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Abstract

Single-walled carbon nanotubes (SWCNTSs) being a unique nanomaterial
demonstrate outstanding performance in mechanical, optical, electrical, and other
applications. The superior physical properties of SWCNTSs along with fast, scalable, and
inexpensive production make them promising material for the implementation in devices
of the future.

Thermophone is a sound-producing device exploiting thermoacoustic effect, which
performance significantly depends on the heat capacity per unit area (HCPUA) of the
utilized material. Recent observations reveal enhanced performance of thermophones
based on novel nanomaterials owing to low HCPUA. However, further development of
thermophones requires sophistication of theoretical models, introduction of new
technological approaches, and additional advances in materials.

This thesis addresses important theoretical and experimental aspects of
thermophones. The comprehensive experimental investigation carried out with SWCNT
films as the main element of a thermophone. The theoretical approaches extended here to
obtain an analytic formula for the sound pressure in the ultrasound region using diffraction
corrections. Theoretical derivations are confirmed by experiments and numerical
simulations. For the audio region, thermophones efficiency is close to the theoretical
ultimate limit, whereas in the ultrasound region the efficiency is suppressed by the heat
accumulation effect in thermophones. The work demonstrates a few methods to enhance
the thermophones performance: 1) pulse induced sound generation; 2) SWCNT films
protection from the influence of an environment; 3) SWCNTSs purification from catalyst
residuals. The first method leads to increase of the sound pressure owing to overcome the
heat accumulation problem and applies to thermophones based on any material. Methods
2 and 3, in turn, significantly increase the performance of thermophones based on carbon
nanotubes in terms of sound pressure and protection from harsh environment.

A special accent in the work was made on method 3, because it introduces a
technique with a huge potential for further implementation in the field of CNTs. The
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technic represents a method for the rapid purification of SWCNT films from catalyst
impurities by Joule heating in a vacuum allowing to decrease the catalyst concentration by
a factor of 27 (from 17 to <1 wt.%) after heating at 1600 °C for 2 min. The Joule-assisted
purification leads to an increase of the sound pressure in thermophones due to smaller heat
capacity of purified films. The results are extendable to a number of other applications, for
instance, bolometric detectors.

Overall, to the best of our knowledge, the research demonstrates the highest sound
pressure of 101 dB (at 100 kHz, 3 cm distance and 1 W of input power) for thermophones
made of SWCNT film in ultrasound region compared to all published materials for
thermophone application, due to uniqueness of the SWCNT films. The promising results
allow to utilize thermophones based on SWCNT films for such applications as calibration

of ultrasound equipment or as antennas for robots positioning.
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Chapter 1. Introduction

Sound provides unprecedented opportunities to simplify and improve our lives.
Ultrasound, in particular, is widely applicable in healthcare!?, industry®# and technology®®.
Among the ultrasound producing devices there are many, exploiting thermoacoustic
effects. For instance, photoacoustic effect, where laser heating of substance leads to sound
propagation’. Photoacoustic based devices apply in non-destructive imaging®, tumor
treatments® and other applications®®. This thesis addresses a thermophone, which is the
thermoacoustic device, where sound propagation arises from the Joule heating of a
substance under an impact of alternating current. Principal limitation of sound pressure in
thermophones is large heat capacity per unit area (HCPUA) of utilized materials.

Recent advances in materials science and technology have sparked a new wave of
research on thermophones?!. Novel nanomaterials became thinner and sparser. Hence, they
had lower HCPUA, which resulted in a significant increase in the sound pressure and made
thermophones attractive for many applications. Promising results for air-coupled
thermophones based on different nanostructured conducting materials were observed in
many materials such as: gold nanowires*?, poly(3,4ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS)®, silver nanowires*, indium tin oxide (ITO)™¥, thin titanium
film'®, graphene!’, multiwalled carbon nanotubes (MWCNTS)!*® and thin aluminum
wires'®. Up to the present moment, the best performance in the thermophones was

demonstrated by carbon allotropes.
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Tremendous interest to carbon nanotubes (CNTS), in general, and single-walled
carbon nanotubes (SWCNTSs), in particular, was initiated by works of lijima2®?,
Theoretically predicted and experimentally measured outstanding properties of this
material made it one of the most perspective material towards applications in the last
decades??. SWCNTs demonstrate fascinating structural, mechanical, and optoelectrical
properties, which inspire a vast number of applications in catalysis, electronics, photonics,
medicine, photovoltaics etc.?324252, The outstanding properties of SWCNTs make them a
perspective candidate for the applications in thermophones.

Overall, the field of thermophone is modern and requires new materials and
methods towards an increase of its efficiency. In this work, the comprehensive study of
thermophones, which cover theoretical and experimental aspects, was carried out. For the
first time, a comprehensive research was performed using SWCNT films synthesized by
the floating catalyst method. From a theoretical point of view, the focus of the research was
made on analytical description of sound pressure dependency on the frequency in
ultrasound region. From the experimental side, a few novel approaches to increase the
thermophone efficiency were proposed. The work results demonstrate the highest sound
pressure level of freestanding SWCNT films among other materials in thermophone.

This thesis is based on 3 publications and comprise from 5 chapters. Chapter 2
introduces a history of thermoacoustic effect and thermophones. Chapter 3 includes the

description of experimental approaches and methods used in the thesis research. Chapter 4
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presents the main findings of this work including theoretical and experimental

investigations. Chapter 5 summarizes the main work results.
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Chapter 2. The thermoacoustic effect and introduction to thermophones

2.1 Sound and its applications

Sound is defined as oscillation in pressure, stress, particle displacement, particle
velocity, etc., propagated in a medium with internal forces (e.g., elastic or viscous), or as
the superposition of such propagated oscillations?’. In terms of oscillation frequency (f),
the sound bandwidth historically divided into three groups: infrasound (<20 Hz), audio (20
Hz — 20kHz) and ultrasound (>20kHz). The division appeared because human hears the
frequencies in the range of 20 Hz — 20 kHz. Despite the inability of humans to hear
ultrasound and infrasound they found many useful applications in medicine?®, industry?®,
science®?3!, etc®,

Ultrasound due to the small wavelength (1 = v, /f, where v, is the speed of
sound) find important applications in imaging®*3*, cleaning®, mixing®®, destructing®’, and
other fields®®. Ultrasound devices utilize the effect of cavitation and properties of
ultrasound as a wave, in particular: reflection, transmission, focusing, etc. The cavitation
leads to a high level of disturbance in the media and applicable for cleaning, mixing, and
destructing needs. On the one hand, the wave properties of sound allow utilizing ultrasound
in non-destructive imaging applications using reflection and transmission schemes®. On
the other hand, ultrasound focusing reveals enough power to destruct tumors* or weld
materials*.

Infrasound is of utmost importance for our health and plays a significant role in
nature. Infrasound has a large wavelength, which influences humans by resonances with
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the body and cause harm*?. Also, many nature phenomena such as earthquake*, volcano
eruption®>* accompanied by infrasound waves. Low infrasound attenuation leads to signal
propagation to thousands of kilometers*® and the detection of such waves can warn and
prevent disasters. Moreover, infrasound plays an important role in atmospheric processes
including monitoring of thunderstorms*®#” and nuclear-explosion tests*®.

Significant role of sound equipment in our daily life requires constant development
of sound generators and detectors. Usually, the sound is created by periodic mechanical
vibrations of rigid or semi-rigid objects, which cause pressure oscillations in a medium and
result in sound propagation. However, an alternative mechanism of sound generation

without mechanical vibrations of the material itself exists.

2.2 Origin of thermoacoustic effect

Thermoacoustic effect is a phenomenon in which thermal energy transforms into
sound and vice versa. The thermoacoustic generation is based on periodical thermal
expansions of heated material or surrounding media. The first mention of thermoacoustic
effect in history is a subject of debates, however, we can agree that the Rijke tube is the
simplest thermoacoustic sound generating device®®. The device construction requires only
hollow tube and flame. Heating the air inside the tube from one side produces sound. The
sound in the Rijke tube has a resonance nature, defined by tube geometry, and produces
single frequency with its harmonics.

The thermoacoustic effect finds applications in the real-life system being a part of

engines®, gas separators®!, heat pumps®?, refrigerators®>>, and other devices®. Scientists
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found thermoacoustic based devices less damaging to the environment and not causing the
greenhouse effect®®>’. The majority of the thermoacoustic devices exploit the
photoacoustic effect, in which the thermal energy is applied by periodic electromagnetic
radiation. Experimentally, the photoacoustic effect was observed in 1859 by Alexander
Graham Bell, who called the operating device nonelectric photophone®®. Unlike the Rijke
tube, the photophone generates the sound of any frequencies which leads to a wide
bandwidth of such sound sources. For the photophone, the frequency of sound matches
with the frequency of radiation modulation. Currently, photo-acoustics employs in a
diverse range of applications, including gas detection in pollution monitoring®®, biomedical

applications®, and in the analysis of material properties®?.

2.3 Thermophones

This thesis covers a type of thermoacoustic device which exploits alternating Joule
heating to produce the sound. The device is called thermophone and potentially any
conducting material under resistive heating can be utilized as thermophone. The first
theromphones, experimentally obtained in 19th century, were based on the metallic films®2,
In 1917, Arnold and Crandall®® theoretically explained the thermal origin of sound in
thermophones. According to their theory, alternating current causes Joule heating, which
leads to temperature oscillations in a conductor, which, in turn, leads to periodic thermal

expansion of the surrounding gas and, as a result, generate sound. The principal relation of

the theory was p ~ﬁ/Cs, where p is the sound pressure and Cs= p, Cp, is the heat capacity

per unit area (HCPUA). The latter is defined as the product of the heat capacity of material
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per unit mass, Cy, and the areal density of the sample, p, = hpy,, where h is the thickness
of the sample and p,, is its density. Thermophone and photophone both have wide
bandwidth, however, in case of photophone, frequencies of sound and light modulation are
the same, while for thermophone, frequency of sound is doubled frequency of current
modulation. The convenient sound generation with the alternating current along with
frequency doubling are main thermophones advantages attractive for the ultrasound
applications. However, the first thermophones had low sound pressure and low efficiency,
because they were based on metallic films having a large thickness and high density, which
means high HCPUA.

Advances in material science lead to an increase of thermophones performance due
to HCPUA!! lowering. Moreover, experimental investigations of the materials having a
small HCPUA shed light on the theory of thermophones. The gas heat capacity of air per
unit mass, C,, was observed to be a new limiting factor for achieving higher sound
pressures. In 2008 Xiao et al.®* introduced the relation for the sound pressure of materials

with small HCPUA, p ~ f/C,. Having said thatthe relation is frequency dependent, which

mean the domination of C, over heat properties of the media at ultrasound frequencies and
switching from relation of Xiao to relation of Arnolds even for materials with ultralow
HCPUA. This fact indicates an importance of further attempts in decreasing of HCPUA to
enhance thermophones sound pressure at ultrasound frequencies. The main limitation of
Arnolds and Xiao theories is the point-source approximation. It is not applicable, when

wavelengths become comparable or smaller, than the size of the sample. The need to take
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into account the finite size of thermophones at high frequencies has been already
demonstrated numerically and experimentally by Vesterinen et al.'® Hence, the theory
requires theoretical modifications to describe sound pressure of a finite and large sources

at high frequencies.
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Chapter 3. Methods and characterization

3.1 Synthesis of SWCNTs

A variety of methods for carbon nanotubes synthesis exists, such as: arc-discharge, laser
ablation and others®>%., Among all methods towards the CNTs synthesis, the aerosol
floating catalyst chemical vapor deposition (CVD) method "8 has many advantages such
as: easy sample handling, large surface area of the samples, and convenient control of
sample thickness during the synthesis process. Moreover, fast, scalable and inexpensive
production of high-quality SWCNT films makes this synthesis method attractive for
industrial applications such as: transparent capacitive touch sensors, thin-film transistors,
electrochemical sensors, polymer-free saturable absorbers, bright organic light-emitting
diodes, gas flowmeters, and gas heaters®-"°.

For this work, the SWCNTSs were synthesized in a flow reactor by aerosol floating
catalyst CVD method described in detail elsewhere®® ™. Briefly, ferrocene as a catalyst
precursor was introduced in a hot zone (880°C) of a tubular quartz reactor in the atmosphere
of carbon monoxide (Figure 3.1-1a). The Boudouard reaction
(2C0O = C + COy), which occurs on the surface of formed catalyst particles, resulted in the
release of carbon and formation of SWCNTs. The SWCNTSs were collected downstream
of the reactor by the aerosol filtration in the form of randomly oriented nanotube film on a
microporous nitrocellulose filters (0.45 um, HAWP, Merck Millipore, USA). The surface
area of the films may reach dozens of squared centimeters (Figure 3.1-1b). During the

synthesis process, the SWCNT film thickness was managed by the collection time.
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Figure 3.1-1. a) Schematic representation of the reactor for SWCNTSs synthesis by floating
catalyst method. b) SWCNTSs on a filter with a large surface area of 21.0 x 29.7 cm?. ¢) Schematic

representation of free-standing SWCNT film fabrication.

The quality of the SWCNTSs was controlled by Raman spectroscopy, ultraviolet-
visible-near infrared (UV-vis-NIR) spectroscopy, scanning electron microscopy (SEM),
transmission electron microscopy (TEM) methods described in detail in the following
sections. An important advantage of the filter-based collection is the great flexibility of the
further utilization of the produced SWCNT films. The films can be easily transferred from
the filter onto various substrates and even in the freestanding form (Figure 3.1-1c) due to

low adhesion of SWCNTSs to filter™.
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3.2 Characterization of SWCNT films

3.2.1SEM and TEM

Electron based microscopy is commonly used technique for materials
characterization, that give insights into morphology, composition, processes on the
nanoscale level, etc. Utilization of accelerated electrons for imaging purposes allows to
reach a few orders higher resolution than that for the photon-based microscopes. To obtain
a sub-nanometer resolution and internal structure of the material, the transmission electron
microscopy (TEM) is used’?. In TEM the electrons pass through the sample and are
collected on a detector. In the simplest case, the brightness of the image pixel depends on
the number of transmitted electrons”. To perform TEM imaging sample thickness has to
be on the scale of nanometers. For the purposes of morphology investigation of thick
samples or on larger scales, the scanning electron microscopy (SEM) is utilized’. The
construction of SEM image is based on the secondary electrons emitted from the surface
of the material under the impact of the incident beam of electrons’. For SEM images the
brightness of the pixel depends on the number of detected secondary electrons.

To obtain the structure of an individual SWCNT in this work, a FEI Tecnai G2 F20
transmission electron microscope was used. Mostly, SWCNT film sample consists of joint
SWCNTs, which we call bundles, however single tubes with a diameter of 2.2 nm can be
observed as well (Figure 3.2-1a). TEM imaging was utilized to measure diameter

distribution of iron nanoparticles and SWCNT bundles. The SEM images were taken with
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FEI Helios 660 DualBeam microscope. Typical images of free-standing SWCNTs films
demonstrate the random orientation of SWCNT bundles in a film (Figure 3.2-1b).

Also, the thesis includes a study on in situ heating of SWCNT film in TEM. The
heating was performed to investigate an iron nanoparticles evaporation process from the
films. The commercially available chips supplied by DENSsolutions company were
utilized for that purpose. In experiments, a maximum operating temperature of chips was
1100 °C (DENS-C-SH30-4M-FS-SM SD1932-W5 / Box 111). The comprehensive
description of the chip operation can be found in ’®. Briefly, the chip consists of a heating
spiral incorporated within the suspended SiNx membrane. The Joule heating of the spiral
is initiated by an impact of the current and increases the temperature of the membrane. The
temperature is controlled in a closed-loop by known dependency of the spiral resistance on
temperature. In other words, the temperature was set by current and adjusted by 4-probe

measurements of the spiral resistance.

a) Individual b) ;
. SWCNT
s

Figure 3.2-1. a) Image of an individual SWCNT taken in TEM. b) Typical image of SWCNT
film morphology taken in SEM.
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3.2.2 Raman spectroscopy

Raman spectroscopy is based on phonon scattering and allows to reveal vibrational
modes of materials known as phonons’’. Only vibrations followed by a change in
polarizability are active in Raman spectroscopy. The general idea of the spectroscopy is to
illuminate material with a laser having photons frequency of v; and detect the scattered
photons with a frequency v;. In fact, there are three important photon scattering processes:
i) Rayleigh scattering, when the photon energy preserve in the process and v; = vq; ii)
Stocks scattering, when v; > v¢ with a phonon emitting; iii) Anti-Stocks scattering, when
v; < v With a phonon absorbing (Figure 3.2-2a). Raman spectroscopy is based on ii) and
iii) scattering processes. The difference in the photon frequencies v; — v¢ (Raman shift)
gives insights into vibrational modes of the material and usually is expressed in
wavenumber units. Thus, the absolute values for Raman shift in Stocks and Anti-Stocks
scattering are the same, however, the signal intensities are different. Stocks scattering
process dominates for SWCNTSs under ambient conditions.

Raman spectra of SWCNTs exhibit many peaks’®, here we discuss those of most
importance: G, D, RBM, 2D (Figure 3.2-2b). Peaks position, shape, and intensity give
insight into geometrical parameters, thermal properties, and electronic structure of carbon
nanotubes. Radial breathing mode (RBM) corresponds to the vibration of a CNT in a radial
direction. The existence of RBM peaks in Raman spectra is a benchmark arising only in
CNTs at frequencies of 100-500 cm™. The position of RBM, as well as intensities, are

defined by carbon nanotubes diameter and chirality’®®°. The G-band arises in nanotubes as
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well as in other carbon sp?-hybridized materials and corresponds to optical phonons. For
CNTs, G-band divides into two peaks G* and G™ unlike a single peak for graphite. The G*
and G associate with longitudinal and transversal optical phonons and typically has a
frequency of 1590 cm™ and 1570 cm™, respectively. Both peak positions are sensitive to
the diameter of nanotubes, whereas the G* position depends on the doping type and its
level®!. The D and 2D bands both arise from a double resonance process, which are
typically utilizes for defectiveness and temperature measurements 8. The ratio of G/D
bands intensities characterize amount of defects in the sample, whereas 2D peak intensity

exhibit strong dependence on the sample temperature.
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Figure 3.2-2. a) Energy-level diagram, showing the energy states involved in Raman

spectroscopy. b) Typical Raman spectra of SWCNTSs utilized in this thesis.

Raman spectra in this thesis were utilized to characterize the number of defects in
the samples after Joule assisted purification in a vacuum. The measurements were
performed using Thermo Scientific DXRxi Raman Imaging Microscope (A =532 nm, laser

power of 0.1 mW).

26



3.2.3UV-vis-NIR spectroscopy

The UV-vis-NIR spectroscopy is based on absorption or reflection of light from the
matter in wavelengths ranging from ultraviolet to infrared region®. Only vibrational modes
followed by a change in dipole moment are sensitive to absorption spectroscopy, for others,
the Raman spectroscopy should be utilized. In general, spectroscopy is used to reveal the
electronic structure and vibrational properties of the substance. Materials typically have
unique spectra with an individual set of absorption peaks. Therefore, absorption
spectroscopy defines the presence of certain compounds in the substance and defines its
amount.

The absorption spectroscopy of SWCNTs includes a few important peaks: pi-
plasmon, Si1, S22, M11. The pi-plasmon peak exhibits in all carbon allotropes and arises
from pi electrons of carbon atoms. The Si1, S22, M11 absorption peaks arise from transitions
between Van Hove singularities for semiconducting and metallic nanotubes™ (Figure
3.2-3a). The peaks characterize whether the CNTs are metallic or semiconducting and are
utilized to estimate its relative amount. The transmittance of CNT films in the visible range
is of high importance for application in transparent conductive electronics. Therefore,
scientists search for methods for modification of CNT films where an increase in
conductivity would not accompany with changes in transmittance.

In this work, UV-vis-NIR spectroscopy was used to characterize the SWCNT films
after Joule-assisted purification (Section 4.4.1). The optical spectra (Figure 3.2-3b) of

SWCNT films of different thicknesses were measured using dual-beam spectrometer
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Perkin Elmer Lambda 1050 (300 — 3000 nm; resolution of 2 nm). The Si1, S22, and M1
peaks confirm the presence of both metallic and semiconducting nanotubes in the film. In

addition, the optical spectra were utilized to estimate the thickness of the film (h) derived

from Lambert-Beer's law as

h = ao loglo E, 32'1
where a, is an attenuation coefficient, ¢ is the transmittance.
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Figure 3.2-3. a) Electron density of states for semiconducting and metallic SWCNTSs. b)
Typical optical spectra of SWCNT films having different thicknesses.

3.2.4Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) is widely used to obtain the
absorption spectra of the substance in the infrared wavelength range and strive the similar
goals as UV-vis-NIR spectroscopy 884 The FTIR is based on modulation of light source
and simultaneous measurement of many wavelengths, unlike the double beam
spectrometers where only one wavelength is measured at time. As a result, the

measurements are performed rapidly. Typically, the FTIR utilize the Michelson
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interferometer, where an incident beam from a source is divided with beam splitter into
two coherent beams, which being reflected back from the mirrors interfere (Figure 3.2-4a).
Movement of one of the mirrors introduces the signal modulation. The resulted signal after
pathing through the sample records with a detector as a function of optical path difference.
Finally, the Fourier transform of an interferogram gives the dependence of the transmitted
signal in arbitrary units on the wavelength. The SWCNT film infrared absorption spectra
(Figure 3.2-4b) were measured using Bruker Vertex 70v and obtained results were utilized
for experiments on SWCNTSs temperature measurements and for theoretical estimations of
radiation dissipative channels in Sections 3.4 and 4.2.3.
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Figure 3.2-4. a) Principle scheme of Michelson interferometer. b) Typical infrared

absorption spectrum of SWCNT film.

3.3 Sound measurements

The experimental setup for thermophone measurements was designed to measure
the dependency of the sound pressure on the frequency and on the azimuth angle between
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the sample and the microphone. The setup consisted of two parts: sound generation and

sound detection (Figure 3.3-1). Both parts were computer controlled with a software

written in Python programming language. In the experiments, the program made current

frequency sweep from 0.5 to 50.5 kHz with a step of 1 kHz. For a certain frequency, the

sound generation process was the following:

1)
2)

3)

4)

1)

2)

a sine wave was generated by a lock-in amplifier (Zurich instruments MFLI);

the wave was amplified by a high voltage amplifier (Falco systems WMA-300);
the sine signal reached the sample inducing Joule heating and, consequently, sound
propagation, while the oscilloscope (Agilent DSO-X 3054A Digital Oscilloscope)
controlled the signal shape;

a multimeter (Keithley 2000) measured the voltage and the current (by voltage drop
via high power shunt resistor) on the sample using 2 channels (Keithley 2000-

SCAN-901-01 card).

The detection process was as follows:

the signal was received with a microphone (B&K 4138-A-015, free-fields
corrections were taken into account) and amplified with a low-noise preamplifier
(Stanford research systems SR 560), which also filtered undesirable low and high
frequencies;

the second harmonic of the original signal was measured with a lock-in amplifier
(Zurich instruments MFLI) with the parameters controlled by the program for

optimal measurements.
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Figure 3.3-1. Schematic diagram of the experimental setup, where the power equipment
marked by green color; the sound detection part by orange color and the signal acquisition part by

purple color.
3.4 Temperature measurements

The temperature measurements of the sample in this work were performed at
ambient conditions for thermophone characterization and under vacuum conditions to
control the temperature during the purification process. For both cases, the temperature
was controlled by the non-contact method based on measurements of radiation from the

heated sample. The equipment for such type of measurements supply the emissivity
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coefficient as a setting parameter and work in different spectral range, which depends on
the range of temperature investigation.

In the thermophone characterization, the alternating current (AC) was applied to
the free-standing film as described in Section 3.3. The average temperature on the surface
of the sample under ambient conditions was measured by the infrared camera FLIR T650-
sc. The camera works in the spectral range of 7-14 um and measures temperature
distribution on the sample surface in the range from - 40°C to 650°C (Figure 3.4-1a). The
camera was used to control temperature and adjust the input electric power to obtain the
surface temperature of ~80°C which in turn allow to keep thermophones under the equal
condition and compare the samples of different thicknesses.

The temperature control of the samples during purification in vacuum was carried
out by pyrometer Euromix RXR 2300, which allowed to measure temperature from 600°C
to 2300°C and worked in the spectral range from 1.0 to 1.6 um. The experimental setup for
vacuum purification by Joule heating included chamber equipped with KF flanges
maintained under pressure P < 10 Pa using Pfeiffer Hi-cube 80 vacuum pump and a
pressure gauge Pfeiffer MPT100. The free-standing SWCNT films were heated by direct
current (DC) with Electro Automatics 3200-04C utilizing four contact method of power
implication (Figure 3.4-1b-c). The vacuum window between the sample and pyrometer was

transparent in the pyrometer operation range.
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Figure 3.4-1. a) Typical temperature distribution on the surface of SWCNT film under
ambient conditions measured with FLIR T650-sc. b) Free-standing SWCNT film sample (8x8
mm?) mounted on a quartz glass substrate with a rectangular opening used for purification

experiments. ¢) Schematic diagram of an experimental setup.
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Chapter 4. Results and discussions

4.1 Theory of thermophones

The main limitation of current thermophone theory is the point-source approximation®.
It is not applicable when wavelengths (1) become comparable or smaller than the size of
the sample, which is especially significant for the ultrasound frequency. As a result, the
theory predicts too high sound pressures. For instance, for the samples with the size of
1x1 cm? the frequency of the transition from large to small wavelengths is 16 kHz. Here
we extended theoretical approach to the case of source of finite size, comparable to the

sound wavelength.

The thermal and acoustic parts of the problem can be solved separately at low
frequencies f < v, /ar, where f is the frequency of the sound, v is the speed of sound,
ar is the thermal diffusivity®. The logical sequence of our theory derivation is presented
in Figure 4.1-1. Briefly, the oscillating in time heating results in the oscillating air pressure
at the surface of the sample, which then converts into the propagating sound waves. One
then needs to take into account the diffraction effects to obtain the measured sound

pressure.
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Figure 4.1-1. Diagram showing the principal steps in thermoacoustic theory derivation.

4.1.1Temperature oscillations

In thermophones, temperature oscillations in time lead to a sound propagation. In
order to find an amplitude of the temperature oscillations, T,., we consider an electrically
conducting sample of thickness, h, and surface area, S. The sample is surrounded by air
(Figure 4.1-2). When an alternating current with a frequency of f/2 passes through the
sample, it causes oscillations in the power converted into the Joules heating of the sample:

P(t) = 2Py sin®(nft) = Py — Pycos(2mft), 4.1-1

where P, is the time averaged electrical input power, t is the time. The first (time
independent) term in Equation 4.1-1, P,, induces Joule heating, which increases the
temperature of the sample from the air temperature T, to the higher value T,,, (Figure

4.1-2). The second (time dependent) term in Equation 4.1-1 oscillating part of electrical
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power, Pycos(2mft), leads to periodic temperature oscillations with an amplitude T,

which we determine below.
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Figure 4.1-2. a) Heating illustration of the sample with a thickness of h, in air atmosphere.
b) COMSOL calculations of temperature dependence on time, where red color corresponds to
instantaneous stationary heating under power P, and blue corresponds to heating of the sample at
Py + Pycos(2mft).

To find T, we consider the thermal conductivity equation
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poCy aaTa(tt,x) = %AST(t, %), 4.1-2

where t is a time, x is the axis of the coordinate in the direction perpendicular to the sample
surface, p, is the air density, Cj is the heat capacity of air per unit mass, and » is the thermal
conductivity of air. Here, one-dimensional approximation was used to obtain the
temperature oscillation, however the full geometry has to be considered in the case of
strong effects of convection and heat conduction to the contacts.
We look for the solution of the form
ST(t,x) = Tys.et@x—h/2)-wt) 4.1-3

where q is the wave number, w = 2rf is the angular frequency. Substituting Equation

_ 1+ |wpgCy

4.1-3 into Equation 4.1-2 we obtain g = AT We also define the thermal diffusion
length
1 [ 4.1-4
l(a)) = m = wpgCq .

The amplitude of temperature oscillations can now be found from the heat balance
equation

PO _ 20T, 2T 4.1-5
S at ax

where C; is the heat capacity of the sample per unit area (HCPUA). It is defined as C; =
prhCy, , where p,is the density of the sample, and Cj, is the heat capacity of the sample per

unit mass. Equation 4.1-5 neglects the effects of convection, black body radiation and heat
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conduction to the electrical contacts. Substituting Equation 4.1-3 into Equation 4.1-5, we

obtain

— 4.1-6
TOSC - |S(q}f+wCS)

In order to verify Equation 4.1-6 and approximations used above, we arranged
numerical calculations in COMSOL software. The thermal conductivity equation of the
used numerical model took into account the convection effect introduced in heat flux
module of COMSOL by condition of natural convection on a vertical wall (see Section
4.2). The results of the calculations of temperature amplitude, T,,., with COMSOL and
Equation 4.1-6 for different values of the heat capacity per unit area found to be in a very
good agreement, which proves the applicability of the approximations used in derivation

of Equation 4.1-6 (Figure 4.1-3).
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Figure 4.1-3. Dependence of temperature amplitude T, on the applied alternating current
frequency for films of different heat capacity per unit area. The dashed lines correspond to Equation

4.1-6, while the dots were calculated using COMSOL software by a finite element method.
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4.1.2 Density and velocity oscillations near the sample surface

The oscillations of air temperature near the surface of the sample lead to the
oscillations of pressure p, and density p, within a layer of characteristic length [(w). In
general, the density variation &p, caused by changes in pressure 6p, and temperature 6T,
can be expressed in the linear approximation as:

op = py(Bép — adT), 4.1-7

where « is the thermal expansion coefficient, g is the compressibility. The latter two are

defined asa = pg(aT )p and S pg(ap )T. Since, for the ideal gas, p = pRT,

Equation 4.1-7 takes the form

_ g(ap 6T)_ 4.1-8

op po To

In Equation 4.1-8 the term, 6p/p,, can be neglected, because it is several orders of
magnitude smaller than 8T /T,. The reason for this smallness is that the pressure adjusts to
the change of external conditions ballistically with characteristic time of I/v,, while the
temperature adjusts diffusively on a much slower timescale of 1/w. This smallness is also
the subject to the final consistency check after the amplitude of the pressure oscillations is

obtained. Equation 4.1-8 then translates into the following time dependent relation for the

density oscillations

ST (t, -
(6,30 = —py (42) 41
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The above density oscillations can now be converted into the oscillations of the gas
velocity field u(t,x). The velocity oscillations can be obtained with the help of the
continuity equation

ap u 4.1-10

ac . Pagye
The substitution of Equation 4.1-9 and 4.1-3 into Equation 4.1-10 then gives

du _ —iwpyST(tx) 4.1-11

0x To
Integrating Equation 4.1-11 with respect to x, we obtain the asymptotic value of the

amplitude of air velocity oscillations outside of the diffusive heating layer near the surface

_ Tiw rdipg _ WTosc 41-12
o = 7 fh/z ST(t, x)dx = o

where the origin of the x-axis is defined in Figure 4.1-2 and (w) « d;,; < A, in air for the
frequency range from 1kHz to 100 kHz, I(w) € [81.9,8.2] um, A € [34.3,0.3] cm.The
result obtained in Equation 4.1-12 agrees with the general concept of perturbation

modes®®87,

4.1.3Pressure oscillations near the sample surface

The sound pressure can now be found from the velocity field using the Euler equation
for a compressible fluid without dissipation:

au+( P = 1 v 4.1-13
5 T whu = o p.

To calculate the sound pressure near the sample surface we approximate our sample

with a spherical transducer of the same surface area as discussed in section 4.1.4. Let us
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now consider a solution of the Euler equation in a semi-open spherical geometry, namely,
outside of the spherical boundary of radius a. For small variations of the density and

pressure, and for u < vy , the boundary condition on the spherical surface is

au| _ _idp 4.1-14

at ly=q pg dr ly=q’

We look for the solution of the form

p _ A ei(kr—wt) 41_15

r

where r is the distance from the center of the sphere (r = a) and A is a constant. In
Equation 4.1-15 in order to simplify subsequent notations, we switch from ép to p to

represent small deviation from the equilibrium pressure p,.

Substituting % = iwuy and 4.1-15 into 4.1-14, we obtain
r=a
_o _ A ka1 4.1-16
iwuy = pg( =)

which in turn gives

_ wugpga’ 4.1-17

Al =
Equation 4.1-17 applies to both small (ka « 1) and large (ka > 1) thermophones.
After the velocity field from Equation 4.1-12 and k = 2ntf /v, are substituted in Equation
4.1-17 and the result is further substituted in Equation 4.1-15, we obtain the root-mean

squared sound pressure of a spherical transducer.
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Prms(f,7) = NZCTor |3 VerP(D+zx(DAL
sty

where y(f) = _1PnCh _ Here [(2wf) is the function of frequency defined by Equation
12mf)pgCy

4.1-4. The function y(f) is responsible for switching between the Arnold and Xiao
theoretical limits, which were discussed in Section 2.3. Therefore, in the limit y(f) = 0,

the Equation 4.1-18 turns to Xiao theoretical limit (p~f /C), whereas in the limit y(f) >

1, it turns to Arnolds theoretical limit (p~\/7 /Cg).

4.1.4Flat transducers and intensity gain

The result for the spherical transducer given by Equation 4.1-18 can now help us to
obtain the sound pressure for a flat transducer of an arbitrary shape. In general, there are
three regimes of the flat-transducer operation, which depend on the ratio between the sound
wavelength and the characteristic sample size: (i) the regime of a point source when the
wavelength much larger than the sample size, (ii) the regime of a large source when the
wavelength much smaller than the sample size and (iii) the intermediate regime of finite
source when the wavelength comparable with the sample size.

For a point source the result for the spherical transducer given by Equation 4.1-18

applies entirely, using effective radius

a = \/S/4m, 4.1-19

where S is the double-sided surface area of the flat transducer.
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For a large source the isotropic spherical pressure front, given by Equation 4.1-18,
must be modified to account for the directivity of the sound emission as described below.
However, in this case, the value of the pressure for the spherical transducer near the
spherical surface, p,-ms(f, @) can still be used to obtain the pressure of the flat transducer
near the flat surface again with the effective radius given by Equation 4.1-19.

In the intermediate regime, strictly speaking, one needs to perform the complete
numerical simulation of the coupled thermoacoustic equations, and we have indeed done
this using COMSOL software as described below. However, we have found that, at least
for the transducers of square shape, the intermediate regime is very well described by the
preceding prescription for large transducers in combination with the intensity gain
calculation described below.

Intensity gain function is the ratio of intensity in a certain direction to the
isotropically averaged intensity

B 1r0.6) 4.1-20
6(r.0) = L 101,61 sin6dg' 6"

where I(r, @, 8) is the sound intensity, ¢ and 6 are the azimuth and polar angles. The
intensity distribution on the sphere of radius, r, surround the sample is proportional to the
square of the sound pressure p?(r, ¢, 0).

In order to find p(r, ¢, 0) we used Huygens-Fresnel principle, i.e. each point on the

transducers surface was assumed to be a point source of spherical waves, p; =

—ikry . . . . .
A2 (Figure 4.1-4). The intensity of this point sources was chosen using the result for

4 T
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the spherical transducer and Equation 4.1-18. The results for the intensity gain calculation

in front of the sample is presented in Figure 4.1-5.

o P(Po.00)

Figure 4.1-4. Spherical surface used for calculation of the intensity gain function.

The calculation of intensity gain function of Equation 4.1-20 by Huygens-Fresnel
principle includes the transition from the near to the far field with an increase of the sphere
radius. In order to verify these numerical results, we compared them with the analytical
result for the directivity of a square emitter in the far field:

D (<p, 9) — SinC(k sin Bzcos P L) Sil’lC(k sin@sing L) 4.1-21

2 H

sin(x)

where sinc(x) = L is the edge lengths of the square transducer. Experimentally the

’
X

directivity function was verified for rectangular thermophone by Vesterinen et al.'°. The

intensity gain is then calculated as:

B D2(0.0) 4.1-22
G(p,0) = L 27 [T D2(¢",0") sin’ dg'dd’”
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As seen in Figure 4.1-5 the analytical result of Equation 4.1-22 is in excellent

agreement with the numerical calculation for large distances from the source.
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Figure 4.1-5. Dependence of the intensity gain function on frequency. Solid lines represent
intensity gain G(r,0,0) for different sphere radius calculated using Equation 4.1-20 and Huygens-
Fresnel principle. Dots line is a far field calculation of intensity gain G(0, 0) performed in

accordance with Equation 4.1-22.
Finally, the sound pressure of the flat thermophone is defined combining Equations

4.1-18, 4.1-19 and 4.1-20

e ) o) 4.1-23
Prms(r ,0,0) = 75 J(Sf)z V22 (Drax(D+1

=Ly

2vg
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One should note that the problem of thermophones is similar to photoacoustic
transducers. The analogy may be successfully applied in description of thermophones,

especially under pulse signals®.

4.1.5Volumetric heaters

Sections 4.1.1-4.1.4 cover the thermophone theory for the case of flat thermophone.
For the flat thermophone the gas molecules interact with the surface of the sample and
pressure oscillation takes place near the surface of the sample within the layer of
characteristic thickness of [(w). However, in the case of materials, where gas molecules
are able to penetrate inside the volume of the sample, like for aerogel materials, the
characteristic length involved in sound generation turns to h/2 + [(w). Such
thermophones are called volumetric.

The general ideas in theoretical derivations of the sound pressure for the volumetric
themophones are the same as that for the flat. Here we discuss the modifications of flat
thermophones theory including thermal conductivity equation (Equation 4.1-2), heat
balance equation (Equation 4.1-5) and velocity field (Equation 4.1-12) to obtain volumetric
thermophone sound pressure.

For volumetric heaters the heat conductivity problem is divided into heat

conductivity inside and outside the heater and defines by system of equations,

0yC, aTla(:x) = nAT,(t,x) + Q, |x| < h/2 4.1-24
PgCq aTza(,f'x) = uAT,(t,x), h/2 < |x| < o
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Where Q is a volumetric heat density, T, (t,x), T,(t,x) are respectively amplitudes of
temperatures oscillations inside and outside the sample. Equation 4.1-24 assumes the same
gas properties inside and outside the aerogel structure. In the case of dense aerogel
structures (high volume fraction) and small pores size, the gas properties inside the pores
of sample differ from those for free space®®®. The heat balance equation of volumetric
heater takes the form

P() _ . 0(T(tx)) 4.1-25
v % at +0,

where V is the sample volume, Cy, is heat capacity per unit volume. Substituting Equation

4.1-25 into Equation 4.1-24 one can obtain the system of heat conductivity equations

(ngg + Cy) aTla(tt.X) = uAT,(t, x) + ?, 0<|x|<h/2 4.1-26
PgCq aTZ;;'X) = uAT,(t,x), h/2 < |x| < o .
We look for the solution of Equation 4.1-26 in the form
= i(q1x-wt) —i(qx-wt)y 4 PE®) 4.1-27
{Tl(t’ Do e ' )+ —iw(pgCg+Cy)V ’ x| < h/2
T,(t,x) = Bell@2*~@0 p/2 < |x| < oo

Substituting Equation 4.1-27 into Equation 4.1-26 we obtain q; = (1\/“;) /w(pgifw") and

_ (1+0) | wpgCy

42 =7 -~ Parameters A and B, in turn, are defined by substituting Equation

4.1-27 into the system of boundary conditions, which corresponds to the continuity of

temperature and heat flux on the sample surface
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Y dTl(t,x) = de (t,x)
dx lx=h/2 ax  lx=n/2

Substituting Equation 4.1-27 into Equation 4.1-28 lead to

A= 0, 4.1-29
_w(pgcg_l_cv)y(g_;(eiqlh/z_iqle—iqlh/z)_(eiqlh/z +e—iq1h/2))

qrA=(eld1h/2_jq, p=ia1h/2)
qze—iqzh/Z

B =

In case of volumetric heater, gas molecules penetrates inside the heater volume and

Equation 4.1-12 for air velocity take the form
—i h/2 [es) -
Uy = ﬁ(fo/ T, (t, x)dx +fh/2 T, (t,x)dx) . 4.1-30

Substitution of Equation 4.1-29 and 4.1-27 into 4.1-30 results in the piston velocity

of volumetric thermophone

uy = P (1— 4.1-31
2Tavg(pgCq+Cv)V
_z(eiQ1h/2_e—iq1h/2) CV/ngg )
q1h (1-q2/q1)el1h/2+(1+q,/q,)e~ta1h/27

Finally, the sound pressure of the volumetric heater near the surface is defined by

substituting Equations 4.1-31 and 4.1-17 into Equation 4.1-15

TpgFo 4.1-32
)= —9% (- .
Prms (1) = e
_ 2(ela1h/2_gmia1h/2) Cv/pgCy ) G(r,p,0)
q1h (1-q2/q1)e'911/2+(1+q, /q1)e~1a1h/2

(w)ﬁl

According to the theoretical analysis of Equation 4.1-32, the volumetric effect takes

place in the films with the thickness of at least a few micrometers and increases the sound
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pressure because of suppression of the heat accumulation effect. To demonstrate the effect,
we fixed the mass of the sample to be 0.5 ug and vary the thickness of the film from 1 to
500 um making thermohones sparser (Figure 4.1-6). The results address the significant
increase in sound pressure along with the sample thickness. For samples with thickness
less than 1 um, the volumetric effect is negligible and sound pressure matches the limit of
sound pressure for flat thermophone defined by Equation 4.1-18. Moreover, samples with
the thickness of 100 — 500 um rich ultimate limit for sound pressure of thermophones
defined by Equation 4.1-32 in the limit of C, = 0. Overall, the volumetric effect increase
efficiency of thermophone and the most efficient thermophones should be as sparser as

possible, at least for thickness much less than the sound wavelength.
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Figure 4.1-6. Theoretically predicted dependence of sound pressure on frequency for the
volumetric samples of different thickness with the size of 1x1 cm? and mass of 0.5 ug. An ultimate

limit of sound pressure corresponds to red dots, while a surface limit corresponds to back dots.
4.1.6 Numerical model of thermophone

In order to confirm the theoretical approaches used in derivation of Equation
4.1-23, we modeled our system using the COMSOL Multiphysics 5.3a software. In our
modeling, we used the acoustics module of COMSOL in a spherical region of space with
the radius of 3 cm, which had a bordering layer where the “perfectly matched layer” routine
was applied. A smaller cuboid region of sizes 1.25 cm x 1.25 cm x 0.2 cm was placed
within the above spherical region, which contained a square emitter of size 1 cm x 1 cm.

In this rectangular region the acoustic module implemented thermoviscous acoustic
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simulations of the linearized Navier-Stocks equation, while in the entire spherical region it
implemented acoustic pressure simulations using Helmholtz equations. Input for the
simulations included temperature oscillation on the surface of 1x1 cm? described by
Equation 4.1-6. The sketch of the overall simulation is shown in Figure 4.1-7. The principal
geometry of the COMSOL modeling, including thermoviscous acoustic module, pressure

acoustic module and perfectly matched layer.

Perfectly matched layer

Thermoviscous
acoustics

Pressure acoustics

Figure 4.1-7. The principal geometry of the COMSOL modeling, including thermoviscous

acoustic module, pressure acoustic module and perfectly matched layer.

The discretization mesh had at least 30 finite elements per wavelength, which led to
significant calculation complexity at high frequencies. To overcome this problem, we used
symmetric boundary conditions and directly modeled one-fourth of the space shown in the
Figure 1.5-7. In the simulations we used the generalized minimal residual (GMRES)

method with the parallel direct sparse solver (PARDISO) as a direct preconditioner.
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4.2 Temperature control of SWCNT films: theory and experiment

In this section we discuss approaches to calculate the temperature on the surface of
SWCNT film under the impact of Joule heating. Cases of ambient and vacuum conditions
were considered. Ambient conditions were utilized in calculations to obtain temperature of
thermophones during sound measurements. Whereas, vacuum conditions were employed
to verify temperature in Joule-assisted purification. In order to model the thermal processes
caused by Joule heating in SWCNT films, we utilized commercially available COMSOL
Multiphysics 5.3a software. The COMSOL implements the finite difference method for the
solution of differential equations and allows solving coupled problems, such as Joule
heating.

In order to precisely estimate the temperature of free-standing film and energy
dissipation, one should balance the input electrical power (Pel) applied by DC with powers
dissipated because of the convection (Pconv), conduction (Pcond), and radiation effects (Prad)
(Figure 4.2-1a):

Per = Peonv + Peona + Praa- 4.2-1

To demonstrate the role of each of the heat dissipation channel we consider a
50 nm x 1 cm x 1 cm SWCNT film under impact of Joule heating. Results obtained in
numerical calculation provide insight into roles of heat dissipation channels under vacuum
and ambient conditions. At ambient conditions, the heat dissipation by convection
dominates (Figure 4.2-1b) and at low input power takes over 80% of total power. For

vacuum, the most energy dissipates by radiation, which at high input power takes over 90%
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of total power (Figure 4.2-1c). It is noteworthy that the bottom line in the results is free-
standing architecture of the samples in this work. In case of SWCNT films on the substrate
it is essential to take into account the heat dissipation by conductivity into the substrate.
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Figure 4.2-1. a) lllustration of power dissipation channels of a resistively heated SWCNT
film. The dependence of power dissipation by convection, radiation and conduction on the input
power in b) air and ¢) vacuum.

4.2.1Energy dissipated by convection effect

The convection includes fluid motion as a bulk (advection) and random molecular
motion (diffusion or conduction)®. In the case of the partial vacuum, the advection is
absent and thermal conductivity depends on the surrounding pressure. The pressure-
dependent conductivity — the Smolkovsky effect®? — is due to the comparability of the

molecular mean free path and the size of confined space (i.e. the vacuum chamber). The
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thermal conductivity increases with pressure until it reaches a constant value. The reason
for that is a difference in the molecular motion: at low pressure it switches from the free-
molecular (1> d) to the continuum (1 < d) regime®. The characteristic parameter
describing the transition is Knudsen number (Kn = A/d, where A is a molecule mean free
path and d is the size of the confined space). Based on the molecular theory of gases, one
can derive:

kT 4.2-2
\2mdZ,P

where kg is the Boltzmann constant, T is the sample temperature, P is the gas pressure, d,y,
is the kinetic diameter of gas molecule. At the pressure of 107 Pa in our system at sample’s
temperature equal to room temperature Kn ~ 205 and at T = 1600°C Kn ~ 1400. For
the free molecular regime (Kn > 10), thermal conductivity in the vacuum is approximated
as®:

k — kal'r 42'3
vac = 11 2B,Kn

where k;,- is the thermal conductivity of air at ambient pressure, S; represents the “amount
of energy transfer between the gas molecule and the solid material” “?estimated as:

B = 1-a where a, = _Limy 4.2-4
Toas T (1+m,)?

where a. is the thermal accommodation coefficient, m, is the ratio of the gas to solid

atomic masses, C; is the empirical constant. The dependence of thermal conductivity on

54



the ambient pressure obtained from Equation 4.2-3 for several sample temperatures is

presented in Figure 4.2-2a.
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Figure 4.2-2. a) The dependence of thermal conductivity on ambient pressure for several
temperatures. b) The dependence of dissipated power on temperature calculated with Equation

4.2-5 under pressure of 1073 Pa.

In order to estimate the dissipated power from the film with a surface area of S,

we used the following equation®:

(T —Ty) 4.2-5

Peonv = Skyac d

where d is the characteristic dimension of the confined space, T, is the temperature of the
chamber wall. Thus, we calculated the dependence of P,,,,,, on the temperature in the range
from 30 to 1600 °C using Equation 4.2-5. It should be noted that the maximum power
dissipated in a system under experimental conditions during the Joule assisted purification
(see Section 4.4.1) is less than 10* W which is negligible amount compared to the

experimental input power (1-12 W).
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To obtain temperature at ambient conditions the thermal conductivity equations
were solved numerically. To take into account the advection effect, the heat transfer
coefficient from the film, h.,,,,, was approximated by conditions of natural free convection

on a vertical wall®*

k ir 0.67Ra'/*
Reony = 1068+

0.492k,; 4.2-6
(1+ (T‘m‘)9/16)4—/9

where L is the wall length, Ra is a Rayleigh number, u is a dynamic viscosity of air, C,, is
a specific heat capacity of external fluid at a constant pressure. Using the heat transfer
coefficient one can show, that the convection heat dissipation dominates at ambient
conditions over the radiation and heat conduction (Figure 4.2-1b). The Joule heating in air
with input powers densities of 1.5-3.0 W/cm? lead to high average temperature (~350 —
600°C) on the surface of the SWCNT films, which for real system results in oxidization of

the CNTs.
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Figure 4.2-3. The dependence of average sample temperature on power for a free-standing

sample with size of 50 nm x 1 cm x 1 ¢cm under Joule heating in air.
4.2.2 Energy dissipated by thermal conductivity

In order to estimate the energy transferred to the electrical contacts (P.,nq) (DY
means of thermal conduction), we arranged numerical simulations. The SWCNT film was
modeled as a solid object with varying cross-section of 8 cm x h nm and the thermal
conductivity of 600 W/m-K, which is the maximum value for the SWCNT films reported
in the recent review®. Therefore, we estimated the influence of P,,,4 on the temperature
of the SWCNT film. As far as the thickness of the SWCNT films in the model is in the
range of 40 — 1000 nm and the width and length are of 8 x 8 mm?, we utilized two
dimensional (2D) model of the sample due to a small temperature variation in the out-of-
plane direction. Therefore, the modeling was performed in the 2D domain and included

boundary conditions of temperature and diffuse surface. According to the calculations, the
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effect of the heat conduction to the substrate (contacts) is almost negligible for the SWCNT

films used for purification experiments (8 mm x 8 mm x 50 nm) (Figure 4.2-4b,c).
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Figure 4.2-4. a) Schematic representation of the geometry used for the COMSOL simulation
with boundary conditions of radiation and thermal conduction. b) The temperature dependence on
the cross-section length under the impact of 1 W of electrical power for several sample thicknesses.
c) The temperature in the middle of the SWCNT film with different thicknesses as a function of
the input electrical power.

4.2.3Energy dissipated from SWCNT film by the radiation effect

The amount of power dissipated by radiation at a given temperature described by:

(o]

Praag = SJ a(D)(fA,T) = f(A,Ty)) dA, 4.2-7

0
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where S is the sample surface area, A is the wavelength, a(4) is the absorption
coefficient dependence on the wavelength, T is the temperature of the body, T, is the
temperature of the surrounding media and f (4, T) is a Planck function defined as:
hc? 1

P e (h/yyr) -1

where h is the Planck constant, c is the speed of light, kg is the Boltzmann constant.

2
fQA,T) = 4.2-8

To obtain the temperature on the surface of the SWCNT film, we numerically solved the
Equation 4.2-7 assuming P,,; = P,;. The resulted temperature turned to be in a very good

agreement with the experimentally measured values.
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Figure 4.2-5. The comparison between experimental and theoretical dependence of SWCNT
film temperature on the input electrical power. The insert images are the sample under the impact

of the corresponding power.
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4.3 Highly efficient thermophones based on SWCNT films

This section presents the systematic investigation of the thermophones performance
of SWCNT films as a function of their thickness. The experiments were carried out in the
frequency range from 1 kHz to 100 kHz. The record thermoacoustic performance of the
freestanding SWCNT films showed four times higher efficiency in comparison with other
thermophone materials under equivalent conditions. In addition, theoretically introduced
volumetric effect in Section 4.1.5, was observed experimentally and is discussed in this

section.

4.3.1 Amplitude frequency response of SWCNT based thermophones

From the above discussions in Section 4.1 it is now clear that decreasing of HCPUA
(Cs) leads to higher sound pressure in thermophones. The fact is governed by an increase
of y(f) with HCPUA decreasing in Equation 4.1-23, which results in a decrease of sound
pressure. To verify this dependence, the SWCNT films with different HCPUA were
fabricated using the dry-transfer technique®®. The films HCPUA was controlled by the
thickness of the films: C; ~ h. The SWCNT films were suspended in a free-standing state
between two aluminum strips and then covered with a silver paste, for a better electrical
contact (see Figure 4.3-1)’°. Sample size was fixed to be 1x1 cm?. Fabricated films had
equal density due to specifics of the synthesis process and different thicknesses. Higher
thickness corresponded to lower optical transmittance. In the experiments, we used films

with the following values of transmittances at wavelength of 550 nm: 95%, 90%, 85%,
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80%, 70%, and 60%, which corresponded to HCPUA of 2.9, 6.0, 9.3, 12.7, 20.4, 30.2
(x 1073]/m?K) obtained as C; = Cp,p,, Where C, = 0.72 ] /gK and

— log10($) 4.3-1
Pa = Paos 1og,,(0.5)

where ¢ is the film optical transmittance and p,, . = 5.5 ug/cm? *. The samples
were labeled by the percent values of their optical transmittances at wavelength of 550 nm,

for instance: SWCNT-N%.

Figure 4.3-1. Freestanding samples of 1x1 cm? SWCNT-N% films (N = 95, 90, 85, 80, 70,
65, 60) named for their optical transmittance at the wavelength of 550 nm.

The main experimental findings are presented in Figure 4.3-2, which shows plots
of frequency-dependent sound pressure measured at the point located at the distance of 3
cm from the center of the sample in the direction perpendicular to sample’s plane. The
plotted data correspond to SWCNTs samples of different HCPUA: larger transmittance

listed in percent next to each plot corresponds to smaller thickness and hence smaller
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HCPUA. As expected, the sound pressure increases with the decrease of sample’s HCPUA.
On the basis of Equation 4.1-23, one can define the so-called “ultimate limit” for the
thermophone sound pressure, which corresponds to zero HCPUA (Cs = 0). The ultimate
limit defines the maximum sound pressure in the process under fixed experimental
conditions. Having said that the thermophones sound pressure obtained experimentally is
closer to ultimate limit at low frequencies than that at high frequencies. The result is
consistent with the Equation 4.1-23 and attributes to the significant increase of y(f) at
ultrasound frequencies. The ultimate limit and approximations used in derivation of
Equation 4.1-23 were tested by direct three dimensional (3D) COMSOL simulations based
on coupled Navier-Stocks and Helmholtz equations (Section 4.1.6). Simulations revealed
that analytical model discussed in Section 4.1 is accurate and demonstrates the same sound

pressure as Equation 4.1-23 in ultimate limit (Figure 4.3-2).
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Figure 4.3-2. Sound pressure vs. frequency for various samples normalized to the input
power of 1 W. Black lines: averaged curves for SWCNT-N% (N = 60, 70, 80, 85, 90, 95) samples.
Orange line: purified SWCNT-95% sample. Green line: MWCNT sample. Red line: the “ultimate”
theoretical limit (defined by Equation 4.1-23 with €, = 0,7 =3 cm,¢ = 0and 6 = 0). Blue
points: 3D numerical COMSOL modeling (see Section 4.1.6).

To compare SWCNT films performance as thermophone with other materials we
performed normalization of literature data to the measurements distance of 3 cm and the
input power of 1W. The highest pressure was obtained for the sample SWCNT-95, purified
from metallic impurities (see purification method in Section 4.1.5), which demonstrated 2

times higher sound pressure than the closest competitor - MWCNT.
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Figure 4.3-3. Reported experimental sound pressure level for various thermophone
materials at 100 kHz. The results are normalized to the measurements distance of 3 cm
and the input power of 1 W. This work corresponds to the free-standing MWCNTSs and

SWCNTSs samples of different transmittance.

The volumetric effect takes place in thick films and lead to increase of sound
pressure (see Section 4.1.5). To demonstrate the effect of volume on the themophone
performance in the aerogel structures, we compared surface themophones based on
SWCNT films with volumetric themophone from freestanding films of aligned MWCNTSs,
which were synthesized by a catalytic CVD method in the form of forests®’. In spite of
having different values of HCPUA, the samples SWCNT-85% (h =~ 60 nm,C; = 9.3 -
1073 J/m?K) and MWCNTs (Tsso = 82%,h ~ 18 um,Cs = 19.4- 1073 J/m2K)%

demonstrated similar sound pressure level (Figure 4.3-2), due to volumetric effect in the
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MWCNT film. In the experiment conditions, the volumetric effect takes place at thickness
over 1 um (see Figure 4.1-6). Hence, MWCNT films with thickness of ~ 18 um obtain
advanced performance due to volumetric effect, whereas SWCNT films with maximum
thickness of ~ 200 nm do not exhibit the effect. Therefore, the SWCNT-85 and MWCNTSs
samples reach similar sound pressure in spite of higher heat capacity of the MWCNTSs.
We now demonstrate that thermoacoustic measurements can be used as an indirect
method to obtain the HCPUA and, in some cases, the areal density of materials. In order to
do this, we compare measured and predicted by Equation 4.1-23 sound pressures, with the
HCPUA as the only undefined parameter. For the free-standing SWCNT films, the
HCPUA values were found from the least-squares fitting of Equation 4.1-23 to the sound
pressure vs. frequency dependencies using HCPUA as the only fitting parameter. The fitted
HCPUA values were then compared with those obtained directly from the measurements
of areal density with the help of Equation 4.3-1. The fitted and measured values of HCPUA
were found to be in a very good agreement (see Figure 4.3-4a). This method of obtaining
HCPUA can be particularly useful, when direct weighing is not possible because of the
equipment sensitivity. The performance of purified from iron catalyst particles SWCNT
films was also measured, and then, the fitting procedure was repeated for the purified
samples (see Figure 4.3-4a and Section 4.4.1). We found that overall HCPUA was indeed
reduced by purification, which improved the performance of the SWCNT thermophones.
Another way to assess the results presented in Figure 4.3-2 is to look at the

efficiency of the measured thermophones. The absolute efficiency of the thermophones is
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defined as the ratio of the average output acoustic power, P,, to the average applied electric
power, P, 1°:

P, 4mr? 4.3-2

n=45=
Py Pypug

2T T
f f przms (T, fr (P; H)d(Pde;
0 0

Our samples under the alternating current heating have low absolute efficiency of
around 107% at 1W of input power. To compare different samples, we calculated the
absolute efficiency in the ultimate limit (p,, taken at C; = 0), n;;,,, and then normalized
the experimental values of the efficiency n to n;,,. The result for the best performing
purified SWCNT-95% sample is plotted in Figure 4.3-4. Even in this case, the ratio n/n;m,
drops from almost 100% at 1 kHz to 35% at 100 kHz due to the heat accumulation near the
sample surface described by y(f) in Equation 4.1-23. We estimated from the Equation
4.3-2 that, in order to achieve a relative efficiency of 99% in the frequency range from 1
kHz to 100 kHz under conditions of our experiment, the thermophone active material
should have HCPUA equal to 0.4-10~(J/m2K). Also heat accumulation plays a stronger
role in the case of suspended thermophone over a substrate with a small gap. A
comprehensive analytical model which covers the point thermophone over such a gaped

structure was developed in *°.
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Figure 4.3-4. a) Dependence of HCPUA on transmittance for pristine and purified films.
Red dots present HCPUA of pristine SWCNT films measured using areal density from Equation
4.3-1. Black and orange dots present HCPUA for pristine and purified films respectively, which
were found from fitting of Equation 4.1-23 to the measured sound pressure vs. frequency. b) The
absolute efficiency of the thermophone based on purified SWCNT-95% sample normalized to the

efficiency in the theoretical limit (Equation 4.3-2).
4.3.2 Acoustic field anisotropy and diffraction correction

The intensity gain function G(r, ¢, 8) defined by Equation 4.1-20 describes the
modulation of the sound intensity due to diffraction, which lead to anisotropy of the sound
pressure. We computed G (r, ¢, 8) using Huygens-Fresnel principle (see Section 4.1.4). In
order to measure anisotropy, we placed the purified SWCNT-95% sample on a stepper
motor and rotated it with respect to the microphone, changing the angle, 8, in the range of
[0, 21t], while the sound frequency was fixed at 6, 32, 40, or 64 kHz (Figure 4.3-5). At 6
kHz, we detected nearly isotropic pressure distribution associated with a point-like sound
source. At frequencies of 32, 40 and 64 kHz, we observed a transition from the isotropic

point-source regime to the anisotropic regime caused by the finite size of the source in
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terms of the sound wavelength. In the latter regime, the natural diffraction focusing appears
in both sides of the sample for 8 = 0° and 180°. The transition between the regimes is
defined by geometric parameters of the system. In our experimental setting, the wavelength
varies from A = 0.34 c¢cm (at 100 kHz) to 34.3 cm (at 1 kHz), while the sample size and
the distance to the microphone are fixed to 1cm x 1cm and r = 3 cm, respectively.
Obtained sound pressure distributions prove an importance of diffraction corrections in

theoretical description of thermophones at high frequencies.

270° 270°

Figure 4.3-5. Sound pressure, measured in pascals, dependence of purified SWCNT-95 on

azimuthal angle, 6 € [0, 2m], for frequencies: 6, 32, 40 and 64 kHz. Red lines represent the

68



theoretical limit calculated from the Equation 4.1-23 black dots represent experimental data.

Measurements were normalized to the input power of 1 W at the distance of 3 cm.
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4.4 Increasing the performance of SWCNT films

To the best of our knowledge, thermophones based on the SWCNT films
demonstrate the highest efficiency among all the materials as presented in Section 4.3.
Achieved efficiency in the frequency range of 1-100 kHz is close to the ultimate limit of
the thermophones (Figure 4.3-4). However, the ultimate limit depends on the conditions of
an experiment: room temperature, air media, natural convection, current signal shape etc.
Changes in the conditions allow to approach an increase of thermophones performance.
For instance, switching the surrounding media from air to one with lower specific heat
capacity such as Ar or Xe%% or decreasing its temperature increases the ultimate limit in
accordance with the Equation 4.1-23.

This section introduces modifications of material structure, device fabrication and
conditions of operation to increase the thermophones performance. From the discussion in
Section 4.3.1 it is evident that purification of SWCNT films from catalyst nanoparticles
reveals in advanced characteristics of the thermophones. Comprehensive investigation of
the purification process by Joule heating in vacuum governed in Section 4.4.1. Problem of
carbon nanotube oxidation in air raise when thermophone operates at high temperatures.
The problem is addressed in Section 4.4.2 where covering of the CNTs with a thin layer of
Al>O3 leads to an advance performance of thermophones and protect from CNTs oxidation.
In addition, encapsulation of CNT films into the closed system filled with inert gas
introduces a device with protection from oxidation. The modification concerning

conditions of operation rely on switching from sinus signal to pulse signal with small duty
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cycle towards increase of thermophones efficiency. The investigation is covered in Section
4.4.3 and opens new perspectives. Indeed, the method leads to 7 folds increase in efficiency

of thermophones being applied to devices encapsulated in inert gas.

4.4.1Joule assisted purification and its effect on thermophones efficiency

Typically high temperature annealing for illumination of nanoparticles performs in
furnaces and leads to evaporation of metals (>1500 °C), while maintaining nanotube
morphology, and even removes defects®®. This approach requires high-temperature
equipment and high energy investment, in addition to high vacuum or extremely pure gases
to prevent nanotube oxidation10,

Here, we propose a simple and elegant method of high temperature SWCNT purification
from catalyst residuals by Joule heating in vacuum conditions. The developed method of
the Joule-assisted purification is energy-efficient, local, fast, and scalable. To examine the
kinetics of the iron particle elimination, we carried out in situ and ex situ transmission
electron microscopy (TEM) studies coupled with numerical simulations of SWCNT film
heating and Fe evaporation. Correspondingly, UV-Vis-NIR and Raman spectroscopies
coupled with 4-probe resistance measurements provide a comprehensive insight into the
evolution of SWCNT film characteristics after purification. Then, we examine the
influence of the purification on the performance of SWCNT films as air-coupled
thermophones.

SWCNT films utilized in this work contain metallic impurities either in the form of

active catalyst particles inside SWCNTs or iron particle residuals on the surface. Figure
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4.4-1a,b illustrates typical TEM images of the SWCNT-90 films before and after the Joule-

assisted purification: Fe particles disappear, while the general morphology of nanotubes

remains almost the same.

Figure 4.4-1. Typical TEM images of a) pristine and b) purified (2 min at 1600 °C) SWCNT
films. The contrast black dots correspond to the iron nanoparticles.

From theoretical point of view, there are two types of solid to gas phase transitions:
direct sublimation and indirect evaporation via an intermediate liquid step. The rates of
both Fe evaporation or sublimation can be described by the modified Hertz-Knudsen
equation'%:

dr _ ac(Bn — By)

dt — p [2nRT/M

where r is the particle radius, a. is the accommodation coefficient, P, and Pn are

4.4-1

respectively the partial vapor pressures of iron over the particle and within the media, p,,
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is the density of an iron particle, R is the universal gas constant, T is the particle
temperature, M is the iron molar mass. Due to the size-effect, smaller Fe nanoparticles in
the SWCNT films ought to evaporate faster. The partial vapor pressure above the curved
surface is much higher than that for the bulk and depends on the particle radius, r, according
to the Kelvin equation:

2VfVm
by = Paesp (), 2

where P is the equilibrium vapor pressure for bulk, y is the surface tension, Vi is the
molar volume. Dependency of the partial vapor pressure on the particle radius (the Kelvin
effect) dramatically influences the rate of nanoparticle evaporation (Figure 4.4-2a). Taking
into consideration the Kelvin effect, the integration of equation 4.4-1 results in a
temperature dependence of the evaporation time for Fe nanoparticles of sizes 1 — 25 nm
(see Figure 4.4-2b). The majority of nanoparticles in the SWCNT films are smaller than 25
nm and, according to the theoretical evaluation, should evaporate in 1 h at 1000 °C or in 2

min at 1200 °C.
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Figure 4.4-2. a) Time evolution of nanoparticle diameter at 1100 °C: the black line is
calculated assuming the Kelvin effect (Equation 4.4-2), the red line is obtained without the Kelvin
effect assuming that the equilibrium pressure over nanoparticles does not depend on the particle
radius, i.e. P, = P,,. b) Dependence of evaporation time on the temperature for nanoparticles with

different diameters. Dashed lines correspond to heating time of 2 min and 1 h.

To provide the fine control of temperature on the surface of SWCNT films by Joule
heating, we measured the dependence of temperature on an input electrical power and
supported the experimental results numerically (see Section 4.2). Figure 4.4-3 represents
the evolution of the iron nanoparticles during the Joule-assisted purification by means of
ex situ TEM imaging. To achieve the rapid cleaning of nanotubes from catalyst particles,
we fixed the treatment time to be 2 min and varied the temperature in the range of 800 —
1600 °C. According to the experimental results, the majority of particles vanishes at 1600
°C (Figure 4.4-3a), unlike in the abovementioned theoretical prediction of 1200 °C (Figure
4.4-2b). It is worth noting that some particles with a large diameter of ~16 nm evaporate at
1200 °C (red marks). The comparison of theoretically predicted and experimentally
measured particle size distributions implies the existence of additional parameters

influencing the evaporation rate, which however were not included in the model. Indeed,
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at higher temperatures the theoretically predicted particle distributions shift towards the
smaller diameters, unlike the experimentally measured ones (Figure 4.4-3b). Moreover, in
situ TEM heating experiments revealed different evaporation rates for particles of similar
diameters (Table 4.4-1!%%). Among different effects, we attribute this experimentally
observed difference in evaporation rate to the following facts: i) during the evaporation the
particle composition changes due to carbon solubility in iron and possible phase transition
of Fe-C alloy into cementite FesC*, which lowers the equilibrium vapor pressure over the
particle; ii) the iron partial pressure above the particle inside the restricted carbon shell
volume remains higher than outside, which also hinders the iron evaporation.

Table 4.4-1. Different evaporation rate of iron nanoparticles with similar diameters defined

from in situ TEM experiments at 1000 °C 1%,

Group of evaporated Group of not evaporated
particles particles
Mean diameter (nm) 9 7
Evaporation rate (nm/s) 0.02 0.11
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Figure 4.4-3. a) Typical ex situ TEM images of SWCNT films after 2 min treatment in the
temperature range from 800°C to 1600°C. b) Theoretically and experimentally obtained evolution
of nanoparticle distribution after 2 min of purification.

To characterize the amount of evaporated particles, we used the areal density of
iron nanoparticles in SWCNT films based on TEM statistics over an average area of at
least 4 um? for each temperature (Figure 4.4-4). The resulted iron areal density for the
pristine SWCNT film (p.=110 ng/cm?) turned to be in a good agreement with the direct
weighing of the similar films (p.=187 ng/cm?) defined by Equation 4.3-1, thereby,

validating the approach. The correct areal density should lay between these two values.
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Indeed, a TEM image is a contrast- and focus-dependent method leading to an
underestimated value; while weighing method overestimates the correct value, being
arranged for a thick SWCNT film and recalculated for thin films assuming a homogeneous
iron distribution over the thickness. The 2 min purification at 1600 °C results in the iron
areal density of pa=4 ng/cm?, which is 27 times less than those for the pristine film (Figure
4.4-4). Assuming the iron content of 17% as in the pristine thick films from weighing
experiment®, it turns to 0.6% for the treated sample. The value also agrees with the results
of energy-dispersive X-ray spectroscopy (EDX) measurements performed in TEM (0.4
wt.%). Thus, the high temperature Joule heating in vacuum provides a simple and fast route

for the purification of SWCNT films.
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Figure 4.4-4. The dependence of iron areal density calculated from TEM images on the

purification temperature for 2 min and 1 h of Joule heating.
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Initially, the SWCNT films contain iron nanoparticles encapsulated in carbon shells
(Figure 4.4-5a). The Joule-assisted purification of SWCNT films in many cases removes
only the iron core, while the carbon shells remain almost intact (Figure 4.4-5b).
Nevertheless, the annealing introduces new defects resulting in a decreased ratio of the
intensities of G to D modes (lc/Ip) in a Raman spectrum (Figure 4.4-6a). The bell-shaped
dependence of Ig/lp can be attributed to two competing processes at high temperatures:
iron evaporation and carbon solubility. At temperatures below 1200 °C, the process of
carbon solubility is fast enough to increase the number of defects. Whereas, at higher
temperature (>1200 °C) the evaporation process dominates resulting in a lower level of
defects. In other words, the faster the iron evaporation the lower the number of defects. In
our experiments, the fast treatment at 1600 °C resulted in Ic/Ip =180, which insignificantly
differs from the initial value of 224.

The sheet resistance of SWCNT films is one of the most important parameters
indicating the quality of carbon nanotubes. The sheet resistance of treated SWCNT films
is highly dependent on the residence time in the atmosphere after processing, because of
the doping by surrounding atmosphere!®. To provide reproducible resistance values, we
performed the measurements in a week after the purification, storing the sample at ambient
conditions (Figure 4.4-6b). The obtained results for sheet resistance values correlate well
with the defectiveness, demonstrating lower resistance for SWCNT films with a higher
Ic/1p ratio (Figure 4.4-6a)%. To verify the data we arranged the films doping with the

solution of HAUCIs in ethanol (Figure 4.4-6b). The results indicate the similar curve
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behavior for pristine and doped SWCNT films, except the different values for initial and
treated at 1600 °C films, which in the case of doped films give the same value (51 Ohm/sq),
unlike those for pristine. The similar resistance for doped films achieved because of the
low level of defects in SWCNT films after processing at 1600 °C. Whereas we assume the
mismatch in pristine samples caused by different levels of penetration of surrounding
molecules from the gas phase into the bundle of SWCNTSs network, thereby indicating a
more compact structure of bundles after high temperature annealing. The problem of
penetration was overcome by the liquid solution of HAuUCI4 in ethanol.

The heat treatment of the SWCNT films revealed an insignificant effect on optical
spectra: the difference in transmittance of annealed (for 2 min at 1600 °C) and pristine films
achieves no more than 1% at the wavelength of 274 nm, while in the visible range it is as
low as 0.2% (Figure 4.4-6¢). The negligible difference implies that the complex
background of the optical spectrum (usually attributed to carbon m-plasmon and metal
impurities) is mostly due to the carbon species. Thus, according to optical, Raman and
electrical measurements, the thermal purification unveils almost no harm to the optical

properties of SWCNT films.
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Figure 4.4-5. TEM images of typical a) iron nanoparticles in carbon shells and b) carbon
shells that remain after the iron evaporation.
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Figure 4.4-6. a) The dependence of the Ic/lp intensity ratio in Raman spectra on the
temperature of treatment during 2 min and 1 h treatment time. The dashed black line corresponds
to le/lp ratio of the untreated pristine sample. b) The dependence of the sheet resistance on the
treatment temperature (for 2 min) of purified samples and purified samples doped with HAUCl..
The dashed black and blue lines correspond to pristine and untreated doped samples, respectively.
c) The spectral dependence of transmittance of the pristine SWCNT film (dashed black line) and
the sample annealed at 1600 °C for 2 min (red line).
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Temperature treatment by Joule purification of SWCNTs samples reveals an
increase of the sound pressure after the purification, because of the decrease in the areal
density. The level of the increase of the sound pressure is frequency dependent as expected
for materials with initially low heat capacity in accordance to Equation 4.1-23 (Figure
4.4-7). In the case of our SWCNT films, the iron-free samples demonstrate in average 24%

higher sound pressure for the frequency range from 80 to 100 kHz.
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Figure 4.4-7. The frequency dependence of the sound pressure generated by free-standing

SWCNTSs samples treated by Joule-assisted purification at different temperatures for 2 min.

4.4.2 Environment protected thermophones

SWCNT films along with numerous of advantages for thermophones applications
such as easy samples handling, highest sound pressure, superior synthesis process etc. have
a few limitations. The performance of the films is influenced by the surrounding media. At

high temperatures SWCNTSs oxidize in the presence of oxygen. Typical temperatures for
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the oxidation of SWCNT films under impact of Joule heating is 350-450 °C, which
corresponds to the input power density of 1.5-2.0 W/cm? (Figure 4.2-3). Therefore, the
limitation of the input power density restricts the maximum sound pressure of
thermophones operating in harsh environments.

To overcome the problem of the SWCNTs oxidation at high temperatures a
deposition of nanometric layer of Al2Os on top of the SWCNTs was utilized (Figure
4.4-83). The coverage was performed by atomic layer deposition method'%%, There are
two competing factors, which define the optimal coverage thickness. On the one hand, the
HCPUA of the thermophone increases with the Al.O3 thickness, which decrease an
efficiency of themophones. On the other hand, the Al>Osz protection lead to increase of the
input power and allows to operate thermophones at higher temperatures without an
oxidization to take place. Therefore, the technical task was to protect SWCNT films with
thinnest possible covering layer. Empirically it was determined that the coverage of
SWCNTs with 5 nm layer of Al,O3 results in maximum power density of 6.8 W/cm? and

demonstrate 70% increase of the maximum sound pressure (Figure 4.4-8b).
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Figure 4.4-8. a) Schematic illustration of SWCNTSs covered with nanometric layer of Al,Os.
b) The dependence of maximum sound pressure on frequencies for pristine film (black line) and
covered with 5 nm layer of Al,O3 (blue line). ¢) Schematic illustration of CNTs encapsulation into
atmosphere of Ar. d) Typical resonance response of encapsulated thermophone based on CNTSs.

Protection of CNTs from oxidization is achievable by their encapsulation into
atmosphere of inert gases®1%” (Figure 4.4-8c). Such encapsulation introduces corrections
to the sound pressure and introduces mechanical vibrations of the covering membranes.
Consequently, the amplitude frequency response and sound propagation from encapsulated
device (closed system) defines by the covering membranes resonances. The sound pressure

for the encapsulated system was derived by Arnold and Crandall®®

_ (1-v)P
\2rfV '

prms -
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where y is the heat capacity ratio of air and V' is the volume inside the encapsulated system.
According to the Equation 4.4-3 to produce high sound pressure one should tend to
decrease the volume of encapsulated device and utilize low frequencies. The mechanism
of sound generation of closed system relies on the heating of the CNTs which leads to gas
expansion and forces the covering membrane to vibrate and excite the sound

propagation'®

. Now the thermophones amplitude frequency response is hosted by
resonances of the covering membrane and governed by dimensions of the device®8, For
instance, in the case of device size 11.9 x 17.0 x 0.2 cm? the resonance frequency is 750
Hz (Figure 4.4-8d). To maximize the sound pressure, the excitation frequencies should
match self-mods of membrane vibrations or their harmonics. The principle advantage of
encapsulated thermophones over opened is inert gas media surround the sample, which
allow to increase the input power from a few to dozens of watts without CNTs oxidization.
For encapsulated thermophones the efficiency significantly increases from 107 (opened

system, Po=1W) to 1% (closed system, Po=65W), because now larger input powers are

applicable®?’.

4.4.3Pulse induced sound generation

The rectangular single pulse (SP) signal with low duty cycle (D) was employed to
improve heat dissipation from the thermophone and increase the sound pressure (Figure
4.4-9a). Under impact of SP signal sample heats for the period of time t,, = D,/f and for

the rest time t, = (1 — Dy)/f it cools. This type of signal provides sufficient time for the
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samples to reach a background temperature level after heating, therefore increasing
efficiency of sound generation.

As was mentioned in Section 4.1.2 the temperature variation in time is essential to
produce thermal expansion and sound propagation. For sine signal excitation there are two
components of power (Equation 4.1-1). The large amount of constant in time power, Po,
heats the sample to the constant in time temperature, Tavg, Which results in no sound
generation and waste of energy (see Figure 4.1-2). Whereas, for SP signal the temperature
oscillations start from the background level and turn back to the same background level.
Therefore, the applied power introduces higher time derivative of temperature, which
results in the efficiency increase. However, the combination of excitation period and duty
cycle has to be long enough to provide cooling and to produce change of temperature in

time.
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Figure 4.4-9. a) Schematic representation of rectangular single pulse signal with duty cycles
of 10% and 50%. b) Received blackbody radiation signal for increasing duty cycles in the range 1-
10% from MWCNT and SWCNT films placed in vacuum.

To estimate optimal duty cycles of SP signal, a vacuum measurements were
employed. The SWCNT-85 sample was placed into vacuum chamber and heated by Joule
heating, while the IR detector measured the radiation power. From the dependence of
radiation power on time one can conclude that duty cycles below 6% perfectly fits for
efficient heating (Figure 4.4-9b). For larger duty cycles, the signal losses linear time

dependence and slopes to constant value, which results in no sound generation as was
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mention above. Therefore, the signals with small duty cycles were considered in this
section. Moreover, the radiation power is a function of the sample temperature and allows
estimating HCPUA:
Cs = SPTO_T- 4.4-4
dt

From comparison of MWCNTSs and SWCNT-85 one can see larger slope of signal
for SWCNT-85 sample, which means its smaller HCPUA (Figure 4.4-9b). In combination
with the fact of similar sound pressure for those two samples observed in Section 4.3.1 this
once again confirmes volumetric effect in MWCNT.

Utilization of SP signal with 1-10% of duty cycle leads to increase of sound
pressure in thermophones. The efficiency increased 1.8 times compared to sinus signal

generation (Figure 4.4-10). In the case of longer duty cycles, the heat accumulation takes

place and decrease the efficiency?’.
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signals at frequency of 750 Hz.

4.5 Application of thermophones

To propose an application to a new technology, one should analyze its advantages
along with disadvantages. Being fascinating phenomenon, thermophones have flat
amplitude frequency response and wide bandwidth. Other unique properties of the
thermophone comes after the utilized conducting material. For instance, thermophones
based on flexible, stretchable and transparent materials inherit these properties. Among

the problems towards thermophones application dominates two: low efficiency and
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irreversibility of thermoacoustic effect in thermophones. However, there are
applications which do not require these properties.

One of the possible applications of thermophone based on SWCNT films is a
calibrating device for ultrasound equipment. Indeed, such device requires a flat
amplitude frequency response and wide bandwidth. Whereas, the device hosts without
sound detectors, which means that irreversibility of the thermophones is not an
obstacle in this application. Moreover, thermophones has exceptionally large range of
surface areas from nm?to m?, which along with flexibility and stretchability is cutting edge
for the systems shapes and further applications in, for instance, phase arrays.

The field of thermophones is novel for practical applications, despite its long
history. Therefore, a first patent in the field was issued in 2011 (Figure 4.5-1). To the
date, there are about a hundred of related to thermophones patents according to the
United States patent and trademark office'®. The vast majority of patents proposes
devices such as headphones and loudspeakers, which operate in acoustic range. Only

a few patents are related to the ultrasound frequencies.

89



25

—_ — ]
< n (=]

Number of issued patents

2011 2012 2013 2014 2015 2016 2017 2018
Year

Figure 4.5-1. Number of issued patents on thermophones according to the United States

patent and trademark office%,

The ultrasound positioning systems is a rapidly developing and perspective
field*1%1! For higher flexibility, the systems require ultrasound antennas with wide
directivity function and bandwidth''?, i.e. sources of sound, which provide isotropic
ultrasound propagation in the space with continuous function of frequency. Typically, the
positioning systems employs frequencies of 20-40 kHz, for instance in robotics
applications. Commercially available ultrasound transducers of these frequencies are based
on piezoelectric effect and exploit narrow directivity function in combination with
resonances in amplitude frequency response. Therefore, to fulfill the technical needs of
positioning application a single ultrasound antenna employs many transducers to provide
a wide directivity function, which raises synchronization problems and complicates
fabrication. Thermophones directivity functions for rectangular samples is far from wide

at ultrasound frequencies (Figure 4.3-5). However, the thermophones being assembled in
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cylindrical shape reveals wide directivity function (Figure 4.5-2a,b). The assembling of
such antenna is exceptionally simple and carries out by transferring of the SWCNT films
on top of the cylindrical surface with pores, which then covers by metals for a contact. The
cylindrical shape of the substrate provides the wide directivity at frequency of 40 kHz.
Whereas, the pores in substrate increases the sound pressure because of two facts: i) the
reflected sound wave from the substrate increase the sound pressure from external side,
due to SWCNTSs transparency with respect to the gas molecules (Figure 4.5-2¢), ii) heat
conductivity into the substrate is suppressed for free-standing films over the pores, which
increases the efficiency. Overall, thermophones from SWCNT films capture the essential

features for the positioning applications as an ultrasound antenna.
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Figure 4.5-2. a) Fabrication process of thermophone wide directivity ultrasound antenna and
b) it's typical directivity function at 40 kHz. ¢) The schematic illustration of sound reflection inside

a pore of the substrate.
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Chapter 5. Conclusions

The SWCNT films demonstrated the state-of-the-art performance as a material for
thermophone applications. The extremely low HCPUA of 3.2:107(J/m2K) allowed to
achieve record sound pressure and fourfold increase in the efficiency in comparison to
other materials utilized in thermophones under the equivalent conditions.

The significant role of acoustic field anisotropy at ultrasound frequencies was
demonstrated experimentally. In addition, the theoretical approaches were extended here
to analytically consider the anisotropy. Moreover, this thesis demonstrates both
theoretically and experimentally the volumetric effect in thermophones to exhibit superior
increase of the sound pressure. The results suggest production of sparser aerogel materials
to approach the limit of efficiency in thermophones. Also, theoretical estimations predict
flat thermophone with HCPUA of 0.4-10~(J/m2K) to achieve the ultimate sound pressure
limit.

The methods towards modification of the thermophones performance were
proposed. Encapsulation of CNT films into atmosphere of inert gas or its covering with
nanometric layer of Al.Oz overcome oxidization problem of CNT films at high
temperature. Both methods lead to increase of maximum sound pressure. Coverage with
Al>Oz revealed in sound pressure increase of 70%, while keeping the flat amplitude
frequency response of the thermophones. Whereas, films encapsulation lead to resonances,

but results in exceptional 7 folds increase of the thermophone efficiency. Moreover,
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exploiting of the pulse signal instead of sinus signal provides additional 80% to the
thermophone efficiency.

The simple, fast, resource-efficient, and universal method of the SWCNT films
purification by Joule heating was proposed. The method allowed rapidly decrease the
catalyst impurities from SWCNT films at 1600 °C for 2 min without significant damage to
the nanotube structure. The Joule-assisted purification resulted in advanced performance
of SWCNT films as an active component of thermophones. The proposed method of
purification can be easily extended to other applications, for instance, the SWCNTs-based
devices of limited liquid and harsh reagent tolerance like nanotube aerogels and drug
delivery systems.

There is a number of advantages, which make SWCNT films attractive for
thermophone applications compared to other materials. In terms of the sound generation,
these advantages are: (i) the highest sound pressure, (ii) low sheet resistance; and in terms
of synthesis: (iii) easy sample handling, and (iv) fast, scalable and inexpensive production.
The excellent performance of SWCNT film based thermophones opens a new avenue for
a number of potential applications. The wide bandwidth and flat amplitude-frequency
response of the thermophones can be applied in the devices for calibrations of ultrasound
detectors. The possibility to produce themophones from thin SWCNT films, in a flexible
shape, and with a large surface area allows to make devices with a wide directivity, which

can be used, for instance, in robots positioning applications.
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Appendix: List of variables

a is the thermal expansion coefficient

a(A) is the absorption coefficient dependence on the wavelength

ar is the thermal diffusivity

B is the compressibility

B: is the amount of energy transfer between the gas molecule and the solid material
¥y is the surface tension

y is the heat capacity ratio of air

dp is the increment of pressure

&T is the increment of temperature

¢ is the film optical transmittance

n is the absolute efficiency of the thermophones

Niim 1S the absolute efficiency of the thermophones in the ultimate limit
0 isthe polar angles

x is the thermal conductivity of air

A is a molecule mean free path

A is the sound wavelength

A is the light wavelength

u is a dynamic viscosity of air

p is the density

pq 1S the areal density of the sample
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py, 1S the sample density

pg is the air density

pp is the density of an iron particle

¢ is the azimuth angle

w is the angular frequency

A is the temperature oscillation amplitude inside a volumetric heater
B is the temperature oscillation amplitude outside a volumetric heater
C; is the empirical constant

Cy, is the heat capacity of heating material per unit mass (specific heat capacity)
C, is the heat capacity per unit area

Cg4 is the heat capacity of air per unit mass (specific heat capacity)

C, is a specific heat capacity of fluid at a constant pressure.

Cy 1s heat capacity per unit volume

D is the directivity of a square sound emitter

D, is the signal duty cycle

1 is the sound intensity

I 1s the intensity of G mode in Raman spectrum

I, is the intensity of D mode in Raman spectrum

G is the intensity gain function

Kn is the Knudsen number

L is the wall length
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M is the iron molar mass.

P, is the time averaged electrical input power

P, is the average acoustic power

P.onv 1S the power dissipated because of the convection effect

P.ona 1S the power dissipated because of the conduction effect

P,.q4 1S the power dissipated because of the radiation effect

P, is the input electrical power

P is the gas pressure

P, partial vapor pressures of iron within the media

P, partial vapor pressures of iron over the particle

P is the equilibrium vapor pressure for the bulk

Q is a volumetric heat density

R is the universal gas constant

Ra is a Rayleigh number

S is the surface area,

Tavg Is the amplitude of the sample average temperature

T, is the amplitude of periodic temperature oscillations

T, amplitudes of temperatures oscillations inside of the volumetric heater
T, amplitudes of temperatures oscillations outside of the volumetric heater
T is the sample temperature

T, is the temperature of surrounding media
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V7 is the sample volume

1}, is the molar volume

a. 1s the thermal accommodation coefficient,

a, Is an attenuation coefficient

a is the sphere radius

c is the speed of light

d is the size of the confined space

d,, s the kinetic diameter of gas molecule

h is the thickness of the sample

h.on» the heat transfer coefficient from the film

k is the sound wavenumber

kg is the Boltzmann constant,

kqir 1s the thermal conductivity of air at ambient pressure
k.. is the thermal conductivity of vacuum

[ is the thermal diffusion length

m,. is the ratio of the gas to solid atomic masses

p is the sound pressure

Drms 1S the root mean square of the sound pressure

q is the thermal wave number

q, 1s the thermal wave number inside a volumetric heater
q- is the thermal wave number outside a volumetric heater
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r is the radius

t is the time

ty 1s the heating time
t. is the cooling time

u is the velocity field
v, is the speed of sound

x 1S the axis of the coordinate
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