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Abstract
CNT membranes (i.e., FSFs serving as protective, filtering, or separation units)
represent a unique class of materials combining mechanical sturdiness and electrical
conductivity with ultralow thickness and optical transparency. Ultrathin CNT films are
exceptionally strong, chemically inert (e.g., endure heating up to 400°C in the air),
conductive, and transparent. The floating catalyst (aerosol) CVD method established
on the Boudouard reaction on iron-based catalyst nanoparticles produces high-quality
single-walled CNTs (SWCNTSs). Due to the high surface area, cylindrical shape, and
aerosol deposition pattern, SWCNTs form randomly oriented networks when collected
downstream of the reactor on a filter. Remarkably, those networks can be put on a
secondary substrate with an opening to form a free-standing membrane — a “macro
material” with exceptional strength when normalized on thickness. This thesis aims to
develop methods for modification of the membranes for specific applications. Firstly,
a SWCNT renewable EUV (EUV) pellicle was designed to filter and further evaporate
Sn particles (produced by an EUV light source) at a low pressure by the Joule heating
of the membrane. Secondly, by applying the same low-pressure Joule heating,
ethylene decomposes on the membrane surface due to the high-temperature
pyrolysis. This allows "welding" of the nanotubes within the membrane, improving the
mechanical properties and electrical conductivity. By engineering lateral carbon
deposits and doping with HAuCls, we achieved one of the state-of-the-art
performances for transparent conductors. This thesis opens new possibilities for CNTs
to be applied for filtration in a harsh environment and for transparent electronics
seeking to decrown indium tin oxide in consumer products using transparent

electrodes.
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Introduction

Carbon nanomaterials, CNTs from now on, are a class of materials unifying tubular
nanoparticles based on hexagonal (sp?) carbon or, in other words, cylindrically shaped
graphene derivatives. Similar to “myriads” of chemical compounds or accessible
polymer chains, such a definition opens a box full of opportunities; for example, the
angle of the graphene sheet wrapping determines the electrical characteristics of a
nanotube [1]. Due to their high superficial area, they form bundles by van der Waals
interactions between nanotubes. These bundles, in turn, form web-like networks with
tailorable morphology and alignment. Thus, a CNT-based material can be tuned within

a broad “space of parameters”.

Since the landmark observations of CNTs (Carbon Nanotubes) [1,2] in the early
1990s, CNTs hold an ensemble of promising solutions for a wide variety of industries:
electronics, construction, aerospace [3], etc. This is due to a unique integration of

mechanical, electronic, and optical features.

Among the various assemblies of CNTs (powders, aerogels (Gel comprised of a
microporous solid in which the dispersed phase is a gas [4] , yarns, buckypapers,
individual objects, etc.), flms (i.e., free-standing or supported films serving as thin
electrodes) membranes (i.e., free-standing membranes serving as protective , filtering,
or separation units) of SWCNTs hold special promise in filtrating [5], ultrasound-
generating [6], heating, and shielding components [7]. Though various strategies have

been developed during the last decades, the main avenue to obtain a membrane is a
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vacuum filtration of a nanotube dispersion. Nevertheless, as the formation of a stable
dispersion usually comprises ultrasound treatment in a surfactant dispersion, the
membranes are rather thick (microns in size), contain contaminations (surfactant), and
have limited strength (due to the nanotube shredding during an ultrasound treatment
[8-10]) . The aerosol CVD [10] method is an alternative route for FSFs (FSF) as it
avoids most of the abovementioned drawbacks, being dry, almost contaminant-free
(except minor catalyst impurities), and having the opportunity for long (tens of microns)
nanotubes. Thus, aerosol CVD reaches even a few nm thick membranes, opening
new opportunities [5] for air heating, aerosol filtration, transparent electrodes, etc.
Since the membranes are also transparent and electrically conductive, exploring
contemporary technological problems is necessary. Current microelectronics based
on silicon follow Moor’'s law [11]. This law dictates that the size of the features is
inversely proportional to the speed of operation and efficiency of the device. The state-
of-the-art method to produce the nanometer-sized semiconductor features for
integrated microelectronics is EUV lithography (Extreme ultraviolet) [12]. One of the
three biggest challenges of EUV lithography is the protection of the mask from tin
nanoparticles produced during the operation of the light source [13]. The element for
this duty is called pellicle. Nevertheless, the utilization of aerosol CVD membranes in
new applications, as well as the possibilities to improve their performance, has been

unassessed.

The aim of the present thesis is to develop methods for modification of the SWCNT
FSFs to specific applications: EUV (EUV) pellicles, aerosol filters, and transparent

electrodes. For this, the CVD aerosol synthesis method is used to obtain high-quality
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SWCNT-based FSFs, followed by the development of treatment methods, to achieve
the evaporation of Sn particles deposited on the surface of SWCNTSs restoring EUV
transmittance, creating the first renewable EUV SWCNT based pellicle, and (ii) to

achieve the enhancement of mechanical and electrical properties.

The following objectives can be formulated:

1. To assess the CNT membrane filtration efficiency on retention of In/Sn aerosol
particles, study their lifetime, and develop technological building blocks for
removal of model aerosols using Joule heating.

2. To assess the deposition of carbon on Joule heated single-walled nanotube film

surface as a tuning agent for conductivity and mechanical strength.

The ultra-high performance transparent conductive and mechanically stable free-
standing membranes can be used as transparent electrodes for transparent devices
(like bolometers, supercapacitors, flexible electronics, aerosol protection, high-speed

lasers, optical modulators, and solar cell electrodes).

The novelty of this work allowed the process of Joule heating tin indium aerosol

regeneration to be patented because it is an industrially applicable new technology.

The process for the welding of the nanotube membranes/films is advantageous and
faster than previously reported methods [14—-18]. Low-pressure Joule heating has not

been used before for the welding of films, though it is faster, energetically efficient,
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tailorable, and maintains the chemical composition of the membranes. As a side effect,

a structural improvement of the crystalline quality of the nanotubes was observed.
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Chapter 1: Literature review

1.1. CNT structure and properties

Benjamin Collins Brodie was aware of the tight laminated structure present in the
graphite, on his work published in 1859 [19], he distinguished two different types of
graphite, one more carbon lamellar (with a stacked flake morphology), and one more
amorphous (glassy, vitreous). By carefully grinding the graphite in water, he managed
to cleave it in a way that flakes were formed. By acid treatment [19], he managed to
“dissolve” it. His careful work [19] yielded extremely thin and transparent flakes, that
exhibited a degree of polarization while examined under the microscope. His
observations [19] also shed light on the crystalline nature of a few different examined
samples of graphite, highlighting their carbon content compared to other elements
known at the time. He [19] also performed experiments where the crystals were
evaporated while heated in the presence of air. Since the article was devoted to the
atomic weight of graphite, it can be considered as one of the first steps for the long
road leading to the structural resolution of the “graphite family” (Figure 1), which, in

particular, contains the natural building block for CNTs.
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Figure 1: The structures of eight allotropes of carbon: A) Diamond [3D, network covalent

structure], B) Graphite [2D, covalent plates] (graphene is a single atom thick layer of
graphite), (C) Lonsdaleite, D) C60 [0D, molecules] (Buckminsterfullerene or bukyball), E)
C540 Fullerene, F) C70 Fullerene, G) amorphous carbon H) zig-zag single walled CNT.
Missing: Cyclocarbon, nanobuds, schwarzites, glassy carbon, and linear acetylenic carbon.

reproduced from [20]

One of the first reports of CNTs (Figure 1H) belongs to Soviet scientists L.V.
Radushkevich and V.M. Lukyanovich and dates back to 1952 [1]. This first study
corresponds to electron microscopy and spectroscopic study of the objects within a

soot (carbon black) obtained at 600°C during the decomposition of carbon monoxide.
19



The authors described the nanoparticles as worm-shaped, while providing
microphotographs. They concluded the presence of a growth direction and filamentary
crystals formed during a two-stage decomposition of CO in the presence of iron. It is
important to highlight that the resolution power of the instruments by that time was

insufficient to further elucidate the structure.

The drawings provided in this article are marked at a micrometer scale. Another work
with a different route of synthesis was made by Oberlin et al. [21]. A thorough
discussion of the credits for the first discovery of CNTs was elaborated by Monthioux

& Kuznetsov [22].

A more detailed investigation involving DC arc synthesis in argon atmosphere method
and a more detailed structural analysis was reported on the year 1991 by Sumio lijima
[2], where he successfully observed “needle-like” tubules of sp? carbon synthesized
by using an apparatus of low-pressure DC arc discharge, similar to the one used to

produce fullerenes (Figure 1D,1E,1F).

The nanotubes grew on the negative electrode of the machine at a 13x102 atm
pressure of argon. This process yielded multi-walled nanotubes comprising from 2 up
to 50 walls (from 4 to 30 nm in diameter). Thanks to the resolving power of the
instrument other produced structures were identified showing that his process is not

selective for a certain kind of particle to be produced.
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The nanotubes produced by this process were examined by electron dispersion; the
smallest specimen analyzed was 2.2 nm in diameter. The diameter was estimated at
around 30 carbon hexagons, lijima also recognized the approximated diameter
reduction required between the size of coaxial (multi-walled) nanotubes to fit inside of
one other. By following the Bragg law [23], the first approach to investigate the concept
of what we now know as chirality was established, and the simplified concept of a

folded graphene sheet, with their corresponding diffractograms.

This article spiked the curiosity about how the electrical and mechanical properties of
these nanotubes could be. Since it was, they are single crystal, single molecule, inert,
and stable structures, nanotubes are the candidates to replace metals to some extent.
Some properties are shared with other graphitic and carbon-based materials including

diamond. They are an atom-thick tube of hexagonal carbon (graphene).

In 1992, Hamada et al. [24] studied the electrical conductivity of the graphitic one-
dimensional conductors. Here they confirmed electrical transport properties of a few

nanometers diameter rolled graphitic sheet (SWCNT).

They found that the nanotubes exhibited different electric behaviors, from a
semiconductor to a completely metallic behavior that depends on the angle of rolling.
Through this, they defined the rules of chirality and derived a law to understand all the
possible folding angles for CNTs. Their band structure calculation using the tight
binding model became a standard in CNT research to understand the electronic

behavior of the nanotubes.
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Since the isolation of individual sheets of graphene by Geim and Novoselov (Figure
2) through scotch tape exfoliation [25], reported in 2004 [26]; the authors described
the unique electronic behavior of one atom thick carbon films. It is important to highlight
the field effect of this material, which compared to other single-atom layer matrixes,
was stable at ambient conditions and was able to withstand high currents. No other
one-atom naturally occurring thickness films have such a conductivity, or field effect,
and the behavior is different from both multilayered graphene and bulk graphite. The
information provided by this prior research holds some insights into the possible

applications for CNTs, which are rolled graphene described in a simplified manner.

s 35

o o = (Kf“f“"":)):’ (
g 4

Figure 2: Mother of all graphitic forms. Graphene is a 2D building material for carbon
materials of all other dimensionalities. It can be wrapped up into 0D buckyballs, rolled into

1D nanotubes or stacked into 3D graphite. Reproduced from [25].
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Further studies confirmed the possibilities of high electric conductance and increased
the industrial interest in consumer applications where the advantages over other
materials justified the high cost of investment in the early years of the application of

CNTs [27].

Some challenges remain to be solved, as the resulting materials are far in quality from
the theoretical promises made for materials on ideal structure and conditions.
Nevertheless, despite these limitations, the current status of CNTs allowed the
humanity to take integrated electronics to the molecular level heading to outperform

the physical limits of silicon microelectronics.

This is one of the most important CNT developments because it can allow further
microelectronics miniaturization than currently possible with silicon-lithography,
especially for the catalytic CVD method, which can be compatible with microelectronic
construction and devices [28]. Diameters from 10 to 100 nm are possible; different
diameter distributions favor different properties for creating 1D systems [29]; the
extraordinary strength of the carbon-carbon bond (which is responsible for the
strongest materials known by mankind) plus free T electrons in the graphitic

configurations summarized remarkable electric and mechanical characteristics.

For electric conductance, the most promising features are the ballistic (scattering free)
and spin-conserving transport of electrons along the tubes, with a current handling

capability of ~101° A/cm? and an elastic modulus of 1000 GPa [28].
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Thus, the background of the properties and assemblies of CNTs presents a wide
application chemically stable material that can endure harsh environments and high
temperatures while still providing high mechanical resistance and transparency, which
allows devices for advanced technology. These properties depend directly on many
different structural parameters of the nanotubes; the control over their structure is

paramount to target specific applications.
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1.2. CNT Synthesis

CNTs were first observed in soot from CO catalyst mediated decomposition [1]. A
systematic effort for synthesis was made dry by arc discharge in argon atmosphere by
equilibrium DC plasma (arc discharge) synthesis by ljima [2] as a variant of the method

used by Kroto et al. to synthesize fullerenes [30].

Other successful synthesis routes have been investigated; they can be divided first
between wet and dry methods. Rathinavel et al. [31] mentioned that the arc discharge
method has a yield rate of this method is superior to 75% and the defect rate is good

compared to other methods.

e C* C+ C+ C+ C+ o C+

Cathode sl S Anode
N ¢+ C+ C+ Cs+ C+ C+ o+
Plasma

DC Arc Discharge: Continuous movement of ions and electrons in the plasma between
the electrodes. Continuous Deposition obtained at Cathode

C+ \____

C+C+

e- - g e- - Q- @-

Cathode -
C+C+

CJV'.-_
ct VPIasma

AC Arc Discharge: The polarity of Ihe electrodes changes after every cycle. Thus
electrons are discharged from both side and results in C+ ions from anode flying away from the
plasma. The deposition is obtained the reactor chamber walls. Lesser deposition obtained
compared to DC and Pulsed Discharge.

+C+ c+c+ c+C+
e e Anode
+C+ c+z:+ c+c+

Plasma

Pulsed Arc Discharge: Accelerated electrons are discharged from cathode in short pulses

after a time interval ranging from micro to milliseconds. The deposition occurs at cathode.

Figure 3: Schematic of the syntheses process for CNTs: DC Arc discharge, AC Arc

discharge, Pulsed Arc discharge. Reproduced from [32].
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Since the nanotubes grow on the negative electrode of the machine (Figure 3), this
can be considered a supported catalyst method, as no airborne catalyst or vapor of it
is being provided. The nanotubes obtained are from 4 to 30 nm diameter and up to 4
mm long. Commonly SWCNT synthesis uses catalyst precursors and anodes made
of graphite or metal, that may contain carbon. MWCNTSs can be synthesized without
catalyst precursors, but the presence of metallic catalysis makes the nanotubes
longer. The evolution of this method allowed it to be used to create a variety of

nanotubes.

Another method is the laser ablation technique (Figure 4). First used by Tess et al. in
1996, the purity of the nanotubes by this method is higher, the yield is much lower than
for the arc method (Figure 3) and due to the energy levels required and the

composition of reactants involved, both methods can be directly compared.

Thermal synthesis is a group of the methods where non-plasma-based heating occurs,
including the use of plasma to enhance CVD, called PECVD (PECVD); comprehends
different methods that heat reactants to no more than 1200 °C. The resulting CNTs
depend on the carbon feedstock and other numerous parameters. It is considered the
most facile method to synthesize CNTs owing to the low investments, high scalability,

and possibility of an advanced control over the properties (Figure 4).

The methods where plasma is the main source of heat to the reactants, are
denominated depending on the specific type of plasma source used, like for example,

microwave plasma [33], or inductively coupled plasma [34] laser ablation (Figure 4A),
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can produce plasma, but the specific heating mechanism is to be considered to
accurately name the process plasma based or not, or plasma enhanced, when other
heat sources + precursor treatment / injection are used together with a plasma

generating setup.

Gas in Gas out

SWCNT
deposits
(A)
Mass flow pm £l u
controller Silica tube
Carbon-
bearing " =E -t Su_bshate == \acuum pump
o | Boat |

(B)

Figure 4: Schematic of the syntheses processes for CNTs: A) Laser Ablation, B) CVD

supported catalyst aerogel like vertically aligned forest. Reproduced from [35].

Flame synthesis (Figure 5) provides both reactants and energy for the synthesis
process simultaneously and forms many different kinds of nano-carbon [31]. Carbon
source is normally supplied in the form of hydrocarbons in gas form, mixed with an
oxidizer to produce a gaseous mixture of water vapor, carbon monoxide and dioxide
among other minor components; to form nano-carbons a gaseous or vaporized

reactant(s) with or without a catalyst is / are supplied [31]. It is an autothermal process,
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the reactants can be injected together with the fuel + oxidizer or aside of the flame
[31]. The process is scalable and is industrially popular where the selectivity of the
type of nanocarbon produced is not critical. Due to the similarity with CVD growth

process (Figure 5), it was useful to assess the growth rate and structure of CNTs [31].

PNiNOs Alcohol

NiNO;
—== | solution

Ultrasonication

—
. : Alcohol
Copper sheet

|
Ultrasonication \—/

Figure 5: Process for single walled nanotube flame synthesis, reproduced from [36]

CVD process for SWCNT synthesis achieved to eliminate most of the purification
stages required for the first methods of synthesis for CNTs, while additionally
improving the yield in a significant manner [31], selectivity is also better. Since a
catalyst is necessary, it can be floating or it can be placed in a substrate, heated up

from 700 to 900°C.

The process of synthesis starts by gradually adding a carbon bearing gas, while
regulating its concentration by the addition of an inert gas like argon or nitrogen. Yield
is of around 90% and high purity [31]. It allows the growth of a well-organized structure

[31].
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One of the advanced CVD methods is the vapor phase growth or also called floating
catalyst method. Catalytic particles or precursor is supplied in vapor phase and allows
for the nanotubes to grow in the absence of a substrate [31]. From a viewpoint of
applications, low cost, high-purity, high-yield, and large-scale production is important
and thus, the vapor phase growth method has been studied intensively [37]. The
method of iron pentacarbonyl bubbling with acetylene pyrolysis developed by [37]
reported a large-scale synthesis of high purity CNTs with a maximum length of 2 mm,

using a single furnace system without a water-cooled injector.

They used a horizontal quartz furnace with a heating zone of 200 mm. It is noteworthy
that not only the deposits are found everywhere on the inner surface of the reactor,
but the length and the diameter of those CNTs are homogeneous. High-purity

MWCNTs without any trace of carbonaceous particles are produced [37].

The CVD selective synthesis for SWCNT thought iron pentacarbonyl route has been
successful. While the catalyst precursor has applied for the synthesis of SWCNTSs, it
is worth reviewing the investigation of Nasibulin et al. [38], where single- and multi-
walled CNTs were synthesized by a novel aerosol method using alcohols, namely

ethanol and octanol, as carbon precursors.

Preformed iron and nickel aerosol nanoparticles, produced by evaporation from
resistively heated metal wire, were used as catalysts. Multi-walled CNTs were initiated
by 10 nm sized catalyst particles and produced in the presence of ethanol vapor with

the partial pressure of 7072 Pa, while combination of 2.4 nm particles and decreased
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alcohol vapor pressure (123 Pa) resulted in the formation of mainly single-walled and
a small fraction of double-walled CNTs. The effect of a promoter (thiophene) in the
system was found to be very important for the synthesis of multi-walled CNTs, while

only a 30% number concentration increase was found for the SWCNT production [38].

The work [39] provides an easy and affordable fast route for single- and double-walled
CNT synthesis. Further work was done towards a high yield SWCNT synthesis;
selectivity was complete with the work of Moisala et al [39]. where a gas-phase
process of SWCNT formation, based on thermal decomposition of iron pentacarbonyl
or ferrocene in the presence of carbon monoxide (CO), was investigated in ambient

pressure laminar flow reactors in the temperature range of 600-1300 °C.

Ferrocene was found by the authors [39] to be a more productive catalyst precursor
compared to iron pentacarbonyl decomposes at lower temperatures resulting in the
excessive growth of catalyst particles. In situ sampling carried out at 1000 °C showed
that the SWCNT growth occurred from individual metal particles in the heating section
of the furnace in the temperature range of 891-928 °C, in which the growth rate was
estimated to exceed previous methods. FTIR measurements of gaseous products
revealed that the majority of the CO disproportionation took place on the reactor walls.
Raman measurements confirmed the results of TEM observations, namely, the

formation of a very high purity SWCNT product [39].

The controlled catalyst production by a separate mechanism was investigated by

Krasnikov and Nasibulin et al. [40,41], where two different approaches for production
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of iron catalyst were applied in the CVD process. The fine tuning of synthesis
parameters was investigated by Krasnikov et al. [42], where development of
multiparametric process of SWCNT synthesis took place. The authors examined the
implementation of machine learning techniques and discussed features of the optimal
dataset size and density for aerosol CVD method with a complex carbon source. They
employed the dataset of 369 points, comprising synthesis parameters (catalyst
amount, temperature, feed of carbon sources) and corresponding CNT characteristics

(yield, quality, structure, optoelectrical Figure of merit).

Assessing the performance of six machine learning methods on the dataset, it was
demonstrated that artificial neural network to be the most suitable approach to predict
the outcome of synthesis processes [42]. Also, it is relevant to mention the work of
lakovlev et al. [43], where the authors propose to use artificial neural networks to
process the experimental data and to predict the performance of the aerosol CVD

synthesis of SWCNTSs based on the Boudouard reaction.

The authors employed five key input parameters of the growth (pressures of CO, CO:
and ferrocene as well as the residence time and the growth temperature) to control
the performance of produced nanotube films (yield, mean and standard deviation of
the diameter distribution, and defectiveness). The prediction errors were found to be

comparable with the corresponding experimental errors [43].

Further improvements of this method were developed by Novikov et al. [44], where

aerosol (Figure 6) CVD method based on CO disproportionation (the Boudouard
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reaction), which is one of the most promising techniques for the synthesis of SWCNTSs,

especially in the form of thin transparent conductive films.
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Figure 6: Schematic of the floating catalyst method [10] Nanotubes are aligned for depiction
of the growth process. The direction of individual nanotube growth is random for this case.
The reactor was operated in vertical position, with the collection unit pointing downwards.

Gravity vector direction for reference.

However, despite its advantages (i.e., high quality of nanotubes, absence of double-
or multiwalled nanotubes, and high controllability of the process), synthesis based on
CO disproportionation fails to provide high yield production required for industrial
purposes. In this work, they examined the effect of hydrogen, admixed to the CO
atmosphere as a growth promoter, on the synthesis and properties of SWCNTSs. Using
optical spectroscopy techniques, conductivity tests, and thermodynamic calculations,

the authors revealed hydrogen to affect both catalyst activation and nanotube growth.

A positive Hz effect was found in two different temperature regimes: the yield increase

by a factor of ~ 15 at a low-temperature regime (880 °C), a 3-fold decrease in an
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equivalent sheet resistance (Roo) coupled with a noticeable increase in the yield at a

high-temperature regime (1000 °C).

This knowledge was extended by Bogdanova et al. [45], where the effect of hydrogen
on the growth of SWCNTSs in the aerosol CVD process using ethylene as a carbon

source and ferrocene as a catalyst precursor was studied.

With a comprehensive set of methods (UV-vis-NIR and Raman spectroscopies,
transmission electron microscopy, scanning electron microscopy, differential mobility
analysis, and four-probe sheet resistance measurements), the authors show hydrogen
to inhibit ethylene pyrolysis extending the window of synthesis parameters. Moreover,
the detailed study under different temperatures allows us to distinguish three different
regimes for the hydrogen effect: pyrolysis suppression at low concentrations (I)
followed by surface cleaning/activation promotion (Il), and surface blockage/nanotube

etching (l1l) at the highest concentrations.

Among the other synthesis techniques, the aerosol CVD method produces high purity
high quality SWCNTSs that are suitable for production of advanced membranes and

their assemblies.

Thus, the methods for synthesis of SWCNTs have evolved sufficiently to allow the
synthesis of high quality and high purity materials for the construction of, for example,

advanced devices usable as filters for special aerosols, in space-like environments.
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1.3. CNT Assemblies

The unique properties of CNTs and the applications developed for them created the
need for their industrial production [46—48]. The features of the nanotubes dictate the

possible applications for them [49-51].

The assemblies obtained are related to the synthesis method used, thus, affecting the
integration possibilities [52]. We can enumerate different obtained arrangements that
show different bulk characteristics: individual nanotubes, fibers/yarns, powder, aerogel

[4], forests, and membranes (or buckypapers).

Different characteristics are due to changes in synthesis/postprocessing procedure.
While the “powder” nanotube growth happens in a supported catalyst, the obtained
CNTs grow in a state called forest [52], where vertically aligned CNTs grow over each

catalytic seed deposited on the substrate.

Fibers of nanotubes can be produced [53-55] which have exceptionally high strength
[56]. Aerogels [4] made of CNTs have found uses as well [57-59]. In order to assess
the properties of the nanomaterial and their arrangements, it is necessary to use
different characterization methods. An example of a bulk power, flake-aerogel like

CNT composed material are presented in Figure 7.
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Figure 7: Example of CNT macro and micro arrangement: Powder of flakes composed by

CNTs. Scale bar for flakes is 40 um, for randomly oriented CNTs is 3 pm.

Among the first intents of elucidating the structure of different carbon allotropes, the
work of Lipson and Stokes [60] by using X-ray diffraction, paved a way to use different
methods of diffraction to understand and classify sp? and sp? hybridized bonds of
carbon structures. Popova [61] summarizes a collection of knowledge towards a
precise characterization of X-ray diffraction of graphite, Li et al. [62] provides details
of microstructural variations for X-ray diffraction characterization of graphite and
turbostatic carbon. Since the analyses applied here to bulk material share the same
structural composition of CNTs [63] this knowledge proved angular to understand the

single molecule monocrystalline nature of CNTs.

While these entirely different arrangements of CNTs exhibit many different bulk
collective behavior, the type, size and quality of nanotubes allow predicting to some
extent certain properties of the resulting bulk material. For this purpose, different

physical and chemical analysis methods are applied.
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Since all CNTs are electrically conductive, the preferred morphological method for the
study of thick (>10 nm) specimens is scanning electron microscopy (SEM). The
method is a de facto standard [64—-66] even for composites that have other
nonconductive components [67] because the nanotubes add a meaningful conductive
component [68] even in low concentrations, including elastic nanocomposites [69].
Raman spectroscopy allows one to assess the quality of nanotubes [70]. Due to the
hexagonal ring structure shared with the graphene [71] crystallinity metrics have been

established from Raman spectroscopy measurements [72].

Catalyst Vertically aligned
nanoparticles CNT’s

OO

Support - Substrate

Figure 8: A) lllustration of nanotube distribution in a supported catalyst (forest like structure)

reproduced from [73] and B) SEM photo of an aerogel like vertically aligned CNT forest [74].

Thin samples containing CNTs (< 10 nm) (Figure 7,8) can be successfully studied
morphologically by means of transmission electron microscopy [75] and the
complementary methods for the particular microscope. Relevant knowledge about the

growth mechanism has been also obtained through this imaging method [76].
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UV-vis-NIR spectroscopy of transparent specimens containing CNTs [77] established
a set of metrics for assessing the Van der Waals interaction [78] between nanotubes,
and their dispersions in liquids [79] allow for characterization of the presence and
diameter [80] of CNTs by analysis of 1 plasmon peak. Other features can be assessed
by this method as well and they will be discussed in further sections. It should be noted

that assemblies might significantly vary with respect to bulk density (Figure 9).
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Figure 9: lllustrative representation of the bulk density difference between the four kinds of SWCNTs
used, from the left: RESS (expanded), pristine, briquette (compressed), and commercial masterbatch

(MB). The cylinders are of equal mass. Reproduced from [81]
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Depending on the synthesis method for the nanotubes, forests (a supported aerogel
of parallel standing vertically aligned nanotubes) (Figure 8) or free-standing

membranes (Figure 10D) of the nanotubes can be obtained.

For the specific goal of obtaining thin membranes of stacked CNTs (Figure 10 A), the
CVD floating catalyst method (Figure 6) produces membranes of tunable thickness

collected by filtration.

These membranes are denoted as multifunctional by Nasibulin et al. [5], where the

authors explore a wide range of possibilities for SWCNT based membranes.

The authors report a simple and rapid method to prepare multifunctional free-standing
SWCNT films or membranes with variable thicknesses ranging from a sub monolayer
to a few micrometers having outstanding properties for a broad range of exceptionally

performing devices.

Nasibulin et al. [5] have fabricated state-of-the-art key components from the same

single component multifunctional SWCNT material for several high-impact application

areas.
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Figure 10: A) SEM micrography of a freestanding SWCNT membrane on holder, B) Typical UV-Vis-
NIR spectra of SWCNT’s C) Typical Raman spectra of low-defect SWCNT’s, D) Original holder used

previously for Joule heating research. Reproduced from [82].

The different methods to rearrange the CNTs [83,84] permit the manufacture of

different elements suitable for various applications.

They let a wide exploitation of the unique properties exhibited by each different bulk
material composed of CNTs, like for example: fibers, aerogel, membranes and

briquettes for conductive polymer composites, just to mention a few.

The resulting arrangements can be further processed to tailor certain features or

change their behavior using methods like functionalization.
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1.4. CNT Functionalization

Due to the sp? hybridization of carbon in graphene / nanotube external structure and
their high surface area, they can be easily tuned via functionalization, which is
according to Dubey et al. “Functionalization is the generation of functional groups on

the surfaces of CNTs” [85] .

Functionalized CNTSs (Figure 11) have been successfully applied to environmental and
biomedical sciences [85], for example they have promising applications in therapeutics

and diagnostics [86].

Depending on the desired alterations for the nanotubes in questions, many different

methods have been proposed [87].

Functionalization can be covalent or non-covalent. High quality composites can be

made with functionalized CNTs. Functionalization can be inside of the nanotube or

outside of it on the sidewall [88].
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Figure 11: Different possibilities of functionalization of SWCNT’s: A) Noncovalent exohedral
functionalization with polymers. B) Defect-group functionalization. C) Noncovalent
exohedral functionalization with molecules through p-stacking. D) Sidewall functionalization. E)

Endohedral functionalization, in this case C 60 @SWCNT. Reproduced from [89].

Functionalization of CNTs has the ability to alter the properties of the nanotubes in a
repeatable and predictable manner. Dubey et al. [85] highlights functionalization as a

possible remedy for agglomeration and bundling.

Bundles can as well be tuned and functionalized, a detailed study was elaborated by
Mitin et al. [90]. The degree of bundling proved to be meaningful for the effectiveness
of doping / functionalization of the nanotubes and affects the mechanical and electrical

properties of the resulting material.
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The advantages of CNT functionalization, made it a preferred method to tailor the
properties of CNTs [85]. Chemical functionalization, organic functional groups are
generated/attached to the surfaces as well as the tip of CNTs which opens up the
possibilities for tailoring the properties of nanotubes and extending their application

areas.

Different research efforts have been devoted towards both covalent (electrons
between atoms become electron pairs and become shared) and non-covalent (non-
electron sharing electromagnetic interaction) functionalization for different
applications. Functionalized CNTs have been used successfully for the development
of high-quality nanocomposites, finding wide application as chemical and biological
sensors, in optoelectronics and catalysis. Non-covalently functionalized (Figure 11A,
11C) CNTs have been used as a substrate for the immobilization of a large variety of
biomolecules to impart specific recognition properties for the development of

miniaturized biosensors as well as designing of novel bioactive nanomaterials.

Functionalized CNTs have also been demonstrated as one of the promising
nanomaterials for the decontamination of water due to their high adsorption capacity
and specificity for various contaminants. Specifically modified CNTs have been utilized

for bone tissue engineering and as a novel and versatile drug delivery vehicle”.

Functionalization of CNTs permits the enhancement of certain structural features of
the nanotubes, changing the bulk material behavior, providing a material tuned for

certain applications, depending on the required operating conditions.
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1.5Applications of SWCNT based membranes

Nasibulin et al. [5] “have fabricated state-of-the-art high efficiency nanoparticle filters
with a Figure of merit of 147 Pa™%, transparent and conductive electrodes with a sheet
resistance of 84 Q/O and a transmittance of 90%, electrochemical sensors with
extremely low detection limits below 100 nM, and polymer-free saturable absorbers
for ultrafast femtosecond lasers”. Furthermore, the films are demonstrated as the main
components in gas flowmeters, gas heaters, and transparent thermoacoustic

loudspeakers [91].

SWCNT electrodes have been manufactured and used [15,92-95] Owing to their
unique properties such as high conductivity and surface area, electrochemical stability,
low background currents, and electro catalytic properties in many electrochemical
reactions, SWCNTs have been extensively used for electrochemical sensing. In [96],
the authors show the excellent sensing properties of FSF electrodes for the
electrochemical detection of dopamine, a neurotransmitter often taken as a
benchmark analyte for investigating the sensing properties of electrode materials.
Another important application for FSFs is a laser component, namely, a saturable

absorber for ultrafast photonics.

A key element in the cavity of a mode locked fiber laser is the nonlinear element that
initiates the pulsed operation. SWCNTs have been demonstrated to initiate short
pulses in mode-locked fiber and solid-state lasers. The first thermoacoustic speaker

based on CNMs was introduced by Xiao et al. [97] These authors fabricated
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loudspeaker elements from free standing sheets of aligned multiwall CNTs (MWCNTS)

prepared by drawing from a substrate consisting of a CVD-grown MWCNT forest.

Xiao et al. [97] also claimed that SWCNT networks could be used as loud speakers,
but that the fabrication of elements from SWCNT FSFs would be extremely tedious.
The authors of [91], for the first time, have demonstrated thermoacoustic speakers
using FSFs made from randomly oriented SWCNTs. Ultrahigh-performance
transparent electrodes were made by Jiang [15] and a method for welding of CNTs

through ultrafast Joule heating was demonstrated by [16].

Figure 12: Some potential applications of CNT membranes reproduced from [98].
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Many different applications of nanotube-based membranes (Figure 12) exposed to
radiation have been demonstrated successfully. The metal droplet shielding has been
demonstrated as well. The production of semiconductors is key for current technology
and the life of humanity. The main technology for semiconductor production is EUV,
which has a dire need for special aerosol protection in a space like environment, inside

of an EUV lithograph.
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1.6 EUV lithography and aerosol protection pellicles

Integrated microelectronics were thought in 1952 by Geoffrey Dummer [99] invented
in 1958 by Kilby et al. [100] at Texas instruments incorporated, and later independently
by Robert Noyce [101]. The first integrated circuits were drawn by hand, nevertheless,
the preferred way to miniaturize the design as required was being done through the

method of lithography [12,102,103].

Moore’s law [11,104] tells that at twice smaller features the speed of operation and
efficiency of the devices increases. The limiting factor to achieve smaller features
becomes the wavelength of the light used to engrave the design into the wafer. State
of the art method uses 13 nm light [105] (Figure 13). This method is named EUV
Lithography [12]. This is the preferred method to achieve features in integrated

microelectronics as small as 2x103 um [1086].
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Figure 13: Evolution of lithography technologies, showing the feature size achievable with

each light source & optics technology. Reproduced from [106]
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The damages of the mask [106] caused by the tin aerosol particles has been
extensively investigated as well. The authors [107] also suffers damage. Different
pellicle technologies are worth mentioning [13,108-111], their cleaning methods

[13,112-116], and the downtime of the EUV equipment has been assessed thoroughly

‘ Light Source ‘ Mask
M §.35 mm ‘ Mutayers E
ask
F — J‘ ﬂ ﬂ H N T u o -
/ o LY N
/ 2 ., \ dense features to be patterned
dense features to be pattemed < perticle. will print \n,_dﬁ“ . particle il print)
= 1 <
pellicle . ‘.\:
Particle, will not print W
pheto resist exposed photo resist phota resisl t Ea’pnsed photo resisi t
S ]
Fd
Wafer Wafer

Figure 14: Example of characteristic wafer damage caused by presence of particles on the

lithography reticle. Reproduced from [114].

Since extreme UV is de facto the state-of-the-art standard for the production of the
fastest integrated microelectronics (2023) with the smallest features, it is industrially
relevant worldwide. The industry requires to decrease equipment downtime and a

pellicle material that can be cleaned ideally in-situ.

The damages caused by aerosol particles landing on the surface of the reticule are of

concern (Figure 13) since they can remain undetected until the inspection phase

(Figure 14), compromising the quality of a great number of devices.
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SWCNT membranes have been evaluated as EUV pellicle material successfully. It is
fundamental to understand their properties to assess the possibility of building the first
renewable EUV pellicle based on SWCNTs. The ion penetration through SWCNT
membranes is also relevant for the life extension of short-wave optical equipment that

operates with metal-plasma light sources [7].

The criteria for renewability can be resumed in the following manner: “The ability of
the pellicle to eliminate EUV shadowing material from its surface with minimal damage
and with minimal intervention”. The abovementioned can be further improved by: “The

pellicle not requiring removal from the EUV lithograph for its renewal”.
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1.7 Conclusions of the literature review

Carbon materials are considered as the means of life to be possible on our planet;
graphite has been an industrially meaningful form of carbon since centuries ago, the
applications of this carbonaceous material range from fireplaces to the discovery of

electricity and atomic energy.

The discovery of graphene as a stable isolated structure and the knowledge
accumulated from it opened new technological possibilities. CNTs proved to be a
valuable candidate for the technological future of mankind from space travel to
stretching Moore’s law, allowing for more efficient, smaller, and faster semiconductor-

integrated devices, as well as biocompatible flexible and stretchable electronics.

The research on this versatile material is relevant to achieve technological progress
beyond mainstream materials. The literature review shows a wide background about
the possibilities of the application of CNTSs to settle different technological challenges.
The unique properties of SWCNT-FSFs, mechanically sturdy, chemically inert, and
able to withstand temperatures up to 400°C in the air [5], and >1500°C in an inert
atmosphere or vacuum [82], are used for the development of renewable pellicles [7],
because they endure both vacuum and EUV radiation, thermophones [91], bolometers
[117] and other technological applications like stretchable and flexible electronics
[92,97,98,118-121]. Work in progress exists towards 1D van der Waals materials

[77,78,122]. Moreover, the previously consulted research provides useful information
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for the development of devices to fulfill the future industrial needs for the EUV

technology and in general present and future applications of SWCNT membranes.

A method of reinforcing mechanically an SWCNT membrane has the possibility to
enhance present devices and develop new ones that have been impossible to develop

previously due to mechanical constraints.

Moreover, the resonance of highly conductive and ultrahigh performance thin film
electronics is enough to compete with metals and getting closer to match indium-tin
oxide (ITO) technology from a practical point of view with stronger and more
conductive SWCNT membranes by the application of welding and doping at low-

pressure Joule heating.

Indium tin oxide (ITO) and single-walled carbon nanotube (SWCNT)-based
transparent conductors, while both serving as transparent electrodes, exhibit
fundamental differences in their material properties and fabrication processes,

rendering direct comparison challenging and often misleading.

The literature review shows that the application of CNT membranes for EUV aerosol
and plasma protection is feasible, moreover, renewal technology can be developed
for these SWCNT pellicles, also the CNT welding technologies are a thriving
opportunity to enhance the mechanical stability of the produced membranes towards
new applications or lifetime extension of technological applications beyond the scope

of relativistic and shortwave optic systems.
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Thus, the aim of this thesis (hamely, to develop methods for modification of the
membranes to specific applications: EUV (EUV) pellicles, aerosol filters, and
transparent electrodes) is relevant and the objectives represent novel and promising

ideas:

(1)To assess the CNT membrane filtration efficiency on retention of In/Sn
aerosol particles, study their lifetime, and develop technological building

blocks for removal of model aerosols using Joule heating.

(2) To assess the deposition of carbon on Joule heated single-walled

nanotube membrane surface as a tuning agent for conductivity and

mechanical strength.
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Chapter 2: Experimental Methods

2.1Synthesis and collection of SWCNT

Due to the requirement of high-quality randomly oriented nanotubes as a building
block for membranes, the method chosen for synthesis was floating catalyst (aerosol)

CVD. The aerosol CVD was investigated and optimized previously [123].

An iron-based metallocene compound (ferrocene, Sigma Aldrich, 98%) was injected
as vapor at room temperature to a tubular quartz reactor heated to 850 °C in CO/CO2
atmosphere (99.99% CO - carbon source, 99.995% CO2 — an etching agent;

Figurel5).

The Boudouard reaction (2 CO <« C + CO2) happens on formed iron particles and
“‘creates” nanotubes of average diameter 1 — 2 nm, which can further be deposited
SWCNT aerosol on nitrocellulose filters (HAWP, Merck Millipore, USA) as a randomly
oriented network on which the transmittance tuning was done by changing the

collection time [5].

It is worth noting that various nanotube parameters, namely length, diameter,
defectiveness, and bundling degree, can be tuned during the synthesis, forming a
possible window for fine-tuning. Though extremely interesting, such a study of the
synthesis parameters is beyond the scope of the work and will focus on the

development of FSFs.
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Figure 15: Schematic of the system & reactor used for synthesis of SWCNTs. Reproduced

from [10].

The SWCNT thin films are formed by the gradual accumulation (deposition) of floating
aerosol of nanotubes and bundles from the gas stream of the reactor on the surface

of the nitrocellulose foam filter.

A vacuum pump (Figure 15) was used to ensure an exact flow through the filter,
leaving behind a randomly stacked uniform CNT film layer. Despite their high affinity
for any surface, the SWCNT adhesion for the nitrocellulose filters (HAWP, Merck

Millipore, USA) used for their collection is poor, which means that any other material
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might work as a secondary substrate to hold the membrane after the dry transfer of

the film from the filter.

A small amount of mechanical pressure helps to homogeneously attach the layer to a
substrate different than the nitrocellulose filter. This dry transfer method [124] has
different variants, depending on the features of the final substrate. Unlike the case of
a continuous substrate (e.g., glass, silicon, or a polymer) forming a film, if the dry

transfer is performed onto an object with an opening, it would form an FSF.

Many different materials can be used as holders for the freestanding or supported
membranes. For the specific cases of this thesis, surgical grade stainless steel,
borosilicate glass, and UV fused silica grade quartz glass are used as final substrates

during characterization and prototypes of the technological products.
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2.2Control of the film thickness via transmittance

The control of the film thickness through a direct relationship between the optical
transmission and membrane thickness was established. Indeed, the Beer-Lambert law
predicts the absorbance of a SWCNT film to be in direct relation to the thickness (if

the same composition and morphology are preserved).

This approach was previously proven and applied [125] for the collection of SWCNT

films with a given thickness.

Since the rate of deposition is linear with respect to time, any desired thickness or
transmittance can be calculated by cross-multiplication after knowing three or more

different collection times with the resulting membrane transmittance [125].

The collection was performed using a hermetic filter holder with a microperforated
steel mesh and a copper mask underneath the cellulose sponge filter to shape the

SWCNT membrane to the desired geometry (Figure 16).

Flow was regulated by means of a needle valve fixed to a position calibrated using a

flowmeter and a membrane vacuum pump. The collection time was set using a timer

and the collection ended by shutting off the vacuum pump.
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Figure 16: Photo of a SWCNT thin film with 80% transmittance (550 nm) on a filter, shaped

as a square by means of a copper film laser cut mask underneath.
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2.3 Dry transfer method for fabrication of SWCNT FSF

The dry transfer method described in [126] was modified to satisfy the constraints of

the new low-pressure chamber and magnetic sample holder.

The SWCNT membrane border is to be lifted from the filter using a cylindrical stainless-
steel electrode (304L stainless steel tube with a diameter of 0.8 mm) by using the
adhesion of the SWCNTSs to the polished surface of the stainless-steel electrode and
wrapped around the electrode, held by a DIL socket by twisting it, or by pulling the

membrane using a tool (tweezer or wire for example)

The other side of the membrane is to be picked up by the second electrode by slowly
detaching the membrane from the filter (Figures 17 and 18) while detaching

simultaneously the membrane from the filter by careful pulling.

Due to the geometry of the low-pressure chamber used for most of the experiments,
a system for quick electric connection and a magnetic holder were also developed. A
design similar to [97] was used: parallel metallic support rods supported by a refractory
material (Figure 10D). As an electrode, we used surgical-grade stainless steel needles
of 0.8 mm in diameter (Figure 17). A transfer method was adapted from the guidelines

provided by [125].

These previous designs were sufficient to hold the film in freestanding state, but they

lacked a multi mating capable connection system and their sturdiness from repeated
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manipulation within the different analysis was questionable; moreover, the need to
transfer to another holder was deemed necessary to test and install the membranes

on specialized frames to implement devices for further testing after the membranes

were welded.

Figure 17: Photo of a SWCNT freestanding membrane on a special heat shielded

stainless steel rod holder.

The electrical connection between the film and the rods of the frame had to be good

and mechanically sturdy (Figure 17).

58



Thanks to the high surface area of the CNTs, the adhesion between the membrane

and the stainless-steel rod was sufficient to hold the film in place.

To maximize the conductance area of the film in contact with the metallic rod, the film

was purposely wrapped around it, covering as much as 70% of the circumference of

the membrane.
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2.4 Low pressure Joule heating

The welding treatment is to be applied in the same vacuum chamber of the Joule
heating (Figure 18,19; P < 2.89x10°® atm), using Pfeiffer hi-cube 80 vacuum station
(Germany) with two vacuum gauges (Pfeiffer MPT100, Germany cold cathode and
Pirani, Thyracont Vacuum instruments GmBH, Pirani) discussed in detail previously

[82].)

Infrared Pyrometer

Pressure

Isolation valves Gauge

Feed port

LV Power
supply

o
Q.9 g

-
-

Rotary vane
vacuum

pump

Turbo molecular
station

Figure 18: Schematic of the low-pressure Joule heating device.
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Figure
19: A) Photos of different width holders for low pressure Joule heating, B) picture of
the processing chamber, C) sample connector placed in the magnetic holder of the
chamber, D) sample in place glowing at temperature > 600°C.
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Pressure-regulated high purity (99.9%) ethylene (C2H4) was fed to a mass flow
controller (Alicat, USA) to a nozzle inside of the chamber (Figure 18, feed port) at a
rate of 0.1-1 SCCM. The feed port is also used to supply Sn Aerosol for coating of the

SWCNT FSF.

The vacuum chamber requires a special ceramic hermetic power feed to supply power
to the sample and achieve the raise of temperature taking advantage of the Joule
heating. For this purpose, the holders are dimensioned as necessary allowing the

treatment of different membrane sizes.

A magnetic holder and DIL socket wired with PTFE-coated deoxidized copper vacuum
wire was fabricated to hold the sample in place during the treatment improving the

throughput of the reactor (Figure 19 B,C,D).

The vacuum system used in [82], was improved, it now comprises a turbomolecular
station with membrane pump backing, an airlock operated with a scroll pump, a cold
nitrogen trap to avoid vapor impurities from reaching the vanes of the turbomolecular
pump, and a nitrogen venting system to avoid contamination by water vapor, allowing

to reach pressures down to 3.94x10® atm in ~3 min from atmosphere.

A Kelvin RXR (ZAO Euromix, Russia) pyrometer working in the range of 1.0 to 1.6 um
and with a temperature detection range of 400 up to 2300°C was placed over the top
borosilicate glass window to measure the temperature of the SWCNT FSF as shown

in Figure 18.
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2.5 Ethylene Welding

The flow of ethylene passed through the SWCNT membrane while heated, as shown
in Figure 20. The membrane was heated in a single step by direct current (DC) with a

power source Electro Automatics 3200-04C (Germany).

The temperature of the membrane was controlled with a pyrometer (Euromix RXR
2300, Russia) in the temperature range from 700 to 1700 °C on the basis of spectral
response from 1.0 to 1.6 um. A detailed description of the calibration procedure for the

pyrometer is described elsewhere [82].

Hot SWCNT membrane Vacuum chamber
suspended on stainless
steel electrodes

g . Vacuum pump &
SN
) |
/ 1

Infrared
pyrometer

Mass flow controller
Using 99.5% Ethylene

DC electrodes for
SWCNT membrane
joule heating

Figure 20: A scheme for SWCNT free-standing membrane on stainless steel rod holder

inside of the low-pressure ethylene welding chamber.
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The optimum treatment temperature was explored experimentally by comparative
evaluation of the UV-vis-NIR spectra of various membranes treated at different
temperatures during the same amount of time, and vice versa aiming to find the

minimum increase of absorbance.

A “time (duration) of treatment” vs “transmittance decrease” relation was established.
Krasnikov et al. [127] investigated the ethylene pyrolysis on a carbon surface in the
range of 650-750°C showing the high temperature sensitivity of this process and a

higher rate than that for volume pyrolysis of C2Ha.

Since the membrane structure is composed of a random network of multi-chiral
SWCNTSs, the single-point pyrometer indication cannot be assumed to be the

temperature of the bulk of the film.

According to [16], the bulk of the membrane possesses hot spots, thus a power vs.
temperature calculation by Romanov et al. [82] suggests that there is a power constant

to estimate the hot spot temperature of a randomly oriented network.

Due to the difficulty of measuring and understanding the Schottky barrier overheat and

possible destruction; the optimum process temperature found is around 1100°C at

which reproducibility (measured by absorbance increase) within 5% was obtained.
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2.6 Doping of the SWCNT films

The doping of the samples to improve the electrical conductance of the films was
performed by following the guidelines of [128] using a 30 mmol ethanol solution of
HAuCls (Figure 21) by drop casting with a 7 pl dose. After doping, the samples were
dried at ambient conditions until the isopropyl alcohol had completely evaporated.
After drying of the solvent, the sheet resistance of the samples on a quartz substrate
was measured twice a month for 6 months after the doping procedure to understand

the stability of the electric conductance of the resulting material.

Figure 21: Photo of a vial with HAUCls / C2HsOH solution used for doping, with the

guidelines provided in [128]
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The assessment of the doping procedure was performed by comparing the sheet
resistance of pristine samples with those of doped samples. Spectroscopy
characterization was deemed unnecessary since the transmittance affectation by

doping is negligible [128].
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2.7 Production of model Sn and NaCl aerosols

Two model aerosols were produced for this research. The first aerosol model was
produced through the pulsed plasma (spark) discharge between two high purity
(99.95%) Sn electrodes with high purity nitrogen flow (Figure 22). Data of the vapor
pressures for InSn from [129] was used to assess the temperature required to

evaporate InSn from the SWCNT FSM surface (Figure 22).

The size distribution of the plasma discharge was tuned to effectively replicate the
average size distribution produced by commercial EUV light sources. This aerosol was
deposited on the surface of the SWCNT membrane to study the possible effects of
Joule heating (Figure 20) regarding the nanotube morphology during and after pellicle

renewal.

After successful determination of the interaction between surface deposited tin
particles the membranes were tested in a EUV light source, which produces the same
size distribution and concentration of aerosol particles with the aim of investigate in-

operando regime.
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Figure 22: A) Power vs temperature estimation for an SWCNT membrane at low pressures,
B) theoretical approximation of the vapor pressure for In and Sn relative to the chamber
pressure to understand the temperature required for evaporation of the particles from the

surface of the SWCNT FSFs. Data from A) [82], B) [129]
Aerosol Spectrometry was performed by using Differential Mobility Analyzer (DMA-

CPC, TSI inc. USA), with measurement capabilities from 1 to 60 nm (Figure 23) and

from 6 to 300 nm, depending on the DMA type used for the measurements.
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Figure 23: A) DMA patrticle size distributions of Sn aerosol produced by the spark discharge
generator at different breakdown voltages. B) total concentration and geometric mean
diameter of aerosol particles produced at different breakdown voltages. Reproduced from

Publication | [7].

The second model aerosol was produced by an impactor nozzle (TSI Inc. USA) from

a solution of NaCl in distilled water with a concentration of 0.1 mg/ml.

The nozzle was operated with a flow of 3.5 SLPM (standard liters per minute) and a

pressure of 3 atm.

The flow was passed through a diffusion dryer containing 22 um average pore size

vacuum and heat dried molecular sieves.

The size distribution was analyzed by an Aerosol Optical Spectrometer (OOO Aerosol

Devices, Novosibirsk, Russia) with a size measurement capability from 3x102 up to
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1x10% umand a concentration measurement capability up to 2x10° particles/cm?3. Data

acquisition and processing were performed using proprietary software (Figure 24).

2.5x10°
Geo.Mean: 2.12um
Std.dev.avg = 1.52
2.0x10% Avg 58.7K particles / cm?®

1.5x10°

1.0x10°

Particle concentration (# /cm®)

5.0x10%

1 2 3 4 5 6 7 8 9
Mean Size (um)

Figure 24: Size distribution of the model NaCl aerosol produced for evaluation of the

SWCNT filter performance.
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2.8 Quality factor evaluation of filters

Quality factor of an aerosol filter is defined by [130] the filtration efficiency and pressure

drop caused by the flow through the filter.

Since high efficiency filters were fabricated, different standards for their evaluation

were created.

The criteria that dictate the quality (or Qr factor) of a gas filter relates to the pressure
drop vs. the removal efficiency of 100 nm diameter particles, and it is defined by the
equation:

—In(1-n)

lit tor =
Quality factor AP

where AP is the pressure drop across the filter, and 7 is a removal efficiency; a protocol
for evaluation of the filter quality is described in [130]. The system built for this purpose

is shown in Figure 25.
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Figure 25: Scheme of a system built for the filter quality evaluation.



2.9 Optical methods for SWCNT characterization

The optical absorbance characterization of SWCNT FSFs is the routine method to
understand and tune the thickness of films. Spectroscopic characterization of the free-
standing membranes was done with 1 nm resolution from 174 to 2500 nm. It covers

the full spectra from UV via visible to near infrared range.

In principle, the diameter of the nanotubes presents in the sample can be assessed
by this method alone. Since it is non-destructive and fast, the absorbance data can be

directly correlated with the properties of the SWCNTs and films.

The transitions between the Van Hove singularities [131] within SWCNT band
structure cause the strong absorption peaks defined as the specific transition energies
for certain tube chiralities. The strongest absorption points in the UV range correspond

to the 1 electrons’ collective resonance (plasmon peak).

The absorbance at 550 nm is used as the standard thickness / absorbance of the
specimens. The equivalent sheet resistance (measured for FSFs with light
transmittance of T = 90% at 550 nm) Rgeo assessment is performed by combining

spectroscopic transmittance measurement and sheet resistance of the film.

To achieve a metric stating the balance between transmittance and sheet resistance

for SWCNT FSF, a metric named Rgo was established by [128].
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It can be applied to any conductive transparent material. The optical transmittance for
assessment of equivalent sheet resistance of T = 90% at a wavelength of 550 nm.
Defined as: Roo = 1/[K log(10/9)] with the quality factor of K = 1/(Rs x A), where A is
an absorbance measured at 550 nm and Rs denotes the sheet resistance (2 sq*)

[132].

A special holder was built to accommodate freestanding samples to allow
measurements from around 200 nm, the typical spectra can be observed in Figure 26.
The optical absorbance spectroscopy (Figure 26) was measured using a high-

performance UV-vis-NIR spectrometer (Perkin ElImer Lambda 1050).

The © plasmon on SWCNT corresponds to a peak of strong UV absorption in the
wavelength around 284 nm, thus a collective excitation of n-electrons. The Van Hove
singularities of the transitions in metallic (Mi11) and semiconducting (Si1, S22)
correspond to the density of states of different species of SWCNTs present in the
analyzed samples, where the ratio is approximately 33% metallic and 67%

semiconducting.
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Figure 26: Typical UV-vis-NIR spectra of SWCNT FSFs with different transmittances.

Raman spectrometric characterization (Figure 27) was using a Thermoscientific
DXRxi Raman Imaging microscope with a laser excitation wavelength of 532 nm.

Raman spectra were normalized to G mode intensity.
Spectra obtained (Figure 27) was acquired and processed by computerized methods.

The phonon spectra from Stokes resonance provides information about the in-plane

vibration modes of the nanotubes, also considered as a graphitic material.
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Figure 27: Raman spectra of doped vs pristine SWCNT sample. Inset containing enlarged

RBM, confirming the presence, and lack of transformation of single walled CNTs.

The lc/Ip ratio corresponds as the ratio of the maximum intensity of the defect (D) band
against the graphitic (G) band. Thus, the peak of “defects” is a Raman mode oscillation

of imperfect graphene-like structure.

The G band corresponds to fully populated sp? graphene structure. It is an indicator of
the crystalline quality of the nanotubes present in the sample. The plasmonic RBM

(RBM), plotted in the inset of Figure 26 are Raman resonant modes (RBM) [132],
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unigue to nanomaterials, allows to understand the diameter of the nanotubes present

in the sample [133] as well as the presence of SWCNTSs.

Timmermans et al. studied the transmittance of FSFs [134] in The application of
SWCNT FSF for EUV was also studied in [126]. The experimental investigation about
the SWCNT FSF transmittance towards renewable FSFs using 13.5 nm EUV (EUV)
light, required the design of a ceramic holder able to withstand the harsh conditions

present inside an EUV light source.

This work was made in collaboration with V. Gubarev, Dr. M. Krivokorytov, Dr. V.
Medvedev from Institute of Spectroscopy of the Russian Academy of Science (Troitsk,
Moscow, Russia). In Figure 28, the graphical abstract of publication Il [7] shows a
SWCNT FSF held between two conductive rods, fed with a DC power, being Joule
heated, and bombarded by droplets of Sn / In/Sn that are being evaporated whilst

transmitting EUV light across its surface.

A fiber laser excited InSn plasma light source TEUS-S100 manufactured by
EdgeWave, was used to produce EUV radiation. The ceramic holder with the SWCNT
membrane was placed in the trajectory of the EUV beam where a EUV photodetector

was placed.

A second EUV photodetector was used as a reference to understand the loss of light

transmittance capability of the SWCNT film. By directly comparing the signal obtained
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from each photodetector, and comparing it with a previous optical power

measurement, the optic EUV transmittance of the FSF was measured.

Figure 28: A Joule heated freestanding SWCNT membrane being bombarded by InSn

particles and simultaneously self-cleaning (renewing) by evaporation of In and Sn [7].
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2.10 Plasma Penetration through SWCNT membranes

SWCNT membrane samples with the thicknesses of 40 and 90 nm were fabricated to
study the In-Sn plasma penetration. The SWCNT FSFs were characterized by UV-vis-
NIR spectroscopy, the measurement results can be seen in Figure 29.
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Figure 29: Optical spectra of ca. 40- and 90-nm-thick SWCNT membranes. The transitions

between Van Hove singularities (Si1, S22, M11) in SWNCTSs are denoted [135].

A high-brightness EUV LPP source TEUS-M generated plasma particles using
EdgeWave Nd: YVOas laser with a pulse energy of 4 mJ (duration of 1.5 ns and
repetition rate of 25 kHz). The laser beam was focused into a spot with a diameter of

60 um at a 1/e?level on a liquid target placed in a crucible. The target material was an
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alloy of Sn and In taken in mass proportion msy,/min = 52/48. The interaction of the
laser beam with the liquid target produced plasma (ions and atoms) and aerosol
microparticles. In order to suppress spattering of microparticles, the crucible was
rotated at a frequency of 300 Hz, ensuring a tangential microparticle velocity = 190
m/s. The pressure of residual gases inside the setup during the operation was less
than 0.01 Pa. Time-of-flight (TOF) measurements (Figure 30) of ions with a Faraday
cup were used to characterize the charge energy spectrum of plasma. A cup-receiver
and an electron-suppressor lid were made of stainless steel. To suppress primary
electrons from the plasma, a negative bias (-20 V) was applied to the cup walls. The
secondary electron emission was blocked by using a weak magnetic field at the

entrance aperture.

Faraday
cup

SWCNT
membrane

p Si back ,
In-Sn Si front 7
plasma / \

il Laserbeam |7 S

Figure 30: Schematic of the setup for the measurement of Plasma Penetration [135].
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The distance from the plasma source to the entrance aperture of the Faraday cup was
Irc = 380 mm, and the diameter was drc = 6 mm. The electrostatic ion energy analyzer
with a resolution dE/E = 0.06 was utilized to determine the plasma composition

(ionization rates).

A 180° spherical condenser was employed as an ion analyzer. The radii of the outer
and inner electrodes along the analyzer axis in the horizontal and vertical focusing
planes were R1=4.5cm and R2=3.5cm and r1=5 cm and r2=4 cm, respectively. To
increase the sensitivity of ion registration, use was made of an ion-current detector
with two microchannel plates (MCPs) in V-stack (Chevron) assembly. The distance
from the plasma source to the entrance aperture of MCPs was lea = 729 mm, and the
diameter of the entrance aperture was dea=2 mm. SEM images of Si witness samples

after plasma radiation during 1 million laser pulses are shown in Figure 31 [135].

abové /SWCNTs behind 40nm SWCNTs behind 90nm SWCNTs
/

mm 100nm mm 100nm

Figure 31: SEM images of Si wafer (after plasma radiation for 10° laser pulses) placed: A)

above SWCNTSs; B) behind 40 nm SWCNTSs; C) behind 90 nm SWCNT membrane [135].

The SEM used in this work were a Thermo Scientific Quattro S, Teneo and a Versa

3D, all three functioning at 30 KV gun acceleration.
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Samples were transferred directly to the surface of SEM supports and required no

preparation.

The TEM instruments used were: a Thermo Scientific FEI Titan and a Tecnai G2 F30

both operating at 200kV acceleration. 95% transmittance samples were deposited on

clamshell grids with no additional preparation.

EDX systems for all electron microscopes were Bruker and Metek (Germany).
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2.11 Electrical Characterization

Sheet resistance of the samples was assessed with a four-probe station (Jandel
RM3000, U.K.), which uses four equidistant spring-loaded electrodes to determine the
resistance. Two acts as a current source (10 nA — 100 mA), and the other two are
used to measure the voltage. This approach allows mitigating the measurement error

associated with the sample-electrode resistance.

Measurement
Display unit and head
power supply /
Current source
SWCNT sample

Volt meter
4 Equidistant

spring loaded —'_l” |
Substrate (Glass)

Display

electrodes

Figure 32: Scheme of the four-probe measurement device used for the SWCNT-film

characterization.

According to the equipment manufacturer datasheet: “accuracy is better than 0.1%
against resistors for 100 nA and greater”. Each sample had five measurements taken
in different places, respecting a minimum area of 5 mm? the average of 5

measurements was used as final value.
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2.12 Ultimate tensile strength measurement

A device was built for the purpose of measuring the ultimate tensile strength; it is a
linearly pushed round tip attached to a load cell, where the element pushing the needle

is a free-standing SWCNT film, being displaced at constant velocity by a computer-

controlled actuator (Figure 33).

Figure 33: Scheme of the ultimate tensile strength measurement device, sample placement
and deformation. Yellow: Sample holder, Grey: SWCNT membrane, green: penetrating

needle, Red: load cell.

The device can be operated horizontally or vertically, allowing to calibrate the
measurements with a known weight. The raw value of the measurement can be
converted to any unit of interest. Since the geometry of the system is known, the

guidelines used in [5] were applied. The pithagorean trigonometry model proposed by
84



the authors allows a simple way to calculate the UTS directly from the maximum force
excerpted by the film over the needle attached to the load cell. The membranes used

for this research also show viscoelastic behavior as previously assessed by others [5].

Since the thickness of the freestanding membrane can be tuned by varying the
collection time, a calibration sample set was characterized by means of UV-vis-NIR
spectroscopy and later on the ultimate force device to establish a baseline for
comparison against ethylene welded samples. This comparison is used to optimize

treatment times towards maximization of the UTS for longer-lasting particulate filters.

Ultimate tensile strength tests were performed by a self-made device (Figure 33),
containing a needle held by a load cell, a moving stage with an electronically actuated
micrometric screw, and a fixed stage. The SWCNT membrane sample transferred onto
a circular aluminum disk was perforated at continuous speed by the force
measurement rod, which is a 2 mm in diameter steel sphere attached to a stainless-

steel hollow tube. Pressure data was recorded by means of computer data acquisition.

The linear actuator has 1/32 step mode motor control and noise mitigation was
implemented by signal averaging. A computer was used to record the data from the
load cell and displacement. Lateral sample alignment was kept centered at the same
position for different measurements to ensure that perforation happened in the center

of the sample.

85



The calculation for the ultimate tensile strength was done by taking the cross section
of the maximum stress area of the film in the area surrounding the tip of the force
measurement rod. Pithagorean geometry was used to estimate the contact angle
change related to the distance, and film thickness was considered to be constant

during the measurement until the sample breakage.

The ultimate tensile strength of the films is multiparametric: the average length of the
nanotubes being used is proportional to the maximum force and maximum stretching
of the film if slippage (not welded nanotubes) is present on the films. At the same time,
the thickness of the specimens is also directly proportional to the maximum force that

the film can resist before breakage.

To understand and directly compare the force resistance of different film thicknesses
and directly correlate the results of the ethylene welding process, a set of different
pristine samples was measured to create a baseline to directly compare the

mechanical resistance of the ethylene-welded films of the same original thickness.

To ensure uniformity on the thickness of every sample, the measurement of the optical
transmittance of three random collection times, the collection time for the desired
transmittance was calculated by linear extrapolation to achieve the desired light
transmittance for the experimental specimens. The samples to be studied by SEM
were collected to around 80% transmittance meanwhile for TEM the specimens were

of 95% transmittance.
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Chapter 3: Results and discussion

3.1 Tin aerosol evaporation from SWCNT membrane

A model Sn aerosol production unit (section 2.7; Figure 23) was developed to deposit
tin aerosol particles on a SWCNT FSF (EUV renewable pellicle). The Sn aerosol
coated SWCNT FSFs were studied by means of TEM (FEI Tecnai G20, FEI Titan,
United States of America) and SEM microscopy (FEI Teneo, Versa 3D, Helios, United

States of America).

Figure 34: TEM images of SWCNT FSF coated with Sn aerosol. A) Pristine SWCNT, B)
SWCNT with Sn aerosol deposited for 4 h, and regenerated at 750°C during 5 s, C) SWCNT
with Sn aerosol deposited for 4 h, and regenerated at 1000°C during 30 s, D) SWCNT FSF

with Sn aerosol deposited for 4 h, and regenerated at 1400°C for 3 min. Reproduced from

[71.
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A B

Figure 35: SEM EDS maps of SWCNT FSFs coated with Sn aerosol. A) Pristine SWCNTSs,
B) SWCNTs with Sn aerosol deposited for 4 h, and regenerated at 750°C for 5 s, C)
SWCNTs with Sn aerosol deposited for 4 h, and regenerated at 1000°C for 30 s, D)

SWCNTSs with Sn aerosol deposited for 4 h, and regenerated at 1400°C for 3 min.

Reproduced from [7]

After confirming the deposition of Sn aerosol by TEM (Figure 34) and SEM map
(Figure 35) microscopy, the low-pressure Joule heating chamber (section 2.4) where
the SWCNT FSFs were heated to a different temperature for a certain time. Figures
34 and 35 depict TEM and SEM map images of SWCNT FSFs different renewal

stages, for assessment of the complete elimination of Sn aerosol.
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After the Joule heating at low pressure, the SEM images and EDX map showed that
the complete elimination of Sn particles happened after 3 minutes of heating at a
temperature of 1400°C. The post renewal (after low pressure Joule heating treatment)
SWCNT FSF morphology of the membrane used to trap Sn particles shows no
significative changes compared to the exhibit A in the Figures 33 and 34, which
corresponds to a pristine SWCNT FSF. A single sample was coating cycled and
renewed 10 times, the results of UV-vis-NIR spectra measurements are shown in
Figure 36. It was observed that after 10 cycles, meaningless transmittance changes
occurred to the membrane, and no doping of the structure was observed during this
analysis. The UV-Vis-NIR spectra of multiple renewal single sample reflects the same original

features of the pristine SWCNT FSF.
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Figure 36: UV-vis-NIR spectra of pristine SWCNT FSFs (black), with tin deposited during 24
h and regeneration (for 3 min at 1400 °C). Optical transitions between van Hove singularities

for semiconducting (S11, S22) and metallic SWCNTs (M) are denoted to show that the

process preserves SWCNT band structure and provides no doping. Reproduced from [7].
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In order to understand the damage to the bulk of the SWCNT FSF, a Raman
spectroscopy analysis was made. The acquired spectra can be seen in Figure 37, they

were normalized to G peak for assessment of the defect quantification.
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Figure 37: Raman spectra of SWCNT-based membranes (pellicles): pristine (black), after Sn

deposition (red) and after regeneration at 1400 °C, 3x10 -1 Pa for 3 minutes (blue).

Reproduced from [7].

It was observed that the calculated Ig/ld ratio reflected a minor change of the value for
the regenerated pellicle compared to the Pristine pellicle. The heating of the SWCNT
FSF, while coated with Sn aerosol, does not cause any harm to the structure of the

nanotubes and opens the possibility of applying the same process for other similar
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species like Pb, Co, In, Sh, etc. This study shows the potential of renewal of the
SWCNT FSF developed beyond 10 cycles for Extreme UV applications. This result

was published in [7].
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3.2 In operando tin aerosol evaporation and EUV transmittance

In operando experiments were performed in collaboration with Institute of
Spectroscopy (Troitsk, Moscow, Russia). The experiment scheme is in the Figure 38,
During the first 10 minutes, the annealing of the membrane inside the EUV light source
chamber was performed with a DC input power of 10 W/cm? (c.a. 1150 °C), it was
applied while the EUV transmittance was constant 0.74. Then, In/Sn deposition
(Figure 39; blue curve) was started and the transmittance of the EUV membrane

dramatically dropped from 0.74 to 0.48.
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Figure 38: A) - lllustration of the experimental setup for the EUV transmission measurement
of a free-standing SWCNT pellicle in situ during In/Sn deposition and regeneration; B) — EUV

spectrum of the light source used for the measurements. Reproduced from [7]

After that moment, the deposition with In/Sn species was stopped and DC power was
supplied with 1 W/cm? power (Figure 39, red curve; ~600 °C) that had negligible effect

on the EUV transmittance of the SWCNT membrane.
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With an increase of input power up to 5 W/cm? (Figure 39, red curve; ~900 °C), the
transmittance coefficient increased from 0.50 to 0.58. Increasing the input power to 10
W/cm? (Figure 39, magenta curve; ~1100 °C) continued In-Sn evaporation without any

rate variation on the transmittance increase gradient.

Finally, the EUV transmittance returned to its initial value of 0.74 confirming the
applicability of the method with industrial EUV source. Thus, the obtained results verify
our method to recover the free-standing SWCNT membranes with a threshold effect

on the input power of 5-10 W/cm?,
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Figure 39: Evolution of EUV transmission of a free-standing SWCNT pellicle during In/Sn

deposition and regeneration. Reproduced from [7].
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Multiple renewal cycles were tested to investigate the endurance of the pellicle. The
UV-vis-NIR spectroscopic measurements of the sample renewed 10 times can be
observed in Figure 36, while the Raman measurement of a single cycle sample is

shown in Figure 37.

No membrane detachment or breakage was observed; thus, the membrane retains its
original features and from the SEM analysis it is possible to conclude that the damage

due to In-Sn interaction is negligible.

This fact tells that the membrane can have a very long life, being renewed in situ,
eliminating the need for removal out of the lithograph for cleaning, potentially

decreasing downtime due to In-Sn particle contamination.

This proves the successful development of the first (to the best of our knowledge) EUV

renewable (potentially in situ) pellicle for semiconductor production applications. This

result is to be published.
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3.3 Joule heating-induced welding via ethylene pyrolysis

In order to tune the mechanical properties and Schottky barriers between the
nanotubes, the FSFs were treated at low pressure and high temperature in the
presence of 99.5% ethylene flow and studied by means of scanning and transmission

electron microscopies.

Figure 40 A shows the SEM micrography of a pristine membrane together with of a
FSF treated during 5 min at 850°C with an ethylene flow of 0.5 SCCM (Standard cubic
centimeters per minute). Figure 40 A shows filament like elements stacked randomly
with well-defined borders and no visible interlinking. Figure 40 B shows a structure
coating the filamentary nanotubes, forming a coating of carbon around the tube-tube
junctions and also around the tubes which constitutes the welding after 5 minutes of

treatment.

Figure 40: SEM images of pristine film vs ethylene welded during 5 min at 850°C. A) pristine

membrane. B) 5-minute ethylene welding treatment, showing detail of carbon lamella

formation and the presence of a closed structure wrapping the nanotubes and their bundles.
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Figure 41 shows TEM Images of bundles of pristine (Figure 41A) SWCNTSs with clearly
visible borders on the overlaps without common bonding structures between the
nanotubes. Figure 41B shows a micrography of a FSF treated during 5 min at 850°C,
with an ethylene flow of 0.5 SCCM. One can see partial carbon lamella formation,

thickening the original diameter of the CNTs, wrapping them in amorphous like carbon.

B Ethylene welded 5 min

Figure 41: TEM images of A) pristine film, B) film after 5-minute ethylene treatment, showing

partial carbon lamella formation and the presence of lateral amorphous deposits.

Figure 41 show TEM micrographs of SWCNT films: A) pristine, B) treated during 10
min at 1100°C, with an ethylene flow of 0.5 SCCM, One can observe partial coating
formation at junctions on the Figures 42 B, C, D, and 44B (STEM regime) thickening

the original diameter of the CNTs, wrapping them in amorphous like carbon.
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The tube-tube contact zones have the higher amount of deposited material compared
to the length of the bundles. This point to the highest temperature points to be the
Schottky barriers formed between tubes, where occurs a faster ethylene
decomposition rate, resulting in a higher volume of amorphous carbon coating these

areas of the SWCNT FSF.

The complete coating formation was observed after 30 min of treatment (Figure 42 D),
while during extended treatment times, the nanotube structure was buried in

amorphous carbon where the nanotubes can be seen within the resulting material.

r\listubes:\iguried in
| ~amferphous garbon

Figure 42: TEM Images showing the carbon lamella formation of different ethylene welding
treatment times. A) pristine SWCNT membrane. B) Lateral deposits and junction coating. C)

Partial carbon lamella formation. D) Nanotubes completely coated in carbon.

The non-uniform welding of bundles was investigated by means of SEM microscopy.
It was observed that partial carbon lamella formation occurred after 5 minutes of
treatment (Figure 41 B), without a defined border for the “weld”. Said borders can be
seen after 10 minutes of treatment (Figure 42 B), suggesting a structure with a
thickness comparable to the diameter of the pristine SWCNTs in the study (Figures

41A, 42A, 43A, 44A).
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This fact also suggests that the bundles are the hottest parts of the film at low
temperatures, and once they become coated, the images suggest that this once-hot
spot, becomes cold, and the current flow changes towards a neighboring bundle, that
will become coated due to its higher temperature compared to the previously coated

bundle where the ethylene pyrolysis threshold is no longer.

Further research is required to establish any relationship between the flowrate,

temperature and the structure of the carbon being deposited on the membrane by the

ethylene pyrolysis process.
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3.4 Doping of the welded films

Both treated and pristine membranes were transferred to fused silica quartz substrates
of 9x12 mm? on which bilateral simultaneous doping by HAuCls was performed by
applying a single drop of a 30 mmol ethanol solution of HAuCl4 following the guidelines

from [128].

0.40 4

A)
0.32 4 —— Pristine Ryy= 600 Q/00

—— Pristine doped HAuCI, Ryy= 40 Q/O0

—— Welded 1 min doped HAuCl, Rg= 32 Q/O0

—— Welded 3 min doped HAUCI, Ry,= 30 /0

o

n

~
1

Absorbance

o

-

»
1

T T T T T T T T =]
200 400 600 800 1000 1200 1400 1600 1800 2000

Wavelength (nm)

Figure 43: A) UV-vis-NIR spectra of bilaterally doped samples B) HRTEM image of SWCNT

welded and doped with HAUCl..

The carbon coating formation (Figures 40B and 41B) provided additional volume to be
doped by the cast drop method used (Figure 43), thus an improvement of the resulting
Roo was observed while compared with similar pristine membranes (R = 2467 Q/n)

and after welding and doping (Reo =30 Q/n).

Since the excess material changes the electronic dynamic of a randomly oriented

nanotube network, there is a limit on which the process works positively. The electric
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resistivity becomes unacceptably high to be considered to be doped if the treatment

times are longer than 30 minutes.

Thus, the treatment works best for the bilateral doping process between 10 up to 30
minutes. The goal of the chosen treatment is to keep the transmittance of the
membranes lower or equal to 5% more of the original pristine membrane
(transmittance of pristine = 95% to transmittance 90% welded ideally), thus the Roo
value can be effectively minimized down to 90% compared to pristine desorbed
samples for an originally 95% transmittance film (Table 1), higher transmittance FSFs

were also studied.

The process of 10 sccm of ethylene with T= 1100 °C has a transmittance increase rate
up to 20% per hour of treatment. The comparison of pristine and welded spectra was
acquired and reflected a uniform increase of absorbance in the studied range from
174 to 2500 nm. Raman spectra (Figure 43 A) were measured to ensure the efficiency

of the doping and the preservation of CNT structure on the membranes.

The results of the process behavior investigation are summarized in Table 1. The data
from electrical characterization combined with UV-Vis-NIR spectroscopy, showed an
improvement of Rgo of 15 times for the welded samples, with respect to the pristine
samples, proving that the welding treatment can improve the electric conductivity of

doped FSFs.
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Table 1 Equivalent sheet resistance R90 (/o) and transmittance of the samples

SWCNT Film Transmittance@ 550 nm, % | Roo, Q/o
pristine 95 2467
pristine doped 94 57
welded 1 min and doped 93 32
welded 3 min and doped 93 30
welded 5 min and doped 92 34
welded 1 min 93 2272
welded 3 min 93 2204
welded 5 min 92 2100
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3.5 Ultimate tensile strength improvement by ethylene welding

Since the mechanical integrity of pristine membranes depends on the Van der Waals
interaction between the stack of nanotubes forming the membrane, the coating of the
Schottky barriers formed by the tube-tube junctions by carbon, eliminates the slippage
mechanism, converting effectively the random nanotube network in an aerogel [4]

composed mostly by carbon but having also different allotropes.

This coating of tunable thickness enhances the mechanical stability of the membranes
while minimally harming transparency. The extended time coating was investigated by
SEM microscopy. Figures 40B and 41B show micrographs of a pristine and membrane
after the treatment during 5 min at 1100°C with an ethylene flow of 0.5 SCCM. Figure
42C shows a continuous structure coating the previously randomly stacked nanotubes
(carbon lamella, Figure 44 C and D), with the absence of well-defined borders and no
visible zones of overlap. Figures 42D shows a thicker structure coating the filamentary
nanotubes, forming a larger coating of carbon around the tube-tube junctions and also
around the tubes which constitutes the welding, of bigger size than 5-minute treatment.
Figure 44D also contains some degree of carbon lamella formation visible in the STEM

regime.
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Figure 44: STEM images of different treatment times at 1100°C: A) Pristine membrane; B) 3
min treatment, showing carbon lamella formation and the presence of a closed structure
around the bundles; C) 5 min treatment showing partial coating of a nanotube bundle; D) 10

min treatment showing full coating of nanotubes with formation of the coating.

Figure 45 shows a SWCNT FSF standing in a custom made 3d printed holder, made
out of uncoated polylactic acid polymer, for performing standard tensile strength tests

on a SWCNT film to calibrate and confirm the measurements of the self-built device.
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Figure 45: Picture of the holder used to confirm the results of the UTS measurement in a

standard tensile strength elongation machine.

While the morphological changes are observable by electron microscopy, different
applied analysis show that the original properties of the membrane, including the
chemical composition have been kept. This part of the study focuses on the potential

applications where mechanical stability / sturdiness of the film are preferred over
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electrical conductivity, or the maintenance of the elastic properties of the pristine
membranes. Since the stretchability of the FSFs relies on the tube-tube slippage, it

was expected that the elasticity was to be lost after the welding procedure.
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Figure 46: Measurement of the improvement of UTS for different SWCNT membrane

ethylene welding times compared to a pristine sample.

Applications for traction, highly conductive and high tensile effort fibers and fabrics
plus the welding of SWCNT fiber composed microstructures can be achieved by this
method. Our method proved reliable and the maximum strength enhancement

obtained ~400% the original UTS form the pristine sample (Figure 46). Measurements
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of the device were confirmed by a specially designed holder for a standard pull test
machine with an ultra-high sensitivity load cell installed (Figure 44). The ultimate
tensile strength data showed a standard deviation of 2.9 kPa, of the measured values

between 22-27 kPa proving the quality of the calibration procedure.

The process worked successfully to mechanically reinforce the sample of SWCNT
FSF in a cold low-pressure chamber with the advantage of a power input <12W instead
for few kW furnace while also using much less amount of gas, requiring no purging or

preheating, being around 30 times faster.

The measurements of this research stage reflect an improvement of mechanical
stability of around 400% for the welded SWCNT FSF with respect to the pristine. This
proves the application of the ethylene welding treatment for reinforcement of SWCNT

FSFs and FSFs.
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3.6 Evaluation of filtering performance of the welded membranes

The setup for filtration tests (Figure 24) was constructed using a recording differential
manometer, a constant flow pump, a flowmeter, a HEPA filter, three three-way valves,

a SWCNT membrane holder and a computer.

The pump has a soft start function to avoid sudden pressure surges that may
prematurely break the filtering membrane. Once the desired flow is reached, the motor
runs at constant voltage until the breakage of the membrane happens. The pristine
FSFs were evaluated periodically with a CPC(TSI instruments Inc, USA, 3088) that
detects particles in the nanometer size, allowing to understand the particle stopping
capacity of the filter, shedding data on the continuous performance and degradation

over time.

The quality factor measurement stated in section 2.8, results of the cycling of two test
filter membranes one pristine and one welded during 10 minutes are shown in Figure
47. The black and red lines represent the repeated automated cycling of the pristine
and welded membranes between air and HEPA filtered air demonstrating that the
welding process does not harm the efficiency of the membranes for filtering purposes,
potentially extending its lifetime thanks to the UTS improvement (Figure 46), which

allows operation at higher pressures during a longer time.
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The results of the SWCNT filter evaluation show no meaningful changes of efficiency
between the welded and pristine samples. The absence of breakage of the tested
membranes points to the potential life extension of CNT-based FSFs through the

welding reinforcement treatment while maintaining the efficiency.

—— Pristine membrane Ap 0.015 mbar, average efficiency 99.997%
Welded 10 min Ap 0.012 mbar, average efficiency 99.998%
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Figure 47: Average efficiency of the filters constructed with pristine and ethylene welded

membranes.
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Chapter 4: Conclusions and Outlook

4.1 Conclusions

In the present thesis, we synthesized SWCNTSs, fabricated freestanding membranes

with low outgassing holders allowing Joule heating, and developed methods for

modification of the membranes to specific applications: EUV (EUV) pellicles, aerosol

filters, and transparent electrodes. It resulted in two relevant technological needs for

the advanced applications of SWCNT membranes, both scalable and industrially

applicable, energetically efficient approaches to new applications and improving

existent technology:
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The first patented invention is a technology (Publication I) comprising a
SWCNT renewable membrane, which reduces the downtime of EUV
lithographs. With both the model aerosol source and the industrial EUV light
source, we proved the complete removal of contaminations trapped by
nanotube membranes. Further annealing in a vacuum with resistive heating for
3 min at 1400 °Cresulted in complete Sn absence on the pellicle surface. Only
20 W/cm? is needed for the complete renovation of the SWCNT-based pellicle
while the membrane maintains its properties after ten cycles of aerosol
exposure and cleaning. The membranes can be also altered by liquid
densification (i.e., an increase of density induced by the evaporation of a liquid),
which makes the membrane stiffer and decreases the probability of penetration

by an order of magnitude. Plasma does not affect the membranes significantly



and the penetration reflects that the affectation of the material is negligible for

this application (Publication III).

e The welding of nanotube membranes by ethylene pyrolysis (Publication 1)
using resistive heating allowed to engineer the nanotube junctions within the
membrane while further treatment induced the full coverage of original
nanotubes with pyrolytic carbon. The method is energetically efficient as it
requires 10 W/cm?. Deposition of pyrolytic carbon resulted in an increased
ultimate tensile strength (up to an order of magnitude) and lower equivalent
sheet resistance (allows one the finest nanotube-based transparent electrodes;
Roo, the sheet resistance of a film with a 90 % transmittance in the middle of

the visible region, as low as 30 Q/o).

The analysis of the materials after the exposition to different conditions, and under
controlled conditions, demonstrates the successful development of technology for
extreme UV renewable pellicles and the reinforcement of thin SWCNT membranes

through ethylene DC Joule heating welding.

The proposed technology and techniques might not only be useful for EUV pellicle
filters and protective membranes as well as transparent electrodes but also provide a
fundamental basis for membrane treatment and processing. Transparent touch
sensors are ubiquitous in consumer and industrial human interface screens. The
evolution in methods to improve the electrical conductivity of SWCNT-based

membranes paves the way to sustainably replace indium tin oxide-based
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technologies, including top electrodes for photoelectric generators and sensors. The
Joule heating welding method and device built during this work pave the way towards
simplified CVD methods for coating the membranes using gas precursors. Since the
membranes maintain their flexibility, thin conductive heat-resistant substrates can be
developed from the results obtained from this research for the construction of devices.
The mechanical reinforcement of fibers and other carbon nanostructures can be

achieved by Joule heating and hydrocarbon gas welding.

Future research can be developed by individual assessment of mechanical testing, to

investigate tailoring of SWCNT welded structures.

The future of Microelectromechanical Systems (MEMS) technology hinges on the
development of materials and fabrication techniques that enable smaller, more robust,
and more functional devices. Current MEMS fabrication often faces limitations in
material properties, particularly when miniaturization requires thinner and more flexible
structures. The integration of plasticity-tuned welded single-walled carbon nanotube
(SWCNT) membranes offers a compelling pathway to overcome these limitations and

significantly enhance MEMS capabilities.

SWCNTs possess exceptional mechanical properties, including high strength,
stiffness, and flexibility. However, harnessing these properties in MEMS applications
requires precise control over the CNT network structure and its mechanical response.
The concept of “plasticity-tuned welded SWCNT membranes” introduces a novel

approach to achieve this control. By carefully tailoring the welding process — which
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connects individual SWCNTs to form a continuous membrane — the overall plasticity
of the membrane can be precisely engineered. This tunability allows for the creation
of membranes with tailored mechanical characteristics, ranging from highly elastic to

highly plastic, depending on the specific application.

Several aspects of future MEMS technology can be improved through the use of these

advanced membranes:

1. Enhanced Flexibility and Robustness: Plasticity-tuned welded SWCNT
membranes offer superior flexibility compared to conventional MEMS materials like
silicon. This allows for the creation of highly flexible, conformal MEMS devices that
can adapt to complex geometries or integrate with curved surfaces. Furthermore, the
inherent strength of the CNT network provides enhanced robustness against

mechanical stress and fatigue, extending the lifespan of MEMS devices.

2. Improved Functionality: The tailored plasticity of the membrane opens exciting
possibilities for creating MEMS devices with novel functionalities. For instance, a
highly elastic membrane could be used to create micro-actuators or sensors with large
deflections, while a more plastic membrane might be preferred for devices requiring

high strain tolerance.

3. Reduced Manufacturing Costs: The scalability and relative simplicity of SWCNT
membrane fabrication techniques offer potential cost advantages compared to

traditional MEMS manufacturing processes. Large-area, high-quality membranes
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could be produced using roll-to-roll methods, enabling mass production and reducing

the overall cost of MEMS devices.

4. Advanced Device Architectures: The unique properties of plasticity-tuned welded
SWCNT membranes enable the development of novel device architectures. For
example, integrating these membranes with other nanomaterials can create hybrid
MEMS devices with enhanced functionality, such as integrated sensors and actuators

on a single platform.

5. Integration with Other Nanomaterials: Welded SWCNT membranes provide a
robust and flexible platform for integrating other nanomaterials, creating hybrid
structures with enhanced functionality. For example, incorporating piezoelectric

materials could enable energy harvesting capabilities.

However, challenges remain:

o Precise Control of Welding: Developing reliable and reproducible techniques
for welding SWCNTSs with precise control over the resulting plasticity is crucial.

o Large-Scale Manufacturing: Scaling up the fabrication process to meet
industrial demands requires further research and development.

« Integration with Existing MEMS Processes: Seamless integration of
SWCNT membranes with existing MEMS fabrication processes is essential for

practical implementation.
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By addressing these challenges, plasticity-tuned welded SWCNT membranes hold the
potential to revolutionize MEMS technology, enabling the creation of smaller, more
robust, more functional, and more cost-effective devices with a broad range of
applications, including sensors, actuators, microfluidic devices, varactors [136,137]
and lab-on-a-chip systems. This innovative approach promises to unlock new
possibilities for miniaturization, improved performance, and expanded functionalities

within the field of MEMS.

The semiconductor industry constantly seeks advancements in materials and
manufacturing processes to create smaller, faster, and more energy-efficient chips. A
critical component in extreme ultraviolet (EUV) lithography, the cornerstone of modern
chip fabrication, is the pellicle — a thin, transparent membrane protecting the
photomask from damage during the exposure process. Current pellicles, typically
made of silicon nitride, suffer from limitations in mechanical robustness and chemical

inertness, impacting throughput and lifespan.

However, a new generation of filters, based on high-mechanical-sturdiness,
chemically inert thin films of carbon nanotubes (CNTS), offers a potential paradigm
shift for filter and semiconductor industries, ushering in the era of the first renewable

EUV pellicle.

Future research on CNT-based filters should focus on several key areas:
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1. Controlled Synthesis and Assembly: Precise control over CNT growth and
alignment is essential for creating high-quality films with uniform optical properties.
Investigating innovative techniques such as directed self-assembly, template-assisted
growth, and advanced chemical vapor deposition (CVD) methods is vital. Achieving
consistent large-area films with minimal defects is critical for scalability in industrial

applications.

2. Enhanced Mechanical Properties: The mechanical robustness of the CNT film is
paramount for pellicle applications. Research efforts should focus on optimizing the
CNT network structure, incorporating reinforcing agents, and exploring novel post-
processing techniques to enhance tensile strength, flexibility, and resistance to
deformation. The goal is a pellicle that can withstand the rigors of high-throughput EUV

lithography without compromising transparency or quality.

3. Improved Chemical Inertness: Chemical inertness ensures the pellicle remains
undamaged during the manufacturing process and resists contamination. Surface
functionalization strategies that enhance chemical resistance without sacrificing
optical transparency require further exploration. Understanding and mitigating
interactions between the SWCNT film and various chemicals used in the

semiconductor fabrication environment are key.

4. Optical Optimization: The pellicle must exhibit high transmittance in the EUV
spectral range. Optimizing the SWCNT film’s density, alignment, and thickness to

maximize EUV transmission while minimizing absorption and scattering is crucial.
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Advanced optical modeling and characterization techniques are necessary to achieve

precise control over the optical properties.

5. Scalability and Cost-Effectiveness: The successful commercialization of CNT-
based pellicles hinges on developing scalable and cost-effective manufacturing
processes. Exploring high-throughput fabrication methods compatible with existing

semiconductor manufacturing infrastructure is critical.
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4.2 Outlook: prospective Applications and Impact

The successful development of high-performance SWCNT-based filters extends
beyond EUV pellicles. Their exceptional mechanical strength, chemical inertness, and

tunable optical properties make them suitable for various applications, including:

High-performance filtration: In various industries, including water purification and air
filtration, CNT filters offer superior filtration efficiency and durability compared to

traditional materials.

Protective coatings: CNT films can serve as robust and transparent protective layers

for delicate optical components.

Biosensors and medical devices: Their biocompatibility and electrical properties open

possibilities for advanced biosensing and medical device applications.

The creation of a renewable EUV pellicle from CNTs is a game-changer for the
semiconductor industry. Eliminating the need for frequent pellicle replacements would
significantly improve throughput and reduce manufacturing costs, enabling the

production of more advanced and efficient semiconductor chips.

Moreover, the inherent sustainability of CNT-based materials aligns with the growing
need for environmentally friendly manufacturing practices within the electronics

industry. By addressing the remaining challenges through focused research, the
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remarkable potential of CNT-based filters can be fully realized, transforming both the

filter and semiconductor industries.
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