is no applied potential (open cell). Once the CV starts, the
potential is swept towards the reduction/cathodic stage, i.e., potential more negatives than the OCP.
The sweep direction is reversed at a certain potential and the potentials are swept towards the
oxidation/anodic stage. The sweep direction is reversed again so that the scan finishes at the OCP, as

shown in Figure 2.2.
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Figure 2.2. Cyclic voltammetry of a tellurium film onto a Platinum substrate.

When the reduction potential has been selected, a chronoamperometry is carried out to obtain
the deposit. This curve consists in measuring the current density measured as a function of time during

the chronopotentiostatic electrodeposition.

The bismuth telluride films and nanowires grown by electrodeposition without sodium
lignosulfonate were prepared by Dr. Cristina V. Manzano. Alejandra Ruiz and Dr. Olga Caballero
prepared bismuth telluride and antimony telluride with sodium lignosulfonate by electrodeposition.
The PhD candidate prepared the tellurium films both with and without sodium lignosulfonate. All
these growths were performed at Instituto de Microelectronica de Madrid (IMM-CNM), CSIC.

2.1.3 Drop-casting

The non-doped films of poly [N-9’-heptadecanyl-2,7carbazole-alt-5,5-(4’,7’-di-2-thienyl-
2°,1°,3-benzothiadizole)] (PCDTBT) were prepared by drop casting. The polymer supplied by Solares
Chem Inc. is dissolved in chloroform and drop casted into glass substrates previously cleaned with

acetone.

These films were prepared by Dr. Jon Maiz at Instituto de Microelectrénica de Madrid (IMM-CNM),
CSIC.

2.1.4 Sputtering

Sputtering is a process that involves a target bombardment with high energy ions, which
produces the ejection of atoms from the target surface and their deposition in a substrate as a thin
film™. The average amount of ejected atoms from the target per incident ion is known as the sputter
yield, which depends on different factors such as the ion energy and incident angle, the ion and target

atoms masses, among others. Due to the potential difference between the target which acts as a

-60 -



Experimental methodology

cathode and the metal crown which is found around it, an electric discharge takes place so that the gas
ionization is produced. As a consequence, a plasma, i.e., a gas of ionized particles, is generated. The
gas molecules remain positively charged, in our case Ar®, and are accelerated by the same electric
field, which produced the electric discharge. The plasma is confined around the target due to the
magnetic field created by the permanent magnets placed under the target. This confinement increases
the process efficiency and only takes place when the incoming particles kinetic energy is much higher

than conventional thermal energies (>> 1 eV).

The Silicon Germanium samples measured in this thesis were fabricated by a lab-made
sputtering system. The target consists of a boron doped SiysGep, (99.999% purity) placed in a
cylindrical magnetron cathode in a vertical configuration inside a vacuum chamber which reaches a
base vacuum of 10° mbar, where ultrapure argon (99.9999%) is used as the sputtering atmosphere.
Strontium titanate (SrTiO3) and glass with an evaporated 25 nm gold layer were used as substrates. A
DC source has been used to create sustained plasma, which allows SisGey, samples growth in an Ar
atmosphere.

These thin films were prepared by the PhD student Jaime Andrés Pérez Taborda by means of a

system available in our group at Instituto de Microelectrénica de Madrid (IMM-CNM), CSIC.
2.1.5 Ball milling

Ball milling is a synthesis method in which the particle size is reduced by means of a grinding
produced by the impact between the material and the balls or walls, thus, creating a powder of particle
size lower than 100 nm. Depending on the hollow cylindrical shell revolutions, different state

reactions can occur, which cannot be produced by other solid state methods.

The ZnO powders were prepared by ball milling. ZnO microparticles (Asturiana de Cinc SA,
Spain) having and average particle size of 0.5 pum, named thereafter Regular ZnO, and ZnO-
nanoparticles (Evonik, Germany) having and average particles size of 70 nm, named thereafter ZnO
nano. As doping materials NiO-nanoparticles (ADParticles SL, Spain) having a primary particles size
of 20 nm are used to modify the ZnO materials by wt. % addition of 0.01, 0.1, 1 and 3 in excess of
NiO, Samples were dry milled following the nanodispersion method ™ 2. This system is at Instituto de
Cerémicay Vidrio (ICV), CSIC.

2.1.6 Spark Plasma Sintering (SPS)

Spark plasma sintering (SPS) is a pressure sintering process that involves electrical discharge
between the air gaps of a powder material which generates briefly a high temperature plasma. The
consolidation of the powder in a pellet is achieved by the uniaxial pressure along with the DC

electrical current %2,
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The mechanical properties of the materials obtained by this sintering process differ
considerably from those sintered by conventional pressure methods. Moreover, SPS allows obtaining
denser products of finer grain, quicker than usual processes keeping the nano-grain structure in a final
pellet.

The ZnO pellets were prepared by SPS in a Dr. Sinter SPS-1050-CE (SPS Syntex Inc., Osaka,
Japan). The ZnO and NiO-doped ZnO pellets were heated to 850 °C or 1100 °C and held for 5 min and
finally cooled to room temperature. The load applied to the samples was 40 MPa; all heating and
cooling rates were 250 °C-min™. The processing of samples was performed under an Ar atmosphere to
prevent damage of the graphite dies. For comparison purposes a standard sintering in air atmosphere is
attempted for the samples by using a standard electric furnace up to 1400 °C with a heating rate of 10

°C-min™.

The samples were prepared by D. Angel de Pablos Pérez with the SPS system is at the
Instituto de Ceramica y Vidrio (ICV), CSIC.

2.1.7 Mortar and pestle technique

This method is used to mix different materials. The mortar is a vessel where the material is
placed so that a heavy tool, known as pestle, is used to crush and grind the material until getting a

more homogeneous powder.

In this thesis, polyaniline blended with graphene nanoplatelets powders were obtained by this
technique. An aqueous solution of anilinium salt (50 g, 37.4 mmol) was agitated for one hour at room
temperature in order to completely dissolve the anilinium salt. Then, an aqueous solution (500 mL) of
HCI (3 M, 2 mol) was incorporated. Afterward, an aqueous solution (500 mL) of the oxidant
ammonium persulfate (153 g, 65.7 mmol) was also incorporated in the prior mix. The agitation of the
solution was stopped one minute after adding the oxidizing agent. The polymerization reaction was
completed by allowing the greenish colored solution to rest overnight at room temperature. The thick
green product achieved was filtered and first cleaned with an acidic aqueous solution (4x1L) of 0.1 M
HCI to eliminate the persulfate counter ion. Then, methanol (3x1L) was used to eliminate unwanted
aniline oligomer. The purified polymer was then heated at 80 °C for two days to attain a green powder
which is subsequently grounded with mortar and pestle so a finer powder is achieved. The PANI
powder was blending with different weight percentages of the GNPs in a glass mortar and

mechanically grounded to obtain a homogenous mixture.

The fabrication of the PANI/GNP powders were carried out by Dr. David Amantia in the

Centro Tecnoldgico LEITAT in Barcelona.
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2.1.8 Cold press

The cold press is a densification process of powder by pressure, whereby is possible to obtain
dense pellets, ** although not as dense as by SPS. In order to obtain these dense discs, the powders are
pressed at several tons at room temperature to compact them.

In this PhD work, solid disks of PANI/GNP blends were obtained by pressing with 10 tons for

3 minutes onto 200 mg of the mixture in a 13 mm diameter pellet.

The fabrication of the PANI/GNP pellets was carried out by Dr. David Amantia in the Centro

Tecnoldgico LEITAT in Barcelona.
2.1.9 Electron beam evaporation

The e-beam evaporation is a growth technique based on the heating of a target material until
its sublimation by an incident electron beam supplied by a filament (in our case tungsten) when
applying a large potential. The electrons are drawn from the filament and led and focused to the target
by a magnet system. The sublimated target material is evaporated in the vacuum chamber and

deposited on the desired substrate.

Flux of sublimatcdu
material

T electrons
filament

Figure 2.3. E-beam evaporation mechanism.

As explained above, the working electrode used in an electrodeposition process should be
conductive. For this purpose, the Si wafer and the alumina membranes used as working electrodes are
metallized by e-beam evaporation with different metal layers (see Table 2.11) Moreover the gold layer

used the metal induced crystallization of SiGe films was also deposited by this procedure.
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Table 2.11. Different metal layers have been evaporated on the substrates for the different materials

studied in this thesis.

Sample Substrate/Metal layers deposited by e-beam
Te films Si/5nm Cr/ 150 Pt
Bi,Te; films without SLS Si/5nmCr/150 Pt
Bi, Te; films with SLS Si/5nmCr /150 Au
Bi,Te; and Sb,Te; nanowires AAO/5nmCr/ 150 Au
, AIN/ 25 nm gold
Sice Glass / 25 nmggold

Besides the working electrode preparation needed for the electrodeposition process, the e-
beam evaporation technique was used to metallize the samples in order to measure their thermal
conductivity, since it is necessary a metal layer which ensures the absorption of the laser on the
surface of the sample. Photoacoustic technique requires an 80 nm titanium layer, whereas TDTR

method needs a 70 nm aluminum layer.

The substrates and samples used during this thesis were all metallized with titanium by e-beam
evaporation in the Instituto de Microelectronica de Madrid (IMM-CNM), CSIC. The samples
metallized with aluminum were prepared in Instituto de Sistemas Optoelectrénicos y Microtecnologia
(ISOM-UPM).

2.1.10 Mechanical polishing

Mechanical polishing is used to make the samples surface flatter and reduce the overall
roughness °. The samples are polished by a disk plate with glasspapers. The sample is attached to a
metallic holder by means of specific glue and positioned on the polishing machine arm. Polishing is

achieved by the continuous spinning of the sample onto the glasspaper.

Nanowires embedded in alumina templates were polished by this process in order to remove
any overgrown structure and achieve a flat surface with the tips of the nanowires at the alumina
surface level. A polishing cloth along with alumina powders of different particle size, 1 pum, 0.5 pm
and 0.03 pm, were used. The size of the alumina particles were gradually reduced from 1pm to 0.03

pm in such a way that a final roughness of less than 20 nm was achieved.

The polishing machine is at the clean room of the Instituto de Microelectrénica de Madrid
(IMM-CNM), CSIC.

2.1.11 Films lift-off process

A conductive substrate is required in the electrodeposition technique. However, in order to
avoid the influence of the conductive substrate when measuring the electrical properties of the films, a

lift-off process was performed ** *". This procedure allows the sample to be detached from the
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substrate: a) the sample is glued to a piece of glass, when the glass is fixed to the sample, b) the whole
block is introduced in liquid nitrogen. The difference between the thermal expansion coefficients of
the film and the gold or platinum layer generates the lift-off.

2.1.12 Thermal treatments at reduction atmosphere

The thermal treatments were carried out in a system called Rapid Thermal Annealing (RTA).
The sample is placed in a quartz ampoule and a controlled atmosphere is used for the treatments. In
our case, a reductor atmosphere was achieved by using a mixture of 95% N, and 5% H; (formingas).
The heating is performed by an infrared lamp which heats the sample rapidly and uniformly.

During this thesis, this system has been employed for the silicon germanium ex-situ annealing
by the PhD student Marta Rull. The experimental equipment is available in our group at Instituto de
Microelectrénica de Madrid (IMM-CNM), CSIC.

2.2 Characterization techniques

2.2.1 X-Ray diffraction (XRD)

The structural properties of the materials studied during this thesis have been analyzed by
means of the X-Ray Diffraction (XRD). The equipment used was a Philips XPert four circle
diffractometer with CuK, X-Ray radiation.

When an X-ray beam interacts with a crystalline sample (periodic crystal), a coherent
dispersion, called diffraction, is produced. The diffracted beam preserves the wavelength of the
incident radiation and presents maxima intensity at specific space directions. These maxima are
produced by the constructive interference of the coherently dispersed X-Rays and they are described
by Bragg’s Law given by,

nl = 2dsinf (2.4)

where A is the wavelength of incident radiation, d is the distance between the atomic planes within the
crystal, n is an integer and 6 is the angle between the incident wave and the scattering planes.
According to Bragg’s law, constructive interference only occurs when the path difference between two
waves is an entire multiple of the wavelength. Moreover, Bragg diffraction takes place when the
incident electromagnetic radiation wavelength is comparable to the interplanar distance in the lattice

of a crystalline sample.

All diffraction patterns of the films characterized in this thesis were performed in Bragg-

Brentano configuration with steps of 0.02 ° with a time per step of 1s. In the case of the nanowires, the
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scan step is also 0.02 ° but the time per step is 16 s in order to increase the signal to noise ratio. This
system is available at the Instituto de Microelectronica de Madrid (IMM-CNM), CSIC. The bismuth
telluride films and nanowires without SLS XRD were performed by Dr. Cristina V. Manzano, whereas
the XRD of films and nanowires grown with SLS were done by Dr. Olga Caballero. Finally,
diffraction patterns of tellurium films were carried out by the PhD student Marta Rull Bravo.

2.2.2 Scanning Electron Microscopy (SEM)

The morphology characterization of the samples studied in this work was carried out by Field
Emission Scanning Electron Microscopy (FE-SEM).

An electric field is applied to a filament located into a vacuum chamber so that electrons are
drawn from it. The electron beam is focused and collimated to reach the surface of the sample by
means of magnetic lens. When the electron beam hits the sample, several phenomena can occur:
secondary electrons, backscattered electrons, X-Rays, among others, which provide different types of
information. From secondary electrons, the morphology of the sample can be studied. The
backscattered electrons are related to the atomic number of the elements present in the sample and
from the X-Rays emission, a compositional study can be performed.

The different samples studied in this thesis were examined by three different systems. The
tellurium, bismuth telluride films grown by electrodeposition and the PANI/GNP composites were
characterized by a FE-SEM Philips XL305-FEG with 10 kV accelerating voltage. The anodic
aluminum oxide membranes were studied by a Hitachi SU8000 with an accelerating voltage of 0.5 kV.
A Field Emission-SEM Hitachi-S4700 (Hitachi High-Tech, Minato-ku, Tokyo, Japan) was employed
to examine the zinc oxide pellets. Samples were ground then polished down to 0.25 ml diamond paste
followed by polishing with OPS (colloidal silica suspension) for 5 h. Finally, they were chemically
etched by using a water dilution of 5% HCI. These systems are set at Servicio Interdepartamental de
Investigacion (Sldl) of Universidad Auténoma de Madrid, Instituto de Ciencia y Tecnologia de
Polimeros (CSIC) and Instituto de Cerdmica y Vidrio (ICV), respectively.

2.2.3 Energy-dispersive X-ray spectroscopy

Chemical composition of films and nanowires studied during this PhD work was analyzed by

Energy-dispersive X-ray spectroscopy (EDX).

An elemental analysis can be performed by analyzing the X-Ray emission from a material
when it is excited by a high energy electron beam from a scanning electron microscope. This
excitation provokes the ejection of an electron from an inner shell so that an electron hole is created.
Afterwards, an electron from an outer shell fills the hole by emitting X-Ray radiation due to the energy

difference between both states. This radiation, which is detected by an energy-dispersive spectrometer,
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is characteristic of each element thus allowing the determination of the chemical composition of the

sample.

The equipment employed for this analysis was S-3000N and is found at the SiDI department
(Servicio Interdepartamental de Investigacion) of Universidad Auténoma de Madrid.

2.2.4 Raman spectroscopy

The Raman spectroscopy was employed to determine the vibrational and rotational properties,
which can be used to identify molecules or elements of some of the studied materials and correlate

them with the transport properties .

Raman spectroscopy is a non-destructive characterization technique used to study both organic
and inorganic materials. It is based on the detection of the inelastic scattering suffered by the photons
coming from a monochromatic source when reaching a material. Two different inelastic scattered
photons can be distinguished depending on the wavelength of the scattered photons: Stokes and anti-

Stokes when the output wavelength is higher and lower than that of the incident photon, respectively.

Raman spectra were measured by a LabRam HR Raman spectrometer (Horiba Jobin-Yvon)
with a 532 nm wavelength Nd:YAG laser with an optical power of 8.5 mW in all the cases, in air and
at room temperature. SiosGeq,, films were measured from 200 cm™ to 600 cm™ by Jaime Andrés Pérez
Taborda. AAO samples were measured in the range from 300 cm™ to 1300 cm™ by Dr. Olga Caballero

Calero.

This system is in our group at the Instituto de Microelectronica de Madrid (IMM-CNM),
CSIC.

2.2.5 Brunauer-Emmett-Teller (BET) technique

In order to measure the porosity of the anodic aluminum oxide membranes as well as the pore

size distribution, the Brunauer-Emmett-Teller technique was employed.

The BET technique is based on the physic adsorption of an inert gas (nitrogen) on the solid
surfaces of a sample in order to measure the specific surface area of a material *°. A Barrett-Joyner-
Halenda (BJH) method was used to determine the pore size distribution and the pore volume .

The porosity of a sample, P, can be evaluated once the pores volume, V.., and the volume

of the solid, V,,;i4, are known by the next relation,

Vpores

P= (2.5)

Vpores + Vsolid
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The solid volume is calculated from the mass, m, and the density, p, of the sample measured
by the Archimedes” method since p = m/V (see section 2.2.7). This procedure was carried out for the
25 nm pore diameter AAO membrane in order to check the ability of the porosity calculation by the
SEM image analysis. Moreover, the porosity of 3D AAO membrane was also determined by this
technique since it is not possible to analyze it by the SEM top-images.

This technique also allows the determination of the pore size distribution provided that the
pore diameter ranges the mesoporosity (2-50 nm). These experiments were performed at the Instituto

de Catdlisis y Petroquimica, CSIC.
2.2.6 Differential Scanning Calorimetry (DSC)

The specific heat, C,, of the different samples needed to calculate the thermal conductivity by
the photoacoustic technique was measured by Differential Scanning Calorimetry (DSC). This
technique measures the difference in the quantity of thermal energy necessary to rise the temperature
of a sample and a reference as a function of the temperature. From this difference the specific heat

capacity of the sample can be extracted.

The specific heat experiments were performed at Servicio Interdepartamental de Investigacion
(Sidl) of Universidad Auténoma de Madrid with a Discovery DSC from TA instruments in a

temperature range from -10 °C to 60 °C.
2.2.7 Density measurement by Archimedes’ method

Samples density measurements were carried out by the Archimedes’ method with ethanol as
the assisting liquid whose density (p.,) is well-known. A balance XS105DU from Mettler Toledo was
employed to weigh the samples in air (W,;-) and in ethanol (W,;). The skeletal density is finally
assessed by employing the next equation,

Wair

P=w——w, (Pet = Pair) + Pair (2.6)

This procedure was employed to measure bulk samples, such as the AAO membranes or ZnO
pellets prepared by SPS. Thin films cannot be characterized by this technique since it is necessary to
take into account the substrate. The balance is available in our group at Instituto de Microelectrénica
de Madrid (IMM-CNM), CSIC.

2.2.8 Profilometer measurements

The thickness of the films was measured by a profilometer Veeco Dektak Stylus. A mobile tip

makes contact with the sample surface and scans it with a constant force. The tip is connected to a
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measurement system which registers the vertical displacements during the sweep along the surface.
This equipment was used to determine both the thickness and the roughness of the tellurium, bismuth
telluride, PCDTBT and SiGe films. This system is available at Instituto de Microelectronica de Madrid
(IMM-CNM), CSIC.

2.2.9 Seebeck coefficient and electrical resistivity

The power factor, PF= S?0, which is given by the product between the square of the Seebeck
coefficient, S, and the electrical conductivity, o, was measured by a commercial system LSR-3 Linseis

in helium atmosphere by measuring simultaneously both magnitudes.

This system is able to measure both films and bulk materials in a temperature range from room
temperature to 800 °C. The sample is placed between two platinum electrodes as shown in figure 2.4.
Two type-S (Platinum Rhodium - 10% /Platinum) thermocouples are used to sense both temperature
and voltage along the sample. In the case of the Seebeck coefficient measurement, a heating power is
applied to the lower platinum block so that a temperature gradient is created along the sample. This
temperature difference, AT, is measured between the thermocouples which are in contact with the
surface of the sample. The Seebeck voltage, AV, generated by the temperature gradient is also
measured by the Pt wires of each thermocouple so that the Seebeck coefficient can be obtained by the

next expression,

AV

7 2.7)

Sret =

where S,..; is the relative Seebeck coefficient which contains the influence of the probes. In order to
calculate the absolute Seebeck coefficient, S, it is necessary to take into account the Seebeck

coefficient of the platinum wires, Sp;, by means of the following relation,

Sret = Sabs — Spt (2.8)

Cold Pt electrode

Thin film
adapters

Sample

<—— Hot Pt electrode

Figure 2.4. Seebeck coefficient and electrical conductivity measurement setup.
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In the case of the electrical conductivity measurement, which is the inverse of the electrical
resistivity, p, a four-probe method is used to avoid the contact resistance during the measurement. A
constant current is applied between the two platinum blocks where the sample is placed so that a
voltage drop is measured between the platinum wires of the thermocouples. Ohm’s law provides the
electrical resistance, R, from the current, I, and the potential difference, V.

V=I-R (2.9)

Once the resistance is obtained, the electrical resistivity can be assessed by knowing the
dimensions of the sample,

R=p—o 2.1
P d (2.10)

where L is the thermocouples separation, W and d are the width and the thickness of the sample,

respectively.

This system is periodically calibrated in order to ensure the accuracy of the measurements. A
constantan standard sample supplied by the company is used to check both the electrical resistivity and
the Seebeck coefficient in the whole range of temperature, from room temperature to 800 °C, as shown
in Figure 2.5. Moreover, CoShs bulk samples fabricated in our group are typically measured by this
equipment and by another similar setup located at Fraunhofer Institut, Freiburg, Germany, giving the

same results within the error intervals.
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Figure 2.5. Example of one of the periodic checking of (a) electrical resistivity and (b) Seebeck coefficient values of the

constantan standard sample.

This system is available in our group at Instituto de Microelectronica de Madrid (IMM-CNM),
CSIC.
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2.2.10 Thermal conductivity
2.2.10.1 Photoacoustic technique

This technique is the core of this dissertation and will be explained in detail in chapter 3. It is
based on the periodic heating of the surface of a sample by means of an incident modulated radiation.
The surface of the sample periodically is heated and cooled down so that the air in contact with the
sample expands and contracts like a thermal piston. These movements are translated into acoustic
waves which are sensed by a microphone. The signal detected by the microphone is compared to the
incident modulated signal from the laser so that, the thermal properties can be obtained from the phase
shift between them. Figure 2.6 shows the measurement configurations that have been used: (a) front
configuration, where the sample is illuminated in the same side as the acoustic waves are detected, and
(b) rear configuration where the illumination and the acoustic waves are produced in opposite sides.

a) Incident modulated radiation b)
' Rear configuration

window

Acoustic waves Acoustic waves

Microphone Microphone NS
’ ARRY
’ \ ‘\ \ . \ ‘\ \
’IVII \“‘\\ !l!ll \\\‘\\

Front configuration ) ‘ o
Incident modulated radiation

Figure 2.6. Photoacoustic setup in (a) front and (b) rear configurations.

The calculation of the thermal diffusivity or conductivity depends on the type of material to be
analyzed. In the case of multilayered materials, such as the tellurium, bismuth telluride, PCDTBT and
SiGe films, a multilayered model is used. This model was developed by Hu et. al ?* where the sample
measurement is performed in the front configuration mode, and it is compared to a reference sample in

order to avoid the influence of the PA cell.

On the other hand, the measurements of bulk samples are performed by measuring in both,

front and rear configuration, so that normalization of the phase shift is obtained % %,

It is worthy to note that both procedures use the phase instead of the amplitude of the signal

since it is less sensitive to the reflectivity of the sample.

The extraction of the thermal conductivity requires the knowledge of other properties of the
sample in both cases. In the case of bulk samples, the thermal conductivity is extracted from the

thermal diffusivity, a, value which is the measured quantity, calculated by using the thickness of the
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sample. By knowing the density, p, and specific heat, Cp, of the sample the thermal conductivity is

calculated from the following relation:
k =apCp (2.11)

In the case of samples measured as multilayered materials, the properties that are necessary to
account for each layer are: density, specific heat, thermal conductivity, thickness, optical absorption
coefficient and thermal resistance between one layer and the subsequent one. Further details will be
given in Chapter 4 for bulk measurements and Chapter 5 for films, porous structures and nanowire

arrays measurements.

Density and specific heat are normally measured by the Archimedes’ method and Differential
Scanning Calorimetry, respectively, or taken from the literature. The thickness is always measured by
SEM, profilometer or a micrometer, depending on the type of sample,. The optical absorption
coefficient is not a critical magnitude since it is only important in the case of the first layer, i.e., the
titanium layer that always covers all the samples. Finally, the thermal resistances are normally
unknown and remain as unknown parameters during the fitting. However, there are some studies

which allow us to predict their values depending on the sample .

In order to ensure the reliability of the measurements, a double-check was carried out with
another photoacoustic system set in Mechanical Engineering Building in Purdue University (West
Lafayette, Indiana) during a stay in that Lab. Other double-checks of the system were performed with
two different setups described below, Time-Domain Thermoreflectance method and the Scanning

Thermal Microscopy.

This experimental technique, which has been developed by the PhD candidate during this PhD
work, is currently fully functional and available in our laboratory at Instituto de Microelectrénica de
Madrid.

2.2.10.2 Time-Domain Thermoreflectance method (TDTR)

The Time-Domain thermoreflectance method was explained in Section 1.4.1.1. In our
measurements, the samples were metallized with 70 nm aluminum layer to ensure the sensibility of the
thermoreflectance coefficient to the employed laser wavelength which is a Ti: sapphire laser which
creates short pulsed laser beams with 12.5 repetition rate 2. This laser beam is split into pump and
probe beam. The pump beam, modulated at a frequency of 0.8-10 MHz, is used to heat the surface of
the sample since it is more powerful than the probe beam, which senses the change in the reflectivity
of the aluminum layer. The signal is detected by a Si-photodetector connected to a RF lock in
amplifier. The signal is fitted by using a 3D thermal diffusion model based on thermal quadrupoles®,

where the thermal boundary resistance between the aluminum layer and the sample is included.
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The thermal conductivity measurements by TDTR were performed by Dr. Yee Rui Koh at
Birck Nanotechnology Building in Purdue University (West Lafayette, Indiana) during the stay of the
PhD candidate in that center.

2.2.10.3 Scanning Thermal Microscopy

The 3w-SThM (Scanning Thermal Microscopy) was used to measure the thermal conductivity
of some samples and check the reliability of the photoacoustic measurements. The 30-SThM %% makes
use of the Joule heating generated through a thermo-resistive probe when an electric current is passed
across it. When the probe is approached to the surface of a sample, a heat flux exchange takes place
between both elements. Therefore, the temperature of the probe is altered and its electrical resistance
changes. The thermal conductivity of the sample is related to the third harmonic, 3, of the electrical
response of the probe.

The thermal conductivity measurements by the 3w-SThM technique were performed by the
PhD students Miguel Mufioz Rojo and Adam A. Wilson.

2.2.10.4 Laser flash

The laser flash (deeply described in Section 1.4.1.2) is a transient technique based on a short
pulse (< 1 ms) used to heat the front surface of the sample. The temperature rise in the rear face of the
sample is detected by a thermocouple or an infrared camera so that the thermal diffusivity of the

material is obtained.

Two different laser flash systems were used during this PhD work. The CoShs;sample used as
a calibration sample for the photoacoustic experimental setup was measured by a Microflash Netzsch
LFA 457 at Institut Fraunhofer, Freiburg, by Dr. Alexandre Jacquot. Conversely, a polyaniline
blended with graphene (PANI/GNP) pellet was measured during a stay of the PhD candidate in the
National Institute for Materials Science (NIMS), Tsukuba (Japan), with a system TC-7000; ULVAC-

Riko, Japan, during a stay of the PhD candidate in that research center.
2.2.10.5 Low thermal conductivity measurements setup

This experimental setup was also developed during this PhD work. It is completely explained
in Section 4.4.4.1. This technique is based on the steady state method to directly extract the thermal
conductivity of bulk materials. This setup consists of two copper blocks which act as a heat source and
heat sink when a sample is placed between them (see Figure 2.7 (a) and (c)). A thermocouple is
located in each of the copper blocks very near to the surface in contact with the sample in order to

sense the temperature when heating the top block (heat source). Several power heatings are applied
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during the measurement and the temperature difference between both faces is recorded as seen in
Figure 2.7 (b).

a) b)
T (°C)
Copper Heater 4 Hot side
!
plocks Hot thermocouple temperature
Sample —» j
Cold thermocouple AT
Cold side
temperature
> t(s)

Figure 2.7. (a) Thermal conductivity experimental setup developed during this PhD thesis, used to measure polymer bulk
samples, (b) temperature as a function of the time during a typical measurement of a sample and (c) picture of the
experimental setup.

In order to avoid thermal losses coming from convection or radiation, a comparative method
is conducted. For that purpose, a reference sample is also measured. The heating power through the
standard is the same as the power through the sample. The following expression is used to extract the

thermal conductivity,

_ (A/L)s AT

ATp = L2235
R=Ta/D)g g S

(2.12)
where the subscripts R and S correspond to the reference and the sample, respectively. A and L are the

section and the thickness of the sample and AT is the temperature difference created across the sample.

(4/L)s AT

By plotting the temperature gradient of the reference sample against
(A/L)r xR

, the thermal

conductivity of the sample is directly obtained.
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Chapter 3:

Photoacoustic
experimental setup

In this chapter the experimental setup and measurement design of the photoacoustic technique
developed in this thesis are explained. Firstly, the experimental setup optimization, which involves the
photoacoustic cell, microphone, laser, instrumentation, sources of noise, stability, and reproducibility,
is described. Secondly, the theory and the measurement procedure was established for both bulk and
multilayered samples. Finally, the sensitivity, uncertainty, fitting procedure, the selected metal

transducer, calibration and detection limits are also discussed.
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3.1 Introduction

Optical heating methods are being widely investigated as a powerful tool to measure thermal
properties of materials. The main advantage of these techniques lies in the lack of contact resistances
when heating the sample as explained in the introduction chapter of this thesis. In particular, in the
photoacoustic (PA) technique, the thermal contact resistance is avoided not only in the heating
procedure but also in the detection scheme. Moreover, both the experimental setup and measurements
are considerably simpler than other techniques such as Time-Domain Thermoreflectance. In addition,
this technique will allow for the study of thermal transport of all type of structures which is one of the

main limitations of other techniques.

The photoacoustic effect is based on the acoustic waves created when an incident modulated
radiation is absorbed by the surface of a solid and converted into heat by non-radiative de-excitation
processes in the material. The air in contact with the sample expands and contracts as a thermal piston
due to the periodic surface heating thus creating acoustic waves which are detected by a microphone.

The signal is finally collected by a lock-in amplifier.

In order to obtain high quality measurements, it is necessary to design both, the experimental

setup and the measurement procedure.

3.2 Experimental setup

As it can be seen in Figure 3.1, the experimental setup comprises several elements. The
photoacoustic cell consists of a body with a cavity where the acoustic waves are generated. A
microphone is placed inside the body of the cell and connected to the acoustic cavity by a small hole.
The cavity is closed at its ends, by the sample and a window, in order to ensure that the acoustic waves
are not perturbed by the atmospheric disturbances. A fiber laser is chopped with a selected frequency
and impinges on the sample. The modulated radiation leads to a periodic heating and cooling of the
sample. Consequently, the gas (air in our case) near the sample surface is heated and cooled, giving
rise to acoustic waves that can be detected by the microphone. The microphone is connected to a pre-
amplifier, which increases the photoacoustic (PA) signal. Afterwards, the PA signal is directed to a
signal conditioning, which both powers the pre-amplifier and clean the acoustic signal after the pre-
amplifier. The treated signal is finally connected to a lock-in amplifier, which compares it with a
reference signal. This reference signal is used to modulate the laser beam so that it has the same
frequency as the acoustic waves. From the phase shift between both signals, the thermal properties of

the sample can be derived by a proper mathematical model.
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Figure 3.1. Photoacoustic experimental setup.
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3.2.1 Photoacoustic cell design optimization

The PA cell has been designed in order to measure all types of structures: bulk materials, thin

and thick films, and nanowires embedded into a matrix or porous structures.

The photoacoustic cell is comprised of the cell body with a cavity where the acoustic waves
are generated and propagated until reaching the microphone. There are resonant and no resonant PA
cells. A resonant cell takes advantages of a great improvement of the photoacoustic signal given by the
resonances. Resonant cells are typically used in photoacoustic spectroscopy experiments (PAS), which
analyze the sample response as a function of the incident wavelength'. Conversely, our experiment is
performed by varying the frequency with a fixed wavelength so that a resonant-free cell is required.
Otherwise, the signal would be greatly influenced by slight changes in the cell volume during the
sample mounting. Finally, our PA cell is attached to a stage in order to assess the stability of the

system. The requirements that must satisfy the PA cell are described below.
3.2.1.1 Material

The PA cell must be made of a very low reflective material, so the scattered light can leave the

cell without creating any parasitic signals.

The material employed for the PA cell is the thermoplastic polymer poly(methyl methacrylate)
(PMMA), also known as acrylic or acrylic glass. It is a synthetic polymer which is regarded as a type
of glass. This material has a very high transmittance so that it is approximately transparent for
wavelengths higher than 800 nm 22, As the laser wavelengths of the experiment are 980 nm and 1060

nm, polished PMMA results suitable as a material for the PA cell.

Absorption experiments were carried out in order to extract the optical absorption coefficient

of the PMMA.. Beer-Lambert law is used for that purpose and is given by,
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I = Iyexp(—fd) (3.1)

where I and I, are the output and input light intensities, d is the thickness of the sample and S is the
optical absorption coefficient. By taking several different thicknesses and measuring the optical
intensity before and after going through the material, an optical absorption coefficient of around 0.01
cm’® is obtained for wavelengths of 980 nm and 1070 nm. This value is low enough to ensure small
reflections inside the PA cell and to guarantee a high transmittance of scattered light.

3.2.1.2 Cavity design

The PA cavity was designed with a cylindrical geometry so that its resonances can be
longitudinal, azimuthal, radial and their combinations. Acoustic resonances are produced at those
frequencies where standing waves are present in the cavity in such a way that the amplitude of the
acoustic signal is sharply increased. In the case of carrying out photoacoustic spectrometry, acoustic
resonances are desirable to increase the signal to noise ratio. In our case, we have always studied the
PA signal as a function of the frequency so that acoustic resonances would disturb the measurement.
In order to optimize the signal during the measurement, the cavity of the PA cell is designed so that

acoustic resonances are avoided.

PA cavity

W

¢cell

Microphone : i

Figure 3.2. Photoacoustic cavity and the characteristic lengths. The red shadow depicts the incident laser beam impinging on
the surface of the sample.

The important dimensions of a PA cavity are shown in Figure 3.2:
a) Gas column length, Ly. When the longitudinal dimension of a cylindrical cavity is larger than
the diameter, the lowest resonance frequency occurs when the sound propagates in the axial

direction. Resonances can disturb the PA signal provided that the gas length is a multiple of

Ag/2, where Ag is the wavelength of the acoustic wave. In those cases, a stationary wave,
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whose nodes correspond with the ends of the cavity, is produced. Therefore, in order to avoid
these effects, it is necessary to ensure this condition,

As

> L (3.2)

The wavelength of the acoustic wave depends on both, the wave frequency, f, and the speed
of sound in the media, v, as,

Ay = (3.3)

v
f
In our case, the experiments were performed in air at room temperature so that v = 346 m-s™
(T = 25 °C) *. Figure 3.3 shows the variation of the half acoustic wavelength as a function of
the frequency. By taking into account the microphone detection limit (between 4 Hz as
20 kHz), an air column length of 8.4 mm will avoid axial resonances in our working frequency
range, since the lowest resonance frequency is 20.6 kHz, which is high enough to be avoided.

Moreover, this length will be also able to contain the microphone, whose diameter is 7 mm.

Half wavelength of the acoustic wave, ASIZ
100000 I‘ Air column length, Lg =8.4mm
5 Resonances-free
10000 r region
E E
~— 1000
p= ]
= E
=2 X
& 100
| I‘ Microphone
b detection limit
10 \
1 L ri 'l A 'l 'l

1 10 100 1000 10000 100000
Frequency (Hz)

Figure 3.3. Comparison between the half wavelength of the acoustic wave generated by the modulated radiation and the 8.4
mm air column length as a function of the frequency.

The dimensions of the gas column length could be increased by using a gas with higher speed
of sound, like helium (970 m-s* at 0 °C). However, it would introduce an additional
complexity in the experimental setup related to possible gas leakages. As the working
frequency range is completely usable when employing air and the designed length is

mechanical achievable, the PA cavity dimensions were calculated for air conditions.
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A more complex analysis of the resonance frequencies in a cylindrical cavity closed on both
sides includes all three dimensions, i.e., resonances can be longitudinal, azimuthal, radial and
their combinations. This analysis can be performed by solving the wave equation with
cylindrical boundary conditions giving the following resonance frequencies °,

v | Bun\ (1)
fm,n,q ZE\/(d)cell) +<Z) (3.4)

where v is the speed of sound, f,,, is the transversal eigenvalue, g is the longitudinal

eigenvalue, ¢y is the cavity diameter and L, is the gas column length.

The resonance frequencies are calculated for different dimensions of the gas column length
and cell diameter and finally they were established as 8.4 mm and 4 mm, respectively. Table
3.1 shows the different resonance frequencies associated with both axial and tangential waves.
It is interesting to note that the resonance frequency given by Eq. 3.4 for S,,, = 0 is the same
as calculated previously for the axial sound propagation. None of the other frequencies are
lower than that one and therefore the selected dimensions are suitable for our photoacoustic

experiment.

Table 3.1. Resonance frequencies in a cylindrical cavity with 4 mm in diameter and a gas column length of 8.4 mm.

m n Bmn q frung (H2)
0 0 0 0 0

0 0 0 1 20595
0 0 0 2 41190
0 1 1.2197 0 105504
0 1 1.2197 1 107495
0 1 1.2197 2 113260
0 2 2.2331 0 193163
0 2 2.2331 1 194258
0 2 2.2331 2 197506
1 0 0.5861 0 50698
1 0 0.5861 1 54721
1 0 0.5861 2 65322
1 1 1.697 0 146791
1 1 1.697 1 148228
1 1 1.697 2 152460
1 2 2.714 0 234761
1 2 2.714 1 235663
1 2 2.714 2 238347
2 0 0.9722 0 84095
2 0 0.9722 1 86581
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2 0 0.9722 2 93641
2 1 2.1346 0 184643
2 1 2.1346 1 185788
2 1 2.1346 2 189182
2 2 3.1734 0 274499
2 2 3.1734 1 275271
2 2 3.1734 2 277572

b) Cavity diameter, ¢;;. Quimby et al.® predicted that a one dimensional model of the heat

transfer in a photoacoustic cell can be applied provided that the cavity radius is higher than the

thermal diffusion length of the air at the working frequency. The PA cavity diameter was

calculated so that the temperature oscillation damps down when reaching the cell walls and

hence, there are no 3D effects or lateral heat flow. For the calculation, we compared the

thermal diffusion length, u, with the characteristic length given by,

_ beett — ¢spot

2

(3.5)

where ¢y, and ¢y, are the PA cavity and beam spot diameters, respectively, as shown in

Figure 3.4 (a). The thermal diffusion length is given by:

(3.6)

where « is the thermal diffusivity and f is the frequency. The air thermal diffusivity is 2.1-10°

m?-s™ 7. Figure 3.4 (b) proved the validity of the one dimensional treatment of the heat flow

for a cavity diameter of 4 mm. However, it will be necessary to be careful and sensible when

carrying out the data analysis of experiments performed at very low frequencies (4 -10 Hz).

a)

PA cavity

window

Length (pum)

b)

1000

3D
effects
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10 |

Microphone

detection limit

Thermal diffusion length
x= (¢CEH-¢5M()/2
¢CEH = 4mm d>SDO|= 1'4mm

1 10

100

1000

Frequency (Hz)
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Figure 3.4. (a) PA cavity where the laser beam is depicted as the red shadow and (b) thermal diffusion length of the air as a
function of the frequency compared with the characteristic length x.
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c)

d)

Sample-microphone distance, y. This length is conditioned by the microphone size along
with the sound attenuation distance. On the one hand, the minimum distance from the sample
to the center of the microphone is the microphone radius, 3.5 mm. Moreover, there should be a
piece of wall between the sample and the hole where the microphone is placed for mechanical
stability. On the other hand, it is necessary to take also into account the sound attenuation
given by Stokes™ law,

A(d) = Ay exp(—ad) (3.7)

where A(d) is the amplitude of the acoustic wave at a distance d from the sound source, i.e.,
the sample. A, is the initial amplitude and a is the attenuation coefficient which represents
how far a sound wave can travel before its amplitude declines in a factor of 1/e. Bass et al.®°
studied the atmospheric absorption of sound for different conditions of relative humidity,
pressure and frequency, showing how the attenuation increases when increasing the acoustic
waves frequency. A significant attenuation was found for high frequencies at 100 m from the
acoustic source. In our case, the distance from the acoustic source (sample) and the detection
point (the microphone) is in the order of millimeters, so that the attenuation is negligible at
this scale length. A simple calculation can be performed to check this claim. If the maximum
attenuation obtained in reference ° is taken, 10 dB/(100m-atm) at 20 kHz, we can calculate the

attenuation for our selected length, 4.2 mm.

10dB - 0.0042m
100m

A(4mm) = exp — ( )AO = 0.99964, (3.8)

This means that the signal at 4.2 mm is barely attenuated.

Therefore, the distance between the sample and the microphone is entirely conditioned by the
mechanical stability of the PA cell so that it can be fixed as 4.2 mm.

Diameter and length of the microphone duct, ¢ gy and Ly The cylindrical PA cavity,
along with the duct space and the microphone cavity can behave as a Helmholtz resonator
which is, precisely, a cavity connected to a duct that finishes in a hole (see Figure 3.5 (a)). As
the microphone cavity volume (6-104 cm™)™ is much lower than the PA cavity volume (0.1

cm’®), the associated Helmholtz resonance given by :

v A
fretmnottz = E ﬂ (3.9)

where v is the sound velocity, 4, and L are the section and the length of the duct and V' is the

total volume of the cavity, as shown in Figure 3.5 (a).
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a) Helmholtz Resonator
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Figure 3.5. (a) Helmholtz resonator scheme and (b) Helmholtz resonance frequency as a function of the duct length.

In our case, the area of the duct is given by m(¢4yc¢/2)? and the length by Iy as depicted in
Figure 3.5 (a). In order to select those dimensions corresponding to a satisfying Helmholtz
resonance frequency, we fixed the duct diameter to 0.8 mm since it is the physical hole of the
microphone. Therefore, we studied the resonance frequencies for different values of the duct
length. Figure 3.5 (b) shows how the frequency increases when reducing this dimension. As
the working frequency will be comprised in the microphone frequency range (4 Hz - 20 kHz),
it is clearly seen that the Helmholtz resonance frequency is unavoidable since in order to make
it lower than 4 Hz or higher than 20 kHz, the duct length should be around 1000 m or
0.035 mm, respectively, which does not make sense in any case. We finally fixed the duct
length as 0.2 mm since it is mechanically feasible and the Helmholtz resonance frequency is
8497 Hz, which is higher than the typically frequency measurement range. Despite this fact,

care must be taken when measuring thin films, since this frequency range is typically needed.

The final values of the characteristic dimensions are shown in Table 3.11.

Table 3.11. PA cell dimensions.

Lg(mm) ¢cell(mm) y (mm) ¢duct(mm) lduct(mm)
8.4 4.0 4.2 0.8 0.2
3.2.1.3 Design

Once the dimensions were calculated, we designed the whole body of the PA cell. As seen in

Figure 3.6 (a) and (b), it is comprised of a PMMA parallelepiped, where the PA cavity is contained.

The microphone cavity is drilled and connected perpendicularly to the PA cavity by means of the duct

hole. In the top part of the cell there is a hollow where the window, also made of polished PMMA

-85 -



Chapter 3

(Figure 3.6 (c)), is placed to close the PA cavity. On the other hand, the bottom part of the cell is
designed in such a way that the cell can be attached to a stage where the sample will be placed.

a) Lateral-view b) Top-view

$0.8
fle

,,,,,,,,, 08§
.8

s i I. .

20

50
4:;

¢) Window

$ 25

Figure 3.6. PA cell design with the selected dimensions and without the screws, (a) lateral-view, (b) top-view and (c) lateral
view of the window. Dimensions are in mm.

The sketch of the lateral and top view of this backing material or stage is shown in Figure 3.7
(a) and (b), respectively. This piece must be thermally thick in terms of the experiment, i.e., its
thickness should be higher than the thermal diffusion length. For that purpose, an aluminum block of
15 mm thick was selected which is thermally thick even for the lowest frequency. Aluminum is
machined with little effort and provides the system with mechanical stability. The projection of this
piece is used to place the sample and attach the PA cell. A hermetically seal is achieved by means of
four screws which go through the PA cell and reach the stage where they are screwed. In order to
attain a good and soft seal, a 6 mm in diameter O-ring is placed in the projection of the stage where the

sample is placed. This O-ring will be especially useful when measuring brittle samples.

Top-view

D6

125

125

Figure 3.7. (a) Lateral-view and (b) top-view of the aluminum stage. Dimensions are in mm.
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Figure 3.8 (a) and (b) show a 3D sketch of the stage or backing material and the PA cell,
respectively. Figure 3.8 (c) and (d) show a schematic and a real image of the PA cell attached to the

stage, respectively.

Figure 3.8. Schematic images of (a) stage, (b) PA cell and (c) PA cell attached to the stage and (d) a real image of the PA cell
attached to the stage.

3.2.2  Microphone

A microphone is a device that converts sound into an electric signal. There are two

microphone classifications depending on the transducer principle or the directionality.

Regarding the transducer principle, there are two types of microphones: dynamic and

condenser microphones.

a) Dynamic microphones: the acoustic waves hit a thin plastic diaphragm and make it to vibrate.
A coil of wire fixed to the back of the diaphragm vibrates along with it. When the coil moves
back and forth, it passes across a magnetic field generated by a magnet, which produces an
electrical signal that corresponds to the sound waves. This microphone is mostly used for loud
sounds and it is not appropriate for high frequencies. Moreover, due to the magnet presence, it
is difficult to make a very small dynamic microphone, which limits the mounting possibilities.
Figure 3.9 (a) shows a schematic view of this type of microphone.

b) Condenser microphones: sound waves also strike a diaphragm and make it to vibrate. The
diaphragm is fixed just in front of an electrically charged plate as shown in Figure 3.9 (b). As
the diaphragm moves back and forth, the electric field between the diaphragm and the plate
changes, which produces an electrical signal that corresponds to the acoustic waves. Since

-87-



Chapter 3

there is no coil, the sound waves only have to move the diaphragm, which gives condenser

microphones better performance at high frequencies.

DIAPHRAGM b)

DIAPHRAGM

VOICE COIL BACKPLATE

MAGNET

Figure 3.9. Classification of microphone as a function of the operating principle (a) Dynamic and (b) Condenser microphone.
Image adapted from reference 11.

Depending on the directionality of the sound, there are three types of microphones as seen in
Figure 3.10.

a) Free-Field: a free sound field is created when no objects perturb the acoustic waves. Free-
fields can be achieved in anechoic rooms or outdoors far away from reflecting surfaces. The
free-field microphone measures acoustic plane waves, which propagate in one direction. The
best performance of free-field microphones is, then, achieved when the microphone is
sufficiently far away from the acoustic source.

b) Pressure-Field: the sound pressure is measured just in front of the diaphragm which has the
same phase and magnitude at any position within the field. It is frequently employed in
cavities smaller than the wavelength of the acoustic wave in order to detect signals coming
from a single source, which matches the PA experiment requirements.

c) Diffuse-Field: this type of microphone is also known as Random Incidence. It is
omnidirectional so that it measures sound pressure coming from different sources, reflections

and directions.

/ ,{V —’—§ {"’.@ . {\I -
“ <: TN — y i
— T N
Free-Field Pressure-Field Diffuse-field

Figure 3.10. Different types of microphones depending on the directionality: (a) Free-field, (b) pressure-field and (c) Diffuse-
field type.

Considering the characteristics of the different types of microphones, a condenser pressure-
field microphone was selected. G.R.A.S Sound & Vibration 46BL %’> CCP pressure Microphone Set,
composed of a %’” microphone Type 40BL and a Y4’ Preamplifier Type 26CB, which is shown in
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Figure 3.11 (a) and (b), was chosen since it meets all the criteria imposed to the PA experiment, as
explained below.

=

Microphone

Figure 3.11. G.R.A.S. 46 BL Y>> CCP Pressure microphone set employed in the PA setup (a) front view and (b) lateral view.

The microphone is depicted in Figure 3.12. A metal case covers a greatly tensioned diaphragm
which is fixed parallel to an electrical insulator with a back-plate. These are the plates of the capacitor
which generates the output voltage when the diaphragm is perturbed by the sound. The typical
distance between the diaphragm and the back-plate is in the vicinity of 20 + 0.8 pum, whereas the

thickness of the diaphragm ranges from 1.5 to 8 um depending on the microphone.

Diaphragm

p Backplate
Housing

. Insulator

Figure 3.12. (a) Design (b) real image and (b) cross-section view of the condenser microphone.

For a good selection of the microphone and the preamplifier, the characteristics of both
elements combined must be appropriated for a specific sound measurement so that one needs to make
a compromise between the microphone size, sensitivity, frequency range, etc., which are normally

entangled. The main characteristics when selecting the microphone are:

- Dynamic range: is the sound pressure level (SPL) range that the device is able to measure. The
sound pressure level at a point indicates the instantaneous pressure, P, relative to a reference

pressure of 20 uPa, Py

P
Lp = 20log
ref

(3.9)
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The maximum limit of the dynamic range is given by the 3% distortion level caused by a
displacement of the diaphragm. The minimum limit is related to the equivalent inherent noise level
produced by the thermal agitation of the diaphragm.

- Sensitivity: SPL that the microphone is able to detect, which is expressed in millivolts per Pascal
(mV-Pa™). The higher the sensitivity is, the lower the SPL that can be detected.

- Frequency response: it is a measurement of the generated electrical signal produced by a sound
in comparison to the signal at a reference frequency. A flat frequency response is desirable.

However, it is limited at high and low frequencies depending on the microphone characteristics.

- Temperature range: temperatures at which the device is able to measure without signal
distortion. High temperatures increase the inherent electronic noise which affects the lower limit

of detection.

A preamplifier is still needed because the generated electrical signal is transferred to the lock-
in amplifier and may not withstand along the cable if it is not amplified. A G.R.A.S constant current

power (CCP) 26CB preamplifier connected to a CCP supply was used.

The specifications of the microphone combined with the preamplifier can be seen in Table
3.111. The microphone was selected due to its technical specifications. As the PA signal is expected to

have a very low sound level, a high sensitivity and a wide dynamic range will ensure its detection.

Table 3.111. Microphone specifications.

Nominal sensitivity at 250Hz 18.0 mV-Pa™
Frequency response: +1dB 10 Hz — 10 kHz
Frequency response: +2dB 4 Hz - 20 kHz

Dynamic Range From: 25 dBA re. 20 pPa
To: 150 dB re. 20 pPa
Temperature range -30°C to +60°C

Moreover, the frequency response shown in Figure 3.13 is wide enough to measure many
types of samples, from bulk materials to thin films while conserving the sensitivity. Finally, the

temperature range allows the microphone to work at room temperature.
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Figure 3.13. Calibration chart provided by G.R.A.S Sound & Vibration. Frequency response of the microphone and
preamplifier combination. The frequency response is recorded by electrostatic actuator and is measured relative to the
response at 250 Hz.

3.2.3 Laser

The modulated laser beam induces the thermal response of the surface sample in such a way
that the acoustic waves are created. In this setup two different lasers were used for measuring at low

and high frequencies.

- Low frequency regime: from 1 Hz to 4 kHz. The laser was a Fiber-Coupled laser diode with
driver and TEC controller, model LDF-10 Series with a wavelength of 977 £ 5 nm.

- High frequency regime: from 4 kHz to 50 kHz. An Ytterbium fiber laser from IPG photonics was
used with a wavelength of 1070 £ 5 nm.

Both devices own a built-in frequency generator which is modulated by the lock-in amplifier.
Experiments are carrying out with a laser power of around 260 mW which is high enough to heat the

samples.
3.2.3.1 Beam spot characterization

The radius of the beam is an important parameter in the heat transfer model, so its
characterization becomes an essential step. In order to characterize the spot size, the knife-edge
profiling technique was employed 2. This method is depicted in Figure 3.14 (a). A laser beam is
directed to a detector. A razor blade is mounted into a translational stage with a resolution of 500 um
which advances through the beam path and covers part of the beam. The power detected by the

detector is related with the total power by the following expression,

P(x) = % 1+erf <:.C)T\/f)> (3.10)
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where erf(x) is the error function, x is the razor blade position, w(z) is the spot radius where the
intensity has decayed by a factor e® and P, is the total power. From its derivative the Gaussian beam

distribution can be obtained. The fiber-coupled laser diode has an approximately Gaussian intensity
profile which follows,

24, 2r?
I(r) =—=exp|—— (3.11)
Tw§ w§

where 4, is the total power of the laser beam and wy is 1/e* beam radius. The 1/e® beam radius is
found to be 0.68 mm by fitting the experimental profile with these expressions (see Figure 3.14 (b)
and (c)).

a)

Incoming

Powermeter
laser beam

Razor

Translation
Stage

b)

Power (arb. units)

& Experimental
— Best fit

Intensity (arb. untis)

P S S P T T R T T T
5 4 3 2 4 0 1 2 3 4 5 5 4 3 2 4 0 1 2 3 4 5
Razor blade position (mm) Position (mm)

Figure 3.14. (a) Knife-edge measurement setup. Experimental data and best fit of (b) power detected and (c) derivative of
error function. The spot 1/e? radius is 0.68 mm.

It is worth noting that this method is a 1D measurement, so it does not take into account shape
beam deviations. Diode lasers typically have elliptical beam shape. However, this effect can be
neglected since the beam diameter variation between x and y directions is slight in comparison with
the spot diameter and cell dimensions.

The same approach was carried out to analyze the spot size of the Ytterbium fiber laser.
3.2.4 Instrumentation

Apart from the microphone and the laser, there are other essential elements to carry out a good
measurement. The electronics play an important role in the noise reduction. The electronic

components used in this setup are: a signal conditioning and a lock-in amplifier.
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3.2.4.1 Signal conditioning

The preamplifier increases the signal detected by the microphone. However, this signal can be
still weak and is frequently affected by noise. In order to improve the quality of the acoustic signal
before reaching the lock-in amplifier, a signal conditioning is introduced in the experimental setup. It
enhances the operation and reliability of the measurement system with diverse functions from filtering
to signal amplification. Moreover, this device is used as the power supply of the preamplifier.

In our experimental setup, a power module Type 12AQ from G.R.A.S Sound & Vibration was
employed (see Figure 3.15) whose specifications can be seen in Table 3.1V.. It supplies a constant
current supply (4mA) at 28 VV DC to the preamplifier.

Table 3.1V. Specifications of the signal conditioning

Frequency response: +0.1dB 10 Hz - 100 kHz
(gain from -20dB to 50dB)
Frequency response: +0.2dB 2 Hz — 200 kHz
(gain from -20dB to 50dB)
Frequency response: +0.1dB 10 Hz - 20 kHz
(gain from 60dB and 70dB)
Lin filter For linear response with a high-pass filter
of 0.2 Hz
HP filter For linear response with a high-pass filter
of 20 Hz
AW filter For an A-weighted response

Figure 3.15. Power module Type 12AQ from G.R.A.S Sound & Vibration (a) Front panel and (b) rear panel.

3.2.4.2 Lock-in amplifier

Once the signal is amplified, it goes to the lock-in amplifier. Differentiating between the low
PA signal and the background noise is one of the most challenging parts of the PA experiment. For
that purpose, the lock-in amplifier is the perfect technique since it detects and measures very small AC
signals. Moreover, these devices make use of the Phase-Sensitive-Detection (PSD) to isolate the signal
component at a certain reference frequency from the background. Therefore, the lock-in amplifier is

able to measure signals within a very narrow bandwidth.
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The lock-in amplifier used in this work is a Signal Recovery model 7270. Specifications and

operation modes of this device can be found in the user manual.

In order to achieve a measurement as stable as possible, lock-in amplifier parameters must be
set carefully. The time constant of the output filters, which represents the time needed by the system to
reach a value of (1- 1/e) factor (~ 63%) of its final value, is wisely selected depending on the working
frequency. The time constant determines the Q-value of the lock-in amplifier which is given by fo/Af,
where Af'is the bandwidth and f the working frequency. The Q-value is increased by increasing the
time constant, which makes the output signal to be steadier and easier to measure. The experiments
were performed with a time constant at least 25 times the inverse of the frequency, which ensures a
good quality Q-value. Moreover, the low-pass filter is selected to be 24 dB/octave in order to achieve
lower time constants for assuring stability.

3.2.5 Sources of noise

The PA experiment is affected by several sources of noise that should be taken into account
and minimized as much as possible in order to have a good signal to noise ratio (SNR) **:

a) Electrical noise: any random noise which has no phase relation with the modulation of the
laser. Electrical noise includes the inherent noise of the microphone due to the thermal
agitation of the diaphragm and limits the measurement to 25 dB. The input noise of the lock-in
amplifier is 5 nV/v/Hz. However, electrical noise normally has a wide frequency spectrum and
can be filtered out by the phase sensitive detection (PSD) of the lock-in amplifier. In our case,
the bandwidth depends on the time constant of the lock-in amplifier which is always selected
to ensure an extremely narrow bandwidth. As explained above, the time constant is high
enough to reduce the noise (at least 25 times the inverse of the reference frequency).

b) Coherent acoustic background noise: any noise contribution, not related to the light beam,
which has exactly the same frequency as the reference. It can be avoided by increasing the
laser intensity.

c) Coherent photoacoustic background noise: this contribution is related to the laser
absorption by the window and the laser beam scattering produced by the cell walls and
window. These two phenomena can create acoustic waves within the PA cavity that could
disturb the PA signal. This noise contribution is greatly reduced by selecting the proper
material as window (PMMA).

d) 1/f noise or “pink noise”: this contribution arises in many physical systems whose frequency
spectrum is inversely related to the frequency and it is important at frequencies lower than 1
kHZ 13, 14.
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These error sources were minimized in order to have a high signal to noise ratio, which
ensures the good quality of the measurements. SNR measurements were performed by measuring with
and without laser radiation as a function of the frequency as shown in Figure 3.16 for both frequency
regimes. The SNR value is obtained by,

S
SNR(dB) = 20log 3; (3.12)

where S is the photoacoustic signal obtained when there is laser radiation and N the signal with the

laser locked, i.e., the noise.
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Figure 3.16. SNR as a function of the frequency for both lasers.

When all the above noise contributions were optimized, a SNR higher than 40 dB was
obtained. Signal above this level can be considered as excellent. A frequency dependence can be
found at frequencies lower than 1 kHz, due to the 1/f noise of the electronic components **. At higher
frequencies the SNR is optimum with a finally decay at very high frequencies due to the performance
of the microphone. Even though, the performance of the experimental setup is excellent in the whole

range of frequencies.
3.2.6 Temperature measurements

The acoustic signal is created by a periodically temperature increment of the sample surface
due to the laser radiation. Temperature measurements were carried out in order to know the order of
magnitude of this temperature rise. A T-type (copper-constantan) thermocouple made of wires with a
diameter of 0.127 mm was positioned in contact with the surface of the sample very near to the laser
beam to record the temperature. Figure 3.17 shows its variation as a function of the frequency for a
laser power of 260 mW. The temperature increment created by the radiation is reduced when

increasing the frequency. The temperature rise depends on the thermal conductivity of the sample,
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thickness and laser frequency. This measurement was performed on bulk sample whose thermal
conductivity is low, 1.4 W-m™.K™. For more (less) conductive samples, the temperature rise will be
lower (higher).
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Figure 3.17. Temperature increment as a function of the laser frequency. The inset shows how the measurement is performed.

3.2.7 Stability and reproducibility

Once the experimental setup was developed, a deep study of the signal stability signal and
reproducibility was carried out. A measurement is carrying out by sweeping a frequency range. The
system must be found the steady state at each frequency after a certain time. This time depends on the
time constant. Each measurement is thought so that the lock-in amplifier records the signal until 10
seconds after reaching the steady state. The mean average of the data store during this time is used to
fit the theoretical model.

The stability of a measurement can be quantified as the relative variation of the amplitude and
variation of the phase shift during the steady stage of each frequency. The amplitude variation is

expressed as a percentage and is given by,

(4, —4)
BA(%) = 100 - = —— (3.13)

where A4; is every single point at a frequency and 4 is the mean amplitude for a frequency. Amplitude

relative variations lower than 0.5 % are considered as stable measurement °.

The phase variation is measured in degrees:

Ap(deg) = ¢; — @ (3.14)
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In this case, phase variations lower than 0.2 deg. are required for a high quality measurement
15
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Figure 3.18. (a), (c) Amplitude and (b),(d) phase variations as a function of the frequency during the measurement of bulk
quartz and silicon for both lasers.

As seen in Figure 3.18, amplitude and phase are found to be among the requirements for
almost the whole frequency range. The green shadow depicts the allowed range for a good
measurement. However, there are some wider variations in the extremes of the range, and therefore,
caution must be taken when measuring at both frequency ranges. At very high frequencies (around 20
kHz), the microphone performance starts to decay while at low frequencies (around 4-10 Hz), 3D
effects start to appear. Moreover, slight higher variations in the range from 100 to -1000 kHz can be

also seen probably due to the 1/f noise..

The reproducibility can be analyzed by the standard deviation between different

measurements.

N
1 _
= m; X, — X)? (3.15)

In the case of the amplitude, it is necessary to calculate it as a percentage, so that the standard
deviation is divided by the mean value at each frequency, which is known as coefficient of variation.
A high quality measurement is established when the standard deviation is lower than 1 deg. and 5 %

for the phase and the amplitude, respectively.
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Figure 3.19 shows the amplitude and the phase coefficient of variation and standard deviation,
respectively, of a low (quartz) and high conductive (silicon) sample as a function of the frequency.
The quartz thermal diffusivity and conductivity are 7.9 107 m*s™ and 1.4 W-m™-K™, respectively.
Silicon thermal diffusivity and conductivity are 8.9 10° m*-s™ and 148 W-m™-K™, respectively. In the
case of quartz, its amplitude standard deviation (Figure 3.19 (a)) is lower than 5% for the whole
frequency range. Moreover, the phase shift standard deviation is lower than 1 deg. almost for the
whole frequency range. For frequencies higher than 17 kHz, this value increases due to the rise in the
instability during each measurement. In the case of silicon, the amplitude coefficient of variation
remains lower than 5 % for almost all the frequency range (see Figure 3.19 (c)). In the case of
frequencies higher than 10 kHz, this limit is overtaken probably due to the low heating level, as the
amplitude signal decrease as f. This behavior also occurs in the case of the phase shift standard
deviation (see Figure 3.19 (d)).

It is worthy to note that highly conductive samples will have higher uncertainties than low

conductive specimens.
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Figure 3.19. (a) and (c) Amplitude and (b) and (d) phase standard deviation as a function of the frequency for 4 different
measurements for both lasers of two different bulk standard samples, quartz and silicon.
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3.3 Theory and measurement procedure

There are different measurement procedures depending on the characteristics of the sample, as
explained in the introduction part. The main difference lies in the number of layers of the sample, so

that we distinguish between bulk samples and multilayered specimens.

In both cases, the magnitude to be analyzed is the phase shift between the reference radiation
and the generated acoustic waves since the amplitude is affected by the reflectivity of the sample
surface. Different normalization processes are carried out in order to remove the additional phase shift
introduced by the delay associated with the electronics and the time that the acoustic waves take to

reach the microphone (transfer function).

3.3.1 Bulk material

A variety of structures can be considered as a bulk material for this type of measurement: bulk
materials themselves, nanowire arrays embedded in porous membranes or even the non-filled porous

membranes.

The key idea of this measurement lies in the normalization process. In this case, two
configurations are used: in front and rear configuration explained in chapter 2 and shown in Figure

3.20.
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Figure 3.20. (a) Laser illumination and (b) acoustic waves generation in the front-configuration and (c) laser illumination and
(d) acoustic waves generation in the rear-configuration.
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3.3.1.1 Bulk theoretical model

The thermal diffusivity, a, of bulk materials can be determined by the well-known phase lag
photoacoustic method. Considering a 1D heat diffusion model for a single layer, with a modulated
heating and surface absorption, Balderas-L6pez*® described the normalized phase shift as,

tan(®) = —tanh <\/?7fl> tan< %l) (3.16)

where f is the modulation frequency and | is the thickness of the sample. Three different
methodologies to extract the thermal diffusivity of solids can be derived from Eq. 3.16 depending on
the range of the modulation frequency, i.e. the thermal regime established *'. In order to establish the
frequency range that comprises each thermal regime, it is necessary to estimate the critical frequency,
f., (limit between thermally thick and thin regimes). It can be calculated by equalizing the thickness
and the thermal diffusion length (Eq. 3.6) of a sample so that,

al?

fo=— (3.17)

3.3.1.1.1  Low modulation frequency range (f < f;)

The low modulation frequency range or the thermally thin regime is based on the series
expansion of the functions hyperbolic tangent and tangent functions from Eqg. (3.16). A linear behavior
of the tan(®) as a function of the frequency is obtained, where & is the difference between the rear

and front PA configurations phase shifts"’.

tan(qbrear - ¢front) = tan((D) ~ —x%=— (g lz)f (3.18)

From the slope of the linear fitting of tan(®) vs. modulation frequency, the thermal

diffusivity can be extracted.
3.3.1.1.2 High modulation frequency range (f > f.)

In the high modulation range or thermally thick regime, the thermal diffusivity can be
determined by the slope of the linear regression of the normalized phase shift on the root square of the

frequency as,

Grear — Prront = P = —x = _< _l>\/f— (3.19)
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nrfl

This expression is derived from Eq. 3.16 when — > 1 and it predicts that the normalized

phase shift must be zero radians, when there is no laser modulation (f = 0 Hz). The proper modulation

frequency can be found by taking this condition into account.
3.3.1.1.3 Tangent function discontinuities

As every tangent function has discontinuities, tan(®) in Eq. 3.16 also presents some

nfl—TTZ 1 3.20
;—E(n‘F) (3.20)

where n is an integer number which can take values such as n=0,1,2,3... Therefore, tan(®)

discontinuities when,

discontinuities will be found for,

4f1?

a, = m (321)

It is typically difficult to find experimentally more than one discontinuity, so the thermal

diffusivity is normally extracted from the first discontinuity, n = 0, as:

4f 12
a =
T

(3.22)

where f; is the frequency which the first discontinuity appears at. The thermal diffusivity is derived

from Eq. 3.22 by finding this frequency value.

We selected the high modulation frequency regime since it can be used to measure a wider
range of samples since it allows the measurement of thicker samples than in the case of the low
modulation frequency regime In order to ensure that we are measuring in the thermally thick regime,
at least three times the critical frequency will be taken for the measurement *®. Moreover, this regime

also allows detecting the tangent discontinuity which serves as a doble-check procedure.
3.3.2 Multilayered structures measurement

Multilayered structures can be measured by normalizing with a bulk reference sample. Both
samples are measured in front configuration as shown in Figure 3.20 (a). Figure 3.20 (b) shows a

sketch of the generated acoustic waves when illuminating the surface of the sample.

The reference sample is a bulk sample (typically a piece of quartz) thick enough so that it is
thermally thick for the whole range of frequencies that the setup is able to use. As Wang et al *°

explained, bulk materials have a frequency independent phase shift equal to -90 deg. Once both, the
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reference and problem sample, are measured, the actual phase shift of the sample, ¢sqmpie. IS Obtained

as,

d)sample d)measured - ¢reference - 90 (3-23)

Where ¢meqsurea aNd Greference are the measured phase shifts of the sample and the reference,

respectively.

The model used to fit the data, which was developed by Hu et al,’® considers a sinusoidal
modulated monochromatic laser beam as a heat source. The light impinges directly onto the sample
through the non-absorbing gas layer in contact with the sample surface. The sample consists in N
layers whose indices extend from 1 to N. The air layer corresponds to N+1 and the backing material is
0 and both of them are considered as thermally thick layers (see Figure 3.21).

Backing

¢ Boundary
material (0) Sample of gas
[ L /
v
< Indicent

1. |i] i+ | N N+1j: light
Gas

] L [ L1 1
-1, I 1, L] L 1y, Iy Ier ()

Figure 3. 21. Scheme of an N-layer sample.

The photoacoustic signal for this type of structures is derived by assuming a one dimensional
model for the heat conduction, which is suitable provided that the thermal diffusion length in the air
and in the sample is much smaller than the radius of the photoacoustic cell.® By solving the heat

transfer equations applied to a multilayer sample, the transient temperature field could be derived:
On+1 = (1 — R)By,qe IN+1¥el®t (3.24)

where R is the reflectivity of the sample surface. The other terms are given by:

_ E
[0 11 ool U Vi [

Byos = — - . (3.25)

0 11- (Mo uy)- 4]

Trug; Wi 1 Vigg
Ui = 2 [u21,i uzz,i] Ty [U21,i Uzz,i] (3:26)

_ Kit10i+1 — — _
Ui = |1% B + Kit+10i41R; 141 ) - exp(F0i41li1),m = 1,2; (3.27)
Y1
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— Kit10i41 — —
Ugni = \1F ——— F Kis10i11Riie1 | - exp(Foipaliva),n = 1,2; (3.28)
[}
Y
V=145, n=12; (3.29)
0i
— Kit1Biv1
Vn2i = (—1 t—— Ki+1.3i+1Ri,i+1> - exp(Biv1liv1), (3.30)
[}
Gm
Eo=_m 3.31
"ok N
I
Gm — Bm O_e_Z?Lm+1Bili form <N, (332)
2K,
_ BmIO _ _ _
m=5 form=N, G,=0 form=N+1 (3.33)
m

where f3; is optical absorption coefficient, k; is the thermal conductivity, R; ;,4 is the thermal contact
resistance between the layer i and i+1, a; = \/nf/a, is the thermal diffusion coefficient, o; = (1 +
Jaj with j =+v—1, a; is the thermal diffusivity, f is the frequency modulation of the radiation, and I,

is the incident monochromatic light flux. In the model, Iy, = 0 and [T7%,} U, is the unit matrix of
size 2x2 and m = 0,...,N+1. According to Hu et al* and their generalized theory of the photoacoustic
effect in a multilayer sample, both phase shift and amplitude of the photoacoustic signal are related
with the temperature of the gas layer in contact with the surface of the sample so that the phase shift of

the PA signal is given by the following equation:
T
Phase Shift = Arg(By+1) — 7 (3.34)

Details of the complete calculation are given elsewhere.™

By fitting the measured ¢sqmpie as a function of the frequency to the theoretical phase shift

given by Eq. 3.34, the thermal conductivity of the unknown layer can be obtained. It is important to
note that both thermal conductivity and diffusivity are included in the equations so that it is necessary
to know both the density and specific heat in order to finally extract the thermal conductivity from the

fitting.
3.3.2.1 Frequency simulations

The theoretical model above-mentioned will be useful provided that the frequency is low

enough to make the heat go through all layers included.
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By taking into account the thickness and properties of each layer, an optimum working
frequency can be found, in which the phase shift measurement is more sensible. For that purpose,
simulations of the phase shift given by Eq. 3.34 of a specific sample, as a function of a large frequency

range are normally performed.

It is worthy to note, that the phase shift simulations are an approximation where all the
properties have been taken as known. Therefore, variations from these calculations can occur in the

experimental measurement.

3.4 Data analysis

3.4.1 Sensitivity

The sensitivity of a technique is the capability of measuring a specific parameter . In this
case the phase shift sensitivity is given by,

5, =2

» =3 (3.35)

where ¢ is the phase shift and p is the analyzed property. Here, the phase shift is calculated when the
property is numerically varied by 1% and then normalized by the property in order to compare
different properties. The sensitivity is used to choose the proper frequency range to perform an

experiment.
3.4.2 Uncertainty analysis

Both density and specific heat are needed in order to finally extract the thermal conductivity of
the analyzed sample for both measurement procedures, bulk and multilayered. Both magnitudes have
measurement uncertainty which is calculated as the random error, E,., within and 95% confidence

interval for each sample since the random error was higher than other error sources:

o
Eran = tn—lﬁ (3.36)

where t_, is the Student-t distribution, n is the number of measurements, and o is the standard

deviation.
3.4.2.1 Bulk materials model

In the case of the high modulation frequency regime or thermally thick regime, the thermal

diffusivity is extracted from the linear regression of the normalized phase shift as a function of the root
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square frequency as given by Eq. 3.19. The thermal diffusivity uncertainty is thus calculated by the
propagation of uncertainties from the expression,

T 2
a=—l (3.37)

where « is the thermal diffusivity, m is the slope of the linear regression and [ is the thickness of the

sample. Therefore, the thermal diffusivity uncertainty is given by,

2l \? 2ml? ?

where Al and Am are the thickness and slope uncertainties, respectively. Several measurements are

normally performed in order to improve the accuracy of the results, so a weighted average is finally
carried out. The systematic error is included in uncertainty of the slope since the linear regression is
performed by taking into account the instrumental errors. The uncertainty of the slope considers the
uncertainty of the normalized phase shift, which in turn takes into account the phase shift uncertainty
of both separately rear and front configuration measurements as,

A(¢rear - ¢front) = \/(A(f)rear)z + (A¢front)2 (3.39)

In the above expression, Agyeqr and Agsyo,: are the uncertainty values of the phase shift obtained
during the rear and front measurements, respectively. Agyeqr = A@fron: = 1 deg so the uncertainty

value associated with the phase shift difference is 1.4 deg

In the case of the tangent function discontinuity procedure, the uncertainty is given by the

propagation of error of Eq. 3.22 as,

2 2
Aa =\/<47l2Af1> +<%Al) (3.40)

where Af; depends on the frequency step selected for each measurement.

From the thermal diffusivity, the thermal conductivity is obtained by means of the density and
specific heat so it is also necessary to take their associated uncertainties into account. The thermal

conductivity is expressed by,
Kk =apC, (3.41)

The uncertainty of the thermal conductivity is also obtained by calculating the error

propagation.
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Ak = J(pcp .8a)’ + (aC, - Ap)” + (ap - AC,)? (3.42)
where Ap and AC,, are the density and specific heat uncertainties.

It is worthy to note that the values of density and specific heat from the literature are
frequently taken. Their uncertainty is taken as zero for those cases.

3.4.2.2 Multilayer model

The thermal conductivity measurement includes the random error, E,.,,,, the systematic error,
Egist, and those which arise from the density, specific heat and thickness of the samples are taken into

account. The general expression used to quantify it is the following:

_ A\E [ AC,\Y [ AL
Ak = \/(Emn)z + (Boe)? + (kj) +< c_,,> + (kT) (3.43)

where E;, is calculated by varying the experimental phase shift by +1 deg and fitting again so that
slightly different thermal conductivity values are derived. The difference between these values and the

actual value obtained from the real experimental data is E;g;.
3.4.3 Post processing
3.4.3.1 Bulk material model

In the case of the high modulation frequency regime, from the relation between the normalized
phase shift calculated from the front and rear measurements and the frequency, the thermal diffusivity
is calculated by a simple linear regression. Since the intercept is equal to zero, it is necessary to check

it experimentally otherwise that would be indicating a bad adhesion of the sample to the PA cell.

For the tangent function discontinuity, the procedure consists on finding the frequency of that

discontinuity and applying Eqg. 3.22.
3.4.3.2 Multilayer model

This phase shift described in section 3.3.2 depends on the properties of each layer and the

interface resistances between them. As explained by Wang and colleagues *®

, the fitting can be
performed for several unknown properties. Nevertheless, the accuracy will be lower as the number of
unknown properties is increased. We normally leave the thermal conductivity of the layer of interest
along with the thermal contact resistance between this layer and the adjacent layers as unknown

parameters.
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The multiple parameter estimation from the model is carried out by means of the Levenberg-
Marquardt (LM) nonlinear minimization algorithm which offers suitable accuracy and efficiency ** %.
The final values are greatly influenced by the initial guess values and the number of unknown
parameters. Wang et al."® proved that the accuracy of the fitted values improves when the number of

unknowns is lower than four.

The experimental data must be loaded as input files. Afterwards, the properties of the sample
and reference are needed to get the solution of the equations. The properties of interest can be left as
free parameters in the properties sample file and the initial guess values should be properly selected.
The frequency range in which the phase shift is analyzed can be also selected. It is necessary to fix the

number of layers of the sample to be fitted.

The software will provide different solutions along with the corresponding uncertainty per
each parameter. The election of the most suitable solution depends on the sensitivity of that property

in the selected frequency range and the physical sense.

3.5 Metal transducer

A transducer layer is deposited onto the surface of the samples in order to absorb the laser
energy. Moreover, the metal transducer allows the sample and the reference to absorb the same
amount of laser energy.'® A good transducer must absorb as much energy as possible. For that purpose
it must be optically opaque, i.e., the optical penetration length should be lower than the actual
thickness of the layer. Different metal transducers were examined onto a silicon reference sample:
aluminum, titanium and nickel. A thickness of 80nm was used in all the cases since it is higher than
the optical penetration length. As seen in Figure 3.22, the PA signal when using titanium as a metal
transducer is around 20 % and 40 % higher than that of the nickel and aluminum, respectively. A
higher signal means a higher signal to noise ratio. For that reason, titanium was selected as the metal

transducer. This metal has already been used in previous works .

- 107 -



Chapter 3

@ Aluminum
@ Nickel
@ Titanium

PA signal o f096
PA signal oc f7092
PA signal oc f097

Amplitude (arb. units)

1 'l 'l
2000 3000 4000

Frequency (Hz)

'l
1000

Figure 3.22. Amplitude comparison between aluminum, nickel and titanium as a metal transducer measured over a bulk
silicon.

Regarding the values showed in Table 3.V, each of the three metal transducers deposited onto
a bulk silicon match the case optically opaque thermally thin solid (us >> [; us > ug, where pg, I and
pp are the thermal diffusion length, the thickness and the optical penetration length, respectively)

proposed by Rosenwaig and Gersho .

Table 3.V. Optical penetration depth, reflectance and thermal diffusion length of three different metal transducers.

Optlca_l Thermal
penetration e
Metal depth Reflectance (%) | diffusion length
transducer # ~980nm g (um)
(hm) f~ 400 Hz
~980nm
Titanium 26 59 * 86
Nickel 16 70 135
Aluminum 8 90~ 313

In this case, the PA signal is independent of the optical absorption coefficient and only
depends on the thermal properties of the bulk material located under the metal transducer. Moreover,
the PA signal theoretically varies as f* and the titanium measurements confirmed this tendency better
than the other transducers, as can be seen in Figure 3.22. The PA signal is proportional to (1-R) being
R the reflectivity of the material *°. Therefore, the suitability of the titanium layer lies on its low
reflectivity at our laser wavelengths (977 nm and 1070 nm) in comparison with the reflectivity of

nickel and aluminum %,

A SiO; thin film was also measured with aluminum and titanium as transducer layers and
different results were obtained. Figure 3.23 (a) shows the amplitude of the acoustic signal as a function
of the frequency and it can also be observed that aluminum transducers layer yields lower PA signal.

Figure 3.23 (b) shows the normalized phase shift of SiO, as a function of the frequency for both
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transducer layers and it is clearly seen how the trend is completely different and coherent results are

obtained when using titanium due to its low reflectivity.
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Figure 3.23. (a) Amplitude and (b) phase shift of a well-known 200 nm film sample (SiO,) and a bulk reference sample (Si)
metallized with 80 nm of two different metal transducers, titanium and aluminum.

The 80 nm titanium layer deposited on the sample surface was employed in order to absorb the
radiation and convert it into heat by de-excitation processes in all types of samples, from transparent to

opaque. The time needed by the heat waves to reach the bulk material under the titanium layer is given

by,
T=— (3.44)

The thermal diffusivity of titanium is 9.3 -10° m*s™, so t = 0.7 ns, which can be regarded as an

instantaneous process, since the frequency range used to perform the experiments is much slower

3.6 Calibration

As a measurement technique, this setup must be checked periodically with standard samples in
order to ensure the reproducibility and accuracy of the results. Moreover, it is necessary to ensure the
proper operation of the PA system at various frequencies ranges. For that purpose, the samples shown
in Table 3.VI are taken as calibration samples. From insulator, as a glass substrate, to highly
conductive samples, like aluminum, and both bulk and multilayer samples were properly measured
and used as reference samples. The standard deviation of the thermal diffusivity (bulk model) and the
thermal conductivity (multilayered model) among different measurements in different periods of time
was found to be low enough to ensure the precision of the system in all the cases. Further details about
the measurements and the accuracy are given in Chapter 4 and Chapter 5 for bulk and multilayered

samples, respectively.
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Table 3.VI. Statistical summary of several measurements of different samples during different times

Mean value
sonple | wosa | S | wish | S
K (W-mtK?
Smart Bulk 60-250 | a=(5.142024)107 | 0-16:20
membranes®
Glass Bulk 10 - 50 o = (4.48+0.24) 107 | 0.22:10°
CoSh; Bulk 4-13 o= (1.92+0.10) 10° | 0.18-10°
Sapphire Bulk 15 - 100 o= (1.28+0.06) 10° | 0.17-107
Silicon Bulk 200-400 | A=(8.28+0.46)10° | 0.42-10°
Aluminum Bulk 100 - 500 o = (9.56+0.53) 10° | 0.14-10°
Bi,Te; film Multilayered 400-4k k=23%0.2 0.12
298 nm SiO, Multilayered 1k-20k k=146 +0.15 0.14
Smart membranes | Multilayered 10 - 100 k=118+0.11 0.02
PCDTBT Multilayered | 100 - 1000 «=0.20 £0.02 0.02

The experimental setup was designed in order to make the measurements as reproducible as
possible. However, there are some other factors that affect the measurement, apart from the sources of
noise above discussed. The fixing of the sample in to the PA cell, the sealing of the PA cell to the
sample, slightly changes in the relative position between the PA cell and the laser beam, among others,

stand for the main error sources during the experiment which can explain measurement deviations.

For that reason, it is critically important to periodically check the reproducibility of the system
in order to guarantee a high quality thermal properties result.

3.7 Detection limits

3.7.1 Bulk model

The main limitation of the PA technique is given by the thermal penetration of the heat waves.
Since this method relies on not only the measurement in front-configuration but also in rear-
configuration, there is a clear limitation regarding the thickness of the sample. Excessively thick
samples will not be possible to measure since the heat waves could not propagate through the sample.
No detectable acoustic waves are generated in the rear face when the thickness of the sample is larger
than 3 (being W the thermal diffusion length, which depends on the frequency) *°. As estimation, the
measurable range can be calculated by taking into account that the lowest detectable frequency is
4 Hz. In order to be cautious we performed the limit calculations with a higher frequency, 10 Hz, so
that 3D effects can be avoided. The maximum sample thickness is then given by:

a

lmax = 3‘11 =3 m (345)
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Figure 3.24 shows the measurement limits as a function of the thermal diffusivity and the
thickness of the bulk sample. For instance, a sample with a thermal diffusivity value of 10®° m?.s™
must be lower than 1.7 mm. However, in order to measure low conductive samples the thickness must
be much lower, in the range of hundreds of microns. The thickness is thus a critical parameter that

should be rigorously measured.

Out of range

10

Thickness (mm)

o
-

0.01
1E-8 1E-7 1E-6 1E-5 1E-4 1E-3

Thermal diffusivity (m2/s)

Figure 3.24. Measurement range in terms of thickness and thermal diffusivity for bulk samples by taking into account the
microphone limit.

3.7.2  Multilayer model

There are different factors that can affect the photoacoustic experiment in the case of the

multilayer model.

a) Film thickness
This method is limited when too thick or thin layers are investigated. Wang et al.® found a relation
between the thickness, I, the thermal diffusion length, u, and the associated thermal conductivity

uncertainty for a phase shift uncertainty of £+ 0.2 deg:

i) H~101 2 Ak =+£5% (see Figure 3.26 (a))

i) H~1001 2 Ax=+15%

iii) M~ 0.15 1 > the bulk regime is reached. (see Figure 3.25 (c)). Heat waves only go
through the layer under investigation so that it could be treated as a bulk material.
Therefore, the phase shift does not contain information about the thermal properties and

since it is equal to -90 deg.
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However, the most accurate measurements are achieved when the thickness of the layer is in
the order of the thermal diffusion length ** (See Figure 3.25 (b)). For thicknesses much lower than the
thermal diffusion length, the accuracy will be reduced. Therefore, there will be a limitation for thin
and conductive samples. The limitation of the thickness is given by a reduction in the heating level
when heating the sample.

a) u~101

Backing material Backing material

BE-_ ‘material

Figure 3.25. Thickness and thermal diffusion length relations which allows the estimation of the PA technique limits. (a) p ~
10 1 (b) n ~ I and (c) Bulk limit p ~ 0.15.The red lines and curves depict the laser beam impinging on the surface of the
sample and the heat waves, respectively.

In theory, extremely thin films could be measured if the modulated laser and the microphone
could work at frequencies in the order of MHz, so that the thermal diffusion length would not be
exceedingly larger than the thickness. In our case, the maximum operation frequency is 20 kHz so that

we should established the limit for our experimental setup.

Table 3.VII. shows the thicknesses and thermal diffusivities of several samples used to
establish the thickness limitation. The frequencies needed to accomplish the requirement established
by Wang et al.' are calculated. Both, 200 nm SiO, and 500 nm Si, sGe, » films were found to be in the
measurable frequency range and they were measured, indeed. Conversely, the frequency calculated to
measure the gold layer resulted far away from our operation frequencies so that the measurement was

unfeasible to be carried out.

Table 3.VII. Samples used to check the measurement limits.

. Thermal Frequency
Sample Thickness diffusivity (n=10I) Erequency W Measured
(nm) (me-s) (kH2) =1001) (kHz)
SiO, 300 8310 29.5 0.3 v
SigsGeo.2 500 73107 9.3 0.09 v
Au 150 6.1107° %4 8589 85.9 x

*A thermal conductivity reduction takes place in gold thin films. The values used to calculate that are k = 150 W-m*.K™?, p =
19300 kg-m*® and C, = 128 J-kg™K™.

As a general limitation condition, the minimum measurable thickness is given by:
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1 a
bmin = 100200007 (3.46)

where the condition of u ~ 100 | and the limitation of the microphone to frequencies lower than

20 kHz was imposed.

On the other hand, the maximum thickness which can be detected and measured by using the
multilayered model is related to the relation p ~ 0.15 | and the minimum frequency of the microphone,

1 a
lnax = 01 /m (3.47)

Figure 3.26 shows the relation between the thermal diffusivity and the minimum and

taken 10 Hz as in the previous case.

maximum thickness that PA technique is able to analyze. The dark blue line depicts the minimum
thickness given by Eg. 3.46 which has an uncertainty of £+ 15% in the thermal conductivity
determination. The grey line represents the minimum thickness which allows obtaining a thermal
conductivity value with a lower uncertainty, £ 5%. Finally, the light blue line depicts the maximum
thickness possible to be measured, given by Eq. 3.47. For instance, the minimum thickness required to
measure a gold thin film (a = 6.1 10°m?-s* %) is 307 nm and 3070 nm for an uncertainty of +15% or

5%, respectively. Conversely, the maximum thickness would be found to be 9630 pm.

Semiconductors
Insulators and metals Graphite

< - L L

100000

10000 Out of range
1000
100
10

1

Thickness (um)

e
=

Out of range

0.01

1E-8 1E-7 1E-6 1E-5 1E-4 1E-3

Thermal diffusivity (mzlsg

Figure 3.26. Measurement range in terms of thickness and thermal diffusivity by taking into account the microphone limit (10
Hz < f < 20 kHz) and the limitation conditions.

b) Substrate
As shown above, films can be measured if they are thin enough to allow the heat waves to

reach the substrate. Thin films are normally deposited onto substrates that are properly selected to
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achieve a good quality film deposition. However, there is a limitation when measuring the thermal

properties of these structures by the PA technique.

When the film and backing material thermal diffusivity values are similar and the thermal
contact resistance between both of them is low enough, the technique is not able to differentiate
between the film and the substrate so that the thermal response behavior is the same as that of a bulk
sample, and hence, no information is obtained from the phase shift analysis, which is ideally -90 deg.

Table 3.VIII. shows the thermal properties of different materials that can act as layer and

substrate so that we can select the combinations that accomplish the limitation condition and check it.

Table 3.VIII. Density, specific heat, thermal conductivity and thermal diffusivity of different materials.

. . 3 Specific heat Them?a.' Thermal
Vaterial | Dersity (™) | o gagricy | St sty
Glass 2520 500 1.1 5.0107
Sapphire 3970 750 42 1.410°
Chromium 7190 460 93.9 2.810°
SigsGeq. 3000 546 1.2 73107
Niobium 8570 265 53.7 2.4 107
Ag,Se 8216 278 ~1.1 ~5.0 107

We studied the influence of a 300 nm chromium layer over a glass, a sapphire and a niobium
substrate by assuming a low thermal contact resistance between the film and the substrate (10™
mm?W-K™). The thermal diffusivity of chromium, niobium, sapphire and glass can be seen in Table
3.VIII. The thermal diffusivity differences between chromium and the different substrates are 14 %,
50 % and 97 %, respectively. Figure 3.27 shows a nearly constant phase shift of -90 deg when
niobium and sapphire are used as substrates. However, the phase shift given by the chromium layer
over the glass substrate shows a different behavior. In this case, the contrast between the thermal

diffusivity values is high enough to obtain a thermal response different than that of a bulk sample.

_op

- | )
X — Sapphire/300 nm Cr/80nm Ti

S2r Niobium/300 nm Cri80nm Ti

el ——Glass/300nm Crgonm Ti

o |

oL

o6 |k

Phase shift (deg)

g 9 10 11 12 13 14 15 16 17 18 19 20
Frequency (kHz)
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Figure 3.27. Phase shift as a function of the frequency modulation of (a) 300 nm Cr/nickel and (b) 300 nm Cr/sapphire. The
theoretical phase shift of a bulk material is -90 deg.

Secondly, this phenomenon was experimentally studied. Sputtering was employed to study the
influence of the thermal properties of the film and substrate. The thermal contact resistance between
the film and the substrate can be also considered as negligible. In this case, two different

semiconductor samples were studied over glass substrates.

500 nm SiggGego/glass

The thermal diffusivity of SiosGey, and glass are 7.3 107 m?s® and 5.0 107 m?s?
respectively. The difference between them is around 46 %. Figure 1.28 (a) shows how the phase shift
has a constant value in the vicinity of -90 deg when increasing the modulation frequency, which is the
typical behavior of a bulk layer.

383.5 nm Ag,Se/glass

The thermal diffusivity of glass is 5.0 107 m®-s™and the thermal diffusivity of the Ag,Se film
is unknown. Figure 3.29 (b) shows a bulk behavior, which is not possible even at high frequencies
since it is an extremely thin layer. The explanation of such a bulk behavior can be found again in the
similitude between the thermal diffusivity of the layer and the substrate. If we assume that
approximation, we can estimate the thermal diffusivity of the layer to be the same as the glass
substrate, i.e., 5.0 107 m?.s™. From this value, an estimated thermal conductivity of the Ag,Se film of
1.1 W-m™-K™ can be extracted by using the density and specific heat values of Table 3.VIII. This
value is only estimation since it has at least an uncertainty of 50%, which is deduced from the case of
Sio.sGeo..

-80 -80
82l a) —a—Sij gGey olglass 82 | b) —a— AgySelglass
84l -84 |
. 86l D 86|
> F =
i 88| £ 88
£
= @
2.92_ —— ~— e e e of
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Figure 3.28. Phase shift as a function of the frequency modulation of (a) Si0.8Ge0.2 onto a glass substrate and (b) Ag,Se onto
a glass substrate. The theoretical phase shift of a bulk material is -90 deg. The red shadow depicts an uncertainty of £1 deg
for this value.

As a conclusion, the highest resolution is achieved when the thermal diffusivity of both, the

film and the substrate, is as different as possible (at least higher than 50 %).
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¢) Thermal contact resistance

Hu et al."® found that the thermal conductivity and thermal contact resistances can be fitted at
the same time since both of them influence separately the computational calculation. Conversely, there
is a clear limitation of the PA technique when measuring the thermal conductivity of a layer located
under a high thermal contact resistance with the upper layer. The sensitivity of the thermal properties
of the analyzed layer is really low when this thermal contact resistance is considerably high (>10
mm?*K-W™). In our measurements, the layer of interest is typically located under the titanium layer.
The thermal contact resistance between the layer under study and the titanium is normally low enough
(< 0.01 mm*K-W%® to ensure a good sensitivity ince the deposition method (electron beam
evaporation) ensures a good adhesion of the titanium to the sample.

3.8 Summary

In the first part of the chapter the experimental design of the photoacoustic experimental setup
was discussed. The PA cavity dimensions were calculated by taking into account different phenomena
that can influence the experiment, such as acoustic resonances, acoustic attenuation, 3D effects in the
heat conduction or mechanical feasibility. A value of 1.4 mm was optimized for the beam spot
diameter by the knife-edge profiling technique which allows 3D effects to be avoided in a PA cavity
with a 4 mm radius. The election of the microphone was also discussed as well as the lock-in amplifier

and lock-in operating conditions.

Error sources were discussed and minimized as much as possible. Moreover, stability and
reproducibility studies were performed in order to show a reliable performance of the system which is
able to take measurements with a standard deviation lower than 0.2 deg and 1% for the phase shift and
the amplitude, respectively. The measurement procedure was also discussed for both bulk and
multilayer models. Uncertainties associated with both procedures were calculated, takings into account

both instrumental and random errors.

In addition, different metal transducers were studied. Titanium was demonstrated to be the
most suitable transducer since its reflectivity is lower than that of other metals and hence, the PA

signal is improved.

The detection limits were established for both methods and summarized in Figure 3.30. They
depend on both, the thermal diffusivity and the thickness of the analyzed sample. In the case of the
bulk model, as the thermal diffusivity is decreased, the sample must be thinner than more conductive
samples. Conversely, for multilayered materials, a minimum and maximum thickness can be found

which also depends on the thermal diffusivity of the sample.
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A substrate limitation has been also pointed out in the case of film measurements with a low
thermal contact resistance between them. The values of the thermal diffusivity of the substrate and the
thin film should differ by at least 50 %. Otherwise, the system would behave as a bulk material and a
constant dependency of the phase shift with the frequency would be found, i.e., no thermal

information would be obtained.
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Chapter 4:
Thermal diffusivity

measurements of bulk

materials

In this chapter, the experimental setup for measuring bulk materials is proved. For that
purpose, six different samples with a wide range of thermal diffusivity values are measured by two
different procedures. From those measurements, a study of the uncertainty and deviation is performed.
Once the system is found to work properly, the thermal properties as well as the power factor of an
inorganic material, zinc oxide doped with nickel oxide, and an organic material, polyaniline blended

with graphene nanoplatelets are studied.
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4.1 Reference samples

In order to ensure a reliable performance of the experimental setup and the good agreement
with the theory explained in Chapter 3, six reference bulk samples with a wide range of thermal
diffusivity values were measured. The characterization of their thermal diffusivity was carried out by
two different procedures: i) exploring the normalized phase shift as a function of the root square
frequency explained in Section 3.3.1.1.2 and ii) inspecting the frequency at which discontinuities of
the tangent of the normalized phase shift are found which serves to calculate the thermal diffusivity as
shown in Section 3.3.1.1.3. These analyses were performed when measuring in both front and rear
configurations. The low modulation frequency range is not used since there is a harder restriction in
the thickness of the sample when measuring low thermally conductive samples..

Figure 4.1 shows an example of the normalized phase shift data as a function of the square
root of the frequency along with the best fitting for the six references. In order to ensure that the data
considered is in the proper frequency range, a criterion for data selection, , is to select only the data
points which yield a linear trend with an intercept of ~0." The data fitting is carried out in the
thermally thick regime, in all cases, as predicted by Balderas-Lopez et al. *. The R? values show a
good linear fitting for the six reference samples. Moreover, the intercept values are found to be near
zero, in most cases, which indicates a good agreement between the frequency ranges selected and the

theory used to extract the thermal diffusivity values.
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Figure 4.1. Normalized phase shift difference as a function of the frequency along with the best fitting for different reference
samples (a) porous alumina, (b) glass, (c) CoShs, (d) sapphire, (e) silicon and (d) aluminum.

Table 4.1 shows the thermal diffusivity values obtained for each reference sample. These

values come from several independent measurements and the subsequent weighted average between

them, as described in Chapter 3. The thermal diffusivity uncertainty value is calculated with the

standard error of the slope given by the linear fit along with the thickness uncertainty (see Chapter 3).

It is interesting to note that the deviation from the expected values are found to be lower than 10% in

all the cases, which is considerably low regarding the difficulties of the thermal measurements.

Moreover, the experimental uncertainty values are around 5%. Therefore, this method is highly

accurate and precise.
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Table 4.1. Thickness, thermal diffusivity values of the six reference samples obtained by the phase lag difference method and

its deviation from the expected thermal diffusivity values.

Thermal
Sample Thickness E_xpegte_d therzm_alll diffusivity Dev.
(nm) diffusivity (m*-s™) (phase lag) (%)

(m*s™)
SIS 60 + 1 (5.404053)-107* | (5.14+024)107 | 50

membranes

Glass 150+ 5 5.00-107 * (4.48+0.24) 107 10.4
CoSbs 683 + 10 (2.00£0.20) 10°* | (1.92+0.10) 10° 4.0
Sapphire 500 + 10 1.17-10°° (1.28+0.06) 107 9.4
Silicon 646 + 10 8.90-10™ * (8.28+0.46) 10™ 7.0
Aluminum 500 + 10 9.79-10°* (9.56+0.53) 10 2.3

*The thermal diffusivity of these samples was measured by other techniques. The porous alumina from Smart Membranes
was measured by the photoacoustic technique using the multilayered model and the CoSbh; sample measurement was carried
out by the laser flash technique.

Figure 4.2 shows the behavior of the normalized phase shift tangent as a function of the
frequency (Eqg. 3.16) of three of the references, porous alumina, CoSb; and silicon whose thicknesses
are 60 um 683 um and 646 um, respectively. As predicted, a discontinuity in the tangent of the
difference of the phase shift occurs at a given frequency. Those frequencies are found to be 116 Hz,
3.4 Hz and 170 Hz in the case of porous alumina, CoSb; and silicon, respectively, using Eq. 3.21.

tan(®) = —tanh (\/El) tan (ﬁl)
a a

10
8tk
6k
4
— . Fi(AAO)= 116 Hz
g *r
I =
2k \
al £1(CoSby)=3.4 Hz £(Si=170 Ha
rys ——Silicon 646 um
[ AAO membrane 60 pm
8r CoSb, 683 um
] 3
-10 . L 1
1 10 100 1000
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Figure 4.2. Theoretical analysis of the tangent of the phase shift as a function of the frequency for a porous alumina template
(AAO), a CoSb3 pellet and a silicon wafer.

If some calculations are performed, it is easy to find a relation between the discontinuity

frequency and the critical frequency given by:

2

I
fi= ch (4.1)

From the above expression, it is straightforward to realize that the experiments must be carried out in

the thermally thick regime, i.e., at frequencies higher than the critical frequency. This regime was
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already explored when analyzing the phase shift difference as a function of the frequency root square.
The frequency at which the discontinuity occurs depends on both the thermal diffusivity and the
thickness of the samples. A limitation on the method can be established by taking into account the
microphone frequency response (4Hz - 20 kHz) so,

4Hz < f; < 20 kHz (4.2)

Therefore, the limitations for the relation between the thermal diffusivity and the thickness of
the sample are established. From Eq. 4.2 the minimum and maximum critic frequencies that can be
measured are 1.6 Hz and 8106 Hz, respectively. However, the main limiting factor is the minimum
critical frequency since it is difficult to find a bulk material with a critical frequency higher than 8106
Hz. For example, for a highly conductive material as gold, the thickness should be lower than 71 pum
to reach that frequency. On the other hand, the minimum critical frequency is easily accessible for low

conductive samples, although care must be taken in order to perform a good quality measurement.

We performed the same analysis as in Figure 4.2 from the experimental data obtained by
measuring in rear and front configurations. Figure 4.3 shows an example of the experimental tangent
of the normalized phase shift difference as a function of the frequency for the six reference samples.
The discontinuity frequencies are shown for each sample and summarized in Table 4.1l. The

experimental uncertainty associated with the discontinuity frequency is found to be around 10%.
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Figure 4.3. Experimental data of the tangent of the phase shift difference as a function of the frequency for different reference
samples (a) porous alumina, (b) glass, (c) CoSh3, (d) sapphire, (e) silicon and (d) aluminum.

Both thickness and discontinuity frequency are used to extract the experimental thermal
diffusivity (Table 4.11). The thermal diffusivity uncertainty is calculated from the propagation of
uncertainties of Eq. 3.21 which involves both thickness and discontinuity frequency uncertainties. As
in the previous method, several measurements were carried out in order to minimize the experimental
uncertainty and the weighted average was performed in all cases. The thermal diffusivity uncertainty
values are found to be in the vicinity of 5-7 %, which indicates that this method is rather precise. The
deviation from the expected values is always lower than 12 %, which signifies that it is also
reasonably accurate. It is interesting to note that the CoSbh; pellet critic frequency is lower than the
minimum frequency that the system is able to measure. This could explain that its experimental
deviation, 12%, is higher than in the other cases, since the frequency range used to perform the
experiment was below the microphone frequency response where the good quality of its performance

starts to decay.
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Table 4.11 Thickness, critical frequency, thermal diffusivity values of the six reference samples obtained by the discontinuity

of the tangent method and its deviation from the expected thermal diffusivity values.

Sample Thickness frgqujgr?cy E)_(pect_eq thergnal ) The_rmal , Dev.
(um) (H2) diffusivity (m</s) diffusivity (m“/s) | (%)
Sins 601 463 (5.40£0.52)107* | (5.29£0.28)107 | 2.0
membranes
Glass 150+ 5 6.7 5.00-1072 (4.71+0.28) 107 | 0.2
CoSb;, 683 + 10 1.4 (2.00 +£0.20)10% | (2.25+0.12) 10° | 12.0
Sapphire 500 + 10 18.0 1.17-107° (1.08+0.08) 10° | 7.7
Silicon 646 + 10 67.9 8.90-10™* (8.64+0.48) 10° | 3.0
Aluminum 500 + 10 124.7 9.79-10°* (8.70£0.66) 10®° | 11.1

*The thermal diffusivity of these samples was measured by other techniques. The porous alumina from Smart Membranes
was measured by the photoacoustic technique working on the multilayer model and the CoSb; sample measurement was
carried out by the laser flash technique.

For both methods, the experimental deviation or percent difference between the experimental
and expected values is given by:

|Expected value — Experimental value|

% deviation = 100 - (4.3)

Expected value

The experimental uncertainty associated to the thickness is given by the experimental
technique used to measure it. In the case of the alumina templates, the thickness was measured by
Scanning Electron Microscopy, so the error is typically under 0.5 um for this type of samples. The
thickness of the glass slide was measured by an optical microscope with an uncertainty of 5 pm.
Finally, the thicknesses of the rest of the bulk samples were measured with a micrometer, whose
resolution is 1 pum. Despite of this low instrumental uncertainty, several measurements were taken
from each sample so the random uncertainty was found to be 10 um and hence, dominates the overall

error.

Finally, Figure 4.4 shows the behavior of the measured thermal diffusivity as a function of the
expected values. Both measurement methods are highly accurate since the slope values of the straight
lines are close to 1, 0.996 and 0.973 for the phase lag difference and discontinuity tangent,
respectively. These results mean that the overall experimental deviation is lower than 10 % for both

methods.
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Figure 4.4. Measured thermal diffusivity as a function of the expected thermal diffusivity values for both methods along with
the best fittings.

4.2 Zinc oxide pellets

Zinc oxide (ZnO) has been intensively studied during the last years due to its variety of
properties and hence, the wide range of applications. Among the most interesting ZnO properties, one
can find its hexagonal crystal structure, wide and direct band gap (3.44 eV)®, transparency in the whole

visible range and a large exciton binding energy (60 meV)°.

Ceramic oxides stand for one of the most promising materials in terms of thermoelectricity
which can operate at high temperatures mainly due to their thermal stability at temperatures higher
than 1073 K. ZnO is one of the most promising oxides used for this purpose, especially when doped
with different elements such as aluminum. ZnO has reached figure of merit values of 0.3 at 1273 K
and 0.65 at 1247 K when doped with aluminum® and with gallium and aluminum’, respectively.
Therefore, this material becomes an interesting approach to improve the performance of

thermoelectric modules at high temperatures.

Apart from the proper selection of the thermoelectric materials, there are other tactics to
increase the thermoelectric efficiency such as nanostructuration or even the fabrication of hybrid
materials. For instance, a figure of merit of 0.44 at 1000 K was obtained by Al-doped nanocomposites®

and 0.54 at 1173 K for a hybrid material consisting on Zn;.,Ni,O/polyparaphenylene®.

Previous studies of Ni-doped ZnO as a thermoelectric material were performed, synthesized
by solid-state reaction'® and by a liquid route'. In this work, a study of the nanostructuration during
the fabrication of ZnO pellets by ball milling and the following spark plasma sintering is carried out.

Moreover, the effect of the grain size in the thermoelectric properties is investigated. Finally, nickel
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oxide (NiO) nanoparticles were used as a nickel dopant in order to improve the thermoelectric
properties of the material.

4.2.1 Fabrication

Two types of ZnO particles were studied: ZnO microparticles with a particlee of 0.5 um,
named thereafter Regular ZnO, and ZnO-nanoparticles with a particles size of 70 nm, named thereafter
Zn0O nano. As doping materials, NiO-nanoparticles having a primary particles size of 20 nm are used
to modify the ZnO materials by wt. % addition of 0.01, 0.1, 1 and 3 in excess of NiO. Mixed powders
were obtained by ball milling and sintered by using a Spark Plasma Furnace (SPS) by in situ heat
treatment of the pellets. The details of the ball milling and SPS procedures are given in Section 2.1.5
and 2.1.6, respectively.

4.2.2 Structural and morphological characterization

ZnO pure materials conventionally sintered shown large grains having polyhedral morphology
and porosity, as seen in Figure 4.5. The grain size are in the range of 30-50 um for regular ZnO (see
Figure 4.5 (a)) and in the range of 15-25 um for nano ZnO (see Figure 4.5 (b)). In both cases the
appearance of straight grain boundaries, presence of triple point having 120 degrees and grain
boundary or triple point porosity indicates a final stage of the sintering. It is worth to mention that
lower starting particle in the case of nano ZnO produces also a large grain growth. A remarkable core
structure is observed in several grains for the nano ZnO conventionally sintered sample. This core
structure is characterized by the appearance of well faceted domains having parallel arrangement and
widths <400 nm. This unusual domain structure resembles a limitation in the ordering of the wurtzite

structure during grain the diffusion at the intermediate stage of sintering.

Pure microZnO conventional sintering Pure nanoZnO conventional sintering

Figure 4.5. FE-SEM images of the surface of conventional sintering pure (a) micro ZnO and (b) nano ZnO.

Samples sintered by SPS at 850 °C, showed in Figure 4.6 (f) and Figure 4.7 (a), present grain
size lower than 2 um thus indicating a limiting grain growth process assisted by high sintering rate and
the SPS. The addition of the NiO produce a slight refinement of the microstructure and the grain size

is also slightly lower but in the same range. By using a high temperature in the SPS sintering, 1100°C,
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the grain growth up to sizes in the range of 5-10 um with straight grain boundaries and absence of
enclosed porosity. Homogeneous grain size distribution is observed for the 1100 °C SPS sintered
regular ZnO where the effect of NiO addition is the grain refinement, as seen in Figure 4.6.

Regular ZnO+3 wt.%NiO SPS 1100 °C Regular ZnO+3 wt.%NiO SPS 1100 °C

| Regular ZnO+0.01 wt.%NiO SPS 850 °C |

4

Figure 4.6. FE-SEM images examples of the surface of the Regular ZnO sintered at 1100 °C with NiO concentration of (a)
and (b) 3 wt. %, (c) 1 wt. %, (d) 0.1 wt. %, () 0.01 wt. % and (d) ZnO regular sintered at 850 °C with 0.01 wt. % NiO.

The nano ZnO samples sintered at 1100 °C by SPS shown only a smaller grain size than the
regular ZnO ones (see Figure 4.7). However, the most remarkable feature is the nanostructuration
shown by several grains in which the grain possesses a finer nanostructure inside the grain having sub-
grains with size range <400 nm. In the case of regular ZnO + NiO SPS sintered at 1100 °C, the
presence of subgrains it is not clear at it is stated in nano ZnO based samples.
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Pure nano ZnO SPS 1100°C

>

Figure 4.7. FE-SEM images examples of the surface of the pure nano ZnO sintered at (a) 850 °C and (b), (c) and (d) 1100 °C.
4.2.3 Electrical conductivity and Seebeck coefficient measurement

Figure 4.8 shows the electrical resistivity of the ZnO samples SPS sintered from (a) regular

Zn0O and (b) nano ZnO for two different sintering temperatures.

Regarding regular ZnO samples, meanwhile the 850 °C sintered samples shown a decreasing
of the resistivity with the increasing of the measurement temperature that indicates a semiconductor
behavior, the samples sintered at 1100 °C shown a metallic behavior (see Figure 4.8 (a)). The
resistivity change could be attributed to the sintering atmosphere in which the presence of the graphite
in the argon atmosphere produced a reduction atmosphere.

Moreover, the electrical resistivity is nearly the same when preparing the samples at 850 °C
and 1100 °C, but there is a clear difference of the values when adding NiO nanoparticles. In the
samples prepared at 1100 °C, a progressive diminution of the electrical resistivity occurs up to 1 wt. %
NiO reaching values as low as 0.11 Q-cm at 66 °C, and a following increase is observed when the NiO
concentration is augmented up to 3 wt. %. Conversely, adding 0.1 wt. % of NiO nanoparticles to
samples sintered at 850 °C increase the electrical resistivity. The samples sintered at 850 °C shown
densities in the range of 5.4 - 5.5 g-cm™ that is less than 90 % of the theoretical density. The local
increasing of density in specimens from the sample could account for such differences.
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Figure 4.8. Electrical resistivity as a function of the temperature for samples prepared from (a) regular grain size and (b) nano
grain size powders.

Samples prepared from nano ZnO powders sintered at 1100 °C show an electrical resistivity
three orders of magnitude lower than those prepared at 850 °C. The addition of a 0.1 wt. % NiO
nanoparticles yields the lowest value, 0.0043 Q-cm at 60 °C for samples prepared at 1100 °C.
Moreover, the addition of NiO nanoparticles in the samples sintered at 850 °C reduces the electrical
resistivity when using a 0.01 wt. % NiO and then increases again up to values even higher than the
pure ZnO. The lowest value was found to be 0.25 Q2-cm at 60 °C for the optimum NiO concentration,
i.e., 0.01 % NiO at 850°C.

From these results, it is clearly seen that there is a threshold in the NiO concentration for
samples prepared from both ZnO raw materials and temperatures. This threshold yields the lowest
electrical resistivity values and it always increases when this value is overtaken. This behavior was

also observed by Colder et al *

who explained the increase of the electrical conductivity by an
appearance of an impurity level in the bandgap due to a change in the ZnO band structure when a
substitution of Ni for Zn in the crystal structure takes places. The reduction in the electrical
conductivity when further increasing the NiO concentration is explained by the formation of a
secondary phase as observed in Figure 4.9, in which a contribution of NiO produce a new broad
Raman band located between 520 and 600 cm™. This Raman broad band seems to do not affect the
ZnO Raman peaks but shown a characteristic signature at Raman shift higher than 1100 cm™ that
indicates a correlation of the NiO presence with electronic carriers *. Figure 4.10 shows how the
incorporation of NiO is promoting the appearance of such Raman band in both the nano and the

regular ZnO material.
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Figure 4.9. Raman Shift spectra of ZnO nano sintered at 850 °C
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Figure 4.10. Raman Shift spectra of ZnO nano and regular sintered at 850 °C

The reduction atmosphere promotes by the SPS sintering and the NiO content seems to be the
responsible for the electrical change from semiconductor to metallic. In ZnO-doped materials this
effect has been previously reported and it is consistent with a free-carrier density approaching
exhaustion, and an electron mobility controlled mainly by lattice (both optical and acoustical)
scattering that produced a PTC (Positive Temperature Coefficient) *°.

The Seebeck coefficient temperature dependence can be observed in Figure 4.11 for samples
prepared from both (a) regular and (b) nano grain sizes powders. All the samples exhibit negative

Seebeck coefficient which indicates n-type conduction.

Regarding samples from regular grain size powders (Figure 4.11 (a)), the lower sintered
temperature (850 °C) yields the highest Seebeck coefficient reaching values as high as -803 pV-K™* at
200 °C for pure ZnO. When adding NiO nanoparticles to samples sintered at 1100°C, the Seebeck
coefficient also increases until reaching a threshold with a constant Seebeck coefficient of

approximately -845 uV-K™, 0.1 wt. % NiO in this case, from which the Seebeck coefficient starts to
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decrease. If the same quantity is added to samples prepared at 850 °C then an enormous Seebeck

coefficient is obtained with a maximum value of -1115 puV-K™at 56 °C.

In the case of samples prepared from nano grain size powders (Figure 4.11 (b)), the lowest
sintered temperature, 850 °C, yields a huge constant Seebeck coefficient, -1270 pV-K™, in comparison
with sample sintered at 1100 °C, -130 uV-K™, when compared pure ZnO. The addition of NiO
deteriorates the Seebeck coefficient in both cases.
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Figure 4.11. Seebeck coefficient as a function of the temperature for samples prepared from (a) regular grain size and (b)
nano grain size powders.

The power factor combines the above-mentioned properties. Figure 4.12 shows the power

factor for samples prepared from both grain size powders at the two different temperatures.

In the case of regular ZnO (Figure 4.12 (a)) with NiO addition, the power factor considerably
improves when a sintering temperature of 1100 °C is used, reaching values of approximately 620
HW-K*.m? at 65 °C for concentrations of 0.1 wt. % and 1 wt. % NiO. The addition of NiO for

samples sintered at 850 °C does not show any improvement in the power factor.

Equally, samples fabricated with nano grain size powders (Figure 4.12 (b)) exhibit the highest
maximum power factors also for samples sintered at 1100 °C. In particular, the maximum value was
found to be 379 pW-K™-m™ at 56 °C for pure ZnO shows. In the case of the samples sintered at 850
°C, the maximum power factor is obtained for a NiO concentration of 0.01 wt. % due to its low
electrical resistivity, 159 uW-K™*-m? at 60 °C.
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Figure 4.12. Power factor as a function of the temperature for samples prepared from (a) regular grain size and (b) nano grain
size powders.

If we compared these values with the values found in the literature then it is worthy to note
that a great improvement has been achieved in the studied temperature range. Colder et al ** found a
power factor of 120 pW-K™-m™ at the same temperature for a NiO addition of 0.03 wt. %, which is
almost a factor 5 lower than the samples prepared from regular powders at 1100 °C and concentrations
of 0.1 wt. % and 1 wt. % NiO (620 uW-K™*-m? at 65 °C) and a factor 3 lower than the pure ZnO
prepared from nano powders at 1100 °C (379 pW-K™-m™ at 56 °C). Park et al *° obtained a maximum
power factor value of 180 pW-K™-m? at 800 °C also for a nickel atomic fraction of 0.03. Wu et al °
found values comparable to our findings for Zn,Ni,O/polyparaphenylene, where concentrations of

the polymer of 5 % and 9 % were found to yield the highest power factor values.

4.2.4 Thermal conductivity measurements

The thermal conductivity values were calculated from the thermal diffusivity measurements, the
density and the specific heat which are summarized in Table 4.1ll. The thermal diffusivity was
determined from the slope of Eq. 4.4 when measuring the different between the rear and front phase
shift versus the root square of the frequency. Density values were determined by the Archimedes

. 14
‘method whereas specific heat was taken as a constant value from reference ~".
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Table 4.111. Density, specific heat, thermal diffusivity and thermal conductivity values of the different samples.

. . . Thermal Thermal
Sample (\Ev’\t“(f?/]) (llj(en;srl]t%/) (SJp.ekC'_fll_(wf)%E diffusivity conductivity
. /0 g g (mZ_S-l) (W m—l_ K—l)
Regular 850°C 0 5170 500 1.12-10° 28.9
Regular 850°C 0.1 5452 500 1.03-107 28.8
Regular 1100°C 0 5596 500 1.29-107 36.4
Regular 1100 °C 0.01 5529 500 1.24-10° 34.3
Regular 1100°C 0.1 5467 500 1.32-10° 36.1
Regular 1100°C 1 5444 500 8.81-107° 24.0
Regular 1100°C 3 5606 500 9.43-10° 26.4
Nano 850 °C 0 5559 500 1.06-10° 29.5
Nano 850 °C 0.01 5465 500 6.30-10° 17.2
Nano 850 °C 0.1 - 500 - -
Nano 850 °C 1 5351 500 5.95-10° 15.9
Nano 850 °C 3 5348 500 5.82-10° 15.6
Nano 1100 °C 0 5505 500 1.36-10° 37.7
Nano 1100 °C 0.1 5486 500 8.95.10° 19.2

The wurtzite zinc oxide presents a high intrinsic thermal conductivity, reaching values of 100
W-m™K™ in the single crystal form™. Figure 4.13 (a) shows a room temperature thermal conductivity
of pure ZnO of 28.9 W-m™K™ and 36.4 W-m™K™and for regular grain size samples sintered at 850 °C
and 1100 °C, respectively. In the case prepared with nano grain sizes values of 29.5 W-m™K™ and 37.7
W-m™K™ were obtained at 850 °C and 1100 °C, respectively (See Figure 4.13 (b)). These values match

11, 16

the typical thermal conductivity ZnO values obtain at room temperature . It is clearly seen that

samples sintered at 850 °C present lower thermal conductivity values.
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Figure 4.13. Thermal conductivity at room temperature as a function of the NiO concentration for samples prepared from (a)
regular grain size and (b) nano grain size powders.

The addition of NiO reduces the thermal conductivity in both cases, reaching a threshold value
from which the thermal conductivity remains constant. This value is different for regular grain size
(0.01-0.1 wt. % NiO) than nano grain size (0.01 wt. % NiO), which match the threshold values found
for both the electrical resistivity and Seebeck coefficient values. This effect was also observed by

Ill

Colder et al ** who observed a value of 17 W-m™K™ for atomic fraction of nickel higher than 0.03. In

our case, the constant values are approximately 25 W-m™K™ and 15 W-m™K™ for regular and nano
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grain sizes, respectively. The difference between both values could be found in the grain size and in
particular in the sub-grain structure of the SPS sintered nano ZnO, since sub-grains could cause the
phonon scattering thus reducing the thermal conductivity.

4.2.5 Figure of merit

The figure of merit of these pellets can be estimated by assuming an isotropic character for the
three measured magnitudes. Figure 4.14 shows the figure of merit as a function of the NiO
concentration. The highest sintering temperature yields the highest figure of merit values for both
types of samples. Moreover, the highest values are obtained for samples prepared from regular ZnO
and a NiO content of 1 wt. % with a value of 0.0073 (see Figure 4.14 (a)) due to its low electrical
resistivity combined with a high Seebeck coefficient which compensate the high thermal conductivity
(29.5 W-m'K™).
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Figure 4.14. Figure of merit at room temperature as a function of the NiO concentration for samples prepared from (a) regular

grain size and (b) nano grain size powders.

If our results are compared with the literature values, one can find that our figure of merit is
lower than the highest values reported. However, those values are measured at temperatures much
higher than our measurements, i.e., around 800 °C. If we do the comparison at room temperature, our
values are higher than the figure of merit achieved by Colder et al *, lower than 0.004. Therefore, this
preliminary study proves the good quality of the ZnO doped with nickel as a thermoelectric material.
Further studies at higher temperatures are required since the best thermoelectric properties are

expected to be found near 800 °C.
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4.3 Nanocomposites Polyaniline/Graphene nanoplatelets

Organic materials, are being recently studied as a promising thermoelectric materials due to

17-20

their rising figure of merit "%, their commonly low thermal conductivity (x ~ 0.1-0.5 W-m™.K™* 21 %),

flexibility, environmentally friendly, straightforwardly doping and de-doping, environmental stability,
potential processing advantages and uncomplicated preparation in comparison with inorganic

semiconductors. The enhancement in the power factor of these materials, is being accomplished by

23-25

two different mechanisms: doping the polymers or mixing them with diverse types of filling

26, 27 28, 29

materials, such as graphene nanosheets (GN)
nanoplatelets (GNP) .

, carbon nanotubes (CNT) , or graphene

The commercial Nano Graphene Platelets or Graphene NanoPlatelets (GNPs) are made of
exfoliated graphite nanoplatelets fabricated from graphene stacked layers of around 20 nm bonded by
van der Waals forces with a length in the vicinity of 14 um from the datasheet. This material is
advantageous to synthesized nanocomposites due to their appropriate properties such as: respectable
tensile strength, elevated corrosion resistance and high electrical and thermal conductivity *"* Despite
their high thermal conductivity, they can offer a simple way to enhance the thermoelectric properties
when preparing nanocomposite with polymers like Polyaniline (PANI). PANI was selected due to its

thermoelectric properties ***

. PANI is a conductive polymer whose electrical conductivity value is
found to be between 107 — 3-10° S-cm™ depending on its oxidation states*. Conversely, PANI
typically presents p-type conduction as most of Intrinsically Conductive Polymers. Furthermore, it is
possible to achieve a negative Seebeck coefficient by doping® *> . The structure and morphology of
these nanocomposites and their influence on the Seebeck coefficient, electrical conductivity and

thermal conductivity when varying the volume fraction of GNP are studied and discussed.
4.3.1 Fabrication

The synthesis procedure of the nanoscomposites consists of two main stages: the synthesis of
the polyaniline and the blend of the synthesized PANI with GNPs. A final cold pressing process was
carried out in order to obtain the pellets. Details of the fabrication procedure are given in Section 2.17
and 2.1.8.

4.3.2 Structural and morphological characterization

FTIR spectra were carried out to elucidate the interactions between the polymeric matrix and
the GNPs. Figure 4.15 (a) shows the characteristic FTIR spectra of PANI and PANI/GNPs
nanocomposites. For the pure PANI, the absorption peaks situated at 1564 and 1471 cm™ are assigned

to the presence of quinoid ring and benzenoid rings vibrations in the emeraldine salt state, respectively
37
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Figure 4.15. (a) FTIR spectra of PANI and PANI/GNP nanocomposites and (b) intensity ratio, 11564/11471, of the pellets as
a function of the GNPs content. The inset shows the chemical structure of the benzenoid and quinoid rings.

The peaks at 1296 cm™ and 1240 cm™ have been allocated to the C-N stretching vibration of
the aromatic amine and the absorption peak at 1130 cm™ has been assigned to the aromatic C-H in
plane bending. The latter, is defined as “electronic-like band” typical of conductive PANI and show
the extend of electron delocalization *’. The absorption peak 796 cm™ has been assigned to the out of
plane bending vibration of C-H in the aromatic ring. The effective synthesis of PANI in its emeraldine

hydrochloride salt form displayed in Figure 4.16 is confirmed by these peaks.

N E N - O O O
H :: : H
cl-

cr

Figure 4.16. Chemical structure of polyaniline emeraldine hydrochloride salt state.

Zengin et al ® and Yu et al * reported the interaction between PANI and GNPs by studying
the variation in the peak intensity ratio between quinoid (=1600 cm™) and benzenoid (1500 cm™) ring
stretching. It is worthy to note that the intensity of the quinoid ring (1) peak is lower than the
benzenoid ring one (l,) in pure PANI. The ratio between the peaks, I/l iNCreases when
increasing the GNPs content as shown in Figure 4.15 (b). This analysis indicates a PANI abounding
with quinoid rings in the PANI/GNPs composites than in the neat PANI. This increase of quinoid
rings could elucidate the interaction of the n-bonded surface of GNP with the conjugated quinoid ring
structure of PANI in such a way that the conjugation length is longer in the composites than on neat
PANI® and the charge transport is promoted. This supposition is in good agreement with the electrical
conductivity measurements, which indicate a rise of the electrical conductivity of the pure PANI when
increasing the GNP content. Therefore, the increase in electrical conductivity can be owing to the
addition of GNPs itself, but also to the GNP-PANI interactions.

Figures 4.17 show the morphology of the cross view of the PANI/GNP nanocomposites with

different amounts of GNPs. The micrographs disclose a large aspect ratio (width-thickness ratio) of the
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GNPs since the thickness is in the vicinity of 10 nm and the width is larger than 1 um. GNPs clusters
can also be distinguished when GNPs content is increased. Concerning the orientation of the GNPs
embedded in the polymer matrix, most of the GNPs surfaces seem to be parallel to the sample
surfaces. Furthermore, GNPs clusters show bent forms, possibly as a result of the elevated pressure
during the cold pressing.

SUTL GNP 30uwt%

~ /- ——

" 10um [
o] 5
& i_\}g";/ . 2 ‘a‘ -

- r LY

S P
B, >

Figure 4.17. FE-SEM images of the rupture perpendicular to the pressure direction of the PANI/GNPs pellets of (a) and (b)
GNP 1 wt.%, (c) GNP 5 wt.%, (d) GNP 20 wt.%, (e) and (f) GNP 30 wt.%.

The thermal stability of the nanocomposites has been demonstrated elsewhere®. Xiang et al
discovered that the nanocomposites of PANI with content of GNP higher than 33 wt.% show
decomposition in air atmosphere from 350 °C, which is 50 °C higher than the pure PANI.*

Nonetheless, the temperature range of operation of these materials will not be higher than 100 °C.
4.3.3 Electrical conductivity and Seebeck coefficient

The electrical conductivity and the Seebeck coefficient have been systematically characterized
at room temperature as a function of the GNPs volume fraction. Nevertheless, the composites were
fabricated by calculating the weight of their constituents so the weight fraction was achieved. In order
to determine the volume fraction of the samples, the density of the neat PANI and pure GNPs were
measured and the following equation was used to calculate the volume fraction.

wt. % - ppani

l.% = -100 4.4
Y T e % “ppant T (100 —wt. %) - penp *4)
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where wt. % and vol. % are the GNPs weight fraction and volume fraction, respectively, and ppan and
pone are the density of pure PANI, 1.37 g-cm®, and the density of pure GNPs. The density
measurement of the pure GNPs pellet, 1.89 g-cm™, is slightly different than the datasheet value, 2.20
g-cm. This inconsistency could be owing to slight air gaps between the GNPs sheets that could be

decreasing the effective density value of the pellet.

As seen in Figure 4.18 (a), the electrical conductivity rises up to three orders of magnitude
when increasing the GNPs content from 0.48 S-cm™ for pure PANI to 123 S-cm™ for a 50 wt.% GNPs
content. Moreover, the electrical conductivity of pristine GNP pellet was found to be 442 S-cm™. The
same measurements were performed after five months showing similar results, which indicate a good
stability of the nanocomposite during this interval of time. The Seebeck coefficient (Figure 4.18 (b))
exhibits negative (n-type conduction) and positive (p-type conduction) values when the GNP content
is lower and higher than 1 wt.%, respectively. A conversion from n-type polyaniline to p-type is
accomplished with GNPs addition. The Seebeck coefficient is increased as the GNPs content increases
from -2.6 uV-K™* for neat PANI to +33.8 uV-K™ for a 50 wt.% GNPs content and it is finally reduced
up to +17.3 pV-K™* for pure GNP sample. The positive value of the GNPs pure pellet elucidates the
transition from n to p conduction in the composites when increasing the GNPs content. The power
factor also as a function of the GNPs content undergoes a significant increase of several orders of
magnitude achieving a value of 14 pW-m™-K? for the maximum GNPs concentration, as seen in
Figure 4.18 (c).
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Figure 4.18. (a) Electrical conductivity, (b) Seebeck coefficient, (c) Power Factor and (d) thermal conductivity as a function
of the GNPs volume fraction at room temperature (300K). The dash line of the graph (d) corresponds with the eye-guide for
the thermal parallel resistor model and the asterisk-shape point is the datasheet value of the GNPs thermal conductivity.
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Percolation law in composites can be described the improvement of the electrical conductivity,
which predicts the electrical conductivity escalation when a critical volume fraction of filling material
is attained ***'. This phenomenon occurs provided that there is a considerable difference between both
the electrical conductivity of the matrix and the filling material. In our case, the electrical conductivity
values of neat PANI and pure GNPs are ¢ = 0.48 S-cm™and 442 S-cm™, respectively. The percolation
law is described by the next power relation:

o =agnplV —=V"?, (4.5)

where V and V" are the GNPs volume fraction and the critical volume fraction related to the threshold
percolation, respectively, o;yp is the GNPs electrical conductivity and p is a critical exponent
associated with the dimensionality of the established network. This expression is valid provided that
V>V* and (V-V*) is slight. Despite the fact that the investigation has been performed with a very high
dispersion of volume fraction values, a fitting of Eq. 4.5 has been evaluated with the assistance of
LAB fit Curve fitting software. From the electrical conductivity measurements, the critical exponent
was found to be p = 1.31. This exponent clarifies the sample dimensionality. A value of p = 4/3 is
related to a two dimensions network, whereas p = 2 is the characteristic value of three dimensions
network *%. The fitting value p = 1.31 (p = 4/3) implies a charge transport in 2D, i.e., in the GNPs
plane. This kind of electrical conduction could be linked to the fluctuation-induced tunneling model

43, 44

where hopping between GNPs through PANI barriers takes place Moreover, the electrical
conductivity of the GNP, o;yp, Can be also extracted from the data fitting, 457 S-cm™, which results
within the experimental uncertainty of our measurements of the pure GNPs pellet, 442 + 44 S.cm™.
Additionally, the percolation threshold was found to be 2.4 vol. %, or 1.5 wt. %, which indeed
matches the n to p conduction type transition that is seen in the sign of the Seebeck coefficient. The
threshold data are also related to the dispersion of the particles in the polymer matrix. Significantly

low percolation threshold values suggest a uniform dispersion .

As it is feasible that PANI chains coat GNPs, electrical conductivity could be influenced by
tunneling transport between GNPs, which are the main conductive constituents of the composite,
across potential barriers generated by the PANI chains. In order to verify if the transport mechanism is
related to the tunneling transport, a model based on fluctuation induced tunneling is employed®. This
model allows the study of the tunneling through potential barriers with changeable heights as a result

of local temperature oscillations. The electrical conductivity is described by this expression:

Ty
0 = 0ypexp (_T n To)’ (4.6)
_— wAg? L7
17 8k’ 4.7)
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2Ty

T_ )
0 TWY

(4.8)

where oy is a constant, T is the temperature, w is the potential barrier width, A is the area of
capacitance formed at the junction, k is the Boltzmann’s constant, € = 4V,/ew, y = (2mV,/h?)/2,
m and e are the electron mass and the charge respectively, V, is the potential height, and h is the
Planck’s constant. At constant temperature the electrical conductivity is proportional to the potential
barrier width, Lno a — w. Therefore, a linear relation between the electrical conductivity and the GNP
volume fraction, Lno @ — V~/3 when V>V*, can be found by taking into consideration some spatial
factors”2. In Figure 4.19 the electrical conductivity is plotted versus V'°. The expected linear
dependence for volume fractions higher than the percolation critical volume fraction is corroborated
and thus the tunneling mechanism is confirmed. Lower GNPs contents do not show the linear
dependence possibly attributable to a hopping transport between PANI chains. The linear trend is
found for volume fractions larger than 3 vol.%, which is a little higher than the percolation threshold,
2.4 vol.%.

Lno (Ln(S/cm))

0.2 0.4 0.6 0.8 1.0 1.2
-1/3

\Y

Figure 4.19. Plot of Lno vs. V-1/3. The linear dependence discloses the tunneling transport of the charge carriers.

The increase of the Seebeck coefficient is very astonishing since both neat PANI and pure
GNPs present a lower Seebeck coefficient, -2.6 puV-K* and +17.3 uV-K™' respectively. This
improvement of the Seebeck coefficient could be justified in terms of the energy filtering of carrier by
taking into consideration the grain boundaries that are generated by blending both materials during the
nanocomposite fabrication. Previous works have proved that a rise in the Seebeck coefficient caused
by grain boundaries takes place as low energy electrons are more powerfully scattered than the high
energy ones **!. This improvement of the Seebeck coefficient has already been remarked in previous
investigations, such as carbon nanotubes blended with PANI composites® and in other very different

structures, like Pt-Sh,Te; nanocomposites 8 InGaAs/InGaAlAs superlattices or PbTe with Pb
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precipitates *°. Nevertheless, some theoretical study should be performed in order to understand this

behavior more profoundly.
4.3.4 Thermal conductivity measurements

The thermal conductivity measurements were carried by three different techniques in order to
ensure the reliability of the results. Apart from the photoacoustic technique, another experimental
setup to measure directly the thermal conductivity of polymers was developed during this PhD work.
This system is able to measure samples with a thickness of around 1 mm whose thermal conductivity
is lower than 2 W-m™-K™. Therefore, samples with a thermal conductivity higher than this value were
measured by the photoacoustic technique and the laser flash technique in the National Institute for
Materials Science (NIMS), in Tsukuba (Japan), during a stay of this PhD candidate.

4.4.4.1 Low thermal conductivity measurement apparatus (k system)

The experimental setup developed during this PhD work is based on the steady-state method
which was chosen because it is considerably simpler than the transient method. This experimental
setup allows the study of the heat flux going through a sample by conduction. Since the fundamental
modes of heat transfer can be classified in conduction, convection and radiation, this experimental

system was designed in order to minimize heat radiation and convection losses.

Figure 4.20 (a) shows the experimental setup which consists of two copper blocks which act as
the heat source and the heat sink. The sample is placed between the blocks. The heat flux can be
studied by measuring hot and cold temperatures via two thermocouples placed inside the blocks. They
are located very near the contact surface to ensure that these temperatures fit with the surface
temperature of the sample thanks to the high thermal conductivity of the copper. In order to prevent
the influence of the convection in the sample the block located on the top acts as the heat source by
means of a heater placed just in contact with it. Moreover, an insulator bulk material was located just
in contact with this element, in order to reduce convection effects. The lower block acts as a heat sink
whose size is considerably larger than the heating block in order to efficiently dissipate the heat.
Figure 4.20 (b) shows the characteristic response of the hot and cold thermocouples as a function of
time during a measurement. A typical measurement consists of studying the temperature of both hot
and cold surfaces of the sample by establishing different heating powers and allowing the system to

reach the steady state at each step.
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Figure 4.20. (a) Thermal conductivity experimental setup developed during this PhD thesis, used to measure polymer bulk
samples, (b) temperature as a function of the time during a typical measurement of a sample and (c) picture of the
experimental setup.

One of the most important hindrances to overcome is the thermal contact resistance, since the
contacting area between the copper blocks and the sample is usually rough and irregular in such a way
that the real contact is considerably lower than the real nominal contact surface area. In this way,
micro-holes full of air are created limiting the heat transfer through the interface between the two
surfaces, thus increasing the thermal contact resistance®. The thermal contact resistance was reduced
by employing a layer of thermal paste as a thermal interface material. This material is able to decrease
the thermal contact resistance by filling the air micro-holes and making the contact surface continuous.
Moreover, this thermal paste is composed of silver nanoparticles, which makes the effective thermal
conductivity sufficiently large (10 W-m™.K™) so the heat transfer by conduction is favored and thermal

resistance is fairly reduced.

Nevertheless, this kind of systems has an enormous handicap in relation to the heat transfer
control. Since the measurement is based on the heat transfer through the sample by conduction, heat
losses due to both heat transfer mechanisms, radiation and convection, must be minimized **. In order
to reduce their contributions a comparative method is carried out by comparing the sample to be

measured with a reference sample whose thermal conductivity is well-known.

The physics behind the experiment is based on the study of the heat flux across the sample
described by the Fourier’s Law, which means that the heat flux in the steady state is proportional to

the cross section and the thermal conductivity as,

Q=—=x-A-— (4.9)



Chapter 4

where Q is the heat flux, R is the thermal resistance, A is the cross section, k is the thermal
conductivity, AT is the temperature gradient created in the material and L is the thickness of the
sample. The heating power through the standard is equal to the power through the sample so the

following relation can be established:

_ (A/L)s AT

AT = —2 2,
R=@A/Dg kg

(4.10)
where the subscripts R and S corresponds with the reference and the sample, respectively. A and L are

the section and the thickness of the sample and AT is the temperature difference created across the

(A/L)s ATs

sample By plotting the temperature gradient atgatinst(A TDn ! the thermal conductivity of the sample
R KR

is directly obtained.

The limits of the techniques are given by the thermal resistance of the sample, Rg,. These
limits can be derived by relating the sample thermal resistance with the loss thermal resistance, R,

and thermal contact resistance, R, as:
Rjpss » Rs > R, (4.11)

By analyzing different reference samples with different thicknesses such as Teflon (x = 0.4
W-mt.K™), PEDOT:PSS (k=0.36 W-m™-K™), pyrex (x = 1 W-m™K™), macor (kx = 1.46 W-m™*.K™),
AISI 304 (x = 16.2 W-m™-K™) the limits of the technique were found. For insulator and conductive
samples, the sample thermal resistance should be lower than 35 K-W™ and higher than 4 K-W™,
respectively. Therefore, there is a limitation in both thermal conductivity and thickness. Assuming a
fixed diameter of 13 mm, the maximum and minimum thermal conductivity as a function of the
thickness can be seen in Figure 4.21. These thermal conductivities were calculated by considering a

maximum and minimum sample thermal resistance of 4 K-W™ and 35 K-W™, respectively.

-
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Figure 4.21. Thermal conductivity values that can be measured by this technique as a function of the sample thickness.

The PANI/GNP pellets have a thickness of around 1 mm so samples with a thermal
conductivity higher than 2 W-m™-K™ need to be measured by a different technique.

4.3.4.1 Thermal conductivity values

PA technique and laser flash are used to measure the thermal diffusivity of materials.
Therefore, density and specific heat measurements are needed in order to calculate the thermal
conductivity values. The density was measured by Archimedes’ method and the specific heat was
estimated from the specific heat data found in the literature. The specific heat value corresponded to
PANI fabricated in the same conditions is 1020 J-kg™*-K™ *. The specific heat of the GNPs at room
temperature can be approximated to 700 J-kg™*-K™, which is the graphite specific heat *°. The specific
heat of the composite is thus calculated by taking the GNP volume fraction into consideration by the

following expression:

(% vol.- pCp)PANI + (% vol.- pCp)GNP

C = )
( p)com Pcom

(4.12)

where p.,n, is the composite density and % vol.- pC, is the multiplication of the volume fraction, the
density and the specific heat of each component, PANI and GNP. Table 4.1V shows the composite
values of the density and the specific heat as well as the thermal conductivity values obtained from the
three different techniques. It is clearly seen that both the PA technique and the system developed to
measure low thermal conductivity samples properly work. All the measurements are found to be

within the interval of uncertainty.

Table 4.1VV. Thermal conductivity of two different samples measured by three different techniques.

Density | Specific heat K system PA technique Laser flash
PANI/GNP 3 1 1 1 1 1 1 1 1
(kg-m®) J-kg™-K™) (W-m=-K™) (W-m=-K™) (W-m=-K™)
2.5 wt.% 1385 1020 0.48 £ 0.05 0.44 +0.03
50 wt.% 1605 860 3.7+ 0.3 3.3+0.3

Once the systems were checked, the rest of the nanocomposites were measured by means of
the so-called « system since it is able to directly measure the thermal conductivity and no specific heat
and density extra measurements are needed. Figure 4.18 (d) shows the thermal conductivity as a
function of the volume fraction of filling content. Neat PANI measurement results in a thermal
conductivity of 0.46 W-m™.K™, in good agreement with previous values stated in literature®’. The
thermal conductivity rises as the GNPs content is increased up to one order of magnitude when

compared to PANI.
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The nanocomposite can be illustrated as a parallel thermal resistor® whose thermal

conductivity is given by the expression:

_ VenpKenp + VeaniKpant

, (4.13)
VroraL

where K is the effective thermal conductivity measured, V;yp is the GNPs volume fraction, kg yp is
the GNPs thermal conductivity, Vp,y; is the volume fraction of neat PANI, kp,y; is the pure PANI
thermal conductivity and Vyory4,, is the total volume of the pellet. Figure 4.22 shows a linear fitting
from which the thermal conductivity of neat PANI and pristine GNP could be extracted by employing
Eqg. 4.13. Although a good linear fit is achieved, the neat PANI thermal conductivity was found to be
0.30 W-m™*-K*which is significantly different from the experimental obtained value, 0.46 W-m™.K™*
possibly owing Eqg. 4.13 is only valid for an ideal parallel thermal resistor. The two first data points of
Figure 4.22, corresponding to pure PANI and the 1 wt. % GNPs content pellets, do not fit the equation
since their content is lower than the percolation threshold so these points have not been taken into
consideration. This fitting is used to verify that the nanocomposite could approximately work as a
parallel thermal resistor like the represented sketch of the inset of Figure 4.22. Moreover, from the
fitting the GNPs thermal conductivity value was found to be near to 7 W-m™-K™. The intrinsic thermal
conductivity of the GNPs is different depending on the direction. GNPs have a much higher value in
the direction parallel to the surface, k >1000 W-m™-K™, than in the direction perpendicular to the
surface, k <10 W-m™-K ™8, The extracted results sustain that most GNPs are positioned parallel to the
surface of the pellets and, hence, the heat flux across them takes place in the low thermal conductivity

path as seen in the inset of Figure 4.22.
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Figure 4.22. Linear fit of the thermal conductivity as a function of the volume fraction. The inset shows a scheme of the
nanocomposite as a parallel thermal resistor.

These results could be used to deduce the positioning of the GNPs in the pellet so a notable

anisotropy is clearly proved. This conclusion is also revealed thanks to the SEM images. In Figure
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4.17 a cluster of GNPs with their surfaces parallel to the surface of the pellet can be distinguished. Due
to this anisotropy, it is not possible to estimate the figure of merit. Both the electrical conductivity and
the Seebeck coefficient measurements were carried out in the in plane direction, whereas the thermal
conductivity measurements were performed in the out-of-plane direction. The power factor in the in
plane direction of these nanocomposites (Figure 4.18 (c)) could be utilized as a scale to evaluate the
quality of these results in comparison with previous works. The power factor achieved in this study, 14
UW-m™-K? is higher than other investigations based on polyaniline such us the system PANI/GNPs
composite thin film, 6 pW-m™-K? *; PANI/GNs composite pellets, 5.6 pW-m™-K? *"; PANI/GNs
composite pellets, 3 uyW-m™-K?2°; PANI/CNTs composite pellets, 5 pW/m-K? *2; or PANI/Graphite,
4 uW-m*K?®,

A summary of the state-of-the-art results is shown on Table 4.V. Since the samples are
probably anisotropic, it is not feasible to estimate the figure of merit unless all the measurements are

carried out in the same direction of the specimen.
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Table 4.V. Summary of thermoelectric properties of the best composites of organic and inorganic materials. The symbols L

and || designate the direction of the measurement, perpendicular or parallel to the surface to the sample, respectively. In case

the measurements are performed in different direction, zT is not estimated because the sample might be anisotropic.

. Electrical Seebeck PF Thermal
Polymer Additive | Nanofiller Prﬁqﬁ:‘iﬂon conductivity | coefficient | (UW-m" | Conductivity | zT (T) [}Zﬁ?
(S-cm™) (uV-KY) LK?) (W-m*-K*) '
SW-CNT e 2013
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4.5 Summary

In the first part of the chapter, the validity of the experimental setup to carry out bulk thermal
diffusivity was proved. Six different samples were measured by two different procedures: the phase
lag and the discontinuity of the tangent as a function of the frequency. A deviation from the expected
thermal diffusivity values lower than 10 % was generally obtained for both methods. Moreover, the
experimental uncertainty which involves both, instrumental and random uncertainties was found to be

in the vicinity of 5 %, which is considerably low for a thermal diffusivity measurement technique.

Secondly, the thermoelectric properties of zinc oxide doped with different amounts of nickel
oxide sintered by SPS were studied. The effect of varying the grain size of the raw material and the
sintering temperature were examined. A threshold in the NiO concentration for both types of ZnO
powders, regular and nano, and temperatures was found. This threshold produces the lowest electrical
resistivity values, which is related with the appearance of an impurity level in the bandgap. On the
other hand, if the NiO concentration is further increased, the electrical resistivity increases due to a
secondary phase formation, observed by Raman spectroscopy. Regarding the Seebeck coefficient,
huge values were found. Regular ZnO sintered at 1100°C exhibits a Seebeck coefficient of around-845
uV-K™* for a concentration of 0.1 wt. % NiO which yields a power factor of approximately 620 uW-K"
.m at 65 °C. Nano ZnO samples show the highest maximum power factor, 379 uW-K™*.m™ at 56 °C,
for pure ZnO samples sintered at 1100 °C. The thermal diffusivity of the pellets was measured by the
phase lag method. Thermal conductivity values were calculated from the density and specific heat,
showing values of pure ZnO of the same order of magnitude as the values previously reported. In
particular, samples fabricated at 850 °C exhibit the lower thermal conductivity values. The addition of
NiO decreases the thermal conductivity until reaching a threshold value from which the thermal
conductivity remains constant, 25 W-m*K™ and 15 W-m™K™, for regular and nano grain sizes,
respectively. Finally, the figure of merit was calculated, showing the highest value for regular ZnO
and 1 wt. % NiO sintered at 1100 °C, with a value of 0.0073 at room temperature, which is higher than

previously reported values for this material at this temperature range.

Finally, the thermoelectric properties of a composite made of polyaniline blended with
graphene nanoplatelets (GNP) were studied. The power factor and the thermal conductivity were
measured as a function of the GNP content. A power factor of 14 pW-m™ K for a GNP content of 50
wt. % was found, which was the highest reported until that moment in the literature. Moreover, the
thermal conductivity was also determined. For that purpose, three different techniques were used to
accurately measure it. An experimental setup based on the steady-state method was specially designed
for polymer measurements. The photoacoustic technique and the laser flash were also used to
corroborate the results. From those measurements, a parallel thermal conductor model could be

established which indicated that the GNP were oriented parallel to the surface of the samples. Due to
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the anisotropy of the samples, the figure of merit could not be calculated since the power factor was
measured in the in-plane direction whereas the thermal conductivity was determined in the out-of-
plane direction.
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Chapter b:

Multilayered model: films,
porous structures and

nanowires measurement

This chapter proves the validity of the photoacoustic technique for measuring samples
composed of several layers by means of the multilayered model. For that purpose, measurements of
reference samples are firstly shown. Once the system along with the model was demonstrated to be
valid, several studies of different types of materials and structures such as thin and thick films, porous
alumina membranes and nanowires embedded into alumina membranes are presented to show the

validity of the technique to measure different morphology types.
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5.1 Reference samples

In order to ensure both the reliable operation of the experimental setup and the good accord
with the theory explained in Section 3.3.2, reference samples with different thermal conductivity
values were examined. Multilayered structures are measured by normalizing with a bulk reference
sample. The reference sample is a bulk piece of fused silica thick enough so that it is thermally thick
for the whole range of frequencies that the setup is able to use (see its properties in Table 5.1). As
explained by Wang et al. *, bulk materials have a frequency independent phase shift equal to -90 deg.
Once the reference and problem sample are measured, the actual phase shift of the sample,¢sampie IS

obtained as:

¢sample = ¢measured - (preference -90 (5-1)

Where ¢rmeqsurea aNd Greference are the measured phase shifts of the sample and the reference,
respectively. By fitting the extracted ¢sqmpie as a function of the frequency, the thermal conductivity

of the unknown layer can be obtained.

Table 5.1. Reference samples properties used to normalize the phase shift of the sample under study.

Sample Thickness Density Specific Heat | Thermal conductivity
i (um) (kg:m”) (J-kgh-K™) W-mhK?
Fused silica 1000 2200 ° 753 2 1352

All the reference samples are formed by the investigated layer onto a substrate so that the
model involves two layers (the layer under study and the absorbing material) along with the backing
material (the substrate) and the air layer. Moreover, the thermal resistances between these layers also
play an important role. It will be necessary to leave them as free parameters when performing the
fittings. As a general procedure, a simulation of the phase shift is typically carried out in order to
locate the most suitable frequency range where the phase shift is found to be more sensible, as
explained in section 3.3.2.1. These simulations are only an approximation since the actual parameters
could be different from the fixed values used to perform them. Then, measurements are carried out and
a final election of the frequency range is made by evaluating the sensitivity of the thermal conductivity

as a function of the frequency.

Figure 1 (a), (b) and (c) show the fitting of the reference samples at the most sensible
frequency range found for each case. Details of the thermal conductivity extraction are given below

for each sample.
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Figure 5.1. Examples of experimental phase shift as a function of the frequency along with the best fitting for (a) SiO, (b)
PCDTBT and (c) As-grown Bi,Te; films.

5.1.1 SiO; thin film

One of the most common samples used to characterize the thermal conductivity of a system is
a thermally grown amorphous silica layer, SiO,. In this work, a layer of 298 nm of SiO, was fabricated
by thermal oxidation onto a silicon substrate in the Mechanical Engineering Building of Purdue
University (Indiana, USA) by Dr. Stephen L. Hodson.

Amorphous silica is a well-known material, whose thermal properties can be found in the
literature and are shown in Table 5.11. Moreover, this sample was also measured by the photoacoustic
setup developed in Purdue University under the supervision of Professor Xianfan Xu. The
experimental value obtained by this technique is in good agreement with the literature data, 1.35 W-m’
1K13

Table 5.11. Properties of the each layer used to perform the fitting of the SiO, thin film thermal conductivity.

Thickness Density Specific Heat Measured ‘I_'h_e rmal Expected the_rmal Desv.
Sample (um) (kg-m?) (3-kgKY) conductivity conductivity (%)
"'l g g (W m-l_ K-l) (W m-l_ K-l) 0
Si 500 23303 7123 - 1483 -
(vif’r'g)zus) 0.298 22202 7452 1.46 +0.15 1.35° 8
Ti 0.08 4506 ° 5233 - 21.9 -
Air 0 1.176 1007 - 0.026 -
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Figure 5.1 (a) shows an example of the experimental phase shift as a function of the frequency
and the best fitting performed by the multilayered model for the SiO, sample. In order to ensure the
suitability of the fitting, the sensitivity was also checked finding the highest sensitivity of the thermal
conductivity of the investigated layer for the frequency range selected. The density and specific heat of
the thermally grown amorphous silicon dioxide were taken from the literature * and the thermal
conductivity was finally found to be 1.46 W-m™-K™. As shown in Table 5.11, this value differs from

the literature value in an 8 %, which can be considered as satisfactory.
5.1.2 Organic materials: PDCTBT film

A polymer known as poly [N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-
2’,1’,3-benzothiadizole)] (PCDTBT) was also used to test the experimental setup. In this case, the
thermal conductivity was measured by two different techniques, Photoacoustic technique and
Scanning Thermal Microscopy (SThM) in order to check the ability of PA technique to measure

polymer films.

The films of PCDTBT were fabricated via drop casting on glass substrates. As explained in
Section 2.1.3, in order to produce a 50 mg-mL" solution, chloroform at room temperature was
employed to dissolve PCDTBT supplied by Solaris Chem Inc. Then, the polymer solution was drop-
casted on a glass substrate and the film was finally obtained after the total evaporation of the
chloroform solvent, achieved at room temperature for 24 h. A film of PCDTBT was produced with a

thickness of 2.4 um and roughness of around 90 nm.

Table 5.1I1. Properties of the each layer used to perform the fitting of the PCDTBT film thermal conductivity.

n Measured Expected
Thickness | Density Specific Thermal thermal Desv.
Layer 3 | heat (J-g . . o
(um) (kg-m~) LK conductivity conductivity (%)
wW-mtK?h (W-mtK?h
Glass 1000 2520° 875" - 11°3
0.25+0.04
PCDTBT 24 1160 810 0.20+0.02 (SThM) 5 20
Ti 0.08 4506 ° 523° - 21.9
Air 0 1.176 1007 - 0.026

The polymer films were detached from the glass slide by plunging them in distilled water.
This procedure yields to a free-standing PCDTBT film whose density and specific heat could be

measured without the influence of the substrate.

An example of the experimental phase shift as a function of the frequency range is shown in
Figure 5.1 (b). The frequency range was selected by ensuring the highest sensitivity of the thermal
conductivity of the polymer film. The PA technique yielded a value of 0.20 = 0.02 W-m™ K'l, which

is within the error interval of the measurement carried out by the SThM of our group, 0.25 + 0.04
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W-m™-K™. No literature values of the thermal conductivity of PCDTBT can be found. However, its

thermal conductivity is in the range of the common polymers * .

5.1.3 Bismuth telluride electrodeposited thick films

Electrodeposited bismuth telluride (Bi,Teg) films were examined by both, PA technique and
Time Domain thermoreflectance (TDTR) during a stay in Purdue University (Indiana, USA), in order
to study the performance of the PA technique on samples with high roughness.

Bismuth telluride based alloys stand for the main bulk thermoelectric material for applications
working from room temperature to approximately 100 °C 8 The crystal structure of Bi,Tes is
rhombohedral-hexagonal, whose unit cell parameters at room temperature are a = 3.8 A and ¢ = 30.5
A. This material is a semiconductor with a band gap of 0.15 eV °. Its structure is composed of five
layers along the c-axis: Te(1)-Bi-Te(2)-Bi-Te(1) as seen in Figure 1 (a). Te(1) and Te(2) are
covalently bonded with Bi, whereas van der Waals bonds are established between adjacent Te(1)

layers.

— g s :ﬁ&;;gTe @
9] C) i
@ 8 @ |[Te(
¢ ¢ & ¢
(V) ‘i" (%) B? v
@ @ @ T2 |2
e @ ‘o'i ® @si i

— van der Waals
bonds

c-axis
©
©
)
c

©

(&
=3 @

S
S layers

Figure 5.2. Bi,Te; crystal structure. Figure taken from reference °,

Because of the crystal structure of Bi,Tes, its electrical and thermal conductivities are highly

13 Nevertheless, the Seebeck coefficient is approximately isotropic **. The thermal

anisotropic
conductivity of a Bi,Tes single crystal measured in the perpendicular direction to the c-axis isk, .=
2.2 W-m™.K™. Conversely, the value parallel to the c-axis is found to be k ;. =1 W-m™-K™at room
temperature.’® Therefore, there is a factor of 2.2 between the thermal conductivities in the direction
perpendicular and parallel to the c-axis. Different works reported a ratio of 2 ***> 1 or 3 " petween

both directions for Bi,Tes single crystal materials.
5.1.3.1 Fabrication

The electrodeposition procedure was performed by using pulsed electrodeposition between a

constant potential for 0.1 s and zero current density for 0.01 s. The applied potential was selected to
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match the conditions performed in reference *® which in this case corresponded to a value of + 0.05 V
vs. Ag/AgCI.

5.1.3.2 Structural and morphological characterization

The crystal orientation was studied by X-ray diffraction. One peak that can be indexed to the
Si substrate (JCPDS 27-1402) is observed in Figure 5.3. Peaks located at 26 = 41.148 © and at 20 =
89.278 © can be attributed to the (1 1 0) and (2 2 0) first and second diffraction orders of Bi,Tes
(JCPDS 015-0863), respectively, thus, revealing that the film is highly oriented along the direction
perpendicular to the c-axis, i.e., the [1 1 O] direction.
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Figure 5.3. X-ray diffractogram of the bismuth telluride film. Figure taken from reference °.

Figure 5.4 (a) and (b) shows the SEM images of the top-view and the cross-section of the
electrodeposited film, respectively. From the top-view a particle size in the order of microns can be
distinguished. Moreover, a columnar type of growth is observed from the lateral view with the c-axis
parallel to the substrate. The thickness measured by the profilometer 4.5 um £ 0.3 um is confirmed by
the measurement on the SEM cross-sectional view resulting in a value of approximately 4 um. This
measurement is especially important, since a variation in the thickness of the sample yields a variation
in the final value of the thermal conductivity. The experimental error is given by the roughness of the

film of approximately 300 nm, which is higher than the films previously measured.

Moreover, the chemical composition was studied by Energy Dispersive X-ray spectroscopy
(EDX), showing atomic percent values of bismuth and tellurium of 40 £+ 2 % and 60 + 2 %,
respectively, which is the composition predictable to yield the best thermoelectric performance for
Bi,Te;. .
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Figure 5.4. SEM images of (a) top view, (b) cross section of the electrodeposited Bi,Te; film with the c-axis parallel to the
platinum substrate and (c) sketch of the crystal structure of the Bi,Te; with the c-axis parallel to the substrate. Figure taken

from reference %°.
5.1.3.3 Thermal conductivity

The thermal conductivity of the Bi,Te; film was calculated by assuming the chromium and
gold layer previously deposited onto the silicon as a part of the thermal resistance between the silicon
and the Bi,Te; layer. This will be a common approach for films grown by electrodeposition, since both
chromium and gold have a high thermal conductivity enough (93.9 W-m™.K™* and 318 W-m™*.K™,
respectively) and are thin enough (5 nm and 150 nm, respectively) so that their contribution to the
thermal resistance is quite low. Table 5.1V shows the properties employed for the fitting of the sample

thermal conductivity.

Thermal conductivity along [1 1 0] and [0 O 1] directions were measured. The thermal
conductivity value in the out-of-plane direction, i.e., along the [1 1 0] direction (see Figure 5.4 (c)),
was measured by PA technique and TDTR given values of 2.3 + 0.2 W-m™-K"and 2.4 + 0.2 W-m™-K'
! respectively. Similar values can be found in the literature for the single crystals along the same
crystal orientation***’. The TDTR measurement was performed in the Birck nanotechnology building

(Purdue University) by Dr. Yee Rui Koh under the supervision of Professor Ali Shakouri.
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Table 5.1V. Properties of the each layer used to perform the fitting of the Bi,Tes film thermal conductivity.

N Measured Expected
Laver | Thickness | Density SFI’;C;I'C Thermal thermal Desv.
Y (um) (kg-m?) 1ol conductivity conductivity (%)
(J-kg™-K™)
W-mtK?h W-mtK?h
Si 500 2330° 7123 - 1483 -
40,
Bi,Te; 3.46 77403 19419 23+02 (igng 210 0.04
Ti 0.08 4506 ° 523° - 21.9° -
Air 0 1.176 1007 - 0.026

The phase shift data as a function of the frequency is shown in Figure 5.1 (c), which shows the
best fitting obtained for the frequency range which gives the highest sensitivity of the thermal
conductivity of the film. The PA measurement was performed on the as-grown sample with the sample
deposited onto the platinum and silicon substrate whereas the TDTR substrate had to be transferred to
glass substrate in order to achieve a highly reflective surface with a roughness in the vicinity of 20 nm.
Table 5.1V shows the good accordance between both techniques with a deviation lower than 1% which
proves that the PA technique is able to measure samples with surfaces as rough as 300 nm at this

frequency range.

Finally, the thermal conductivity along the [0 0 1] direction was measured by fabricating a
bismuth telluride film preferentially oriented along that direction. For this purpose, the time of the
electrodeposition cycle with zero current density was changed. A value of 1.2 + 0.2 W-m™-K™ was
measured by the TDTR method. A factor in the vicinity of 2 was found for the thermal conductivity
values measured in the direction perpendicular and parallel to the c-axis for electrodeposited films

which agrees with the ratio calculated in previous works for single crystal bulk materials *® *3,

These measurements corroborate the good performance of the PA technique for measuring
structures by using the multilayered model.

5.2 Tellurium electrodeposited thick films

Tellurium is a p-type semiconductor with a narrow band-gap (0.34 eV). Figure 5.5 shows its
crystal structure, which is highly anisotropic due to the presence of helical chains bounded by covalent
unions between the atoms and bounded with other chains by van der Waals forces. These chains turn
out to be a hexagonal lattice with the c-axis perpendicular to the hexagonal base or parallel to the

helical chains .

Applications such as gas sensors®, piezoelectrics %, photoconductors %, photonic crystals %,
submillimeter wave detectors %, and thermoelectric devices ?° have been the spotlight of tellurium thin

films investigations.
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The thermoelectric properties of bulk tellurium have already been investigated. The Seebeck
coefficient is found to be around +500 uV-K™ along the c-axis direction *°, which reveals p-type
conduction. Previous studies showed an electrical resistivity of 2900 and 5000 puQ-m in the direction
parallel and perpendicular to the c-axis respectively at room temperature®”,®. Regarding the thermal
conductivity, a value of approximately 3 W-m™*-K? for the bulk material is normally assumed.
However, it depends on the crystal orientation so that thermal conductivities are 3.37 W-m?*.K* and
1.96 W-m™-K™ for the direction parallel and perpendicular to the c-axis at room temperature,
respectively %, *. Assuming the isotropy of the Seebeck coefficient and using the above-mentioned
electrical resistivity and thermal conductivity values for each direction, a figure of merit of 0.008 for
both directions at room temperature can be estimated.

j@)

S

Figure 5.5. Tellurium crystal structure. Figure taken from reference .

The electronic properties are being investigated with diverse preparation methods and over
different temperature ranges 2%, Goswami et al.*” examined the semiconducting properties of films
prepared by vacuum deposition and detected that the Seebeck coefficient revealed no temperature
dependence near room temperature. The Seebeck coefficient of films grown by vacuum deposition
was intensely investigated by Phahle *® and afterward by Damodara et al.*®, which exhibited a value as
elevated as 500 pV-K™ and 400 puV-K™, respectively, at room temperature; in consonance with the
earlier measured value ¥, Lately, Bodiul et al. *® researched the thermoelectric performance of both
films and monocrystalline whiskers of tellurium prepared by a vacuum-condensation method. The
power factor, S°s, of these thin films was found to be 100 pW-m™-K with a Seebeck coefficient in
the vicinity of 350 uV-K™ and an electrical conductivity value of 1100 uQ-m. Nevertheless, scarce
studies on tellurium films by electrodeposition were hitherto carried out. Jiang et al. *° reported
Seebeck coefficient measurements of tellurium films prepared by electrochemical deposition on
polyaniline-coated macroporous phenolic foam with a maximum thermopower value of 342 pV-K™ at
473K ¥,
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Another key idea to underline is that the electro-reduction of tellurium is the base of the
electrodeposition mechanism of numerous telluride-based chalcogenides such as CdTe for solar cells
%0 ZnTe for optoelectronics and non-linear optics **, or PbTe *** and Bi,Te; ** for thermoelectric
materials. The electrodeposition mechanism of those semiconductors and their ternary alloys arises
from a stimulated codeposition mechanism once the electrochemical reduction of tellurium from the
solution takes place. The tellurium is firstly nucleated by reduction at the cathode with any of the next

reactions **:

HTeO,"(aq) + 3H+(aq) + 4e” — Te’(s) + 2H,0 E®=+0.551 V vs NHE
HTeO,"(aq) + 5H"(aq) + 66" — H,Te (aq) + 2H,0  E°=+0.121 V vs NHE
Te(s) + 2H" + 2" — H,Te (aq) E®=-0.739 V vs NHE

2H,Te(aq) + HTeO,"(aq) — 3 Te’(s) + 2H,0 +H*(aq) AG’=—498.118 kJ/mol

and reacts with cadmium ¥, zinc ', lead “® or bismuth * to yield the compound. For the above-
mentioned explanations, adjustment of the quality of the electrodeposited tellurium could be attractive
in order to understand the operation of these compounds.

A potential method to modify the growth mechanism and control the quality of the films can
be achieved by adding surface active agents. Sodium lignosulfonate (SLS) is a surfactant that was
previously found to change the quality of the films prepared by electrodeposition *°. Nevertheless, the
characteristic effect of SLS on tellurium deposition had not been investigated until now. Our main
objective was to understand the influence of sodium lignosulfonate on the electrodeposition process

and the thermoelectric properties of tellurium thick films.
5.2.1 Fabrication of the tellurium films

Tellurium thick films have been fabricated by electrodeposition in an aqueous solution of
1-10% M HTeO," from Fluka Chemika® tellurium powder, 1M of Panreac® 65 % HNO, with and
without 0.06 g-L™ lignosulfonic acid sodium salt from Sigma Aldrich®. The solution preparation
involves the dissolution of the HTeO?" in nitric acid and the subsequent addition of deionized water to
achieve the required volume. The working electrode comprises a 150 nm platinum layer deposited via
electron-beam evaporation onto a silicon wafer (1 0 0) with a 5 nm chromium layer between the

silicon and the platinum.
Cyclic voltammetries (CVs) were carried out in order to investigate the diverse deposition

mechanism and locate the optimal deposition potential The limits of the CV were selected to be
between -0.5 V and 1.0 V vs. Ag/AgCl (3M) electrode with a scanning rate of 0.01 V-s™.
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Figure 5.6 displays the principal tellurium reduction peaks without and with SLS at -0.13 VV
and -0.20 V, respectively. The principal cathodic peak can be associated with the reduction of the
HTeO," to Te, observed also by Martin-Gonzalez et al. **, who investigated the electrochemical
performance of tellurium without additives. The potential shift between both solutions can be
described by the adsorption of the surfactant onto the electrode, which delayed the reduction of
tellurium by reducing the amount of reduction spots available at the electrode surface. The current
plateau when adding SLS to the solution shows lower current density than in the case of no SLS. This
implies that surfactant molecules could be adsorbed onto the platinum surface, thus reducing the
current density, j,. When the applied potential is more negative than -0.3 V, another noticeable
cathodic wave appears in both solutions relating to the hydrogen evolution. Conversely, only one
oxidation peak emerges in the oxidation region with an applied potential of around V = 0.6 V in both
cases. It is notable that there is a significant difference between the oxidation area peaks. As the
section of working electrode was the same in both experiments, this difference could be connected to
the total charge going through the electrode and the total volume of tellurium deposited on the
electrode surface. The total charge passing across the electrode is inferior in the case of the CV with
SLS so that the quantity of tellurium deposited on the electrode is lower. That could be corroborated
by estimating the charges of the anodic peak (Q..) and cathodic zone (Q_) analyzed without hydrogen
evolution from both CV. The charges were found to be Q_=-56.1 mC and Q.= 40.7 mC for the case
without SLS and Q_= -44.3 mC and Q.= 21.1 mC with SLS, respectively. This reveals the inhibitor

nature of the surfactant on tellurium electrodeposition.

The films growth was conducted at three different potentials along the reduction peak, -0.13V,
-0.10V, and -0.07V when no SLS is used and -0.18V, -0.19V, and -0.20V for the solution with SLS, as
shown in inset on Figure 5.6. The films were fabricated by applying the driving force for one hour,
which produce films with thicknesses in the range of several microns that totally cover the platinum

electrode surface.

- 165 -



Chapter 5

64 —— without SLS .
with SLS

| ocP (without SLS) = 0.776V

01 L = ]

Current (mA)
& b
S

Current (mA)
)c\}
Q&

10 @
'8 N 1.2 N
1 O -1.4 ~
- -1
025 0. K -0.10 -0.05
1 2 Applied potential (V) vs Ag/AgCl (3M KCI)
- T

-0.6 -OI.4 -OI.2 O:O 0:2 0:4 0:6 0.8 1:0
Applied potential (V) vs Ag/AgCl (3M KCI)

Figure 5.6. Cyclic Voltammogram of HTeO," 0.01 M in 1M HNO; with (gray) and without (black) 0.06 g-L™ SLS with a
scan rate of 0.01 V-s at room temperature. The inset shows the principal reduction peak for both solutions and the three
different locations where the electrodepositions were carried out. Arrows show the scan direction of the CV. Figure taken

from reference 3.
5.2.2 Structural and morphological properties

Figure 5.7 displays the X-Ray diffractograms of the films fabricated at different potentials as
well as the reference pattern of Te powder (JCPDS 36-1452) for both solutions. The XRD was
measured after transferring the films from the substrate to a glass slide in such a way that no platinum

and silicon peaks are found.
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Figure 5.7. X-ray diffractograms for the films fabricated in three different potentials from both solutions (a) without and (b)

with SLS. Figure taken from reference .,

Several diffraction peaks can be seen in Figure 5.7 and are identified with the diffraction peaks

of the hexagonal phase of tellurium reference pattern. In the case of no SLS (see Figure 5.7 (2)), the (1
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0 1) diffraction peak found at 26 = 27.563 ° becomes the strongest for the three deposited films as in
the reference pattern. The second order diffraction peak, (2 0 2) located at 26= 56.878° is also
observed in the diffractogram. Smaller diffraction maxima like (1 0 2) at 26= 38.261° and (1 1 0) at
260 = 40.446° can be also found. The diffraction peaks for (1 0 1), (1 0 2) and (1 1 0) are the strongest
in the standard pattern, so that the XRD diffractogram of films grown without SLS reveals a
microstructure comparable to that of polycrystalline pattern. Nevertheless, when changing the applied
potential, the relative intensity between these peaks is observed to vary. Furthermore, other less strong
peaks are found, such as (10 0), (11 1), (20 1) and (11 3). The full width at half maximum (FWHM)
of the (1 0 1) diffraction peak was determined to be 0.15°, 0.16 ° and 0.21 ° for the -0.13 V, -0.10 V,
and -0.07 V, respectively. The minor the FWHM, the larger the crystallite size is so that a more
negative applied potential gave rise bigger grain sizes.

In the case of the solution with SLS, the (1 0 1) diffraction peak is the sharpest and the weaker
(2 0 2) diffraction peak is also observed. Furthermore, a textured direction cannot be differentiated
since other diffraction peaks can be found in these samples, suchas (100),(102),(110), (111),
and (0 0 3). The FWHM of the (1 0 1) diffraction peak has found to be 0.33 °, 0.36 ° and 0.32 ° for -
0.20 V, -0.19 V and -0.18 V, respectively. The FWHM values are fairly similar for the three films,
possibly owing to the small change in the applied voltage.

A crystalline character can be expected for both solutions due to the presence of sharp peaks.
Furthermore, since no specific crystal orientation can be distinguished in any case, a polycrystalline
character is assumed for both solutions. Nevertheless, the relative intensity between the highest
diffraction peak (1 0 1) and (1 1 0) has been significantly altered with the addition of the surfactant.
Essentially, the direction (1 1 0) looks to be faintly impeded by the presence of the SLS. Besides, the
crystallite size of the films prepared without SLS is larger than in the case when SLS is employed.

Figures 5.8 displays the morphology of the tellurium films prepared at the three different
without SLS. The most negative applied potential produces the largest particle size. Nevertheless, a
reduction of the microstructure order when using more negative applied potential can be observed
from the cross-section views. These figures also reveal a wad of structures with voids rising up
directly from the substrate. This type of growth is feasible as a result of the greatly anisotropic crystal
growth of Te !, The crystals are arbitrarily positioned originally from a nucleation site so that the
polycrystalline character of the films is distinguished in the XRD pattern. The thicknesses of the films
were determined by the profilometer giving values of 4.6 pm, 3.4 um, 3.0 um, which are found to be
in good agreement with the values obtained by the SEM images, 4.5 um, 3.5 pm and 3.0 pum for V = -
0.13V, V=-0.10V and V =-0.07V, respectively (see Figure 5.8).
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Figure 5.8. FE-SEM images of the as-grown electrodeposited films without SLS. (a) Cross section and (b) top-view of the
film grown at -0.13 V, (c) cross-section and (d) and top-view of the film grown at -0.10 V, (e) cross-section and (f) top-view
of the film grown at -0.07 V. The thicknesses of the films are indicated with an arrow. Figure taken from reference 3.

In the case of the solution with SLS, negligible differences can be identified between the films
grown by different applied voltages, as seen in Figure 5.9. All of the films have a characteristic
columnar type of growth confirmed by the cross-section images. Furthermore, the top images of the
films display arrow-like morphology with a substantial number of crystals. The kind of growth is
totally distinct than without SLS. The conventional tellurium growth mechanism is stopped by the
surfactant which works as an anti-coagulation instrument, reducing the growth in the classic
directions. SLS inhibits the growth of the tellurium particles, transforming the crystal growth behavior
so that smoother and denser films are achieved as showed in the SEM images. The thicknesses were
determined by the profilometer, 2.9 pm, 2.9 pm and 2.5 pum are in good agreement with those
estimated from the SEM cross-views, 3.0 um, 3.5 um and 3.0 um for V =-0.20V, V=-0.19 Vand V =
-0.18 V, respectively, (see Figure 5.9).
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Figure 5.9. FE-SEM images of the as-grown electrodeposited films with SLS. (a) Cross section and (b) top-view of the film
grown at -0.20 V, (c) cross-section and (d) top-view of the film grown at -0.19 V, (e) cross-section and (f) top-view of the
film grown at -0.18 V. The thicknesses of the films are marked with arrows. Figure taken from reference .

5.2.3 Electrical resistivity and Seebeck coefficient

The in-plane power factor has been determined as a function of temperature for the films
fabricated from both solutions. For that purpose, both electrical resistivity and Seebeck coefficient

were measured.

Figure 5.10 shows the behavior of the electrical resistivity which decreases as the temperature
increases revealing the characteristic behavior of a semiconductor. The minimum electrical resistivity
values are found at 105 °C, with a value of 197 uQ-m for the film fabricated without SLS at -0.07 V
and a 509 uQ-m for the film prepared at -0.20 V with SLS. Conversely, the near-to-room temperature
values (35 °C) are 229 uQ-m and 798 puQ-m, without and with SLS, respectively. These values are an
order of magnitude lower than those of observed by Bottom et al.”® for a single crystal, 5600 pQ-m
and 2900 pQ-m, obtained for the perpendicular and parallel direction to the c-axis, respectively. This
dramatic diminution could be connected to structural defects in the material. In the case of tellurium
films, structural defects such as adsorbed surface impurities, a potential barrier at the grain boundaries
or surface states, among other, can be found. The surface states on the surface of tellurium films is the
typical mechanism previously studied which can performance as electrically active defects **. The
activation energy of these impurities in the band gap can be determined from the slope between the
logarithm of the electrical resistivity, p, against 1/T, where T is the absolute temperature, as the
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electrical resistivity measurements are close to the temperature where the electrical activation of those

impurities occurs *.
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Figure 5.10. Electrical resistivity of the films fabricated at different applied voltages for both solutions, with (open symbols)
and without (solid symbols) SLS. Figure taken from reference *,

Figure 5.11 shows the activation energies together with the electrical resistivity at room
temperature of the films, with values ranging from 50 meV to 68 meV (without SLS) and from 87
meV to 108 meV (with SLS). These values are in good accordance with previous studies. Phahle et
al.*® estimated an activation energy of 180 meV and an electrical resistivity about 500 pQ-m at a
comparable temperature range and Goswami et al.*” calculated activation energy values from 178 meV
to 58 meV, for samples fabricated by thermal evaporation. A comparable trend between the activation
energy and the electrical resistivity can be observed for the films with and without SLS, which
signifies that the electrical resistivity is intimately connected to the impurity level. Moreover, films
from SLS solution have deeper levels, and hence, higher activation energy than in the case of the films
fabricated without SLS. Consequently, the electrical resistivity is lower when no SLS is used.
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Figure 5.11. Comparison of the activation energy and electrical resistivity at room temperature for different applied voltages
for solutions without SLS (-0.07 V, -0.10 V and -0.13 V) and with SLS (-0.18 V, -0.19 V and -0.20 V). Figure taken from
reference .,
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For films deposited without SLS, the electrical resistivity increases when the applied potential
is made more negative, which controverts the idea that the sample grown at the highest driving force, -
0.13 V, has larger grain sizes. Nevertheless, poor ordering of the crystals is obvious when contrasted

with -0.10 V and -0.07 V films which can thus explain the high electrical resistivity.

Concerning the samples fabricated with SLS, as the surfactant interrupts the typical growth of
Te, the crystallite size is significantly smaller than that of films deposited without SLS. Therefore,
more grain boundaries are present which justify the increase in the electrical resistivity. This
observation is in good accordance with previous studies where an increase in the electrical resistivity
was detected in Bi,Te; films when adding SLS * In the case of the films fabricated with SLS, as the

driving force of the solution increases the electrical resistivity is reduced.

Regarding the Seebeck coefficient, Figure 5.12 reveals p-type conduction for all the films.
Furthermore, the thermopower vaguely increases with temperature, which could be characteristic of an
extrinsic behavior as there should be a temperature at which the tellurium becomes intrinsic and the
Seebeck coefficient starts to decay as the temperature is augmented *°. The highest values found for
the film deposited at -0.07 V without SLS is in the vicinity of 285 uV-K™, and for films with SLS at -
0.20 V is around 284 uV-K', both close to 105 °C. These Seebeck coefficient values are larger than
those found by Jiang et al.’” for electrodeposited tellurium on polyaniline, 240 pV-K, at a similar

temperature.
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Figure 5.12. Seebeck coefficient of the films deposited at different applied potentials for both solutions, with (open symbols)

and without (solid symbols) SLS. Figure taken from reference .

The power factor showed in Figure 5.13, which is a result of the both above-mentioned
magnitudes, increases as the applied voltage is less negative when no SLS is used or more negative in
the case of adding SLS. The highest calculated values are 415 pW-m™-K? (without SLS) and 110
uW-m™"-K? (with SLS) for -0.07 V and -0.20 V at 105 °C, respectively. These quantities are of the
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same order of magnitude of those of Bi,Te; fabricated by electrodeposition ** *°. Furthermore, our
power factor values close to room temperature, 280 pW-m™-K? (without SLS) and 82 pW-m"-K?
(with SLS), are comparable to those achieved by Bodiul ef al.?’, who obtained a value of 100 uW-m’
K at room temperature for tellurium films deposited by a vacuum condensation method. It is
remarkable that in the case of the sample fabricated without SLS, an enhancement by a factor of more

than two has been reached at room temperature.

600 - T T
—m—V/=-0,07V without SLS

550 | @— v=-0,10V without SLS ]
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30 40 50 60 70 80 90 100 110
Temperature (°C)

Figure 5.13. Power factor of the films deposited at different applied voltages for both solutions, with (open symbols) and

without (solid symbols) SLS. Figure taken from reference L.
5.2.4 Thermal conductivity

The thermal conductivity was measured by the photoacoustic technique in the out-of-plane
direction. As in the case of the Bi,Te; thermal conductivity calculation, the chromium and platinum (x
= 71.6 W-m “-K™) layer are considered as a part of the thermal resistance between the silicon and the
Te layer. Table 5.V summarizes the layer properties used for the data reduction carried out to extract
the thermal conductivity of the layer under study, i.e., the tellurium film.

Table 5.V. Properties of the each layer used to perform the fitting of the Te film thermal conductivity prepared without SLS
at V =-0.07 V which yielded the highest figure of merit.

Layer Thickness Densitc%/ Specif_ilc hc_elat Thermal cgpdq(l:tivity
(Hm) (kg-m™) | (J-kg~-K™) (W-m—-K™)
Si 500 2330° 712¢ 148°
Te 3.0 6240 ° 2023 1.0+ 0.1
Ti 0.08 4506 ° 5233 21.9°
Air 0 1.176 1007 0.026

Figure 5.14 displays an example of the experimental phase shift together with the best fitting
performed for the sample with the best thermoelectric properties which was prepared without SLS at
V =-0.07 V.
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Figure 5.14. Experimental phase shift as a function of the frequency along with the best fitting for the sample with the highest
figure of merit, i.e., the one grown at V = -0.07 V without SLS.

Table 5.VI goes over the thermal conductivity values of the tellurium films which result
approximately a third of the bulk value for all the films (3 W-m™-K™*°, which makes this material
promising in terms of thermoelectricity. The thermal conductivity of the films with the highest power

factors are 0.8 W-m™-K™ at V=-0.20 V (with SLS) and 1.0 W-m *-K ™ at V=-0.07 V (without SLS).

As explained above, the grain size of the tellurium films deposited with SLS is smaller than
that of grown without SLS so that it could influence the phonon transport along the structure. When
the grain size is decreased, phonon boundary scattering could be governing and consequently, a
decrease in the thermal conductivity would be accomplished >. Figure 5.15 shows the tendency of the
thermal conductivity as a function of the applied voltage. When no SLS is used, the thermal
conductivity falls when the applied potential is less negative since the grain size is decreased (see
Table 5.VI, where the estimated crystallite sizes were determined by means of the Scherrer equation).
Conversely, the thermal conductivity of films with SLS as a function of the applied voltage is not as

affected, since all the films have around the same crystallite size.
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Table 5.VI. Room temperature values of power factor in the in plane direction, thermal conductivity in the out of plane
direction, the estimated figure of merit and the calculated crystallite size from the XRD analysis of the films grown with and

without SLS using Scherrer formula. Figure of merit is calculated because the films are polycrystalline and not highly

oriented.

Applied Crystallite PF (MW-m’
Surfactant PP .y 1(“ ) K (W-mt-K?) zT
voltage size (nm) -K™)
No -0.07 43+4 280 + 48 1.0+0.1 0.09+0.01
No -0.10 52 45 246 + 42 1.1+0.1 0.07+0.01
No -0.13 606 152 + 26 1.310.1 0.035+0.007
SLS -0.18 28+3 19+3 0.9+0.1 0.006+0.001
SLS -0.19 25+3 44 £ 7 0.9+0.1 0.015+0.003
SLS -0.20 27+3 82 +14 0.8+0.1 0.031+0.006
1,5 T T T
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Figure 5.15. Thermal conductivity as a function of the applied voltage (peak position) for both solutions, with and without

surfactant. Figure taken from reference .

The thermal conductivity values of these tellurium films is comparable to those of Bi,Te;-

alloys previously achieved by electrodeposition, in the vicinity of 1 W-m™ K™,

Finally, the figure of merit could be estimated since a polycrystalline structure is confirmed by
the XRD data (see Figure 5.7). As seen Table 5.VI, the best figure of merit at room temperature, 0.09,
is achieved when using the solution without SLS at -0.07 V as a result of its high power factor. In the
case of the solution with SLS, the highest figure of merit is 0.03 at -0.20 V since its electrical
resistivity is larger attributable to the smaller grain size. In both cases, these values are one order of
magnitude higher in the estimated bulk figure of merit at room temperature, 0.008, essentially owing

to the large reduction in the thermal conductivity achieved by electrochemical deposition.
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5.3 Thermal conductivity of bismuth telluride films grown by

electrodeposition with sodium lignosulfonate

The thermal conductivity of a bismuth telluride film grown with 0.09 g-L™" of SLS by pulsed
electrodeposition (1 s at -0.04 V and 2 s at zero current) was also studied in order to investigate the

effect of the sodium lignosulfonate in the thermal transport of this material.

The thermal conductivity measurement was carried out in the same manner as for the bismuth
telluride film without SLS (explained in Section 5.1.3). By measuring the sample in the same
frequency range and taking the thickness of the sample (7 um) into account a value of 1.8 £ 0.2 W-m’
"K' was obtained. The initial assessment could be that the thermal conductivity of the film has
changed versus the values previously obtained for highly oriented Bi,Te; films without SLS. In order
to evaluate this value, the X-ray diffractogram of this sample is analyzed, which is shown in Figure
5.16.

Au

- (110) Au

Intensity (arb. units)

20 (degree)

Figure 5.16. X-ray diffractograms for the Bi,Tes film grown with SLS.

As the thermal conductivity is highly anisotropic, the preferred orientation of this film is

studied by Harris texture analysis. The texture coefficients can be calculated by,

Lthier
IO
(hkD)
Lhiey
IO
(hkD)

TComy == (5.2)

N

where |y and I?hkl) are the intensity of (h k I) peak observed in the experimental X-ray diffractogram

and the theoretical value from the database (JCPDS= 15-0863), respectively. N is the number of
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reflection considered in the analysis. In this case N = 2 since only (1 0 1) and (1 1 0) reflections are

present.

Table 5.VI1I shows the texture coefficient for both reflections, being higher in the case if the (1
0 1) peak than in the (1 1 0). From the texture coefficients, it is straightforward to see that the film has
a preferential oriented along the [1 0 1] direction. It can also be calculated that the film has a 73 %
preferred oriented along the [1 0 1] direction and 27 % along the [1 1 0] direction.

Table 5.VII. Harris texture coefficient of Bi,Tes films grown with SLS by pulsed electrodeposition.

. Intensity Texture coefficient
Peak (hkl) Intensity XRD JCPDS (TCuu)
101 28 4 1.428
110 70 25 0.570

As the film is preferentially oriented along the [1 0 1] direction and the thermal conductivity
along the c-axis and perpendicular to it has different values (ic,.= 2.2 W-m™*-K™* and .= 0.79 W-m’

LK then both contributions should be present in this orientation.
K[l 01] = 0.5 . K[1 00] + 0.5 . K[O 01] (5.3)

Plus, we have to take into account that the samples is also partially oriented along the [1 1 0]

direction, around 27 % of the sample. By making a simple calculation,
Kfilm = 027 . K[l 1 0] + 073 . K[l 0 1] (54)

Assuming these first approximations, an estimated thermal conductivity value of 1.7 W-m™.K°
! is obtained for a film of this orientation. This value is in good agreement with the value obtained by
the photoacoustic technique, 1.8 0.2 W-m™-K', thus, indicating that the sodium lignosulfonate does

not affect the thermal transport in the case of Bi,Te;.

5.4 Si;,Ge, thin films

The thermal conductivity of Si;,Ge, thin films were measured by the PA technique. Silicon is
a widely used semiconductor material due to its interesting properties as well as is abundancy, low-
cost manufacturing and non-toxicity. Improvements of its transport properties can be achieved by
combining it with germanium, forming Si,.,Ge,. Si1.xGey is a commonly studied material with a band
gap of approximately 1-2 eV at room temperature and high electrical conductivity and Seebeck
coefficient but relatively low thermal conductivity *°. When compared with silicon, Si,..Ge, has a
much lower thermal conductivity and a similar electrical conductivity. Therefore, Si;Ge, is being

investigated as a promising thermoelectric material with high figures of merits at high operating
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temperatures (800 - 1000 K)* apart from its applications as a photovoltaic®® and metal-oxide-
semiconductor field-effect transistors (MOSFETS) .

The Siy4Ge, presents an isotropic and cubic structure. From a thermoelectric point of view, the
best stoichiometry of this material is found for x = 0.2, i.e., SipgGepp, and [1 1 1] as crystalline
orientation. These characteristics yield to the lowest thermal conductivity value found for this
compound. Despite the electrical conductivity of SiggGey, is low, it can be improved by doping with
boron or phosphorous which produces p- and n-type semiconductor, respectively. This procedure
increases the electrical conductivity by preserving the low thermal conductivity values. In order to
fabricate the doped SiggGeo,, high temperature or mixture of gases are needed for most of the
techniques used for that purpose, such as chemical vapor deposition (CVD)>" or molecular beam
epitaxy (MBE)®. Therefore, a proper doping level turns into a difficult task when fabricating the
required stoichiometry with the desired crystal orientation. Thermal conductivity values of around 5
W-m™-K™ have been reported for the n-type bulk Si,,Ge,. Conversely, in the case of films, lower
values around 3 W-m-K * were achieved *. Both values are greatly reduced when compare with bulk

silicon thermal conductivity at room temperature, around 150 W-m™*-K ™,

In this PhD work, a study of the influence in the thermal conductivity of the Si;sGe,, metal
induced crystallization (MIC) fabrication conditions was conducted.

5.4.1 Si;Gey Fabrication

Two different SipgGeo, boron doped thin films were fabricated via MIC by using sputtering
technique. Aluminum nitride (AIN) covered with a 25 nm gold layer was used as a substrate to grow
the SiygGey, layer. The metal induces the crystallization of the SiggGeo, during a thermal treatment at
which the gold is incorporated into the film, creating a eutectic point. This procedure allows for the
crystallization of the material at much lower temperatures which prevents the loss of the dopants. Two
different thermal treatments of the films were carried out in order to study the influence on the thermal
conductivity: i) a direct growth on a heated substrate at 500 °C inside the sputtering chamber was
performed (in situ thermal treatment) and ii) post-deposition thermal treatment at 500 °C in a

controlled atmosphere by means of a rapid thermal annealing (RTA) (ex situ thermal treatment).

The fabrication of these films was carried out by the PhD student of our group, Jaime Andrés

Pérez Taborda.
5.4.2 SiyxGey thermal conductivity measurements

The thermal conductivity of the thin films fabricated with both procedures were measured by
the PA multilayered model. To this end, it is necessary to take the properties of the underneath layers

as well as those of the film under study into account. Table 5.VI1I shows the layers used for the fitting
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model. The sample is composed of the substrate which in turns, is made of two layers, 500 pm
sapphire and 5 pm AIN layer where the SiGe films were deposited. The properties of the layers of the
substrate were taken from the datasheet. In the case of the SiGe layer, the specific heat capacity and
the density were taken as C, (Si1,Gex)= (19.6 + 2.9x) J-mol™-K™* and p (Si;Ge,) = (2.329 +

3.493x — 0.499x%) g-cm* ®, respectively, using x = 0.2 in our samples.

Table 5.VIII. Thickness, density, specific heat and thermal conductivity of each of the layers used in the PA model. The italic
letters indicate that those are the thermal conductivity values extracted from the fitting.

Layer Thickness Densi'%/ Specif_ilc hglat Thermal c<_)lndli?tivity
(m) (kg-m™) | (J-kg—-K™) (W-m—-K™)
Sapphire 500 3970 765 46
AIN 5 3260 920 285
SiGe (In-situ) 0.5 3000 546 1.13+0.13
SiGe (Ex-situ) 0.5 3000 546 1.23+0.12

Regarding the thermal resistances between the layers, both Ry (Sapphire/AIN), Ry (AIN/SiGe)
and Ry,(SiGe/Ti) were assumed to be negligible since the sputtering and e-beam evaporation technique
yield a good quality thermal contact. Thus, these thermal resistances were fixed as 0.0001 mm?W-K™.
The free parameters for the fitting were Ry(Ti/air) and the thermal conductivity of the SiGe layer.
Figure 5.17 show the fitting obtained under these conditions for the sample prepared with (a) in-situ
and (b) ex-situ thermal treatments.
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Figure 5.17. Experimental phase shift as a function of the frequency along with examples of the fitting for the samples

prepared with (a) in situ and (b) ex situ thermal treatments.

The obtained results are much lower than the values reported in the literature (3 W-m™-K™)
for similar thin films. 63. 64, Nevertheless, a value of the thermal conductivity of 1.2 W-m K™ for
SiGe nanowires has been reported. This reduction is explained in terms of the scattering of the high-
frequency phonons by the Ge atoms which act as impurities as well as the size confinement of the
nanowires which yields the low-frequency phonon boundary scattering. However, in our case, the
reduction of the thermal conductivity can be explained by phonon scattering processes at the grain

boundaries created by clusters formed during the crystallization across the film.
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Figure 5.18. Optical image and Raman mapping of the Si-Ge films for (a) 500 °C ex-situ and (b) 500 °C in-situ samples. The
mapping area covers 0.35 um x 0.7 um. The colors of the different spectra in the Raman mapping correspond to SiggGeg.»
(blue), nano-Siy_,Ge, (green), and pure Si (red). The inset displays a SEM image of the samples surfaces.

The structural characterization of these films allowed the clusters to be found, being pure Si
for the ex-situ sample and silicon-rich/germanium cluster for the in-situ sample. The pure silicon
clusters could be detected by Raman mapping as shown in Figure 5.18 (a). The silicon-
rich/germanium clusters are also detected by Raman mapping (see Figure 5.18 (b)). The formation of

these clusters can explain the reduction of the thermal conductivity.

5.5 Anodic aluminum oxide membranes

Anodic aluminum oxide membranes are composed of a hexagonally close packed (HCP)
ordered structure.®® ®® These structures, which are frequently prepared by a two-step anodization
process,®’ can be fabricated with a wide range of pore diameters depending on the acid electrolyte
employed during the anodization steps, ranging from about 8 nm to 530 nm.®®’* Then, AAO
membranes can be filled by different methods, for instance electrochemical deposition, pressure
injection, vapor deposition or methods based on wetting phenomena, among others,”* ™ thus

producing nanowires within the membrane.

One-dimensional (1D) structures have been revealed to be an interesting method to decrease
the thermal conductivity of materials, as the characteristic lengths can be similar to the phonon mean
free path. Size effects are recognized to intensely change the thermal properties by phonon scattering
processes at the interfaces, thereby reducing thermal conductivity.®® ™ ™ Lately, this approach

allowed a notable enhancement in thermoelectric efficiency. The thermal conductivity of the
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nanowires (NWSs) can be diminished in comparison with bulk values by boundary scattering, on
condition that the nanowire characteristic length is minor than the phonon mean free path. Inside out,
latest works have reported that thermal conductivity can be controllably enlarged by infiltrating
polymers inside a matrix, as it is feasible to alter the thermal conductivity of the polymer nanowires by
changing the crystal orientation, achieving values up to an order of magnitude higher than that of bulk
polymers (around 0.2 W-m™.K™*)®,

The techniques employed to determine thermal conductivity can be split into two major
classes: those capable of measure a single nanowire and those that measure the whole nanowire array,
i.e., the nanowires embedded into the membrane. Microchip suspended structures” and Raman
thermography’® are found among the techniques capable to measure the thermal conductivity of a
single nanowire. Other techniques, time-domain thermoreflectance (TDTR),” laser flash®, Scanning
Thermal Microscopy (SThM)® or Photoacoustic technique (PA) ® have been utilized to determine the
effective thermal conductivity of the whole composite. With the intention of obtaining the thermal
conductivity of the single nanowire, the effective medium theory (EMT) must be applied as long as
the heat goes across the matrix and the temperature in the in-plane direction can be considered
isothermal.” Furthermore, this theory neglects the thermal resistances at the interfaces between the
alumina and the nanowires ®. With proper simplifications coming from these approximations, the

EMT is given by this expression:

Kcom = XKyw + 1- x)KAAO' (5.5)

where xom IS the composite effective thermal conductivity, x is the real packing density or porosity,
xnw IS the thermal conductivity of a single nanowire and xaao is the thermal conductivity of the AAO.
It is evident that characterizing both the thermal conductivity of the AAO membrane and its porosity
becomes an essential task in order to extract a correct value of the single nanowire thermal
conductivity. Moreover, many techniques which are capable to measure xeom, (TDTR, laser flash, or
PA techniques) need information of the density and the specific heat of the composite. Therefore, it is
also critical to determine the associated skeletal AAO membrane values (i.e. when there is nothing

inside the matrix) in order to calculate the composite values from these two expressions:
Pcom = XPnw + (1 — X)paso (5.6)
(Cpp)com = x(Cpp)NW + (1 - x)(CPP)AAo (5.7)

where the subscripts com, NW, and AAO stand for composite, nanowire and AAO membrane,
respectively. Table 5.1X summarizes different values of both effective, x.,n and skeletal, xkaso, thermal
conductivity of the AAO membranes at room temperature reported in previous works. Stark et al.®*
reported a thermal conductivity value of 1.6 W-m™ K™ for a thin non-porous amorphous alumina

film, measured by the bolometer strip technique. Commercial porous alumina membranes from
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Whatman® have also been investigated, founding values of kaao 0f 1.9 W-m™ K™ % and 1.31 W-m’
L.K™*® for membranes of round 20 nm and 200 nm in pore diameter, respectively. Lee et al.*
determined the effective thermal conductivity of AAO membranes with different porosities, #om,
fabricated by using different acid solutions as 1.31-1.62 W-m™- K™ for oxalic acid, 0.53-1.01 W-m™-K"
' for sulfuric acid and 0.82-1.12 W-m™.K™ for mixed acid depending on the anodization temperature.
Chen et al.®® investigated a 120 nm pore diameter of unfilled AAO membrane by means of the laser
flash technique, showing a xom Value of 0.98 W-m™ K™ with a 25 % porosity. Furthermore, samples
of 30 nm pore diameter fabricated in a sulfuric acid solution have been found to have values of #p, of
1.4 W-m™.K™ and 30 % of porosity.?” Finally, AAO membranes anodized in phosphoric acid with
three different porosities were investigated and a value of x.q = 1.38 W-m™-K* was obtained for all of
them.” Thus, xaa Values fluctuate significantly, oscillating from 1.9 to 0.8 W-m™-K™, as can be seen
in Table 5.1X.

The difference between these values may result not only from the thermal conductivity
measurement, but also from the assessment of the porosity, density and specific heat, as slight changes
could lead to a significant inaccuracy in the calculation of the skeletal thermal conductivity. In order to
enhance the metrology and found general values of the thermal conductivity and density, a methodical
study of density, specific heat, porosity and thermal conductivity of different AAO membranes as a

function of the pore diameter was performed.
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Table 5.1X. Literature values of thermal conductivity at room temperature for different varieties of alumina. For porous
samples, the skeletal thermal conductivity has been calculated by applying the effective medium theory whether it was not

calculated in the original work.

Type of sample Remarks Therg}sl. I;OP dKl.Jf;t'V'ty Method Ref.
Al 237 3
Purity dependent } _
(80-99%) 15-40 e
a 'A|203
corundum/sapphi 30 - 89
re
. 35 (273K
Sintered 2 ((373 K)) - 3
amorphous - A (e s e T Bolometer
ALO; Thin film: anodic oxidation 1.6+0.2 strip a4
amorphous-Al;,0s Thin film: F«:ol\:”flputtermg on 1.20 30 ©
amorphous - Thin film: RF sputtering on
ALO, MgO 1.15 30 25
amorphous - Thin film: RF sputtering on Si 1 30 -
Al,O3
SRR - Thin film: DC sputtering on Si 16 30 @
Al,O3
amorphous - Minimum thermal conductivity
Al,O; theory 16 theory 90
. Photothermoe
Pore diameter:20nm Keom=1.33 .
AAO Whatman® Porosity: 30% Kaag=1.940.3 te::ehcrﬂ:fue 8
Pore diameter:200nm Keom = 0.38+0.02
AAO Whatman® Porosity: 72% Kaso =1.3120.10 PA 8
AAO Sulfuric No data about pore diameter/ _ Transient heat
acid porosity oo =088, WL DS flow o
AAO Oxalic acid No data about pore diameter/ Keom=0.63,0.79,0.86,1.30,1. | Transient heat N
porosity 33 flow
Pore diameter:35 nm _ _
L Porosity: 13 % Koom =1.81 Kaao =1.62 Steady-State
AAO Oxalic acid - - . %
Pore diameter:26 nm o =15 16 technique
Porosity: 4 % com —= Kazo =2
Pore diameter:16 nm _ _
AAO Sulfuric Porosity: 34% Keom =0.53 > Kaso =0.8 Steady-State
acid Pore diameter:12nm B B technique &
Porosity: 1% Keom =101 Ko =1.1
AAO Phosphoric Pore diameter:120nm _ _
acid Porosity: 25% Keom =0.98 > Kaao =1.3 Laser flash 80
AAO Sulfuric Pore diameter: 30 nm _ _ 87
acid Porosity: 30% Keom =1.420.1 2 Ka00=1.9 Laser flash
Pore diameter: 120nm _ _
Porosity: 8 % Koom =1.27 = ka0 =1.38
i Pore diameter: 220nm
AAOC pat::?gphorlc Porasity: 25% Keom =1.04 2 Kaao =1.38 3w technique w
Pore diameter: 350 nm _ _
Porosity: 55% Keom = 0.64> K =1.38
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5.5.1 Morphology characterization

Figure 5.19 (a) to (i) shows field emission scanning electron microscopy (FE-SEM) images of
the surface topography of the samples anodized in various acid electrolytes and different conditions
accompanied by two commercial samples (see (j) and (K)). The anodization process produces a
honeycomb-like arrangement of hexagonal cells with long-range order, with a pore in the centre of
each cell, whose size depends on the fabrication conditions. A histogram was constructed from these
images in order to establish the pore diameter distributions which are displayed alongside their
respective image in Figure 5.19. The average pore diameter for each AAO membrane, D, was
calculated by analyzing such images taken at several zones of each sample. In the lab-made AAOs, the
pore diameters vary from 17 nm to 396 nm. AAO membranes directly fabricated from the anodization
process, have pore diameters of 17 nm (see Figure 5.19 (a)), 28 nm (b), 39 nm (c), and 149 nm (e),
from the electrolytes sulfuric acid (H,SO,4) with ethylene glycol 50 wt.%, sulfuric acid, oxalic acid
(H,C,0,) and phosphoric acid (HsPO,), respectively. The additional AAO membranes were prepared
by widening the pristine ones during different times, which produces a wide range of pore diameters:
67 nm (see Figure 5.19 (d)), 184 nm (f), 223 nm (g), 267 nm (h) and 396 (i). The inter-pore distance,
Din, is representative of the electrolyte used in each case and it is conserved during the widening

process.

Commercial porous alumina samples, from Smart Membranes® and Whatman® (see Figure
5.19 (k) and (j), respectively), were also analyzed. The investigation of these samples is imperative as
many groups utilize them for numerous types of studies. Figure 5.19 (k) shows an average pore
diameter of approximately 40 nm for the Smart Membranes alumina. Conversely, an irregular pore
shape can be distinguished in the SEM image of the Whatman alumina (Figure 5.19 (j)), whose
diameter distribution ranges significantly (with a large quantity of pores oscillating between 100-400

nm) when rivaled to lab-made AAO membranes.
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Figure 5.19. FE-SEM images of the top-surface of AAO membranes with different pore diameter along with
the statistical distribution of the pore diameter for each sample for lab-made samples (from (a) to (i)) and
commercial ones ((j) and (k)).

Figure 5.20 (a) shows the cross section of a commercial porous alumina from Whatman and
(b) the cross section of a lab-made AAO. The channels of the lab-made AAO membrane are totally
parallel with each other, which is characteristic of all the lab-made fabricated membranes, as well as
the commercial sample from Smart Membranes.

= = 3

Figure 5.20. Cross section of (a) Whatman commercial of 200 nm pore diameter AAO membrane and (b) lab-made
200 nm AAO membranes.
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Figure 5.21 shows a porosity increment as the pore diameter is made larger for samples

fabricated with the identical electrolyte, as seen for the oxalic and phosphoric acid AAO membranes.

This obeys the predictable tendency given that a reduction in the pore walls and the resulting pore

widening takes place during the widening step while maintaining the inter-pore distance.

Pristine AAO membranes fabricated by anodizing in oxalic and phosphoric, of 39nm and

149nm, have low porosity of 15.6 % and 9 %, respectively. Conversely, it is well-known that

anodization processes performed in sulfuric acid produces remarkable dissolving of the pore walls so

that the porosity of the pristine AAO membranes from sulfuric acid is larger, 23.6 %, as reported in

Table 5.X for #28nm.®® This porosity value was confirmed by the BET technique which serves to

verify both average pore diameter and porosity values determined by image analysis.
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Figure 5.21. Porosity as a function of the diameter for both commercial and lab-made samples fabricated from different acid

electrolytes. The samples that are joined by lines correspond to membranes that have been widened from the pristine one.
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Figure 5.22. Nitrogen adsorption isotherm of AAO membrane of 28 nm in pore diameter AAO
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BET via nitrogen adsorption was employed to prove that the reasonable values were obtained
by measuring this sample. This technique is optimum for mesoporous samples (2-50 nm) and fails for
samples with porous higher than 200 nm. The resulting isotherm reveals mesoporosity for the AAO
membrane, as seen in Figure 5.22, with average pore diameter of 27.2 nm and specific surface area of
19 m*.g™* for the 28 nm sample. This pore diameter results is in good agreement with the value
obtained from the SEM image analysis.

The porosity is determined from the pore volume provided by the BET experiment, 0.16
cm®-g™, as explained in Section 2.2.4. The porosity determined by SEM analysis is 23.6 + 1.0 %, close
to the value found by the BET technique, 26.4 + 3.0 % as both values are within the experimental error

intervals.

Once the porosity analysis was proved to be valid, the other AAO membranes were analysed
by SEM image analysis. In the case of the sample of 17nm, also fabricated from a sulfuric acid
electrolyte with 50 wt.% ethylene glycol, a porosity of 13.1 % was determined. The lower porosity
might be ascribed to the ethylene glycol providing a shielding effect on the AAO membrane pore
walls as suggested by Martin et al.®* ® The porosity of the Whatman AAO membrane sample is
challenging to obtain as the image analysis is only usable on condition that the channels are parallel to
each other. Nevertheless, as seen in Figure 5.20, the Whatman AAO channels are not parallel and they
are even communicated so that the related porosity presents higher uncertainty as determined from a

statistical analysis.
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Table 5.X. Values of pore diameter, porosity, skeletal and composite density, composite specific heat capacity and skeletal
and composite thermal conductivity of the AAO membranes.

Skeletal . . Composite Skeletal

Pore . . Composite Composite
. Porosity density - . thermal thermal

Sample Name diameter Specific heat density peom

P (%) Paao (g-cm’ conduct. Keom conduct. Kaao
Dy (nm) Cpeom (3-9™-K™) (g-em®) 1 1
%) (W-m™K") (W-m-K%)
#17nm 17 131 2.789 0.791 2.424 0.94 1.08
#28nm 28 23.6 2.773 0.782 2.119 0.82 1.06
#39nm 39 15.6 2972 0.889 2.508 1.13 1.33
#67nm 68 35.9 2.928 0.889 1.877 0.83 1.28
#149nm 149 9.0 2.928 0.772 2.665 1.30 1.43
#184nm 184 13.8 2.996 0.772 2.583 1.16 1.34
#223nm 223 18.7 2.848 0.772 2.316 1.08 1.32
#268nm 268 26.7 2.868 0.772 2.103 0.92 1.25
#396nm 396 58.0 2.797 0.772 1.175 0.63 1.46
Smart
40 131 2.930 0.857 2.546 1.18 1.35
membranes®
Whatman ® 250 48.9 2.840 0.877 1.452 0.68 131
5.5.2 Density

The density of the AAO membranes was determined by Archimedes’ principle. Nevertheless,
in order to calculate the effective density required for the thermal conductivity data reduction, the rule
of mixtures given by Eq. 5.6 was used. Considering that the AAO membrane is filled of air with a
density value of 1.275 kg-m™ at room temperature (300 K) and using the porosity of each sample, the
composite density values were determined as function of the pore diameter, as seen in Table 5.X and
Figure 5.23 (b).
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Figure 5.23. (a) Skeletal and (b) composite density at room temperature as a function of the pore diameter for both
commercial and lab-made samples fabricated from different acid electrolytes. The samples that are joined by lines correspond

to membranes that have been widened from the pristine one.
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The skeletal density of the AAO templates varies from 2.770 g-cm™ to 2.930 g-cm™, which is
in accordance with previous investigations.” These values are lower than that of the crystalline
alumina, 3.6 g-cm™. ® The decrease in the density values can be understood by the contamination of
the alumina with the anions of the electrolyte as anion-contaminated alumina has been found to have
lower density than the anion-free pure alumina.” It is well-known that the density of the alumina
membranes changes strongly with the anodization conditions.” The skeletal density values of the
alumina samples prepared by anodizing in sulfuric acid are 2.773 g-cm™ for #28nm, and 2.789 g-cm™
for #17nm, which is in accordance with previous works on samples fabricated with sulfuric acid
electrolytes, whose density ranged between 2.4 g-cm™ and 3.2 g-cm™.* In the case of the AAO
samples fabricated in the oxalic acid electrolyte, values of 2.972 g-cm®and 2.928 g-cm™ were
obtained for #39nm and #67nm, respectively, which matches with the value measured for the AAO
from Smart Membranes, 2.930 g-cm™. Finally, the density of the AAO membranes fabricated using
phosphoric acid electrolyte and the commercial Whatman alumina all yielded values in very good
accordance with each other: 2.928 g-cm?, 2.996 g-cm™, 2.848 g-cm?, 2.868 g-cm®and 2.797 g-cm®
for #149nm, #184nm, #223nm, #268nm, #396nm, respectively, for the AAO membranes prepared in-
lab, and 2.840 g-cm™for the Whatman AAO, as seen in Figure 5.23 (a).

The composite density is lower than the skeletal density due to the air component (Eq. 5.6). If
composite density is plotted against the porosity of the membranes, two linear trends can be observed
for the samples depending on the electrolyte used to prepare them. Figure 5.24 displays two different

groups of samples: those fabricated in phosphoric and oxalic acid and those fabricated in sulfuric acid.
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Figure 5.24. Composite density as a function of the porosity for both sets of samples.
If a linear fitting is carried out, two different values of the skeletal density are obtained
depending on the electrolyte used. In the case of the phosphoric and oxalic acid a value of pa,

=2.945+0.013 g-cm® is obtained from the intercept, with an R? value 0.99591, indicating a good

fitting. For samples fabricated by sulfuric acid, only two had been prepared for use as a membrane
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with well-established pore diameter. In order to confirm the linear tendency in density, another
membrane was fabricated in sulfuric acid with a posterior chemical etching, in order to incorporate
another data for composite density with a higher porosity, 40%, whose skeletal density value is 2.770
+ 0.054 g-cm™. Fitting this data produces an R® value of 0.99923, which reveals a high-quality linear
fitting. From the intercept, the value of the skeletal density was found to be 2.788 + 0.193 g-cm®
where the uncertainty is around 6 % of the value. This uncertainty is tolerable, considering that the
composite density values are influenced by the porosity and the small pore size increases its
uncertainty when analysing the SEM images. Furthermore, this uncertainty is taken into consideration

in the later thermal conductivity extraction.

These density results serve to unite all the values reported in the literature and can be
employed to calculate the composite density by knowing the porosity of the membrane, depending on
the acid solution used to fabricate the sample.

5.5.3 Specific Heat

Figure 5.25 shows the specific heat as a function of the pore diameter for all the membranes.
The values of samples fabricated from the same electrolyte and the following widening process were
obtained by weighted averages as all the values were very similar. As seen in Table 5.X, the values
oscillate from 0.772 J-g™-K™ t0 0.889 J.g™*-K™". The C, value of aluminium is in the vicinity 0.897 J.g°
L.K™* and the non-porous aluminium oxide (Al,O5) is approximately 0.800 J-g™-K™.** Although AAO
membranes have been recognized as amorphous™, the specific heat of the AAO membranes does not
vary significantly compared with that of the crystalline aluminium oxide specific heat. The AAO
membranes fabricated from sulfuric acid solution have a specific heat values of 0.791 J-g™-K™, 0.782
J-g-K™ for #17nm, #28nm, respectively. In the case of the oxalic acid solution, the specific heat was
0.889 J-g™*-K™. For membranes prepared from phosphoric acid solution the specific heat is 0.772 J-g°
LK. Conversely, specific heat values of commercial membranes were found to be 0.857 J-g™-K™ and

0.877 J-g*-K™ for the Smart Membranes® and Whatman®, respectively.
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Figure 5.25. Specific heat at room temperature as a function of the pore diameter for both commercial and lab-made samples
fabricated from different acid electrolytes. The samples that are joined by lines correspond to membranes that have been

widened from the pristine one.

The specific heat measurements were carried out by DSC from -10°C to 60°C. Figure 5.26
shows the characteristic curve obtained in the case of the one of the AAO fabricated in the phosphoric
acid electrolyte.

Specific Heat (J-g”-K™)

—Phosporic Acid

20 10 0 10 20 30 40 50 60
Temperature (-C)

Figure 5.26. Typical curve obtained in the specific heat measurement. The red point depicts the value used for the

thermal conductivity data reduction.
5.5.4 Thermal conductivity

The thermal model associated to AAO membranes, showed in Figure 5.27, is simplify by a 2
layer model (80 nm titanium layer and the AAO membrane) together with the air gas layer and the

aluminium backing material where the sample is positioned during the measurement.
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Air

80 nm Ti

0 1 1| AdOmembrane= 100um | | |

Figure 5.27. Scheme of the 2-layer model used for measuring the AAO membranes.

This model can be used as long as the frequency is low enough to make the heat go across the

two layers, to finally reach the aluminium backing material. The thermal diffusion length (u = /a/f,
a is the thermal diffusivity and f is the laser frequency) is utilized to estimate the thermal penetration
length of the heat waves. Table 5.XI shows the thermal diffusion lengths for both layers accompanied

by those associated to the air gas layer and aluminium backing material.

Table 5.X1. Thermal diffusion lengths of the materials which compose the model.

Air
s Titanium (0=0.93-10 AAO membrane (¢=0.11-10 Aluminum (¢=12.3-10
Frequency (0=1.9-10 s 2 1 5 2 13 s 2 4
) 4 m*=s™) m*=s™) m*-s™)
(Hz) m*-s™)
(um) (um) (um)
(um)
1 2459 1721 581 6257
10 778 544 184 1979
100 246 172 58 626
1000 78 54 18 198

By taking into consideration that the AAO membranes thickness is higher than 40 um, the
model is valid when the frequency modulation is lower than 100 Hz as seen Table 5.XI. Nevertheless,
a particular study should be done for each membrane as it is necessary to use the thickness of each
sample.

Besides, the 1D model can only be used on condition that the thermal diffusion length of the
gas is lower than the PA cell radius even if the heat flow is actually 3D, as explained in Section
3.2.1.2.%° Our PA cell has a diameter of 4 mm and the laser beam diameter is in the vicinity of 1.4 mm.
The thermal diffusion length of the gas could be as high as 1.3 mm. As observed in table 5.XII, the
thermal diffusion length is lower than 1.3 mm for frequencies higher than 4 Hz. Moreover, the fittings
were usually carried out by removing the very low frequency values (4 Hz — 10 Hz) in order to avoid
3D effects.
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Table 5.XI1. Thermal diffusion length of the air as a function of the frequency.

Air Thermal diffusion length

Frequency (Hz
d y (Hz) (0=1.9-10-5 m?-s™*) (um)

4 1230
6 1004
8 870
10 778

In order to ensure an accurate measurement, it is necessary to define the frequency range
where the phase shift measurement is more sensible. For this aim, simulations of the phase shift as a
function of a large frequency range were carried out. The properties of the each layer were kept as
constant, whereas the thickness of the AAO membrane was modified as the actual samples had

different thicknesses.

Figure 5.28 displays the behavior of the phase shift as a function of the modulation frequency
for three different thicknesses. For very low frequency modulation, around 1-5 Hz, the phase shift is
dramatically reduced. Then, the phase shift increases again also abruptly for frequencies through 5-
100 Hz. Both ranges could be a good range of performing the experiment to decrease the experimental
uncertainty since the phase shift change is around 30 deg. and the lock-in amplifier uncertainty along
with other possible experimental errors sources is approximately 1 deg. Nevertheless, it is necessary to
take into consideration the operation frequency range of the microphone which, 4 Hz to 20 kHz. For
this reason, in order to guarantee a good performing of the microphone, a frequency range from 5-100
Hz was chosen to conduct the measurements. If the frequency is further increased, a bulk regime is
reached characterized by the no variation of the phase shift, being closed to -90 deg. which is the
predictable value for bulk materials.”” That means that the heat does not go across the AAO membrane
to any further extent and it is considered as the backing material. It is worthwhile to note, that the
phase shift simulations are an approximation with all the properties taken as known so that some

differences of these calculations can find.
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Figure 5.28. Simulated phase shift of the AAO membranes with different thicknesses onto the backing material as a function

of the frequency.

Concerning the absorbing layer, as shown in Figure 5.29, the 80 nm titanium layer is
continuous when AAO membranes with small pore diameters are employed (See Figure 5.29 (a)).
Nevertheless, when using samples with larger pore diameter samples, the titanium layer is not
continuous (See Figure 5.29 (b)). Even though the AAO membrane was not completely covered by the
titanium layer, we achieved a very high quality fitting with high sensitivity to the thermal
conductivity. Furthermore, the values resulted quite consistent regarding the literature values. The
justification of the validity of the experiment can be found in the effective medium theory itself given

by Eg. 5.5.

Figure 5.29. (a) #27nm and( b) #184nm AAO membranes covered by a 80nm titanium layer.
Since the thermal conductivity of the air is two orders of magnitude lower than that of the
skeletal thermal conductivity of the alumina, EMT can be simplified as,
Keom = (1 — P)Kaao (5.8)

Most heat is primarily going throughout the solid alumina and consequently, the effect of the
non-continuous layer is also insignificant because the solid alumina is completely covered in all the

Cases.
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The thermal conductivity of the titanium layer value was 21.9 W-m™-K™ for all the fittings. In
order to check the validity of this value in the data reduction process, we carried out the fittings with
different values of the thermal conductivity of the titanium layer. We use values as low as 1 W-m™-K™*
and the calculated thermal conductivity of the AAO membrane remained equal as the one initially
extracted, so that we can ensure that the measurements are not influenced by this effect. Also, this
technique has been already used by Smith et al.*® who measured other kind of samples by using the
same thickness and material as absorbing layer, i.e., 80 nm titanium layer, obtaining satisfactory

results.
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Figure 5.30. (a) Representative PA data fitting of the thermal conductivity measurement of AAO membrane with the
experimental and theoretical values along with the maximum and minimum theoretical values when 1 deg in the

experimental phase shift is considered. (b) Representative sensitivity of the four unknown fitted parameters.

Figure 5.30 shows a typical fitting (a) and the sensitivity of the all fitted properties (b). The
unknown properties are the AAO thermal conductivity, the thermal resistance between the titanium
layer and the air, Rej/air, the thermal resistance between the AAO and the titanium layer, Rya0,ti, and
the thermal resistance between the backing aluminium and the AAO, Raj/aa0- As seen in Figure 5.30
(b), the AAO thermal conductivity sensitivity is the highest compared with that of the thermal
resistances. Thus, the result is fairly accurate and hence, the fitting uncertainty of the measurement is

minimized. Table 5.XI1Il shows the parameters employed in the fitting showed in Figure 5.30 (a).

Table 5.X111. Parameters used for the PA data fitting.

. Optical
. Thermal Specific . . Heat
Density o Thickness | absorption .
Layers 5 conductivity heat resistance
(kg m°) L 1 (um) length ) L
Wm*K?) | (3-kg™-K™) (mm* K W™)
(um)
Al 2700 237 897 9000 8.093-10° 2727 + 350
Air/AAO 2103 0.92 +0.02 7717 120 0.001 7.26 £0.62
Ti 4500 21.9 522 0.080 2.565-102 1070 + 165
Air 1.176 0.026 1007 0 0.001 0
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Ti/Air resistance was left as a free parameter to be fitted in order to be more thorough.
Nevertheless, if we maintain it as a constant with a value as low as 0.01 mm°K-W™, which is more
physically probable, we found the same values with a 2 % of difference. The AI/AAO resistance is
high since it arises from the mechanical contact between both materials which include air gaps apart
from the pores themselves. Concerning the AAO/Ti resistance, it is more reliable to leave it as a free
parameter, as the titanium layer of the highest pore diameter samples is not completely covering and it
is more exact not to assume a constant value. Moreover, it is worthy to note that the sensitivity of
these parameters is much lower than that of the thermal conductivity, so that a variation in one of the

resistances does not greatly alter the finally thermal conductivity value.

In Table 5.X, the composite thermal conductivity, x..m, is displayed together with the skeletal
value, which is determined by the effective medium theory as Eq. 5.5 explains. The dispersion of these
data can be understood by plotting the composite thermal conductivity values as a function of the
porosity, which yields a straight line (see Figure 5.31 (a)). The effective thermal conductivity is
reduced when increasing porosity, due to the air contribution within the pores, which has a very low
thermal conductivity (0.026 W-m™-K™) in comparison with the solid amorphous alumina thermal
conductivity (about 1-1.5 W-m™-K™). This reduction could be thought caused by boundary scattering.
Nevertheless, this really can be ruled out since: i) the heat conduction when measuring the thermal
conductivity occurs along the direction of the nanochannels so that the reduction in the wall thickness
of the AAO membrane only affects the heat transport owing to the increase in percentage of air within
the sample and ii) although the heat transfer were to take place in the in plane direction, the phonon
mean free path of the amorphous alumina is in the order of the interatomic distance ®, which signifies
that this diminution in the wall thickness would not influence the heat conduction in the solid alumina
unless the wall thickness were condensed to the order of inter-atomic spacing of amorphous alumina,
which is not physically possible. Consequently, the reduction of composite thermal conductivity is
righter explained by the effective medium theory, which predicts a linear trend between the effective
thermal conductivity and porosity as seen in Figure 5.31 (a), from which the skeletal thermal

conductivity can be calculated.
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Figure 5.31. (a) Effective thermal conductivity versus the porosity. Rule for calculating any alumina template thermal
conductivity values by calculating the porosity % and the relation of the fitting values with the effective medium theory is
presented (b) skeletal thermal conductivity value for each sample by applying the EMT independently.

The effective thermal conductivity of AAO membranes fabricated in oxalic and phosphoric
acid solutions along with lab-made aluminas measured by Chen et al.®’, by Mufioz-Rojo et al.”® and a

Whatman® alumina previously measured by Biwas et al.®

, show the same tendency. This insinuates
that the skeletal thermal conductivity, ka0, IS the same for all these samples. As in the case of the
skeletal density, k., can be extracted from the intercept of the line with porosity equal to zero. This
value corresponds to xase =1.32+0.04 W-m™-K™, for all the phosphoric and oxalic acid membranes.
Furthermore, the uncertainty of these values is significantly reduced as a result of the data fitting.
Although the uncertainty of the intercept could be considered to be the experimental uncertainty
associated to the skeletal thermal conductivity, it is more rigorous to calculate its uncertainty by
calculating the average value of the experimental uncertainties of all the measured samples and the
result was 10.9% uncertainty in thermal conductivity, so that the final value is: xas =1.3240.14 W-m’
LK™ The R? results 0.96153 which is still close to 1. The linear tendency is finally verified by the
literature values which go along the same trend, showing an R? of 0.99235 when fitting them together
with our values giving a value of xaq =1.31 W-m™ K™, Values obtained by Mufioz-Rojo et al.” and

Chen et al.®°

are expected to have the same trend since the AAO membrane used in these works were
highly ordered with parallel nanochannels, so that both porosity and thermal conductivity could be
accurately determined. Regardless of the highly irregularities of the Whatman AAO membrane

investigated by Biswas et al.*

, the thermal conductivity determined in this work also fit our linear
tendency, possibly due to an exhaustive statistics of both porosity and thermal conductivity
measurements of this sample were performed. Nevertheless, some data, presented in Table 5.1X, did
not fit the expected trend. For the case of the oxalic acid solution, Lee et al. obtained values of i, Of
around 1.6 W-m™-K™, which is far from our result. This can be attributable to a low quality of the

samples as seen in the SEM images exposed in that work, where pores seem to be communicated. This
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fact could produce inaccuracies in the determination of the porosity and the later extraction of thermal

conductivity.®

In the case of AAO membranes prepared in the sulfuric acid electrolyte, two data points are
not enough to carry out the fitting. The sample with a porosity of 40 % membrane has transversal
nanochannels so that it is perfectly possible to apply the density rule of mixtures but the effective
medium theory cannot be applied due to the directionality of heat transport across the template. The
two data point fitting would provide a value of k., = 1.09 W-m™ K™, Lee et al. obtained values that
approximately fit our linear trend as shown in Figure 5.31 (a). Nevertheless, if a linear fitting is carried
out a value of R?of 0.90418 is found. The value of the skeletal conductivity obtained from that fitting
is 1.01 W-m™ K™ which is a little bit lower than that of extracted by fitting only the two points.

Finally, in order to be more thorough in the analysis, the skeletal thermal conductivity of both
samples was estimated independently, using the EMT, and finally an average of both values was
taken, yielding a value of skeletal thermal conductivity of 1.07 = 0.11 W-m™K™. Values of Kz,
around 1.9 W-m™-K™*, were located in the literature which disagrees considerably from our result, xas
=1.07 W-m™*-K™ ¥ Borca-Tasciuc et al.®® investigated a Whatman alumina of 20 nm with a porosity
variation between 25 % and 36 %. 30% of porosity was employed in that work to perform the
calculation of the skeletal thermal conductivity. This severe variation and the heat conduction along
this irregular structure could be responsible for the deviation between this work and our finding. Cai et
al. ® also found a value of around 1.9 W-m™ K™ which could differ from our result due to the
necessity of knowing density and specific heat of both the AAO membrane and the aluminum foil for

the two-layer model developed in that work.

The calculated skeletal thermal conductivity values against the pore diameter are also shown
in Figure 5.31 (b). For sulfuric acid solution, the thermal conductivity was found to be 1.08 W-m™.K™
and 1.06 W-m™*-K™ for #17nm and #28nm, respectively. In the case of the oxalic acid solution, values
of 1.33 W-mK*and 1.28 W-m™-K™* were obtained for #38nm and #69nm, close to the value
determined for the AAO from Smart Membranes®, 1.35 W-m™-K™, fabricated in similar conditions. In
the case of the phosphoric acid, all the values were found to range from 1.3 to 1.5 W-m™ K™ which
match the value of the commercial Whatman® AAO, 1.31 W-m™-K™, also grown with phosphoric
acid. As explained above, samples prepared in the same acid electrolyte, give rise to the same values

of skeletal thermal conductivity of AAO.

A strong reduction in the skeletal thermal conductivity of these amorphous alumina samples in
comparison with the crystalline alumina whose thermal conductivity is in the range of 15-45 W-m™- K"
' at room temperature is observed, as seen in Table 5.X ® %, This is a usual phenomenon when a
crystalline material turns into amorphous, such as SiO,. Thermal conductivity of crystalline SiO; is

found to be around 10 W-m™.K™* whereas its amorphous counterpart has 1 W-m™-K™ at room
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temperature.® In amorphous materials, heat is carried through localized vibrations. These localized

|89

vibrations give rise to the minimum thermal conductivity of the material.” Moreover, the change in

density between crystalline and amorphous phases could favour this thermal conductivity reduction.

Thermal diffusivity has also been calculated (See Table 5.XIV) from the thermal conductivity,
density and specific heat. As in the case of the thermal conductivity, the AAO membranes fabricated
in sulfuric acid conditions have the lowest thermal diffusivity.

Table 5.XIV. Skeletal density, specific heat, skeletal thermal conductivity and skeletal thermal diffusivity values for each

solution together with the commercial membranes

. . Skeletal thermal Skeletal Thermal
] ) Skeletal density Specific heat C, o
Acid solution 4 . conductivity Kaao diffusivity o,
paao (g'cm ) (‘]-g 'K ) -1 -1 -7 2 -1
(W-m™-K™) 107'(m*-s™)
Sulfuric Acid 2.788 £0.193 0.787 = 0.040 1.07£0.11 4.85 + 0.50
Oxalic Acid 2.945 £ 0.013 0.889 +0.030 1.32+£0.14 5.04 £0.15
Phosphoric Acid 2.945 +0.013 0.772 £0.016 1.32+0.14 5.81+0.18
40 nm Smart
Membranes® 2.945 £ 0.013 0.857+0.018 1.32+0.14 5.23+0.16
(Oxalic Acid)
200 nm Whatman®
membrane 2.945 £ 0.013 0.878 £ 0.034 1.32+0.14 5.11+0.16
(Phosphoric Acid)

In order to understand the low values of the thermal conductivity for alumina membranes
prepared in sulfuric acid, micro-Raman spectroscopy was carried out. As can be observed in Figure
5.32, the Raman spectrum of the AAO grown in sulfuric acid solution exhibits a different spectrum
than what is found for oxalic and phosphoric acid templates measured under the same conditions. In
the sulfuric acid spectrum, two clear bands found at the wavelengths 980 cm™ and 1053 cm™ are
recognized. They can be associated with the v; and v vibrations, respectively, of the SO, group in
aluminium sulphate ®. This shows an evident bonding of the SO, groups from the electrolyte with the
aluminium from the template. In addition, the band located at 452 cm™ has been previously assigned
to alumina E, (external) mode, and the band placed at 627 cm™ was attributed to the infrared (IR)
active modes, according to literature.® Conversely, for oxalic and phosphoric acid solutions, there are
not evident bands by reason of their higher luminescence. This suggests a remarkable structural
difference among the three types of alumina membranes, which clarifies why those AAO membranes
prepared from the sulfuric acid solution are less thermally conductive with a slightly lower skeletal
density and also explains the data dispersion found in the literature about the density of AAO

membranes.* %
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Figure 5.32. Raman spectra of the AAO anodized in sulfuric, oxalic and phosphoric acid measured under the same

conditions.

In conclusion, we established two rules from where any AAO membrane effective thermal
conductivity and density can be calculated, by knowing the electrolyte used to prepare the template
and analysing the percentage of porosity of the sample. The general equations and the skeletal values
are summarized in Table 5.XV.

Table 5.XV. Skeletal thermal conductivity and density as function of the porosity together with the overall values for each

acid solution.

Acid AAO Density Skeletal AAO thermal Skeletal thermal
Ci
. calculation rule density paao | conductivity rule | conductivity Kazo
solution 3 14
Pcom = (g-cm™) keom = (W-m™-K™)
Oxalic and
. 2.945 +
Phosphoric 2.945 —0.031P A 1.32 — 0.04P 1.32+0.14
Acid '
Sulfuric 2.788 +
. 2.788 — 0.028P - 1.07 0.11
Acid 0.193

5.6 Three dimensional anodic aluminum oxide membranes

Three-dimensional anodic alumina membranes (3D-AAOQO) are an motivating new form of
network'®, which are constituted of a geometric space-frame of intersected nanoholes that can be
filled with different materials. The open space-frame structure of 3D-AAO templates gives them with
some important properties. For instance, they can perform as a host of functional materials within the
spaces of the framework and thus 3D membranes could be used to design materials with exceptional

properties. 3D-AAO structure fabrication has been recently established which permits researchers to
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study different physical phenomena when it is filled by different materials'® '™, These structures are
formed by longitudinal pores as the regular AAO membranes with the integration of transversal pores
interconnected so that a highly ordered 3D network is created with a hexagonal arrangement in both
longitudinal and transversal directions. In addition, alumina presents a high mechanical, chemical and

thermal stability which made this material appropriate for many kind of studies® %1%,

Up to now, optical phenomena have been investigated when these 3D structures are filled with
materials like polymers or bismuth telluride, showing a photonic crystal behavior'® ***. Nevertheless,
there is a scarcity of studies about the thermal properties of these structures. They can be used not only
as building blocks for thermal engineering by hosting different filler materials into the framework but
also to study the effect of the nano architecture in the heat transport of the filler material itself. In this
direction, the study of the thermal conductivity in this structure is definitely attractive as the low
dimension of the interconnected channels can produce a reduction in the thermal conductivity of the
filler material by phonon scattering processes. As seen in the previous section, the thermal
conductivity of the AAO membranes does not suffer any decrease when lowering the dimensions as
anodic aluminum oxide is an amorphous material so that the phonon mean free path is in the order of
the interatomic distance and hence, the heat conduction is not influenced by a diminution in the
dimensions *. In order to determine the thermal conductivity of the filler materials it is indispensable
not only to know the porosity and the skeletal thermal conductivity of the 3D membrane itself, but also
to develop a thermal model which permits the determination of the thermal conductivity of the filler
material. In the case of ordinary AAO membranes, the effective medium theory can be applied since
the membrane can be approximated to two thermal resistors in parallel. In the case of the 3D alumina,
this model is not valid since this sample can be seen as a thermal resistor which combines resistors

both in series and in parallel.

For that purpose, the effective thermal conductivity of a non-filled 3D-AAO membrane was
measured. The density, specific heat and the porosity need to perform the data reduction were also
characterized. Furthermore, once the effective thermal conductivity was obtained, a thermal
conduction model was developed in order to extract the thermal conductivity of the skeletal 3D
alumina membrane whose value is required for future study of filler materials. This thermal model was
utilized to study the effect of different filler materials and the length and number of transversal
nanochannels of the membrane which can be controlled during the fabrication process. The effective
thermal conductivity of the whole composite can be design by these parameters and thus, the heat flux
across the structure can be controlled depending on the application while keeping lateral conduction

across the transversal nanochannels.
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5.6.1 Results and thermal model

The morphology of top and transversal views of the 3D nanostructure was analyzed by SEM
as shown in Figure 5.33. The top view (Figure 5.33 (a)) displays a hexagonal close packed
arrangement of the pores. The pore diameter of the longitudinal pores was analyzed by a histogram as
shown in Figure 5.33 (b), exhibiting an average pore diameter of 40 nm as the pore size distribution
reveals. Initially, pores of 25 nm were obtained from the sulfuric acid solution'® but a larger final pore
diameter was achieved as a result of the widening process during the etching step. Figure 5.33 (c)
shows the cross-section view where the longitudinal pores interconnected with the transversal
nanochannels in the horizontal direction of the image can be distinguished, thus proving the 3D
nanochannel network creation as observed by Martin et al.’® Besides, as described in the reference'®,
the transversal nanochannels present also hexagonal symmetry. From Figure 5.33 (c) an average
diameter of approximately 30 nm and an interchannel distance in the vicinity 230 nm were measured
for the transversal nanochannels. The number of nanochannels, N, depends on the number of pulses
selected in the software used for the second anodization process so that the experiment was designed
in such a way that the 3D membrane with 120 nanochannels was obtained. Furthermore, both the top
and bottom parts of the 3D alumina membrane present around 1.2 um of alumina without any
transversal nanochannels which offers mechanical stability to the whole sample. Finally, the length

perpendicular to the 3D membrane surface was found to be 33.4 pm.
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Figure 5.33. (a) Top-view (b) pore diameter histogram and (c) cross-section of the 3D-AAO membrane.

In order to determine the overall porosity of the 3D structure it is required to take into
consideration both the longitudinal pores and the transversal nanochannels. The so-called top-porosity

arises from the longitudinal pores and is calculated by the top SEM image analysis.

The overall porosity of the 3D AAO membrane is experimentally determined by BET via
nitrogen sorption. The isotherm obtained reveals extensive mesoporosity for the 3D membrane with a
mean pore size of 35 nm, specific surface area of 1.6 m*-g™ and a pore volume of 0.014 cm® g™. The
average pore size is acceptable given that the pore diameter of the longitudinal pores is around 40 nm
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and the transversal nanopores pore diameter is found to be in the vicinity of 30 nm. These BET
experiments provided a value of porosity of 40 + 6 % for this sample. This value is reasonable as it is
higher than the porosity associated to the longitudinal channels calculated from the SEM images,
31.8%.

The skeletal density of the 3D AAO membrane, p,40, Was found to be 2.770 + 0.054 g-cm™
which is in good agreement with previous studies of AAO samples prepared in sulfuric acid which
obtained values of 2.4 g-cm™® and 3.2 g-cm™ %, Also, it is also in good accordance with our exhaustive
study shown in section 5.6.2 where a value of 2.788 g-cm™ for AAO membranes prepared under the
sulfuric acid solution was demonstrated **. The composite density, p.om, Of the non-filled 3D-AAQ
membrane can be calculated by the rule of mixtures given by Eqg. 5.6, taking the air density as 1.275 -
10 g-cm™ at room temperature (300 K). This rule yields to a composite density value of 1.662 +
0.169 g-cm™.

Figure 5.34 displays the specific heat of the sample as a function of the temperature, showing
an increment of the specific heat when increasing the temperature. The room temperature value of

0.885 J-g™-K™ was used for the thermal conductivity data reduction for the 3D membrane.
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Figure 5.34. Specific heat as a function of the temperature. The red point depicts the specific value employed for the thermal

conductivity data reduction.

With porosity, density and specific heat values summarized in Table 5.XVI, the effective
thermal conductivity could be obtained, keom = 0.38 + 0.06 W-m™- K™, which is a very low value
compared with an ordinary AAO with longitudinal pores and much larger porosity, 58%, whose
effective thermal conductivity resulted xem = 0.64 W-m™ K™ (See Table 5.X) '*.
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Table 5.XVI. Values of the porosity, skeletal and composite density, composite specific heat capacity and skeletal and
composite thermal conductivity of the 3D-AAO membrane.

Porosity | oo Composite Composite Composite thermal Calculated Skeletal
P (%) density pano | Specificheat C, | density peom conductivity Keom thermal conductivity
(g-om) (3-g™K? (g-cm) (W-m.K) s (W™K
40+6 | 2.770£0054 | 0.885%0025 1.662% 0.169 0.38+0.06 1252025

The reason can be found in the thermal conduction model for each membrane. In the case of
the ordinary sample described in section 5.6.4, the sample consists of a common AAO template with
longitudinal pores. The heat conduction based on the Effective Medium Theory (EMT) can be thought
as a thermal parallel resistor so that the heat flux can find a channel to go through the cross-plane
direction. Conversely, in the case of 3D structure, the heat conduction model is more complex since
the heat conduction takes place across a combination between parallel and series resistances. The
EMT must be adapted in order to obtain the skeletal thermal conductivity. If EMT were used, an
underestimated value of the skeletal thermal conductivity would be calculated. A value of 0.62 W-m’
LK1 is obtained when the overall porosity (40%) is used, which is too low. Nevertheless, the 3D
sample must be considered as a thermal resistor circuit as shown in Figure 5.35 (a). This circuit has
three parallel components which are represented in Figure 5.35 (b): two of them are shared with the
EMT, i.e., the solid alumina (R.s) and the pores (R,;) contribution but there is a new term which
results from the interconnected transversal nanochannels. This component is composed of some series
resistances: the solid alumina on the top (Raae1) and bottom (R.a02) Of the membrane before and after
the transversal channels appear, and the resistances due to de solid alumina and air associated with the
channels (R ;0 and R "), which must be multiplied by the number of nanochannels, N. This circuit is
a simplified model which neglects the thermal contact resistances between longitudinal pores as the
effective medium theory but also disregards the thermal contact resistances between the filler material
(air in this case) and the alumina along channel 3 of Figure 5.35 (a) and (b) as a first approximation.

a) b)

Channel 1

% Raao1

,
R aao

Channel 3

E] Channel 2
WW | o

D?ﬂ
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xN
R’air

% Raa02
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I Channel 3: AAO/N(air/AAO)/AAO

Figure 5.35. (a) 3D AAO sample thermal resistor model where Q is the heat going through the samples and (b) top-view of a

section with the transversal channels (dashed lines) of the 3D ordered AAO membrane.
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With these assumptions, the mathematical model is developed from this circuit so that the total

thermal resistance is given by,

Lo Ly . (5.9)
RT Raao Rair 2 Raaol +N- (R,aao + R,air)’ .
where each of the components is defined as,
Ruao = Lr (5.10) Ry = —T (5.11)
aae (1 - PII - P_J.) : Kaao’ . o PII ’ Kair' .
Laao—top
Ruao1 = Ragoz == (5.12)
P, Kaqo
R’ _ Linterchan (5.13) R = Lchannet (5.14)
aao P_J_ *Kaao ' . o P_J. : Kaao’ .

where Ry is the equivalent resistance of the whole circuit, Ly is the length the membrane, P, is the top-
porosity associated with the longitudinal channels, k., is the skeletal thermal conductivity of the AAO
membrane, x is the air thermal conductivity, Laae-wop IS the length of the top porous alumina without
transversal nanochannel, which is considered to be the same as that of the bottom part, P, is the mean
top-porosity corresponded to the transversal nanochannels, Liyerchan IS the distance between two

transversal nanochannels, and Lannel 1S the average pore diameter of these nanochannels.

By substituting each magnitude in Eqg. 5.9, the effective thermal conductivity can be expressed

as,

Keom = P+ Kair + 1- P - P_J_) “Kago T (5.15)

2. <L%)Top/LT) + N . (Lchannel + Linterchan)

P, - Kaqo P Ly Kair Kaao

In order to calculate k., it is necessary to estimate P,. For that aim, the top-view porosity
corresponding to the transversal nanochannels, P,, must be determined. Figure 5.36 illustrates a top
view of a hexagonal cell without (a) and with (b) transversal channels at full scale. An image analysis

of both images was performed.
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Figure 5.36. Cross-section of the 3D membrane of a region (a) without transversal channels and (b) with the transversal
channels. The black part corresponds to solid alumina and the white one with air. Both sketches depict a hexagonal unit cell.
All the dimensions have been taken from the SEM image: D, = 40 nm; Djy; = 66 NM; Lepanner = 30 nm, where Dy is the pore

diameter, D;y is the interpore distance and Lgyanne iS the transversal channel size.

To confirm that this analysis is valid for our structure, the same analysis corresponded to
Figure 5.36 (a) is performed in five top-view SEM images of the 3D structure (like Figure 5.33 (a)),
which provided a value of 31.8 %. The analysis of the sketch of Figure 5.36 (a) gave a value of 33.8
%. The difference between these two values can be considered within the uncertainty interval. This
proof allows us to estimate the porosity of a cross-section of the 3D AAO structures with transversal
nanochannels given that it is not viable to determine it by SEM images analysis. A value of 90.3 % is
obtained, which includes both, longitudinal and transversal nanochannels. The value of the transversal
channel part is 90.3 % - 31.8 % = 58.5 %. That implies that in a cross-sectional view with transversal
nanochannels, 58.5 % of the total area arises from transversal nanochannels. However, this value is
related with the cross section of the pore where its area is maximized. Actually, there is a gradual
porosity along the transversal channel, i.e., in the cross plane direction as seen in Figure 5.37 (a). In

order to take this effect into consideration, it is required to calculate the mean transversal porosity, P, .

_amt S g - Maximum pore area
” Apar=2RL
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Figure 5.37. (a) Sketch of a transversal pores between longitudinal pores. The striped area corresponds to the porosity
calculated from the SEM image analysis, P,. The shadow area is the average area of the pore. (b) Calculation of the average

radio used to estimate the average area of the pore.
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The mean value of a continuous function is defined as:

(5.16)

In a 3D-AAO membrane, the function is given by the section of the transversal pores which
are approximated as cylinders, A = 2R.L, where R and L are the radius and length of the cylinder. The
problem can be simplified to the calculation of the mean radius of the cylinder as Figure 5.37 (b)
depicts. The limit of integration of the x variable is calculated by the Pythagorean Theorem so that the
average pore area can be expressed as:

_ 2L Rz-y
A=27rL = rdr = —f dyf (5.17)

If the first integral is solved:

_ 2L (R
A= 7.[ VR? — y2dy. (5.18)
0

By integrating the cross sectional area of the transversal pores:

— s T
A= ERL = ZAmax, (519)

where A, IS the section area of the pore with radius Lcanne/2  Which is the distance between two
longitudinal pores, i.e., the wall thickness. The porosity is proportional to the area in such a way that

the same relation can be used for P, :

The top-view porosity corresponding to the transversal nanochannels was found to be 58.5 %

so that, we finally obtain a value of P, = 45.9%.

Additionally, this model allows the calculation of the overall porosity of the 3D AAO

membrane by the relation:

_ (N-L
P=p+ <PL W Lenannet) z”“"""’l)>. (5.21)
T

If values of Table 5. XVII are used, the 3D AAO membrane porosity is found to be in the
vicinity of 37 % from Eq. 5.21, which is within the uncertainty interval of the porosity determined by
the BET technique, 40 * 6%.
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Table 5.XVII. Values used for the calculation of the skeletal thermal conductivity of the 3D membrane along with the

information source.

Pll Kair ) P_J_ (%) LaaﬂTOp Lenannet | Linterchan N Ly
%) | (w-mtK?) wm) | am) | (m) (um)
31.8 0.026 45.9 1.2 30 230 120 334

SEM Tabulated Calculated SEM SEM SEM Theoretical | SEM

5.6.2 Skeletal thermal conductivity calculation

The values utilized in this model together with their source of information are shown in Table
5.XVII. As explained above, the top-porosity (P;) was determined by SEM image analysis. The air
thermal conductivity was considered as a constant. The size of the channels were measured from the
SEM images along with a calculation by taking into account that the number of channels, N, is a fixed
number that is imposed in the software for the anodization process. The total length of the membrane
is measured from the SEM images. Finally, the average porosity associated to the transversal channels,

P, is calculated by averaging the gradual porosity along the radius of the transversal pore.

From the above model, a value of 1.25 + 0.25 W-m™-K™ is found for the skeletal 3D AAO
membrane which match the obtained values obtained for the AAO prepared in sulfuric acid solutions

1% This result aids to prove the validity of the 3D thermal model.
5.6.3 Thermal conductivity engineering

Once the skeletal thermal conductivity of the 3D AAO template was calculate, a study of the
influence of the number of nanochannels and the length of the membrane in the composite thermal
conductivity was performed. For that purpose, the resistance term which arises from the top and
bottom part of the AAO without transversal channels is neglected, as long as their length is lower than

25 % of the entire membrane, so that the total length of the alumina is given by:

LT = N- (Lchannel + Linterchannel)- (5-22)

Besides, it is obligatory to impose a constraint condition given by the total length of the
nanochannels cannot be equal or larger than the total length of the AAO membrane. In the case that
both lengths were identical, the interchannel distance would be zero which does not make sense.
Experimentally, the minimum interchannel distance that can be accomplished for Lgyanne = 30 nm is

approximately 30 nm so that, the constraint condition would be:
Ly > 0.06N. (5.23)
The composite thermal conductivity can be written as a function of the L ,gnner, N and Ly as:
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1

L (L L)y 1

Kcom:PII'Kmat+(1_PII_P_J_)'Kaao+

(5.24)

Kmat Kaao PJ_ *Kaao

where, k,,4; is the thermal conductivity of the filler material. The previously calculated value of P,

will be used so that it takes Lenanner = 30 nm as a fixed quantity.

Figure 5.38 shows the behavior of the effective thermal conductivity as a function of the
number of nanochannels of two AAO membranes with different lengths for air and five filler
materials. It is easy to find out the effective medium theory when the number of nanochannels is N = 0
in Eq. 5.24. Conversely, there is a limit on the number of nanochannels given by the constraint
condition in Eg. 5.23. In Figure 5.38 this limit is 556 and 1666 nanochannels for lengths of 33.4 um
and 100 um, respectively. It is clearly seen that it is possible to control the effective thermal
conductivity by managing the number of nanochannels and the length of the alumina membrane,
which directly involves a control of the interchannel distance since three magnitudes are correlated by
means of the Eq. 5.22.
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Figure 5.38. Effective thermal conductivity versus the number of the nanochannels which follows Eq. 5.24 for two different
3D-AAO membranes lengths and filler materials with different thermal conductivities, « = 0.026 W-m™-K™ (black line), x =
0.2 W-m™.K™? (red line), x = 1 W-m™*-K* (green line), « = 10 W-m™.K* (dark blue line), x = 100 W-m™*-K* (light blue line).

However, it is also interesting to study the influence of varying both the number of transversal
nanochannels and the length of the 3D structure at the same time. Figure 5.39 shows this variation for
the non-filled alumina matrix (Figure 5.39 (a)) and five different filler materials with different thermal
conductivities: a polymer with a thermal conductivity of 0.2 W-m™.K™ (like PCDTBT'®) (Figure 5.39
(b)) and materials whose thermal conductivities of 1 W-m™-K™ (like bismuth telluride *°) (Figure 5.39
(c)), 1.25 W-m™.K™ (like 3D AAO membrane) (Figure 5.39 (d)), 10 W-m™-K™ (ceramics), (Figure
5.39 (e)) and 100 W-m™.K™ (metals) (Figure 5.39 (f)). Additionally, Figure 5.39 (d) shows to the
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effective thermal conductivity values estimated when a filler material with the same thermal
conductivity as the skeletal alumina template is introduced, 1.25 W-m*-K™. As expected, the
composite thermal conductivity value is found to be the same as the skeletal AAO membrane value
and it is not dependent on neither the number of nanochannels nor the thickness of the sample as it
behaves as a bulk material and, thus, corroborating also the validity of Eq. 5.24.

Figure 5.39 (a), (b) and (c) show a reduction in the composite thermal conductivity if the filler
material is less thermally conductive than the skeletal alumina when the number of nanochannels is
increased, since increasing the number of nanochannels entails to increase the relative volume of filler
material. An opposite tendency can be found when increasing the thickness of the sample for a fixed
number of nanochannels; the effective thermal conductivity increases given that the interchannel
distance increases in such a way that the relative quantity of alumina in comparison with the filler
material is increased. If the length has a tendency to infinite, the effective thermal conductivity would
reach the EMT value as it can be derived from Eq. 5.24.
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Figure 5.39. Effective thermal conductivity as a function of the number of nanochannels and the length of the 3D AAO
membranes for different filler materials with thermal conductivities of (a) 0.026 W-m™-K™ (air) (b) 0.2 W-m™.K™* (polymer)
(c) 1 W-m™.K* (Bismuth telluride), (d) 1.25 W-m™*.K* (3D-AAO membrane), (¢) 10 W-m™*-K™* (ceramics) and (f) 100
W-m™.K? (metals).

In the case of filler materials with higher thermal conductivity than that of the alumina, the

effective thermal conductivity tends to the ordinary AAO membranes value, i.e., without transversal
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nanochannels, as shown in Figure 5.39 (e) and (f) where a notable reduction of the effective thermal
conductivity in comparison with the filler material itself is obtained, from 10 W-m™-K™and 100 W-m’
LK*to 4 W-m*-K'and 32 W-m™-K™, respectively. This value tends to be independent of the number
of the nanochannels and the length because the thermal resistance of the filled transversal
nanochannels is much lower than the longitudinal filled pores.

5.6.4 Experimental validation of the 3D AAO thermal model

In order to prove the validity of the thermal model developed for this structure, a reference
material with a thermal conductivity of 0.2 W-m™K™ was introduced into the 3D porous alumina
membrane, as seen in Figure 5.40 (a). The reference material is provided under confidential agreement
from the European project 240497.

Phase Shift (deg)
>

L . . . . L
0 50 100 150 200 250 300 350
Frequency (Hz)

Figure 5.40. (a) Cross-section view of an 3D-AAO membrane filled with a material with a thermal conductivity of 0.2 W-m’

'K and (b) Experimental phase shift as a function of the frequency along with the best fit.

The effective thermal conductivity was calculated by assuming two different layers: the region
of the 3D alumina membrane filled with the material as well as the empty region. By taking into
account their associated thicknesses and the required properties (density and specific heat) for the
fitting, the effective thermal conductivity of the composite, 0.59 + 0.06 W-m™K™, was finally obtained
(see Figure 5.40 (b)).

Once the composite value was extracted, the thermal model was used to calculate the thermal
conductivity of the filler as reference material. Table 5.XVII shows the values used to calculate the
thermal conductivity of the filler as reference material. These values were mainly obtained by SEM

images together with a similar analysis to the one performed in Section 5.6.1.

Table 5.XVIII. Different values used to extract the thermal conductivity of the filler material.

K _ L L L; L
P, (%) “_‘l“’ . P, (%) aaoTop channel interchan N T
(Wom K @m) | (@m) | (nm) (um)
56.4 1.25 19.8 1 20 260 120 35.6

SEM Tabulated Calculated SEM SEM SEM Theoretical | SEM
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Finally, a thermal conductivity of the filler as reference material of 0.20 + 0.07 W-m™'K™" is
obtained, which is in accordance with the expected value 0.20 W-m™K™, thus, indicating the good
performance of the thermal model.

In conclusion, tuning the effective thermal conductivity by controlling the geometric
parameters of the 3D-AAO membrane is possible by using this structure. When filling the structure
with materials with low thermal conductivity, from air (0.026 W-m™K™) to polymers (0.2 W-m*K™),
variations up to 60 % in the effective thermal conductivity can be reached just by adjusting the
geometric parameters. Conversely, in the case of filler materials with thermal conductivities higher
than that of alumina, a composite with a preferred thermal conductivity is possible to be designed by
choosing the proper top porosity and the filler material. This structure is really valuable since the three
dimensional framework allows the electrical conduction in the in-plane direction, while achieving a
thermal conductivity lower than that of the filler material itself which could be from a thermoelectric
point of view. Moreover, this model could be employed to identify nanosize effects given that any
deviation of the values will be related to phonon boundary scattering as this model is designed without

taking any size effect into account.

5.7 Bismuth telluride and antimony telluride nanowires (NWSs)

As explained in Section 5.1.3, Bi,Te; is the main candidate as an n-type thermoelectric
material for applications near room temperature. Conversely, antimony telluride, Sh,Te; is also a
promising thermoelectric material with a p-type conduction. The crystal structure is also rhombohedral

crystal very similar to the Bi,Te; structure previously described *.

The suitability of both compounds as thermoelectric materials along with the expected thermal
conductivity reduction when reducing the dimensions, were the main motivations for studying the

thermal transport of the nanowires as a function of the diameter, composition and crystal orientation.
5.7.1 Fabrication

The Bi,Tez and Sh,Tes NWs synthesis was carried out by template-assisted electrodeposition.
The template-assisted electrodeposition method was used to grown the nanowires embedded into an
AAO membrane. For that purpose, one of the surfaces of the AAO is metallized with 5 nm of Cr and
150 nm of Au in order to ensure the metallic contact needed by the electrodeposition process. Pulsed
electrodeposition between a constant potential (on time) and a zero current density (off time) was used
in order to obtain a uniform growth. The on and off times were optimized depending on the membrane

used. The applied potential is always referred to the reference electrode, i.e., Ag/AgCI.
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During the electrodeposition process, some of the samples were overgrown so that a polishing
process had to be carried out in order to remove the surplus Bi,Te; material deposited outside the
membrane. This process, which was explained in Section 2.1.5, consists of using alumina powder of
different particle size as a polishing agent for the surface of the membrane until the tip of the
nanowires are at the same level than the alumina surface. Conversely, some other samples were not

completely filled with Bi,Tes, so any polishing process was needed in these cases.
5.7.2 Structural and morphology characterization

In order to obtain the thermal conductivity of the individual nanowire, the effective medium
theory is applied. To that end, the porosity of the membranes needs to be measured. SEM images of
each of the samples were taken in order to analyze its porosity. Moreover, PA technique also requires
an accurate estimation of the thicknesses of the samples. In the case of samples which are not
completely filled to the top of the template, both the length of the nanowires and the non-filled AAO
membrane thickness are measured by SEM since both data are needed for the thermal conductivity
data reduction.

5.7.3 Nanowires thermal conductivity measurements

The thermal conductivity of the NWs embedded into the matrix could be measured by the PA
technique. The thermal conductivity measurements of the nanowire embedded in the AAO matrix are
performed by evaporating 80 nm titanium layer onto the surface where the gold was previously
deposited. This procedure was established in order to measure all the samples by irradiating firstly the
nanowire array for both the completely and partially filled. The gold layer was studied to not influence
the measurement as it can be considered as a part of the thermal contact resistance between the
titanium and the alumina membrane. The best operation frequency range is chosen by taking the
thermal penetration depth of the heat waves into account and ensuring a high sensitivity of the thermal
conductivity. In the case of the completely filled samples, the frequency range used is low enough to
ensure the heat waves penetration through the whole membrane and reach the backing material, i.e.,
the aluminum where the sample is positioned so that a four layer model has to be used. Otherwise, if
the heat waves do not reach this backing material, the system would behave as a bulk material and no
information could be extracted from the phase shift measurement. In the case of partially filled
membranes, the frequency is modulated in a frequency range that ensures the heat penetration through:

AAO/BI,Tes, AAO/air and even the backing material so that a five layer model should be used.

The properties of each layer should be known so that density and specific heat can be
calculated by using Egs. 5.17 and 5.18, respectively. The Bi,Tesbulk density and specific heat values

used for these calculations are the ones already employed in Section 5.1.3 (p=7740 kg-m™ and C,=194

J-kg*K™M* . In the case of Sh,Tes, the density and specific values were p= 6500 kg-m™* and C,=
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206 J-kg™-K™* ', These values along with the AAO membrane density, specific heat and thermal
conductivity values obtained in Section 5.5.2, 5.5.3 and 5.5.4, respectively, allow for the calculation of
the properties of the layer AAO/Bi,Tes. The properties of the layer AAO/air are calculated by using
also the AAO membrane values and the air properties shown in Table 5.X.

Experimental uncertainty is calculated by the propagation of errors. It is worthy to note that
the NW thermal conductivity uncertainty is fairly high due to the addition of the uncertainties of the
composite thermal conductivity, porosity and alumina thermal conductivity, being the last one was
taken as the uncertainty obtained from the fitting in Figure 5.23 (a).

Several measurements on different days and fittings at different frequency ranges were
performed for all the samples in order to reduce the uncertainty as much as possible and find an
accurate thermal conductivity.

5.7.4 Thermal conductivity of Bi,Tez nanowires: the n-type leg

In this study different parameters that may affect the thermal properties of the Bi,Tes

nanowires are studied as an initial approximation.

5.8.4.1 Bi,Tez nanowires preferred oriented along [1 1 0] as a function of the

diameter.

Nanowires with three different diameters, 30 nm, 45 nm and 52 nm, were prepared in order to
evaluate its influence in the thermal conductivity. Its morphology was analyzed by SEM images
showed in Figure 5.41. An example of the top-view of the nanowires at the same level as the alumina
membrane for 30 nm and 45 nm is showed in Figure 5.41 (a) and (c), respectively. From these images,
an estimation of the filling fraction is found to be higher than 95 %. Figure 5.41 (b), (d) and (f) show
the cross-section of the whole membrane. Finally, Figure 5.41 (e) displays a magnification of the cross

section of sample with a nanowire diameter of 52 nm.

The crystallinity of the three samples can be investigated by means of Figure 5.42, where the
X-ray diffractrograms of the three nanowire diameter samples are showed. The strongest diffraction
peak is (1 1 0), which is located at 41.15 °. The (3 0 0) peak is also found at 75.10 °. The samples also
show the (2 2 0) showing that the wires show a high preferential orientation along [1 1 0]. Therefore,

the c-axis is perpendicular to the nanowire long direction in all the cases.
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Figure 5.41. Example of (a) top-view and (b) cross-section of the sample with a nanowire diameter of 30 nm, (c) top-view
and (d) cross-section of the sample with a nanowire diameter of 45 nm and (e) magnified cross-section and (f) overall cross-
section of the sample of nanowire diameter of 52 nm.
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Figure 5.42. X-ray diffractograms of the bismuth telluride nanowire templates of 30 nm 45 nm and 52 nm in diameter. The c-
axis of the Bi,Tes structure is along the nanowire longest length.

Table 5.X1X shows growth conditions, the porosity calculated by image analysis as well as the
mean pore diameter of each sample. Also, the composition of these samples is showed, which was
studied by Energy Dispersive X-ray spectroscopy (EDX), and it is found to be Bi,Tesin the three

samples.
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Table 5.X1X. Composition, growth conditions, thickness, pore diameter and porosity of the investigated samples.

Composite
) NW thermal
Composit Growth D, thermal o
) . P (%) o conductivity
ion conditions (nm) conductivity o
D (W-m—™-K™)
(W-m™-K™)
. -0.009V 1s,
Bi,Te; 52+4 | 21.2+19 1.18 £ 0.08 0.8+0.2
0A 0.1s 12h30°
] -0.0036V 1s,
Bi,Te; 45+3 | 17.0£15 1.20 £ 0.06 0.7+04
0A 0.1s,7h
) -0.05V 1s,
Bi,Te; 30+2 | 36.4+3.6 0.91 +£0.09 06+03
0A 0.1s, 15h

As an example, the data fitting of the sample with 30 nm diameter can be seen in Figure 5.43.
The experiments fits really well the theory expected phase shift obtained for the used data given a
value of the composite thermal conductivity of 0.91 + 0.09 W-m *-K ™.

oor D, =30 nm
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Figure 5.43. Typical fitting of the experimental data obtained by the PA technique for the 30 nm diameter template. The
fitting was performed by taking the five layers whose properties values are given in Table 5.XV into consideration.

When comparing the values obtained, 0.8 + 0.2 W-m *-K* for 52 nm, 0.7 + 0.4 W-m %K,
for 45 nm and 0.6 + 0.3 W-m*-K™* for 30 nm, a general reduction can be observed. By considering
only these measurements we must be cautious since in all the cases the observed differences are within
the experimental error of the measurement. However, if we take into account the tendency that the
group is observing for higher diameters, where a reduction in the thermal conductivity from films with
2.2 W-m K™ to 300 nm nanowires of 1.87 W-m *-K * and 75 nm nanowires of 1.00 W-m *-K* have

d108

been observed™. We can conclude that reducing the nanowire diameter promote a further reduction in

the thermal conductivity.

However, the thermal conductivity associated to three nanowire diameters exhibits a general
reduction of a factor ~ 3.5, when compared with the thermal conductivity of the bulk single crystal

calculated in the direction perpendicular to the c-axis, 2.2 W-m K™,
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It is worth to mention that the 30 hm nanowire diameter is among the lowest size measured
until the date which is a substantial advance in the Bi,Te; nanowires thermal conductivity

measurements.
5.8.4.2 Thermal conductivity of Bi,Te; hanowires as a function of Te content.

As explained in section 5.2.5, the electrodeposited tellurium presents lower thermal
conductivity than that of the bulk. For that reason, the thermal conductivity of the bismuth telluride
nanowires with a similar nanowire diameter, but with different tellurium content, were studied to

understand if small variations on the stoichiometry have influenced in the thermal transport properties.

In this case, four different compositions were grown by pulsed electrodeposition (see growth
conditions in Table 5.XX): BiysTess, BiigTes,, BiigTers, and the stoichiometric Bi,Te; with
nanowires diameters ranging from 40 nm to 52 nm since have been already proved that thermal
transport along these nanowire diameters is equivalent. Figure 5.44 displays an example of (a) a
magnified view of the Bi-Te nanowires and (b) the whole membrane cross section which was used to

calculate the thicknesses of the different layers for the photoacoustic model.

empty

Figure 5.44. Example of (a) magnification of a cross section and (b) cross-section of the whole sample for the sample with a
composition of Bi _Te
18 3.2

Figure 5.45 shows two examples of the experimental fitting for two samples, (a) BiygTes; and
(b) Bi1_4Te3_6.
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Figure 5.45. Experimental phase shift as a function of the frequency of (a) Bi; gTes; and (b) Biy4Tess.
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Table 5.XX summarizes the growth conditions, pore diameter, porosity, composite thermal
conductivity and the single nanowire thermal conductivity. Again, although the variations are small
and so within the experimental error, it can be seen that for the different stoichiometries there is not a
big variation on the thermal conductivity of the nanowires (comparing 2:3 with 1.9:3.1). However,
when the samples are Te-rich, like in the Bi,4Tesg case, the thermal conductivity is reduced. This can
be explained by the formation of Te-clusters inside the nanowires, as observed by Rodriguez-
Fernandez, et al. '®. These Te-clusters are formed in Te-rich nanowires and they can actually act as
additional scattering defects for the phonons. Additionally, as it was already shown in Section 5.2.4,
the thermal conductivity of tellurium grown by electrodeposition shows lower thermal conductivity
than Bi,Tes. So, the formation of tellurium clusters in Te-rich Bi,Te; samples can definitively reduce

the thermal conductivity of the nanowires.

Table 5.XX. Growth conditions, pore diameter, porosity, composite thermal conductivity and the single nanowire thermal

conductivity for different stoichiometries.

Composite thermal NW thermal
. Growth D, o o
Composition . P (%) conductivity conductivity
conditions (nm) 4 4
(W-m™-K™) (W-m™K™)
. 0.04 V a1s,
|3ll‘,"|'e36 40+3 51 0.76 £ 0.08 05%0.2
S 0A a0.1s 20h
OVals,
BilgTe32 0AO0.1s, 45+3 48 0.91+0.10 06+0.2
7h30°
0.037Vals,
BilgTe31 0A 51+4 21 1.18 £0.10 0.7+0.3
0.1s,12h30°
-0.009V 1s,
Bi,Te; 0A 0.1s 52+4 | 212419 1.18 £ 0.08 0.7+0.2
12h30°

5.8.4.3 Influence of the addition of a surfactant in the electrodeposition of Bi,Te;

nanowires

As it was already studied in the case of Te and Bi,Te; films, the influence of the addition of
sodium lignosulfonate during the nanowires electrodeposition has been also investigated. For that
purpose, nanowires with a stoichiometry of BiygTes;, with and without SLS were examined. The
growth conditions can be seen in Table 5.XXI. Figure 5.44 shows an example of the cross section

views of the Biy gTe;» without SLS.
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Moreover, the structural properties were examined by XRD, which is showed in Figure 5.46.

As seen, both samples are highly oriented along the [1 1 0].
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Figure 5.46. X-Ray diffractograms for samples prepared with and without SLS with different stoichiometries.

The thermal conductivity was also measured by the photoacoustic technique. The composite
and nanowire thermal conductivity along with the porosity and pore diameter are summarized in Table
5.XXI.

Table 5.XXI. Stoichiometry, growth conditions, nanowire diameter, porosity, composite thermal conductivity and nanowire

thermal conductivity of the samples prepared with and without SLS.

o Growth Dy P Composite thermal conductivity NW thermal conductivity
Composition o I o
conditions (nm) (%) (W-m—-K™) (W-m™-K™)
i OVatls,
SUTL 45+3 | 48 0.91+0.10 0.6 +0.2
(No SLS) 0 A0.1s, 7h30’
Bi Te 004Vals,
' ' 40 +£3 41 0.91 +0.09 0.6+0.3
(SLS) 0AO0.1s, 7h30°

From these results, we can conclude that the thermal conductivity is not influenced by the
addition of SLS, as in the case of Bi,Te; films grown with and without SLS. Clearly, the thermal
properties of the Bi,Te; nanowires are then more affected by crystal orientation, composition, and

diameter than by the addition of a surfactant like SLS.

5.8.4.4 Modulated Bi,Te; nanowires

We have initiated the study of morphological modulated nanowires. In principle the

modulation should affect the scattering of phonons.

For this study, we have been prepared by electrodeposition with the aid of the porous alumina
whose walls shape is modulated during the anodization process. The diameter of the nanowires is

modulated as explained in Figure 5.47 (a). The electrodeposition was carried out at -0.1 V during 1 s
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and 0.1 s at zero current density during 4 hours in the presence of sodium lignosulfonate. From this
process, diameter modulated nanowires are obtained, as seen in Figure 5.47 (b), where some zones of

the nanowires are wider than the nanowire itself whose diameter is found to be around 45 nm.
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Figure 5.47. (a) Sketch and (b) SEM image of the modulated nanowires embedded into alumina matrix. The yellow arrows
indicate the modulation regions and (c) XRD of the nanowires.

The stoichiometry was found to be BilgTe32 and X-ray diffractogram showed in Figure 5.47

(c) suggests the nanowires are preferentially oriented along the [1 1 0] direction but also the [0 1 5]
direction and the [1 0 0] directions are observed. So it can be concluded that the nanowires are similar
in composition and orientation as the one on Section 5.7.4.3. The effective thermal conductivity was
measured, obtaining a value of 0.91 + 0.09 W-m *-K™. By using the effect medium theory together
with a porosity of 42 % (calculated from SEM image analysis plus accounting for the modulation of
the walls), a nanowire thermal conductivity of 0.7 + 0.3 W-m™*-K!, which matches the value

previously obtained for the nanowires prepared from the solution with SLS.

From this result, the thermal conductivity of the modulated nanowires seems not to be affected
by this diameter modulation and by this modulation distance. However, further studies with different
diameter modulations, different distances between modulations, better composition and more pure
crystal orientation must be carried out in a close future to really determine the effect of the modulation

on the thermal properties of the nanowires.

In summary, for Bi,Tes; nanowires the effect of: diameter, crystal orientation, stoichiometry,
the addition of SLS during the nanowires growth, and an initial study of the modulation have been
studied. As explained above, Bi,Te; is an n-type material. However, since a thermoelectric device is
comprised of n- and p-types legs, synthesis and characterization of p-type nanowires becomes

essential to go further in this field.
5.7.5 Thermal conductivity of Sb,Tes nanowires: the p-type leg

The Sb,Tez nanowires were prepared from a solution made of Te 0.01 M, Sh,03 0.0056 M,
tartaric acid 0.84 M, HNO; 1 M and 0.09 g-L™ of sodium lignosulfonate by pulsed electrodeposition at

0.05V during 1 s and zero current 0.1 s.
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Figure 5.48 (a) show the cross section view of the AAO membrane as grown. As the sample has
overgrown, a polishing process was carried out until the green dash line is reached, so that the empty
region is completely removed. A higher magnification is displayed in Figure 5.48 (b) where a cross
section of the nanowires embedded into the alumina matrix is showed. The nanowires diameter is
found to measure approximately 40 nm as the porous of the AAO membranes used as template or even
have a lower diameter. This can be explained in terms of walls wetting since the Sb,Tes is not able to
wet the surfaces of the alumina membrane and in most cases a nanometric air gap is observed between

the template and the nanowire. In addition, the EDS analysis showed a composition of Sh,,Te, .

The X-ray diffractogram is shown in Figure 5.49. A polycrystalline character can be assumed
since many different reflections, like (0 1 5), (1 1 0), (2 05), (1 2 5) and (3 0 0) appear in the
diffractogram.

Finally, the thermal conductivity of the nanowire was measured, finding a value of 1.42 +
0.73 W'm_l'K_l for Sbg_gTEz_g.

Figure 5.48. (a) SEM picture of the whole template where the Sb-Te overgrowth is observed and (b) higher magnification of
the cross-section view of the Sh, ,Te, g nanowires embedded in the AAO membrane. In the picture a small air gap is observed
between the wire and the template.
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Figure 5.49. X-Ray diffractogram of the Sh, ,Te, g nanowires embedded into alumina matrix
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Table 5.XXII. Sample composition, porosity, nanowire diameter, composite thermal conductivity along with the nanowire

thermal conductivity calculated by means of the effective medium theory for both samples.

Nanowire Composite thermal NW thermal

Sample Porosity diameter conductivity conductivity
(nm) (W-mt.K™ (W-m K™

Sh,,Tess 13 40 1.33+0.09 1.4240.73

The thermal conductivity is ~ 4.4 times lower than the value reported by Jacquot et al.'’ for
the bulk single crystal perpendicular to the c-axis, 6.25 W-m™K™. This reduction factor similar to the
one observed in the thermal conductivity of Bi,Tes nanowires, ~ 3.4, (See Section 5.7.4.1). Saci et
al.'®" measured the thermal conductivity of Sb,Te; nanowires along the c-axis, showing a reduction of
2.3 when compared with the reported values by Jacquot et al.'’ in that direction. Therefore, we can
conclude that the thermal transport of Sb,Te; nanowires is greatly affected by going into the 40 nm

range in a similar manner as in the case of Bi,Tea.
5.7.6 P-n junction nanowires: a Bi, Tes/Sb,Tes bilayer

In order to understand if the thermal properties of the Bi,Te; and the Sb,Te; are affected by the
formation of a p-n junction, we have also initiated the study of Bi,Tes/Sb,Te; bilayers of nanowires
arrays. They were fabricated also via electrodeposition by alternating the two solutions and conditions
previously used. Firstly, the empty AAO membrane was plunged in the same solution as the used to
prepared Bi,Te; nanowires plus 0.09 g-L™ of sodium lignosulfonate. The growth was carried out at -
0.1 V during 0.1 s and 1 s at zero current density during 1 hour. Then, the solution used was
substituted by a solution of Te 0.01 M, Sh,03; 0.0056 M, tartaric acid 0.84 M, HNO; 1 M and 0.09 g-L~
! of sodium lignosulfonate. In this case a potential of 1 s at -0.18 V and 0.25 s at zero current density

was employed to grow the antimony telluride nanowires.

Figure 5.50 (a) shows the SEM image of the cross section of the nanowires embedded into the
AAO membrane showing the two different layers. The chemical analysis performed by EDX points
out that a composition of 36 % Bi and 64 % Te (BijgTes,) and 38.8% Sb and 61.2% Te (SbygTes;)
were found. Figure 5.50 (b) shows a TEM image of the clear interface between both materials for a
nanowire with a diameter of 200 nm, as an example. According with the linear analysis done along the

wire no interfusion is observed between the two layers.
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Figure 5.50. Bilayer SEM images of (a) cross-section of a 40 nm Bi, gTes,,/Sh1 9Tes; bilayer and (b) Transmission electron
microcopy (TEM) image of the nanowire with a diameter of 200 nm showing the Biy gTes 5,/Sby gTes 5 interface.
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Sb,Te,

Intensity (arb. units)

20 40 80 100

60
20 (degrees)

Figure 5.51. X-ray diffractogram of the nanowires bilayer embedded into alumina matrix.

Regarding the crystal orientation, Figure 5.51 shows a preferential orientation of the wires
along the [1 1 0] direction since the diffraction peak found at 260= 40.82 ° and 26= 42.34 ° for
BiigTes, and ShygTes;, respectively, are the strongest for both materials. Less intense diffraction peak
is also found at 20=74.39 ° and 26 = 77.54 ° for BiygTes;, and Sbhy gTes,, respectively, indicating the
presence of [1 0 Q] direction additionally for these wires. Therefore, the nanowires are preferred

oriented along the basal plane of the hexagonal structure, i.e., perpendicular to the c-axis.

The thermal conductivity was extracted in this case by assuming three different layers apart
from the titanium layer, Bi;gTes,, ShigTes;and an empty AAO region whose properties are shown in
Table 5. XXIII.

-222 -



Multilayered model: films, porous structures and nanowires measurement

Table 5.XXII1. Thickness, density, specific heat and thermal conductivity of each of the layers used in the PA model for the

bilayer sample. The italic letters indicate that those are the thermal conductivity values extracted from the fitting.

Layer Thickness Density Specific heat Thermal conductivity
(um) (kg-m*) | (I-kg'-K™) (W-m™-K™)
AAO/AIr 3.1 1632 £71 885 +69 0.70 + 0.09
AAO/ SbygTes; 19 4303 +84 460 +60 1.35+0.14
AAO/ BiygTes, 10 4796 +87 433 +60 0.91 £+ 0.09
Ti 0.08 4500 522 21.9
Air 0 1.176 1007 0.026

Figure 5.52 shows the experimental phase shift as a function of the frequency along with the
best fitting.
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Figure 5.52. Phase shift as a function of the frequency together with the best fitting for the bilayer sample.

Applying the effective medium theory and taking account both a porosity of 41 % and the
thermal conductivity of the alumina, a thermal conductivity values of 0.64 + 0.28 W-m™K™ for
BiygTes, and 1.71 + 0.38 W-m™K™ for Sby¢Tes; were obtained. The thermal conductivity of the
BiigTes, nanowires is similar to the BiygTes, nanowires value previously measured, which allows us

to validate the accuracy of the measurement.

The Sh; gTes; nanowire was found to be 1.71 + 0.38 W-m *-K !, which is a factor ~3.7 lower
than the bulk value in the same direction (perpendicular to the c-axis), as occur in the case of Bi,Te;
nanowires. The effect of the stoichiometry on the thermal conductivity of Sh,Te; nanowires can be
studied by the value previously shown in Section 5.7.5. The properties of both nanowires are

summarized in Table XXIV.
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Table 5.XXIV. Comparison between the composite and nanowire thermal conductivity of two different antimony telluride

stoichiometries.

Nanowire Composite thermal NW thermal
Sample Porosity diameter conductivity conductivity
(nm) (W-mtK™ (W-m K™

ShyeTes, 41 44 1.35+0.14 1.71+0.38
Sb,,Teps 13 40 1.33+0.09 1.42 4 0.73

Despite the large uncertainties for the sSb,,Te,sdue mainly to the low porosity of the template, a
difference between both thermal conductivity values can be appreciated. The main explanation of this
difference can be found in the difference in stoichiometry of both samples. In any case, more samples
should be measured to extract further conclusions for this material.

In summary, the thermal conductivity of Sh,Tes nanowires is highly affected by composition;
even more than it seems to be affected the Bi,Tes nanowires. The nanostructuration of Sh,Te; plays an
important role in the reduction of the thermal conductivity.

Finally, it must be point out that the viability of measuring the thermal conductivity of two
different materials forming a bilayer embedded into an alumina by the photoacoustic technique has
been clearly stayed.

5.8 Summary

In this chapter the ability of measuring of thick and thin films, porous structures and nanowires is

proved. Many different types of samples have been studied.

- Reference samples have been satisfactorily measured by the multilayered model. From
references with well-known thermal parameters, like SiO,, to different samples which k values
were cross-checked by measuring the samples by other techniques such as TDTR or SThM.
Finally, additional films like: 298 nm SiO, film, 1.2 pm thick PCDTBT film and a 3.46 pm
Bi,Te; layer were used to check the reliability of the technique and the model showing values

with a mean deviation from the expected values of around 10 %.

- The influence of the addition of sodium lignosulfonate (SLS), on the thermoelectric properties
of tellurium films grown by electrodeposition was investigated. The growth mechanism is
found to play an important role in the thermoelectric properties given that the grain size of the
films is dramatically reduced when the SLS is added to the solution. Therefore, the electrical
resistivity of the tellurium films when SLS is not added is 229 pQ-m, which is lower than the
value with SLS, 798 uQ-m. The Seebeck coefficient values are not affected, with values of

approximately 285 uV/K for both solutions. Power factors of 280 pW-m™-K? (without SLS)
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and 82 pW-m"-K? (with SLS) at room temperature were found. Moreover, the thermal
conductivity values were of the order of 1 W-m™-K™for both solutions, which is a factor of 3
less than the tellurium bulk value. Both the power factor and the thermal conductivity values
of electrodeposited tellurium films are of the same order of magnitude of bismuth telluride
films grown by electrodeposition. The figure of merit is calculated to be approximately one
order of magnitude higher than the bulk value, 0.09 without SLS and 0.03 with SLS, both at

room temperature.

The effect on the thermal properties of SiGe thin films produced by two routes of metal
induced crystallization were studied. Values of thermal conductivity as low as 1.13 £+ 0.13
W-mtK? and 123 + 0.12 W-m*K?' for the in-situ and ex-situ thermal treatments,
respectively, were measured. This values are lower than those of SiGe bulk (4-5 W-m™.K™)
and can be ascribed to the cluster presence formed inside the film during the crystallization

process.

The influence of the fabrication conditions on the thermal conductivity of AAO templates has
been thorough studied. To this end, the porosity, specific heat and density of each membrane
were characterized. The composite density and thermal conductivity as a function of the
porosity follow the rule of mixtures and the effective medium theory, respectively, so that the
skeletal density and skeletal thermal conductivity could be obtained depending on the
preparation conditions. Two equations were obtained for the density and the thermal
conductivity in such a way that both magnitudes could be calculated by determining the
percentage of porosity of any AAO membrane. Thermal conductivity values of 1.07 W-m™-K’
Yand 1.32 W-m™-K" have been found for the AAO membranes fabricated in sulfuric and
oxalic and phosphoric acid electrolyte, respectively. These values are common for amorphous
alumina. There is no variation of the thermal conductivity as a function of the pore diameter
since the heat conduction takes place in the direction parallel to the pores and the phonon
mean free path is on the order of the interatomic distance in amorphous alumina so that no
phonon scattering would influence the heat transfer. However, a reduction in the value is

observed when using sulfuric acid, due to the incorporation of SO, to the alumina structure.

The effective thermal conductivity of a non-filled 3D anodic aluminum oxide membrane was
extracted. The values of the density, specific heat and porosity of the sample were
characterized in order to perform the thermal conductivity fitting. A value of the composite
thermal conductivity of 0.38 W-m™-K™ was obtained In order to determine the skeletal
thermal conductivity, a 3D thermal model based on a combination of a parallel and series
thermal resistances was developed which provided a value of 1.25 + 0.25 W-m™K™. This

model was also utilized to study the influence of the number of transversal nanochannels as

- 225 -



Chapter 5

well as the thickness of the 3D-AAO structure for both empty and filled with different
materials, showing the capability of tuning the effective thermal conductivity by manipulating
the geometric parameters. Finally, a thermal conductivity measurement of 3D-AAO filled
with a reference sample was carried out. The result was found to be in good agreement with

the theoretical prediction, thus, corroborating the validity of the thermal model.

- The versatility of PA technique to measure individual NWs was also proved by measuring the
nanowires embedded into the alumina matrix and the subsequent application of the effective
medium theory. With a future thermoelectric device in mind, both n- (Bi,Te;) and p-type
(Sb,Te;) nanowires were study. Regarding the Bi,Te; nanowires, highly oriented samples
along the [1 1 0] direction with diameters ranging from 30 nm to 52 nm were examined. The
obtained values showed a great reduction of the thermal conductivity of Bi,Te; of a factor in
the vicinity of 3.4 in comparison with the bulk value along the same crystal orientation.
Although very similar values were found in all the cases were found, 0.6 W-m™-K™, a thermal
conductivity reduction could be elucidate when considering the reduction occurred in
nanowires with higher diameters studied in our group. Moreover, a study about the influence
of the stoichiometry was also carried out for nanowires with diameters around 40 nm. A slight
reduction when the Te content increases can be appreciated which can be ascribed to the Te
clusters in the nanowire and the reduction that a high tellurium can cause. The effect of the
sodium lignosulfonate presence in the solution used for the depositions was also investigated,
showing no dependence as previously found for Bi,Te; films.

- Conversely, the thermal conductivity of Sb,Te; nanowires was also measured. Again, a
reduction in a factor of around 3.5 in comparison with the bulk value along the same crystal
orientation was found.

- Finally, a nanowire bilayer composed of both materials was also measured, proving the

capability of the technique to determine two thermal conductivity values in a sample.
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Chapter 6

The partial conclusions extracted from this PhD work are summarized in three main blocks:

1. Design and implementation of the photoacoustic system.

The photoacoustic technique has been proved to be valid for measuring different type of
materials. From bulk materials, to films, to porous structures, and to nanowires arrays embedded into
an alumina matrix. This objective was achieved by an exhaustive study of the different components of

the experimental setup which are described below:
1.1 PA experimental setup

The implementation of the experimental setup was carried out by taking into account the

following aspects:

- Photoacoustic cell: Both the material and the characteristic dimensions of the PA cell were
thoroughly studied. PMMA was chosen as the material to build the PA cell since its
reflectivity is low enough to avoid parasitic signals. The radius and the length of the PA cavity
were established to be 4 mm and 8.4 mm, respectively, since those dimensions allows for 3D
effects and acoustic resonances to be avoided. Other important dimensions like the length and
diameter of the duct which communicates the PA cavity with the microphone or the distance
from the sample to the microphone were also optimized. The former has bene design to avoid
Helmholtz resonances as much as possible and the last dimension was found to be uniquely
determined by the mechanical feasibility.

- Laser beam: the laser beam diameter was characterized and optimized by the knife-edge
profiling technique to be 1.4 mm which is small enough to avoid the lateral heat flow in such a
way that 1D heat conduction model can be applied.

- Stability and reproducibility: The electronic components and their parameters are properly
selected so that a variation during a measurement is found to be lower than 0.2 deg and 1 %
for the phase shift and the amplitude, respectively. In the case of the deviation among different

measurements, these values are lower than 1 deg and 5 %.

1.2 Measurement procedure

- Bulk materials: The phase lag method and the tangent discontinuity, which are based on the
front and rear configuration measurements, have been demonstrated to be effective for
measuring bulk samples. Measurements of reference samples show a deviation from the
expected values generally lower than 10 %. Moreover, a high reproducibility was found in all

the cases with values which differ in less than 5 %.
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- Multilayer samples: Samples composed of different layers have been measured by applying a
multilayer theoretical model. Different references have been analyzed and compared with

values obtained in other labs and other techniques with a mean deviation of 10 %.

1.3 Detection limits

- Thickness of the sample: In the case of bulk materials model, the acoustic waves detection
becomes difficult in the rear configuration when the thickness of the samples is larger than
three times the thermal diffusion length. Moreover, assuming 10 Hz like the lowest operating
frequency at which no 3D effects occur, a relation of the maximum sample thickness was
found. In the case of the multilayered model, the minimum and maximum thicknesses are
limited by the highest and lowest frequency that the microphone is able to detect and their

relation with the thermal diffusivity by means of the thermal diffusion length expression.
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- Other limitations: In the case of a two different layers with a low thermal contact resistance
between them, the difference between the thermal diffusivity values of the two different layers

should be of at least 50 %.

2. Thermal diffusivity measurement of bulk materials.

Front and rear configuration measurements have been demonstrated to be effective for
measuring bulk samples. Different reference samples with a wide range of thermal diffusivities have
been measured, proving the reliability of the photoacoustic system for this type of measurement.
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2.1 Inorganic materials: Thermoelectric properties of Zinc oxide doped with nickel
oxide.

A threshold in the NiO quantity produces a power factor of approximately 620 uW-K™*-m™ at 65
°C for regular ZnO powders. Pure nano ZnO samples sintered at 1100 °C exhibit the highest power
factor, 379 uW-K™*.m? at 56 °C. Regarding the thermal conductivity, the obtained values matched
previous works values. Particularly, samples sintered at 850 °C show the lowest thermal conductivity
values. The addition of NiO causes a reduction in the thermal conductivity until a threshold value from
which the thermal conductivity at room temperature stays steady, 25 W-m™K™ and 15 W-m™K™, for
regular and nano powders, respectively. The figure of merit was estimated, exhibiting the maximum
value for regular ZnO and 1 wt. % NiO sintered at 1100 °C, with a value of 7.3 10° at room

temperature.

2.2 Organic materials: Polyaniline/Graphene nanoplatelets nanocompites

thermoelectric properties.

The thermoelectric properties of pellets composed of polyaniline blended with graphene
nanoplatelets have been studied. The best power factor obtained in this work, 14 pW-m™*-K? was
higher than previous investigations based on polyaniline at that time. Regarding the thermal
conductivity, the nanocomposite could roughly work as a parallel thermal resistor which indicates that
the GNPs are parallelt oriented to the surfaces of the pellets and hence, the highly anisotropy does not
allow the figure of merit estimation. The thermal conductivity ranged from 0.46 W-m™*K™ to 3.3 W-m"
'K for pure PANI and PANI with a GNP content of 50 wt. %, respectively.

3. Thermal conductivity measurement of the multilayers and porous structures.

The standard samples measurements results corroborate the reliability of the photoacoustic
system for both thick and thin films, inorganic and organic materials, with different roughness values,

reaching values of 300 nm.

3.1 Thick and thin films thermal conductivity.

- Tellurium films prepared by electrodeposition: The sodium lignosulfonate addition
modifies the tellurium growth mechanism given that the grain size of the films is dramatically
reduced. Consequently, the electrical resistivity of the tellurium films without SLS is lower
than with SLS. Conversely, the Seebeck coefficient values are not influenced by the SLS
addition. Room temperature power factors of 280 pW-m™ K and 82 uW-m™-K? without and

with SLS, respectively, were obtained. Finally, the thermal conductivity values were of the
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order of 1 W-m™ K™ for both solutions, a factor of 3 less than the tellurium bulk value. In the
case of films grown with SLS, a lower thermal conductivity was found due to the lower grain
size induced by modification of the growth mechanism. The figure of merit is estimated to be

around one order of magnitude higher than the bulk value.

Effect of the sodium lignosulfonate on the thermal conductivity of bismuth telluride
prepared by electrodeposition: The thermal conductivity of a Bi,Te; film grown by
electrodeposition from a solution with sodium lignosulfonate was studied. No modifications
from the Bi,Te; single crystal thermal conductivity was found, thus, indicating the no
influence of the surfactant for this material.

Silicon Germanium films: Crystalline SiGe thin films were synthesized by sputtering by
metal induced crystallization along with two different thermal treatments, in-situ (heating the
chamber during the fabrication process) and ex-situ (a post-annealing in a external RTA
equipment). The thermal conductivity values were found to be 1.13 + 0.13 W-m™*-K™* and
1.23 + 0.12 W-m™-K™* for the in-situ and ex-situ thermal treatments, respectively. These
values are lower than those found for SiGe bulk (4-5 W-m™-K™) and they are attributed to the
cluster presence created inside the films during the crystallization process.

3.2 Porous structures

Anodic aluminum oxide (AAO) membranes: the skeletal density and skeletal
thermal conductivity could be accurately obtained depending on the preparation
conditions since the composite density and thermal conductivity as a function of the
porosity was found to follow the rule of mixtures and the effective medium theory,
respectively. Thermal conductivity values of 1.07 W-m™.K™* for AAO membranes
prepared in sulfuric acid solution and 1.32 W-m™-K™ for oxalic and phosphoric acid
electrolytes were obtained. A reduction in the value obtained when using sulfuric acid
can be explained in terms of SO4 incorporation to the alumina structure.

3D Anodic aluminum oxide membrane: The effective thermal conductivity of a
non-filled 3D AAO membrane was measured by the PA technique, obtaining a value
of 0.38 W-m™-K™. A 3D thermal model was developed which provided a value of the
skeletal thermal conductivity of 1.25 + 0.25 W-m™-K™. A study of the influence of the
number of transversal nanochannels as well as the thickness of the 3D-AAO structure
for both empty and filled with different materials was performed with the aid of the
new thermal model. Therefore, tuning the effective thermal conductivity by

manipulating the geometric parameters is demonstrated. Finally, the 3D-AAO was
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filled with a reference sample and the effective thermal conductivity was measured.
The result was in accordance with the thermal model predictions, thus, corroborating

its validity.

3.3 Nanowires embedded in alumina matrix

- Bi,Te; nanowires: the thermal conductivity of highly oriented Bi;Tez nanowires of
diameters of 30 nm, 45 nm and 65 nm resulted in the vicinity of 0.6 W-m™-K™* which
is a factor of 3.5 lower than the bulk value. NWs with different stoichiometries were
studied, showing a slightly reduction of the thermal conductivity when the tellurium
content increases due to the presence of Te clusters. Moreover, the effect of the
addition of sodium lignosulfonate during the nanowire growth was studied for
nanowire diameters of around 40 nm, showing no variation with respect to the highly
oriented as the Bi,Tes electrodeposited films.

- Sb,Te; nanowires: the thermal conductivity of nanowires of approximately 40 nm
was found to be a factor of 3.5 lower than the bulk value.

- N-p junction bilayer Bi,Tes/ Sb,Tes: the thermal conductivity of two different NWs
grown in the same AAO template with a clear interface between them was
successfully measured by the PA technique, showing the capability of measuring the

thermal conductivity of two different layers.
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All the partial conclusions extracted from this PhD work can be summarized in four

general conclusion:

1. The photoacoustic technique has been proved to be valid for thermal property
measurements of materials from any type of structure, bulk, thin and thick films,
porous structures and nanowires embedded into alumina matrix. Materials of a wide
range of thermal conductivities, from 0.2 W-m™-K™ to 240 W-m™.K™?, have been

successfully measured.

2. Thermal transport measurements are extremely complicated since they involved
complex processes related to heat transfer phenomena. High quality metrology in this
field becomes essential. The selection and measurements of reference samples were
critical to calibrate the experimental setup. Moreover, performing round robin

experiments was also crucial to determine the accuracy of the measurement technique.

3. Thermal transport of different structures is explained based on morphology,
composition or characteristic dimensions which are deeply characterized, allowing an
elementary and solid understanding of best tactics to engineer thermal transport.
Example of remarkable results include: i) the effect of using NiO nanoparticles in
reducing thermal conductivity and increasing electrical conductivity of ZnO; ii) an
induced anisotropy in the PANI/GNP pellets created by the graphene positioning in
polyaniline matrix; iii) the effect of acid solution used for the fabrication of anodic
alumina membranes on their thermal conductivity, density and specific heat; iv) the
first heat transfer model developed for a 3D anodic alumina; v) the effect of sodium
lignosulfonate on morphology and properties of tellurium films and bismuth telluride
films and nanowires; vi) the extraordinary reduction in the thermal conductivity of
SiGe films due to phonon scattering induced by clusters presence; and vii) the role of
diameter, composition and crystal orientation on the thermal transport of nanowires. In
general, a common reduction in the thermal conductivity has been observed when the
dimensions are near to the nanoscale due to phonon-boundary scattering, as observed
in the reduction of the thermal conductivity of Si-Ge films, Te films, ZnO pellets with

NiO nanoparticles, or Bi,Tes and Sh,Tez nanowires.
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n = Thermoelectric efficiency
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T¢ = Cold side temperature
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x = Thermal conductivity

ke = Electronic thermal conductivity
Kxpn = Phononic thermal conductivity
PF = Power factor

Q = Heat flux vector

VT = Temperature gradient vector

C = Heat capacity

v = particle velocity

[ = mean free path

a = Thermal diffusivity

C, = Specific heat

p = Density

AR = Change in reflectivity

AT = Temperature difference

TDTR = Time-Domain Thermoreflectance
d = Thickness

T = Pulse duration

V¢ (t) = TDTR signal

V, = TDTR average voltage output

Q = Quality factor

R = Reflectivity

t = Time delay

Vin = In-phase TDTR signal component

Vout = Out-of-phase TDTR signal component

t1/ = halft time laser flash

t,, = time of the interception with the y-axis
TTG = Transient thermal grating

g(t) = time dependent component of the
temperature distribution in TTG

TM = Thermal mirror effect

PTDT = pulsed photothermal displacement
technique

4 = thermal penetration length or thermal
diffusion length

f = modulation frequency

FDTR = Frequency-domain reflectance
method

A = phase shift

PBD = Photothermal Beam deflection

PA = Photoacoustic

¢ (t) = spatially averaged temperature of the
gas

6 = complex amplitude of the temperature at
the solid gas boundary

w = angular frequency

t =time

Jj = imaginary unit

6x(t) = gas displacement
T, = room temperature

6P (t) = pressure variation

l4 = gas column length

P,=ambient pressure

SPS = Spark plasma sintering
PANI = polyaniline

GNP = Graphene nanoplatelets
AAOQO = Anodic aluminum oxide
E = reduction potential

E° = standard potential

n=

F = Faraday constant

ay;t = oxidized species



Abreviaturas

a,, = reduced species

m = mass

M = molecular weight

I = electrical current

CE = counter electrode

WE = working electrode

RE = reference electrode

RTA = Rapid thermal annealing

A = wavelength

d = interplanar distance

6 = angle between the incident wave and
the scattering planes

FE-SEM = Field Emission Scanning
electron microscope

EDX = Energy dispersive X-ray
spectroscopy

BET = Brunauer-Emmett-Teller technique
P = porosity

Voores = pore volume

Vsoria = solid volume

DSC = Differential Scanning Calorimetry
W,ir = weight in air

W, = weight in ethanol

S,e1 = relative Seebeck coefficient
AV = voltage difference

Saps = absolute Seebeck coefficient
Spe = Platinum Seebeck coefficient
A = wavelength of the acoustic wave
L, = PA cavity length

Bmn = transversal eigenvalue

q = longitudinal eigenvalue

e = Cavity diameter

fmnq = resonance frequencies

- 258 -

SNR = Signal to noise ratio

®rront = Phase shift in front configuration
®rear = Phase shift in rear configuration
g = optical penetration length

fc = critic frequency

AA = amplitude variation

A = phase shift variation

o = standard deviation

@ = normalized phase shift

Oy +1 = transient temperature

S, = sensitivity of the property p

E}qn = random error

t,—1 = Student-t distribution

Eg;s; = Systematic error
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