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This thesis reports a novel approach for purification of carbon nanotube (CNT)
samples deposited on smooth silicon substrates through a mobile liquid interface
interacting with carbonaceous debris particles that contaminate the deposition. The
method is based on physical interaction of the particles and the three-phase con-
tact line via capillary interface forces, i.e. the surface tension, which results in the
detachment of chemically indispersible colloids from the sample surface.

In the experiments reported in this work, we focus primarily on arc-discharge
grown multi-walled carbon nanotubes, whose synthesis is particularly plagued by
carbonaceous debris that is difficult to remove without harsh chemical treatments.
The irregular debris particles are preferentially captured by the mobile contact line,
while tubular CNTs are retained in large numbers due to their appreciably stronger
adhesion. Our cleaning method has the added benefit that the intrinsic chemical
properties of the CNTs are fully preserved, since no chemical treatments are needed;
only prerequisite is the hydrophilic treatment of the underlying substrate, which on
silicon wafers can be accomplished through oxygen plasma.

Various aspects of the cleaning process, including the effects of contact line
velocity, chemical composition of the immersion liquid, and the CNT orientation
relative to the liquid front are investigated in this thesis. Furthermore, atomic force
microscopy (AFM) imaging and the image analysis methodology is discussed. Ad-
ditionally, we demonstrate some research applications that directly benefit from
our technique, e.g. microraman spectroscopy of individual carbon nanotubes, and
nanomechanical investigation of suspended tubes via AFM-deflection measurements.
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Theoretical treatment of the detachment process is presented in the framework
developed for spherical microcolloids in existing works. In this model, the particle
detachment is primarily attributed to the surface tension force. Other forces affecting
the process include adhesion, which in liquid electrolyte medium can be estimated
via the DLVO adhesion theory, and hydrophobic interactions.

We conclude that the particle detachment is qualitatively well-explained by
the physical interactions at the contact line, while the selectivity of the process for
the irregular debris particles in favor of the tubular CNTs probably stems from
differences in the magnitude of the adhesion force. Chemical factors associated with
the composition of the immersion liquid on the other hand seem to only have very
limited effect on the quantitative cleaning result. Regarding to detachment of CNTs,
orientation-dependent behavior is implied, with species oriented perpendicular to
the advancing contact line reflecting the greatest probability to be retained. Overall,
the detachment of all particles is found to increase with decreasing velocity of the
liquid interface. These results are generally in qualitative agreement with existing
works dealing with spherical microcolloids.

Keywords carbon nanotube, contact line, surface tension, wetting, surface chemistry,
adhesion, atomic force microscopy
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Tassa vaitoskirjatyossd esitetddn uusi ldhestymistapa piipinnoille valmistettujen
hiilinanoputkinédytteiden (carbon nanotubes, CNT) puhdistamiseen hiilipohjaisista
kuonapartikkeleista liikkuvan nesterajapinnan avulla. Menetelma perustuu partik-
kelien ja nestepinnan viliseen fysikaaliseen kapillaarivuorovaikutukseen, eli pinta-
jannitysvoimaan, kolmen faasin rajapinnalla, joka aiheuttaa nesteeseen kemiallisesti
liukenemattomien kolloidien irtoamiseen nadytepinnalta.

Keskitymme kokeellisessa tyoskentelyssa erityisesti valokaarisyntetisoituihin
nanoputkiin, joiden synteesin yhteydessd syntyy runsaasti hiilipohjaisia kuonapar-
tikkeleita joiden poistaminen on hankalaa ilman voimakkaita kemiallisia kdsittelyja.
Muodoltaan epdasadnnolliset partikkelit ensisijaisesti tarttuvat mobiiliin nesteraja-
pintaan, kun taas putkimaiset hiilinanoputket jadvat enimmaéakseen ndytepinnalle
voimakkaamman adheesiovoiman ansiosta. Puhdistusmenetelmamme erityinen etu
on, ettd hiilinanoputkien kemialliset ominaisuudet sdilyvét prosessissa muuttumat-
tomana, silld niiden kemiallisia kasittelya ei tarvita; ainoana edellytyksend on sub-
straattipinnan hydrofiilisyyskasittely, miké piilevyjen tapauksessa voidaan helposti
toteuttaa happiplasmalla.

Viitoskirjassa tutkitaan useita puhdistusprosessiin liittyvia tekijoitd, mukaan lu-
kien kontaktirajapinnan nopeus, immersionesteen kemiallinen kompositio ja hiilina-
noputkien tapauksessa niiden orientaatio rajapintaan ndhden. Lisédksi késittelemme
kokeissa hyodynnettdvdd atomivoimamikroskopiaa (atomic force microscopy, AFM),
sekd siihen liittyvaa kuva-analyysimetodologiaa. Lopuksi esittelemme joitakin tutki-
mussovelluksia, jotka hyotyvit suoraan puhdistustekniikastamme, mukaan lukien
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yksittdisten nanoputkien raman-spektroskopia sekd vapaasti roikkuvien putkien
nanomekaanisten ominaisuuksien maarittiminen AFM-menetelmin.

Puhdistusprosessiin liittyvéd teoreettinen késittely perustuu aiemmissa tois-
sd pallomaisille mikrokolloideille kehitettyyn teoriaan. Tdssd mallissa partikkelin
poistuma liitetddn pddasiassa pintajannitysvoimaan. Taméan lisdksi prosessiin vai-
kuttavat hydrofobiset vuorovaikutukset, sekd adheesiovoima, joka nestemdisessa
ympdristossd voidaan ilmaista nk. DLVO-teorian avulla.

Tutkimuksen loppupéételmait ovat, ettd partikkelien poistuma pinnoilta on kva-
litatiivisesti ymmarrettdvissd kontaktilinjan fysikaalisten vuorovaikutusten pohjalta,
ja prosessin selektiivisyys epdsddnnollisiin partikkeleihin on seurausta nanoputkiin
verrattuna eroavasta adheesiovoimasta. Nesteen kemiaan liittyvit tekijat ndyttavat
toisaalta vaikuttavan verrattain vihdn kvantitatiiviseen puhdistumistulokseen. Hii-
linanoputkien poistuman osalta havaittiin orientaatioriippuvaista kdyttaytymista,
jossa etenevan rajapinnan kanssa vastakkaisuuntaisesti suuntautuneet putket selvi-
sivdt todenndkoisimmin ndytepinnalta irtoamatta. Kaikkien partikkelien poistuma
yleisesti kasvaa rajapinnan nopeuden hidastuessa. Nama tulokset ovat yleisesti kvali-
tatiivisella tasolla yhteensopivia aiempien, pallomaisia mikrokolloideja késittelevien
tutkimusten kanssa.

Avainsanat carbon nanotube, contact line, surface tension, wetting, surface chemistry,
adhesion, atomic force microscopy
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Chapter 1

Introduction

The carbon nanotube (CNT), i.e. a tubular arrangement of graphene (single sheet of
graphite), has attracted a great deal of interest as a topic of scientific inquiry ever
since its discovery in 1991. The interest owes largely to the unique properties of
the CNTs, which arise from the confinement of a graphene sheet into a tubule. The
confinement leads to discrete energy states along the circumference of the tube, while
in the longitudinal direction the native properties of graphene are largely preserved.

Together with the periodic confinement, the intrinsically high aspect ratio of
CNTs means that their properties are radically different in the axial and radial direc-
tions. The remarkable features along the tube axis include high tensile strength, elastic
modulus and hardness [128]. However, when measured in other directions, the val-
ues of the mechanical parameters become more modest [121]; bending, compressive
or torsional stress causes CNTs to yield relatively easily due their hollow structure.
This anisotropy also applies to the thermal conductivity, which is extraordinarily
high in the axial direction [93]], but far more modest when measured radially.

The thermal stability of CNTs, estimated up to 2800 C° in vacuum, is remark-
able [115]. The saturated carbon chain of the CNT side wall is highly robust; yet,
covalent chemical modification of both the sidewall and the end-tip is possible. The

FIGURE 1.1 Schematic of a single-walled carbon nanotube. Figure courtesy of Pekka
Koskinen, used with permission.
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FIGURE 1.2 Schematic structures of (a) single, (b) double and (c) triple-walled carbon
nanotubes (CNTs). Tubes with more than one wall are collectively termed multi-walled
carbon nanotubes (MWNT5). Figure courtesy of Peerapong Yotprayoonsak, used with
permission (modified by the author).

one-dimensional nature of the tubes also brings about unique optical absorption
properties; the absorbance of dense, vertically aligned carbon nanotube “forests”
nears unity in a wide spectral range [81,122]], making them almost perfect black
bodies, while individual carbon nanotubes can be Raman-active despite their small
size. But perhaps the most noteworthy features of the CNTs are still found in their
electric properties, which will be discussed separately.

CNTs can be broadly found in two distinct variants: single-walled and multi-
walled, where the latter can be considered a concentric arrangement of individual
tube shells that interact only weakly. Single-walled carbon nanotubes (SWNTs) often
show the most remarkable properties; multi-walled carbon nanotubes (MWNTs)
sometimes suffer from weak intershell interactions, that for example result to sur-
prising reduction in their mechanical strength [38,91]. Yet, the MWNTs have many
redeeming features: some phenomena, such as telescopic extraction of the inner
shells [23], are unique to the MWNTs, and the intershell interactions provide a rich
tield of study.

The past decade has seen the first signs of the CNTs breaking through as a
credible candidate material for novel applications, however several technological
challenges also remain before their large-scale industrial implementation in every-day
products can be realized. Perhaps the most pressing of these, the availability of the
material in sufficiently high quality and quantity, is quickly becoming rectified; this
owes largely to the industrial-scale production of high-quality SWNTs, realized via
evolution of the CVD growth technique which has greatly improved their availability
[33]. Great progress has also been achieved in separation of different SWNT chiralities,
which allows for uniformity in the tube properties.

Despite the high expectations and seemingly unlimited potential, the majority
of established commercial applications of CNTs are still limited to the use of bulk,
unorganized nanotubes as e.g. reinforcing agents in composite materials. While
impressive in comparison to more traditional options, these materials still fall far
short of the properties of the individual tubes, whose full potential cannot be realized
until a high degree of control can be exerted upon the orientation of the tubes, either



during their deposition, or in-situ on the substrate.

For the purposes of electronic applications based on individual carbon nano-
tubes, CNTs synthesized with the arc-discharge method shows particular promise.
Compared to CVD-grown tubes, the appreciably higher degree of crystalline uni-
formity translates to e.g. low electrical resistance of the devices fabricated out of
arc-discharge grown material. This benefit, however, comes with a disadvantage of
carbonaceous contamination by irregular debris, whose separation without altering
the intrinsic properties of the nanotubes can be difficult.

Description of this work

In this work, we introduce a new method for purification of on-chip arc-discharge
grown carbon nanotube depositions prepared on silicon surface via spin coating.
The simple technique based on the mobile contact line of a liquid body allows for
efficient detachment of irregular particulate debris originating from the arc-discharge
synthesis while the CNTs themselves are retained on the surface in large numbers.

In the papers presented in this Thesis, the scrutiny is on multi-walled tubes,
motivated primarily by experiments such as Raman spectroscopy and electrical
transport measurements of individual tubes that benefit from clean samples and have
previously been mostly focused on single-walled tubes. Although fundamentally
compatible with all kinds of carbon nanotubes, the cleaning technique here is thus
trialed for the purposes of selective separation of carbonaceous debris intrinsic to
arc-discharge MWNTs.

In this introductory section, the historical background and key synthesis meth-
ods of CNTs are summarized briefly, and the difficulty of obtaining pure carbon
nanotube depositions discussed. In the second and third chapters, some fundamental
concepts that feature at the background and motivation of this work at large are
presented in introductory manner. The fourth chapter discusses the research papers
incorporated in this thesis, with emphasis placed on the experimental methodology
and the key results. The fifth chapter is dedicated to theoretical considerations of the
experimental work, as well as comparison with similar studies on colloidal particles.
In the sixth chapter, the imaging and image analysis methodology utilized in the
latter papers is introduced. The seventh chapter deals with the research applications
devised for the cleaning technique, while the final, eight chapter is for a summary of
the work.

1.1 History of carbon nanotubes

The discovery of carbon nanotubes is widely credited to Sumio lijima, who in 1991,
while working on the synthesis of fullerenes, also produced tubular species in his
reactor [55]. It is a curious coincidence that CNTs were first synthesized in such a
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serendipitous manner in conjunction with fullerenes, given that fullerenes themselves
were initially also discovered by chance.

Although Iijima’s work brought CNTs into the focal point of international at-
tention, it is now recognized that there have been earlier mentions of CNTs in the
scientific literature. Already in 1952 there was a research article in a soviet journal by
Radushkevich and Lukyanovich where micrographs of tubular carbonaceous struc-
tures in the 50 nanometer diameter range were published [94], however the work was
of course written in russian, and poorly accessible by the international community.
In 1976, Oberlin et al. published about tubular carbon fibers synthesized via chemical
vapor growth technique [89]. One of the co-authors of this paper, Morinobu Endo, is
credited with the realization of the CVD-growth of CNTs, and the industrial process
utilized today is referred as the Endo-process. In 1979, Abrahamson et al. presented a
conference paper about growth of similar tubes via electric arc-discharge [1]. Later, in
1981, another soviet group characterized CNTs in more detail with TEM and electron
diffraction, and argued that the structure might consist of wrapped-up graphene
sheets. They noted that several different chiral arrangements could thus be possible,
pointing out what we now refer as armchair and chiral nanotubes [59].

A lot of these early discoveries were associated with carbon fibers in general;
they went largely unnoticed, and few parallels were drawn between them. It was
the discovery of fullerenes (Fig. in 1985 by Kroto et al. that initiated carbon
nanomaterials as an independent research topic [70]. The expectations associated with
tullerenes also latched onto lijima’s report, and sparked a global interest. The tubes
initially observed by lijima were from 5 to 20 nanometers in diameter, and therefore,
multi-walled, but already a year later, in 1992, first predictions of the remarkable
electrical properties of single-walled carbon nanotubes were published [80]. First
SWNTs were intentionally produced in 1993, independently by the groups of Donald
Bethune and lijima [12,56], through the use of transition-metal catalysts in arc-
discharge.

Carbon nanotubes also exist in nature, albeit in minute quantities. They have
been found in the combustion products of various organic compounds, as well as in
ambient air, as irregular aggregates [84]. The presence of carbon nanotubes has also
been implied in the famous Damascus steel that medieval blacksmiths used to forge
sword blades in Near East [98]. The CNTs in this case were probably originated from
biomass during the carburizing process of the steel, for it is now known that CNTs
can also be derived from natural plant fibers [41]. The presence of carbon nanotubes
in the Damascus steel is thought to have contributed to the legendary strength of
weapons forged from it [87].



FIGURE 1.3 Cy fullerene, a.k.a. Buckminsterfullerene. © Michael Strock, Wikimedia
Commons / CC-BY-SA-3.0

1.2 Carbon nanotube synthesis

There are three well-established methods for the synthesis of carbon nanotubes. Of
these methods, chemical vapor deposition (CVD) is by far the most pronounced one,
because it is the only one that can at the present produce nanotubes at industrial
quantities. CVD is a thermal vapor-phase method where the tubes are grown directly
on a substrate with the help of metal catalyst particles. The substrate is typically
silicon-based, for example Si/SiO, or Si/SizN,, and Fe, Co and Ni are typically used
as the catalyst [82]]. The substrates are enclosed within a CVD furnace consisting of
a quartz tube and heating apparatus, where carbon source gas (e.g. alcohol vapor)
is fed in mixture with inert carrier gas (e.g. Ar). At a temperature of 900 — 1200 °C,
the hydrocarbon decomposes in the presence of the catalyst, and carbon nanotubes
grow from the catalyst particles. The CVD-method is primarily used in the growth
of single-walled carbon nanotubes, although multi-walled tubes can be grown as
well [8].

Depending on the growth parameters, the tubes may grow vertically from the
catalyst particles, or along the sample surface. The vertical approach is primarily
used in commercial, industrial-scale production with a plasma-enhanced process.
Alternatively, vertical growth can also be used to synthesize thick nanotube “forests”
up to several millimeters in height that are useful for e.g. device fabrications [46|99].
Lateral growth is of use in in-situ, laboratory-scale applications where the tubes are
synthesized directly on the final substrates, in for example growing them over etched
openings to create suspended structures (see, for example, [85]).

CVD-method has the benefit of producing clean single-walled nanotubes rela-
tively free from carbonaceous debris. The diameter of the CNTs generally relates to
the particle size, and precise control of the tube diameter and chirality is possible with
the help of “seed tubes” [109]. The drawback is that the individual tubes CVD-grown,
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particularly MWNTs, tend to suffer from crystalline imperfections. Aside from the
growth itself, imperfections may also arise during the subsequent processing steps
required to remove the catalyst particles that can make up a significant fraction of
the product mass. This generally requires oxidative processes or chemical treatments
that may further degrade the CNT structure [52].

Arc-discharge method is the oldest approach for synthesizing CNTs; this ap-
proach, previously utilized in the synthesis of fullerenes, lead to lijima’s discovery in
1991 [55]]. In arc-discharge growth, two separate graphite electrodes are placed within
a chamber filled with inert gas such as He or Ar, and a high current in the order of
100 A is passed through them, resulting into discharge by an electric arc. Multi-walled
carbon nanotubes are then found to have formed on the cathode electrode from the
sublimated graphite, but if catalyst particles are added, single-walled tubes can then
also be synthesized [12}56].

A major drawback is that a lot of carbonaceous debris, e.g. carbon nanoparticles,
graphite grains, fullerenes and amorphous carbon, is formed along with the nano-
tubes that cannot be easily separated [52]. Also, relatively little control can be had
over the chirality and diameter of the tubes that form via arc-discharge. However,
tubes synthesized in this way suffer from far fewer structural structural defects than
CVD-grown tubes [32].

CNTs can also be formed through the means of a laser beam that is focused onto
a graphite target compounded with catalyst particles under inert atmosphere [43].
The process takes place at elevated temperatures (about 1200 °C): the laser beam
evaporates the target, and CNTs condensate onto a cold finger nearby. Similar laser
irradiation was originally utilized in the initial synthesis of fullerenes [70]. It has
been demonstrated that the diameter and the chirality of the tubes are specific to the
synthesis parameters [114], but like arc-discharge growth, the method is however
poorly scalable, and suffers from limited yield [32].

1.3 Existing methods for purification of CNTs

As mentioned before, the majority of researchers working in the nanotube field deal
with CVD-grown carbon nanotubes, and in particular single-walled ones. Owing
to the well-established growth and harvesting techniques, this type of material can
be obtained in a relatively pure, refined form, and the throughput of these methods
is sufficient for large-scale, commercial production. For this reason, much of the
technical and industrial interest on carbon nanotubes is also focused on CVD-grown
single-walled tubes.

Arc-discharge grown carbon nanotubes differ from the CVD-grown ones also
in terms of contamination. Raw CVD material contains not only native carbonaceous
debris, but also metallic catalyst particles that are prerequisite for the method of
synthesis [52]]. These metallic particles are covered in a layer of carbon during the



synthesis process, and act as seeds for the CNT growth. The arc-discharge method
does not require the use of metal catalysts in the production of MWNTs, and this
form of contamination is therefore absent in such materials. However, carbonaceous
debris, consisting of e.g. fullerenes, amorphous carbon, graphite and miscellaneous
carbon particles does still form in large quantities, and their elimination remains a
challenge [52].

The carbonaceous debris tends to transfer onto the final sample surfaces along
with the nanotubes in any deposition method (see Fig.[1.4). For the end-user, existing
methods to improve the quality of the depositions made from commercial CNT
powders are largely limited to improving the quality of the solutions. For this purpose,
a variety of methods can be utilized that are either chemical, physical, or step-by-step
combination of both. This review is primarily based on a previous presentation by
Hou et al. (2008, [52]) which provides a good primer on the different techniques.

Chemical purification methods are generally based on selective oxidation of
the impurities in gas or liquid phase, which allows their subsequent dissolution with
acids. This is effective in the removal of many kinds of debris, however chemical
methods, as a rule, always influence the structure and chemical nature of the CNTs
[52]]. This is very undesirable if the intrinsic properties of the CNTs are to be retained
for the purposes of, e.g., electrical applications. For this reason, in the following I will
focus on the physical methods of purification that are, in principle, gentler.

Physical methods for purification of CNT solutions rely on the contrasting mor-
phological properties of CNTs and impurities, such as their size, weight and shape
(aspect ratio). These methods include e.g. filtration, centrifugation, chromatography;,
electrophoresis and thermal annealing. Of these methods, the first two are most
frequently applied. What is however common for all these methods is that they all
require good dispersibility of the CNTs in the solution of choice. In aqueous solutions,
this requires the use of surfactant additives to enhance the dispersibility of the CNTs,
which may also be a risk for device applications should it not be possible to rinse
them away later on.

Filtration is widely used as a purification method for bulk-quantity CNT solu-
tions. Due to their high aspect ratio, CNTs have generally trouble to pass through
filters. Typically, the objective is then to allow contaminant particles pass through
while CNTs are caught, and subsequently harvested. Only particles smaller than the
tilter hole size can thus be efficiently separated this way. In practice, a major problem
arises due to the tendency of the CNTs and the larger contaminants to block the
filter, which greatly limits the throughput of the process. Thus, stability of the CNT
suspensions is essential for filtration techniques to be useful.

Some variations of the standard process include sonication-assisted filtration,
or microfiltration under over-pressurized conditions. These methods promise good
purity of the final product with better yield, however they are experimental in nature
and require specialized equipment.

Centrifugation works by the contrasting weight between different particles,



FIGURE 1.4 Scanning electron micrograph of a typical native arc-discharge deposition
spin-coated on a silicon substrate. Among the tubular CNTs, irregular debris densely
populated the deposition. The CNTs were manually emphasized for clarity.

which settle at different rates in suspension in response to simulated centrifugal
gravity. Centrifugation of CNT suspensions has been studied in detail not only as
a laboratory-scale purification process, but also because separation by diameter of
the tube has also been demonstrated [@] In the context of CNT purification, effective
separation requires modification of their surface charge state by an acid treatment
that results in contrasting particulate stability of the CNTs, amorphous carbon and
carbon nanoparticles in the solution. This naturally introduces functional groups
onto the tubes that affects their properties.

It can thus be concluded that both of the most common physical CNT purifica-
tion methods also rely upon chemical modification of the carbon nanotubes. Both
filtration and centrifugation also suffer from other practical difficulties such as lim-
ited efficacy, throughput and yield. Other approaches either face similar issues (e.g.
solubilization with functional groups), or are only applicable to removing the metal-
lic catalyst particles associated with the growth of single-walled carbon nanotubes
(high temperature annealing or magnetophoretic purification) that are not our prime
concern. It is also worthwhile to note that majority of the works dealing with these
techniques have been done with only single-walled carbon nanotubes in mind.

It follows that a simple physical purification technique that preserves all intrin-
sic properties of the CNTs and requires no specialized equipment is sought-after,
particularly for electrical applications of arc-discharge grown multiwalled carbon
nanotubes. The method described in our paper satisties these requirements while
still being very simple to apply in-situ for individual CNT samples.



Chapter 2

Structure & properties of carbon
nanotubes

This chapter of the thesis deals with the properties of CNTs, starting from their
atomic structure as tubular form of graphene. Given that purification of carbon
nanotube depositions for the purposes of, e.g., CNT-based electronics is the main
motivation of this work, the electrical properties are then discussed, placing emphasis
on electrical transport in a practical CNT-based, two-probe device. Optical properties
of CNTs will then be briefly introduced, focusing on the concepts relevant to our
Raman characterization efforts. When applicable, a point will be made about how
multi-walled carbon nanotube differ from single-walled ones in terms of these key
properties.

2.1 Structure of CNTs

Carbon nanotubes consist of wrapped up sheets of graphene, i.e. a single-layer
graphite. To that end, they owe much of their properties to the remarkable features
of graphite that are modified as a result of periodic boundary conditions and wall
curvature that the tubular conformation imposes. The following discussion is largely
based on the description given in [102].

The two-dimensional crystal lattice of graphene, generally referred as honey-
comb lattice, consists of hexagons defined by six carbon atoms where each atom is
covalently bonded to three nearest neighbors. This is a result of sp? hybridizatior]
where the 2s orbital hybridizes with two of the 2p orbitals (2p,, 2p,, 2p.) to give
rise to three hybrid sp? orbitals. These strongly directional hybrid orbitals are all in
plane, and form strong covalent bonds called o bonds when they overlap with similar
orbitals of neighboring carbon atoms. This results in the planar carbon network of

graphene, Fig.

IThe ground-state electron configuration of carbon is naturally 1s22s%2p?, but the energy of the
excited state 15%2s!2p? is sufficiently small to allow the hybridization in crystalline phase.

9
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FIGURE 2.1 (a) The honeycomb lattice of graphene, showing the lattice vectors a;, as
and an highlighted unit cell. (b) The reciprocal lattice vectors by, bs and the the first
Brillouin zone, also showing the high-symmetry points in the reciprocal space. The
high-symmetry path K — I' = M — K is highlighted in orange.

The final 2p orbital that was not part of the hybridization process points out of
the graphene plane. These orbitals couple weakly among those of the other carbon
atoms, giving rise the 7 bands that are delocalized across the graphene surface. The
delocalized  electrons are responsible of the conductive properties of graphite, while
the o electrons are strongly localized to the covalent bonds and thus do not contribute
to electric transport.

The honeycomb lattice exhibits hexagonal symmetry, and as such the real-space
unit vectors can be expressed in cartesian basis as

a; = (?a, g) ;oag = <?a, —g) , (2.1)

where a is the lattice constant of graphene that relates to the carbon-carbon bond
length (1.42 A) as follows: a = |a;| = |ay| = 1.42 A x+/3 ~ 2.46 A. The unit vectors a,
and a, define the unit cell, which is thus rhombus-shaped. Given this definition, it
can be seen that the honeycomb lattice is not a so-called bravais latticef] i.e. it cannot
be properly formed by a set of discrete translations of the primitive vectors defining
the positions of the nearest neighbor carbon atoms relative to a given central atom.

In the reciprocal space, the honeycomb lattice retains its hexagonal symmetry,
and the unit vectors become

2 2w 2T 27
by= (=2 T). b= (2L 2T 22
' (\/ga a) ? (\/§a a) @.2)

ZUnlike the hexagonal 2D lattice, which has an extra atom at the centre of the hexagon.
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with the lattice constant of the reciprocal space 47/v3.. Contrary to the real-space
picture where the unit cell does not coincide with the shape of the hexagon, in
reciprocal space the first brillouin zone can be selected as such, and three kinds
of high-symmetry points can be designated within: I' (the center), K (the corner)
and M (the edge). The K-points further fall into two categories, K and K’, that
alternate along the perimeter. The energy dispersion relations (i.e. the band structure)
of graphene are typically plotted along the intersecting path K — I' - M — K
when represented in two dimensions.

Carbon nanotubes are merely sheets of graphene that have been wrapped up
into tubular shape in a seamless manner, and terminated with hemispherical caps.
Ignoring the ends, the chiral vector C,, fully defines the structure of a single-walled
nanotube:

C, = na; + may, (2.3)

where n and m are positive integers (m < n) referred as chiral indices. Based on the
chiral indices, two special cases of carbon nanotubes can be identified. These are the
zigzag (n, 0) and the armchair (n, n) tubes, referred as such due to the distinctive
shape of their cross-sections cut along the edges of the hexagons (Fig.[2.2). They are
also commonly termed achiral tubes. All tubes that are neither zigzag nor armchair
are then chiral; the hexagons of their graphene sheet curl in a spiral manner along
the length of the tube.

In a single-walled carbon nanotube consisting of a wrapped-up graphene sheet,
C), twines around the circumference of the tube. As such, it gives its diameter

:M:

™

d %\/n2 + nm + m? (2.4)
given the non-orthogonal basis defined by a; and a,, and carbon-carbon bond length
a ~ 1.44 A that is slightly larger for CNTs than for the graphite.

From the chiral vector, we can define two additional parameters of importance:
the chiral angle ¢ and the translational vector T. The angle 6 is the angle between
the vectors C;, and a;, and lies within the range from 0° to 30° due to the hexagonal
symmetry of the lattice. It quantifies the extent of tilt of the hexagons with respect to
the longitudinal axis of the tube, specifying spiral symmetry. It can be related to the
vectors via the definition of the inner product:

C,-a; 2n +m

cosf = = 25
IChllar]  24/n2 + nm + m?2 (25)

The vector T is defined as the unit vector of the carbon nanotube. It is perpendicular
to the chiral vector Cj,, and as such runs along the axis of the tube, specifying a point
in the honeycomb lattice that belongs to the unit cell of carbon nanotube like Cy:

T = t1a1 -+ tgag . (26)
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FIGURE 2.2 Axial view of carbon nanotubes of different chiralities: (left) armchair
(n,m) = (10, 10); (middle) chiral (12, 8); (right) zigzag (17, 0). Figure courtesy of Pekka
Koskinen, used with permission.

(n,0) zigzag

(n,1) armchair

FIGURE 2.3 Illustration of the structural parameters of a CNT superimposed onto a
graphene sheet: the chiral vector Cj, shows one possible wrapping of the sheet to make
up a tube. In this particular case, chiral wrapping (n,m) = (4, 2) is shown, with Cj,
that lies in between the extreme (armchair and zigzag) cases. The translational vector
T, i.e the unit vector of the CNT, lies perpendicular to Cj, along the tube axis. Together,
Cj, and T define the unit cell of the tube. The chiral angle § (not shown) is defined as
the angle between Cj, and the graphene lattice vector a;.



13

Using the condition Cj - T = 0, we can find the values of the integers ¢; and ¢, in

terms of n and m:
B 2m—+n 2n+m

t =
Yody dp
where dy is the greatest common divisor (gcd) of integers (2n+m) and (2m + n). The
length of the translational vector can be expressed with the help of the tube diameter
d:
V3T

We can thus see that 7" varies greatly depending on dr, which is in turn can be related
to the gcd of the chiral indices n and m.

As mentioned, the unit vectors a; and a, define the rhombus-shaped unit cell of
the graphene, and its area |a; x as| equals that of the hexagon. The unit cell of carbon
nanotube, defined by vectors C;, and T, is much larger. The number of hexagons that
the CNT unit cell encompasses, N, is then, simply,

9 =

2.7)

|CLxT|  2(m*4nm+n®) 2L
N |a1 X a2| N dR N G,deL.

(2.9)

Given that each graphene unit cell contains two carbon atoms, each CNT unit cell
thus contains 2N of them. We note that V also is strongly dependent on dg: for an
armchair tube (n,m) = (5,5), dg = 15 resulting in N = 10. But for for a less-regular
chiral case, say (n,m) = (6,5), dg = 1 and N = 182. The size of a CNT unit cell
therefore varies greatly based on the chiral indices (n, m).

2.2 Electrical properties

The energy dispersion relation for 7 electrons in graphene can be calculated via the
tight-binding model. An approximate solution reads

1/2
k. k k
1+ 4cos (\/32 a> cos (%a) + 4 cos? (%a)] : (2.10)

where 7y ~ 2.9¢V is the so-called transfer integral for the 7 orbitals. The signs of
the function correspond to bonding, 7, and anti-bonding, 7%, bands, that meet at the
K and K’ points of the first Brillouin zone at £ = 0. In addition, it can be shown
that E(k,, k,) is linear in the vicinity of these points. No bandgap exists, but there
is also no partially filled conduction band like in metals since the bands do not
cross. Therefore, graphene is a zero-bandgap semiconductor, or a semimetal, where
infinitely small thermal vibrations are sufficient to elevate charge carries from the
valence band () to the conduction band (7*) at the K and K’ points (Fig. [2.4a).
Rolling up the graphene sheet into a tubule imposes periodic boundary con-

E<kx7 ky) = :l:’YO
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FIGURE 2.4 (a) The 7 (valence) and 7* (conduction) bands of graphene presented in
three dimensions, with the crossover K-points highlighted. (b) The first Brillouin zone
of graphene superimposed over a contour plot of the graphene dispersion relation
(m* branch). The allowed k-states of a SWINT are also shown as a set of parallel lines.
The band structure for the carbon nanotube is made up of a set of one-dimensional
cross-section of the graphene band structure along these k-lines.

ditions along the circumference of the tube. This affects the dispersion relation of
graphene in the transverse direction along C;, while in the axial direction T it remains
unhindered. The periodic boundary conditions can be described as

k-C, = 27q, (2.11)

where ¢ is an integer. The axial component of the wave vector k, k| is continuous, but
the component along the circumference k, is restricted. Two unit vectors, K; and K,
can be defined in the reciprocal space for a single-walled carbon nanotube, but as a
consequence of the periodic boundary conditions, only the vector K, along the tube
axis is a genuine reciprocal lattice vector. The circumferential K is instead restricted
to series of discrete values of the wavevector &, in accordance with eq. (2.11).

As such, the first Brillouin zone of a CNT is a one-dimensional line segment
parallel to T, which can however be translocated along C,, by periodic intervals
given by k. This gives rise a set of discrete, allowed wavevectors k that make up a
set of parallel k-lines depicted in Fig. The energy bands of a carbon nanotube
consist of cross-sections of the graphene dispersion relation along these lines [102].
This is the so-called zone-folding approximation, valid for tubes of larger diameter.
For very thin tubes, curvature effects give rise additional perturbations.

Since the 7 and 7* bands of graphene only meet at the K" and K’ points of the
Brillouin zone, the electronic properties of a single-walled carbon nanotubes fully
depend on whether any of the k-lines intersect one of them (Fig. [2.4b): if there is at



15

least one crossing, the CNT has a corresponding valence and a conduction bands
that intersect, and the carbon nanotube exhibits metallic conductance (Fig. [2.5a).
Conversely, if no k-line cross such point, there are no intersecting bands, and an
energy gap must exists at the Fermi level. This gap is sufficiently small for the tube
to behave as a semiconductor (Fig. [2.5b).

In practice, we do not need to consider the spatial location of the k-lines within
the Brillouin zone of graphite in order to figure out whether a CNT is semiconducting
or metallic. Equation (2.11) shows that the periodicity of the transverse wave vector
k. depends on the chiral vector C, that is, in turn, fully defined by the chiral indices
(n,m) (eq. 2.3)). As a result, a simple rule can be established: a single-walled carbon
nanotube with chiral indices (n, m) is metallic only if n —m = 31, where [ is a positive
integer; otherwise, the tube is semiconducting.

Based on this rule, we can estimate that in a random mixture of all chiralities,
approximately !/3 of all tubes are metallic and the rest are semiconducting. Armchair
tubes (n,n) are always metallic. Zigzag and chiral tubes that satisfy the metallic
condition are, in fact, “semi-metallic”, i.e. semiconductors with a small bandgap
(Ey ~ kT at room temperature) due to curvature effects. Tubes withn —m =31 £ 1
are on the other hand always semiconducting.

The magnitude of the energy gap, £, can furthermore be directly related to the
diameter of a semiconducting tube:

. 2&/\0 ~ 0.8eV

By==—70m ) (2.12)

i.e. the band gap of a semiconducting tube is approximately inversely proportional
to its diameter.

Another way to understand the conductive properties of CNTs is through their
density of states, D(E). It is defined as the number of states locally available per unit
energy at energy L

D(E) = o (2.13)
For a metallic CNT, eq. has a finite value in the vicinity of the Fermi energy Ey,
and there is no band gap. For a semiconducting tube, there are no allowed states at
Er (D(E) = dN(B)/ag = 0), i.e. the valence Ey and conduction E¢ bands are separate,
and thus an energy gap opens up with a magnitude £, = Ec — Ey.

In general, the plot of D(E) for a CNT exhibits characteristic features of a one-
dimensional system. For such, D(E) ~ E'?, so the density of states diverges at any
E corresponding to an edge of a one-dimensional band. This results into spike-like
features in plot of D(E) (see Fig. called Van Hove singularities that are present
in both metallic and semiconducting CNTs. They are of importance in understanding
the optical processes, e.g. Raman spectroscopy, in carbon nanotubes.
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FIGURE 2.5 Illustrative energy band schematics for (a) metallic and (b) semiconducting
carbon nanotube, sketched after [19]. The exact band structure depends on the chiral
indeces (n, m) of the tube.

2.2.1 Electrical transport in a practical CNT-based device

In electronic transport measurements, carbon nanotubes need to be connected to
metal source and drain electrodes. A voltage applied across these contacts gives rise
to a current through the carbon nanotube. In a typical arrangement, a third electrode
is utilized to provide an electric field that couples to the energy bands of nanotube,
lifting and lowering them not unlike the gate electrode in a semiconductor-based
field-effect transistor (MOSFET). Such devices are generally referred as CNT-FETs,
with the third electrode often implemented via the bulk silicon substrate as a backgate,
separated from the tube by a dielectric medium such as a SiO, layer grown on top
of plain Si (Fig. 2.6). The carbon nanotube can then be ideally viewed as a one-
dimensional conductive channel. A feature that separates CNT-FETs from traditional
semiconductor transistors is that CNTs are intrinsically ambipolar, i.e. both electrons
and holes may contribute to the transport in a given device.

Let us consider a practical CNT-FET device as described above, fabricated from
a semiconducting single-walled carbon nanotube. The presence of metallic contacts
has major ramifications for the transfer of charge carriers through the system. The
nanotube-metal contact is subject to a potential energy barrier called the Schottky
barrier (Fig. that the charge carriers must cross in order to propagate through
the system. It rises due to mismatch between the energy band structure of the CNT
(defined by the dispersion relation) and the metal (the work function). The barriers
for n-type and p-type charge carries (electrons and holes, respectively) are, in general,
not equal; this results in either electrons or holes dominating the conductive behavior
of semiconducting CNTs, inducing asymmetric behavior particularly in thin tubes.
For CNTs of larger diameter, the impact of the Schottky barriers on transport is
overall weakened [36].
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FIGURE 2.6 Schematic of a carbon nanotube -based field effect transistor (CNT-FET)
device, showing the source and drain electrodes and configuration of bias (V) and
gate voltage (Vpg) sources. Figure courtesy of Peerapong Youtprayoonsak, used with

permission.
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FIGURE 2.7 Formation of (a) a p-type Schottky barrier (favoring in hole conduction)
between a semiconducting CNT and a high work-function metal, and (b) a n-type
Schottky barrier (electron conduction) for a low work-function metal. Figures courtesy
of Peerapong Youtprayoonsak, used with permission (modified by the author).
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Independent of the Schottky barrier, the electric field applied by the gate elec-
trode affects the transport by lifting or lowering the CNT energy levels with respect
to the Fermi level Ey (Fig. 2.8). Initially, the Fermi level lies in the middle of the
conduction band E¢ and the valence band Ey, and the device does not conduct.
Applying a positive gate voltage (Vg > 0) brings the Fermi level closer to the con-
duction band, which enhances the injection of electrons from the metal contacts to
the conduction band. However, the injection of holes (to the valence band) is in the
meantime inhibited. A negative gate voltage (V; < 0) has the opposite effect: hole
conduction is enhanced while electron conduction is inhibited.

In an intrinsic CNT-FET for a fixed drain-source voltage Vps, the plot of the
source-drain current Ipg as a function of the gate voltage 1 is, then, a symmetrically
raising curve centered around a minimum at V; = 0. The central valley is referred as
the OFF-state of the device, while at large values of |V| the current I saturates (the
ON-state). In a practical experiment, the transport tends to be dominated by either
electrons or holes, resulting in non-symmetric, unipolar gate response where one of
the ON-states is suppressedf| For example, for noble metals with high work function
such as gold (Au) or palladium (Pd) used in the contacts, a p-type Schottky barrier
(Fig. rises, leading to predominant hole conduction with stronger ON-state at
Ve < 0. Furthermore, capacitive effects at the gate dielectric often result into the
OFF-state shifting away from V; = 0 when the gate voltage is cycled (Fig.[2.9a).

The FET-type behavior described here is highly temperature-dependent. In
room temperature, thermal vibrations tend to obscure the presence of the bandgap,
considerably weakening the OFF-state in semiconducting tubes. Lowering the tem-
perature to cryogenic levels then results into opening of the OFF-state (Fig. [2.9b).
CNTs that are genuinely metallic in nature have no bandgap, and as such show no
gate response at any temperature.

2.2.2 Dissipative mechanisms

The resistance one measures for a CNT-FET device is a sum of that of the CNT and the
contact resistance at the CNT-metal interfaces. The contact resistance arises primarily
due to the Schottky barrier, and as such it can be minimized via proper choice of
the metal, i.e. one with appropriate work function and good wetting properties to
CNTs, such as palladium [63]. The intrinsic resistance of the CNT depends on the
charge carrier density as regulated by the gate voltage V,, and is also subject to the
various dissipative mechanisms that appear in the channel of the nanotube. Generally,
these transport mechanisms are divided into ballistic transport, diffusive transport
and strong localization. Which of these are prevalent depends on the length of the

31t should be noted that unipolar response is, in fact, often desirable from the application viewpoint;
in a practical CNT-FET, ambipolar nature results to high OFF-state leakage currents at higher bias
voltages. In applications, this is a nuisance that must be suppressed by e.g. engineering the Schottky
barriers [36].
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FIGURE 2.8 Schematic of the effect of electric field to the band structure of a semicon-
ducting CNT. Figures courtesy of Peerapong Youtprayoonsak, used with permission.
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FIGURE 2.9 (a) Two room-temperature gate curves recorded in opposite directions of
the V, sweep that illustrate the hysteresis due to capacitive effects. Vpg, D & L designate
the drain-source voltage, tube diameter and device length, respectively. (b) A set
of CNT-FET transistor characteristics i.e. gate graphs (Vj, I4s) recorded at different
temperatures at a fixed drain-source bias voltage. The gap opening at low temperatures
is clearly demonstrated. NOTE: these particular measurements reflect multi-walled
carbon nanotubes. Figure courtesy of Davie Mtsuko, used with permission.

nanotube channel L, i.e. the length of the CNT segment in between the electrodes,
with respect to the characteristic length scales of various scattering events in the
nanotube: mean free path L,,, localization length L, and phase coherence length L.

Ballistic transport

Ballistic conduction takes place when the channel length is shorter than the charac-
teristic lengths associated with the scattering events: L < L,,, Ly, Ly. In this regime,
no dissipative mechanisms exist within the channel, and there is no drop of voltage
along the length of the CNT. The entire system is however still not free of dissipation,
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because quantum resistances exist at the metal-CNT interfaces due to mismatch of
discrete modes of the 1D CNT channel and the continuous states at the macroscopic
contacts. This mismatch results into finite quantum conductance at the contact, which
can be computed using Landauer-Biittiker formalism for a generic 1D conductor
with M transmission modes and average transmission probability 7" [102]:
2

Gy = 2%MT. (2.14)
Thus, for a single-mode conductor (M = 1) with perfect contacts (I' = 1), there
exists a quantum resistance R, = "/2¢> ~ 12.9k() that is always present in a practical,
connected system. For SWNTs that behave ballistically, there are two modes (M = 2,
for two 7 subbands) available for transport, and as such R, =~ 6.5 k(2 is the theoretical
minimum resistance for a SWNT-based device [7].

Diffusive transport

In this regime, L, < L, Ly. This results into inelastic scattering dominating the trans-
port in a diffusive process, and ohmic behavior where the conductance is inversely
proportional to the channel length L. A phenomenological description of the conduc-
tance G then reads
G2 e

h L
where L;. is the characteristic length for inelastic scattering events [19]. Temperature
affects the rate of scattering events via L;,, which is in the scale of a few microns in
room temperature. Diffusive transport in CNTs is primarily observed for moderately

defective samples at low source-drain bias voltage Vjs.

(2.15)

Strong localization regime

In the regime of strong localization, Ly < L < L4, the transport is governed by
scattering events from crystalline defects and impurities. Once the density of these
defects becomes sufficiently high, the charge carrier wave functions localize strongly
around the defect sites that prevent them from propagating classically. The carriers
may then propagate only through the means of quantum tunneling, hopping between
the localized states [19]]. In this case, the conductivity of the tube has exponentially
decaying dependence on the channel length L:

G =~ Goexp(—1L/Lo) . (2.16)

This model explains the transport in carbon nanotubes at modest bias voltages in
case the crystal structure is heavily populated by defects.
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2.2.3 Electrical properties of multiwalled tubes

So far, our discussion has been exclusively in terms of single-walled carbon nano-
tubes. Multi-walled carbon nanotube (Fig. can be regarded as a concentric
assembly of several single-walled tubes, which provides an interesting departure
from the straightforward theoretical picture presented above. The first approxima-
tion to understand electrical properties of MWNTs could be to assume that these
properties are primarily dictated by the outermost tube shell and its chiral properties.
This is equivalent to taking them as little more than particularly thick single-walled
carbon nanotubes that may also be either metallic or semiconducting, with the semi-
conducting band gap E, « d~! much like in eq. (2.12).

This seemingly crude assumption is more justifiable than one might first think.
If a single-walled carbon nanotube is considered a derivative of a graphene sheet, a
multi-walled tube can be associated with few-layer graphite. Electrical conductance
of graphite is primarily restricted along the plane of the graphene sheets; in the
transverse direction, the conductance is severely limited due weak coupling between
the layers. One may then argue reasonably that the shells of multi-walled carbon
nanotubes should be similarly disconnected, with few intershell interactions in the
radial direction.

Nevertheless, the applicability of eq. in MWNTs has been subject to long-
term debate; even if the intershell interactions are wealk, it is still not clear whether
it applies for the vastly broader range of diameters (i.e. strongly varying sidewall
curvature) associated with MWNTs. The quality of the tubes probably plays even
more significant role for multi-walled tubes: CVD-grown MWNTs have intrinsically
curved shape, which is typically associated with defectiveness. Measurements have
confirmed that transport in CVD-grown tubes resembles strong localization, at least
for thicker diameters [113]]. Particularly for large channel length L, the localization
effects easily obscure the intrinsic energy gap.

Arc-discharge grown multi-wall tubes on the other hand tend to be straight,
with better conductive properties than those of the CVD-grown tubes [62]. This is
believed to reflect higher degree of crystalline integrity, and lower concentration
of defects [32]. Recent measurements with intermediate-diameter, arc-discharge
grown, semiconducting MWNTs suggest that, like SWNTs, they can exhibit either
semiconducting or metallic conductive properties [2,83]. Metallic tubes can be found
within a broad diameter range, but they only make up a small fraction of all tubes [83];
more commonly, tubes that do not exhibit a distinct OFF-state in room-temperature
measurements see a weak gap opening at cryogenic temperatures.

The bandgaps of semiconducting tubes were found diameter-dependent at least
up to d = 10nm and L < 600 nm in these measurement, but the gaps were smaller
than predicted by eq. for SWNTs [83]. This discrepancy is probably due to
the interlayer effects, which likely become increasingly prevalent as the diameter of
the tube increases. At larger diameters (d > 10 nm), systematic behavior is smeared
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FIGURE 2.10 Illustration of a multi-walled carbon nanotube. © Eric Wieser, Wikimedia
Commons| / |CC-BY-SA-3.0 .

by thermal and disorder effects. The channel length L was also found to influence
the transport; as the length increases, quantum localization effects become more
prevalent in the transport, while for L < 600 nm it remains quasiballistic.

2.3 Optical properties: Raman spectroscopy of individ-
ual CNTs

Raman spectroscopy is one of the key experimental methods in the nanocarbon field.
Traditionally, spectroscopic techniques have been used to study bulk materials, e.g.
a composite of different CNTs, but contemporary Raman spectroscopy techniques
allow spectra to be collected from individual carbon nanotubes. Such spectra exhibit
some common features with nanocarbon materials in general, but details particular
to carbon nanotubes are brought about by their intrinsic characteristics. Systematic
discussion of these features would comprise the derivation of selection rules for
Raman-active vibrations in a CNT via point group theory; this will be omitted here
in favor of a qualitative discussion with the objective of understanding the essential
features of the spectra.

As mentioned before, each CNT unit cell contains 2N carbon atoms, where
N is given by eg. (2.9). As such, there should be 6N phonon modes, but four of
them turn out to be acoustic. Therefore, one can look forward up to 6NV — 4 optical
modes that are of possible relevance in spectroscopy techniques. Previously, we saw
that NV can vary greatly depending on the chirality of the CNT; however, for the
purposes of spectroscopy, it turns out that group theory selection rules exclude the
majority of these, and as a result there are only 15 or 16 Raman-active modes for any
given single-walled nanotube. Furthermore, the interaction cross-section for some of
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these is so tiny that only six or seven are intense enough to be relevant for practical
measurements [102].

Van Hove singularities inherent to one-dimensional density of states (Fig.
play a crucial role in defining the optical properties of a carbon nanotube. If the
positions of the singularities in the valence band are designated as v, v, ..., and those
in the conduction band as ¢y, ¢, ..., then electronic transitions (v; — ¢, vy — ¢o) be-
tween these states are possible as a result of photon absorptio These transitions are
generally labeled as 1, Ey, ..., , where the transition Fy; = E, in a semiconducting
tube. Raman scattering is greatly enhanced if the energy of the exciting laser equals
such an optical transition; this is referred as resonant Raman scattering.

All practical Raman experiments with CNTs are dependent on the fulfillment of
these resonance conditions, because the Raman cross-sections of the phonon modes
in individual CNTs are too small to be detected. Due to the sharpness of the Van
Hove singularities, resonance condition provides a substantial enhancement of the
signal for CNTs which enables their resolution. When bulk SWNT depositions are
investigated, this results in the selection of species that have at least one transition
that coincides with the excitation energy. For individual tubes, the laser frequency
needs to be tuned based on the chiral properties of the nanotube before Raman signal
can be resolved.

41t should be noted that crossover transitions, such as ¢; — vs, v2 — ¢1, are, in contrast, forbidden.
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FIGURE 2.11 Schematic density of states as a function of energy for a typical (a) metallic
and (b) semiconducting carbon nanotube. Some of the possible electronic transitions Ej;
between the Van Hove singularities are indicated. In (b), the transition F1; is simply the
semiconducting band gap. © Materialscientist, Wikimedia Commons| / CC-BY-SA-3.0
(modified by the author).
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In case of multi-walled nanotubes, the large number of concentric shells means
that the resonance condition is more likely satisfied for at least some of them, and
MWNTs can thus be resolved more easily. But as a consequence, interpretation of the
spectra becomes more complicated because it is generally not possible to tell which
shells contribute to the Raman response. However, the energy separation of the Van
Hove singularities in CNT density of states decreases as the number of energy bands
increases [102], and thus they tend to become increasingly frequent for thick tubes.
Consequently, the outer shells of MWNTs are more Raman-active than the inner
shells for any given excitation wavelength.

2.3.1 Raman modes of CNTs

Generally, three main Raman modes can be identified in the spectra single-walled
carbon nanotubes: the G-band, the D-band, and the radial breathing mode (Fig.[2.12).

G-band

The G-band (“graphitic” band) is an intrinsic feature of sp* -hybridized carbon
materials, and appears in 1500 — 1605 cm™! range in CNTs [31]. It corresponds to
planar vibrations in graphitic materials, and stems from a doubly-degenerate, Raman-
active optical mode E, of the graphene I' point. Roughly speaking, this results in the
G-band splitting into two subbands, G* and G~, in CNTs. The splitting occurs due to
decoupling of the mode into longitudinal (LO) and transverse phonon modes (TO),
where the former is polarized along the axis of the tube, and the latter one along its
circumference.

The shape and position of these peaks are sensitive to the electrical properties of
the tube. For a semiconducting tube, both subbands reflect a symmetric, Lorentzian
line shape, but in a metallic tube, the width of the G~ band is increased, and the peak
is shifted to lower frequency. This is due to so-called Kohn anomalies [92], which only
appear in metallic tubes. The shape of the G-band can therefore be used to assign
CNTs as metallic or semiconducting. Strong G-band is overall interpreted as a trait of
a more ordered carbon structure [31], and together with a weak D-band it indicates a
high degree of crystalline integrity.

The clear splitting of the G-band seen in single-walled carbon nanotubes is
generally far less evident in multi-walled tubes, and interpretation of the band
becomes more difficult. In a handful of works, a degree of splitting has been observed,
but rather than a clearly separated pair of peaks, a broadened feature is usually seen
that can be fitted with several Lorenzians [15,71,86,97,131].

D-band

Similar to the G-band, the D-band is also intrinsic to all sp? -hybridized carbons,
and it is commonly observed in the 1300 — 1400 cm™! wavenumber range [31]. The
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FIGURE 2.12 Raman spectrum typical to a single-walled carbon nanotube, with the
response (y-axis) in arbitrary units. Aside the main peaks (G, D & RBM), some of their
overtones are also seen. © Materialscientist, Wikimedia Commons| / [CC-BY-SA-3.0
(modified by the author).

D-band is related to the extent of disorder in the nanocarbon material. It arises from
a Raman process where phonons deeper inside the Brillouin zone, i.e. not just those
that are in the vicinity of the I' point, become active due to a double resonance process
that is increasingly likely as the number of defects increases. These defects may be
impurities, crystalline defects, adsorbed molecules or finite-size effects associated
with the nanotube. Contrary to the G-band, the D-band is highly dispersive, i.e. its
frequency is strongly dependent to the energy of the excitation laser [31].

The weakening of the D-band in response to improved crystalline integrity of a
nanotube sample has been observed in a practical experiment with high-temperature
treatment and TEM imaging [16]. It follows that the fraction of the G-band intensity to
that of the D-band, GG/ D, is a direct measure for the concentration of defects in carbon
nanotubes. Based on the previous discussion about the defectiveness of CVD-grown
CNTs in comparison with arc-discharge synthesized ones, it is then not surprising
that the G/ D ratio may become very large in arc-discharge grown tubes [49, 53| 86].

Radial breathing mode

Radial breathing mode (RBM) lies considerably lower in the frequency compared to
the sp?-carbon bands, around 100 — 400 cm ™. In this phonon mode, the carbon atoms
along the circumference of the tube move radially in coordinated fashion, which
results into systematic fluctuation of the tube diameter. This mode is also exhibited
by fullerenes [30]. There exists a dependence between the frequency of the mode,
and the diameter of the CNT as of

o
WRBM = + B, (2.17)

where o and B are constants that vary significantly from study to study.
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Aside from using eq. directly, Chiral indices, and with them, the tube
diameter, can also be estimated using so-called Kataura plots [67], where the energies
of different optical transitions are plotted as a function of wrpy for several tubes. This
experimental plot (Wrpm, Fexp) can then be compared against a similar graph from a
theoretical calculation (d, Fipeo)-

In practical experiments, the RBM signal is easily obscured by characteristic
features of the substrate unless the sample is suspended. In multi-walled carbon
nanotubes, instead of an individual mode, a set of RBM-like modes has been observed,
where the individual subbands are associated with the innermost tube layers. When
correlated with TEM measurements of the layer diameters, these bands are observed
to have shifted towards higher wave numbers with respect to the RBM frequency
of a SWNT of similar diameter which highlights the role of the intershell effects in
MWNTs [17,110].



Chapter 3

Surface chemistry & wetting
phenomena

Wetting phenomena are prominently portrayed in the background of the experi-
mental results considered in this thesis. Particularly central to us are the wetting
properties of silicon surfaces, which are generally dictated by chemical factors on
smooth surfaces. These topics are briefly discussed in the starting section of this
chapter.

In the following section, central concepts of the classical wetting theory will be
introduced, placing emphasis on the traditional sessile droplet geometry. This is done
particularly with our first paper in mind, where a similar scenario is considered; while
our results can arguably be understood outside such stringent theoretical network, it
is useful to understand the origin of the quantities we deal with. Furthermore, these
theoretical considerations also touch the content of our subsequent works, where
systematic on-chip cleaning of carbon nanotubes is achieved in a forced wetting
scenario.

3.1 Chemistry of silicon surfaces

Like carbon, silicon is part of the IV-group elements in the periodic table, and as
such they share much of their chemical properties. Silicon in its bulk crystalline
form exhibits the sp*-hybridized diamond structure where each Si atom is covalently
bonded to four other atoms with tetrahedral coordination. As a result of cutting
or cleavage, a surface is formed where the number of nearest neighbor atoms is
decreased, and vacant, dangling bonds exist instead. Such a structure is energetically
unfavorable compared to a fully saturated bulk system, and therefore the system
seeks to reduce the number of the dangling bonds. This can be either via restructuring
the pure silicon surface, or by incorporation of foreign atoms or molecules onto the
surface via chemisorption [44]. The surface-chemical properties of silicon-based
surfaces are therefore largely defined by the desire to saturate the dangling bonds.

27
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The structure of the silicon surface also depends on the direction of the crys-
talline planes. The (100)-oriented silicon is most common in applications, and will
also be the subject of our interest. In this orientation, each surface atom is connected
to two bulk atoms, and accordingly, two dangling bonds are left over (Fig.[3.1a). It is
generally agreed that this structures reconstructs according to the so-called dimer
model, where the number of dangling bond is halved by additional bonding of two
surface atoms with one another as presented in Fig. The atomic dimer arrange-
ment can accomplished in different ways, resulting in a variety of possible structures
for the surface at large [44].

The surface of pure silicon is highly reactive due to the dangling bonds, and is
therefore never observed in ambient conditions. Instead, the bonds are terminated
by foreign molecules. One of the simplest ways to passivate the surface is brought
about by termination with hydrogen. Trivially, one would then expect a single hy-
drogen atom per silicon atom (Fig.[3.2a)). In practice, the bonding may be far more
complicated than this, because the Si-H bonds (~ 366 n%) are stronger than the bulk
Si-Si bonds (~ 226 £.), and therefore energetically favored. Hydrogen exposure thus
results into a more comprehensive restructuring of the silicon surface where breakage
of Si-Si may also take place. Several different structures have been suggested, and
experiments show that the result depend on the experimental parameters in highly
non-trivial way [44].

From a practical viewpoint, by far the most important stabilizing group on
silicon is oxygen, in the form of silicon oxide i.e. silica, SiO,. Silicon oxide films can be
grown by a variety of methods, but thermal growth at elevated temperatures under
exposure of oxygen or water is the method typically used in industrial processes to
grow amorphous insulating layers on plain silicon wafers. The silica layer can be used
e.g. as a dielectric, insulating the devices fabricated on the surface from the conductive
bulk silicon that can then be used as a gating electrode. Aside from deliberately grown
films, thermal oxidation also takes place spontaneously in ambient environment,
forming thin native oxide in the order of a few angstroms [79].

It has been established that room-temperature adsorption of oxygen on sili-
con surfaces is predominantly via a dissociative mechanism where O, molecules
divide into atomic oxygen radicals that then bond to the surface. Considering the
dimer structure of (100)-oriented silicon surface, there are several possible bonding
sites. Interestingly, the preferred site of the oxygen is not directly at the dangling
bond pointing, but rather a bridging position in between the dimeric Si atoms (Fig.
[44]. This structural motif (Fig. can be found in almost all forms of bulk
silica, where the spatial arrangement of these units gives rise a variety of crystalline
structures (polymorphs) that can be met in different environments.
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FIGURE 3.1 Schematic structures of (a) native, crystalline silicon surface with two
dangling bonds, and (b) the reconstructed dimer arrangement where only one dangling
bond is left over. The upper diagrams show individual structural segments projected
onto a plane, while bottom depicts a three-dimension perspective of the surface.
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FIGURE 3.2 Simple view of the silicon surface passivation by two common passivating
groups: (a) termination of the dangling bonds by hydrogen; (b) oxygen adsorption,
where the oxygen atoms bond at bridging positions between Si dimers.
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FIGURE 3.3 The structural motif commonly found in crystalline SiO, polymorphs,
where each silicon atom is neighbored by four oxygen atoms.

3.1.1 Wetting properties

The reactivity of molecular H, on silicon surfaces is low, and practical saturation of
Si surfaces must thus take place in the presence of atomic hydrogen. The standard
laboratory-scale method for this is through the use of HF solutions that both etch
away the native oxide layer and terminate the plain silicon surface. In addition to
hydrogen capping, some coverage of Si by fluorine may also take place. Energeti-
cally favorable compared to plain silicon surface, the hydrogen-terminated silicon
behaves as a “low energy” surface in terms of wetting. As a result, it reflects a fairly
hydrophobic character when exposed to water: the liquid does not spread, but forms
a droplet instead; treatment of silicon wafers in concentrated HF is thus also useful
as a hydrophobic treatment [13].

The drawback of this method is that the hydrophobic surface is still not entirely
stable, and the hydrogen-capped structure will gradually dissociate in ambient envi-
ronment. This has been attributed to re-formation of the native oxide that displaces
the passivating hydrogen layer in a complicated process via consecutive chemical
reaction steps. How quickly this happens probably depends on the quality of the
initial passivating layer, and the environmental conditions; studies suggest that the
timescale of the growth is in the order of hours [66]], although it can be slowed down
somewhat by storing the wafers in water [13]].

For silicon oxide, the wetting properties are even more complicated. Silica is also
intrinsically hydrophobic in nature, however this only applies to dehydrated SiO,.
In ambient environment, a typical silica surface contains some polar hydroxyl (OH)
groups, enough to make the surface predominantly hydrophilic [24]. It is possible to
increase the density of the OH groups on the surface by chemical methods, which
should also result to more systematic surfaces. The most well-established of these
include piranha solution (mixture of concentrated sulfuric acid H,SO, with hydrogen
peroxide H,0,) and RCA cleaning (NH; with H,0,, also referred as “base piranha”)
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treatments that are both carried out in elevated temperatures.

Given the high reactivity of these solutions, dry techniques such as UV/ozone or
oxygen plasma are often preferred as substitutes at small-scale laboratory production
[13,22]]. All these hydroxylating treatments give rise to hydrophilic surface character
where liquid spreads out on a freshly treated surface with very small contact angles,
and they also work to eliminate organic contamination on the surface.

Like hydrogen-passivated, hydrophobic silicon, the hydrophilically treated
Si surfaces are also not stable, and tend to adsorb contaminants when exposed to
environment, such as airborne hydrocarbons and organic molecules originating
from the storage boxes [22]. This can be observed as gradual increase of the water
contact angle in experiments towards that of a native wafer. This aging effect has
also been studied, and its timescale varies from a few hours up to several days [105].
The process can be slowed down by storing the wafers in dry inert gas [13]. Upon
coming to contact with liquid water, the hydroxylated silica surface is passivated by
a few-monolayer thick, ice-like coverage of hydrogen-bonded H,O [24].

Practical contact angle measurements of silicon surfaces are subject to large
variations where the angles depend on surface preparation, environmental factors
and experimental details such as the time delay from the surface treatment. The
reported values for HF-etched Si reach up to 90° [47,78]. For Si wafers in their native
state, the experimental values range from 20° to 40° [90], and similar values are
expected for thermally grown Si/SiO, surfaces as well given that native oxide is
present on “plain” Si wafers in ambient conditions. For hydroxylated, silicon-based
surfaces, contact angles well under 20° are typical [37,47,68] for wafers freshly treated
in piranha solution or oxygen plasma.

3.2 Capillarity and wetting phenomena in droplets

Wetting plays pivotal role in numerous fields of science, such as contact mechanics,
adhesion, tribology and soil science. Some of the most important real-world applica-
tions include self-cleaning surfaces, adhesion of paints and locomotion of insects on
water surfaces. In particular, the methods and goals of modern nanotechnology have
brought with them new impetus for the research of wetting phenomena. The science
of capillary and wetting falls close to the domain of surface and interface science,
while hydrodynamical concepts also play a key background role in understanding
the rich field of phenomena.

Among the most intriguing examples of the recent discoveries associated with
liquid droplets deal with the famous “coffee-ring effect”, i.e. ring-like stain that
results of a drying colloidal liquid, characteristic to spills of coffee, wine, etc... The
generally accepted explanation was given by Deegan et. al in 1997, who established
that the pattern formation is due to the liquid evaporating faster at the edges of a
droplet with a pinned contact line, giving rise to an evaporative flow within that
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results to gathering of dispersed material close to the contact line [25].

Another key research subject as of late has been the so-called precursor layer,
a nanometer-thick molecular film that extends ahead of the contact line of a non-
volatile liquid droplet. First detected as early as 1919 by Hardy [45], it conceptually
resolves a dilemma associated with the spreading of completely wetting droplets in
accordance to the well-known Tanner’s law: the insensitivity of the dynamics to the
spreading coefficient S of the system [112].

Wetting is generally driven by persistence towards minimal system surface en-
ergy, which one can understand as application of the most general physical principles
to interfaces, i.e. discontinuities in materials. This is well-illustrated in the following
treatment of droplets. Sessile droplet is the fundamental test geometry of capillary
science, and remains an active field of study up to this date. The discussion below
follows de Gennes, Brochard-Wyart and Quere (2004) [28].

3.2.1 Static contact angles

When a volume of liquid is deposited on a surface, it either forms a distinctly wet,
localized spot, or spreads out fully, forming an uniform film. The latter possibility
is not experienced in everyday life, given that it requires a surface that is not only
wetting for the liquid in question, but also completely clean and uniform. The non-
wetting case is defined as a separation of the surface into macroscopically wet and
dry regions by a distinct boundary layer, i.e. the contact line. In case the volume of
the liquid is small (i.e. it is not sufficiently large to be flattened under gravity), it
forms a spherical cap, e.g. a droplet, that is characterized by its contact angle a.. The
spherical shape of the droplet is maintained by capillary effects, i.e. the capillary or
Laplace pressure. The spherical shape minimizes the free surface area for the given
liquid volume, which in turn minimizes the total surface energy.

The periphery of the droplet, i.e. the three-phase contact line, is defined through
Young’s equation (Fig. . First derived in 1805 [[126], it ties the interface energieﬂ
associated with the solid-air, solid-liquid and liquid-air interfaces together with the
resulting contact angle of the liquid droplet on an ideal planar surface, i.e. one that
is considered perfectly clean, rigid, smooth, flat and chemically homogenous. In
any practical system, relaxation of these constraints quickly leads to non-systematic
behavior.

The contact angle a directly tells us about the ability of the liquid to wet the
surface. Theoretically, the contact angle can be defined simply by considering the
force balance of the interfacial tensions at the liquid contact line. This is expressed in
Young’s equation:

YCOS & = 7Yso — VYsL 3.1)

!Note that “interface tension” and “interface energy” refer to the exact same physical quantity,
expressed in different units: the former in N/m, and the latter in J/m2. These terms are therefore often
used interchangeably.
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FIGURE 3.4 Schematic of the contact line of a liquid droplet. The interfacial tensions
affecting the contact line as well as the contact angle o are shown.

where 750, 751, and v are the surface-air, surface-liquid and liquid-air interface ten-
sions of the system, with the latter y generally referred simply as the surface tension
of the liquid. In the force balance, 50 and ~s1, oppose each other, reflecting the com-
petition between solid-air (non-wetting) and solid-liquid surface (wetting) phases.
The equilibrium contact angle « is dictated by the relative magnitudes of all three
interface tensions so that a balance is reached, defining a stable contact line.

3.2.2 Wetting criteria: the spreading constant

Ideal surfaces can be broadly divided into two categories based on the magnitude
of the surface-air interface tension vso. First, there are “high-energy” surfaces, for
which 7g0 is in the order of a few N/m. This group includes surfaces of solid materials
that generally exhibit strong chemical bonding, e.g. ionic compounds, metals and
other covalent solids. Second, “low-energy” surfaces have 5o up to a few tens of
mN/m, and include weakly bonded materials such as polymer surfaces.

Considering the requirement of surface energy minimization, it is no coinci-
dence that high-energy surfaces tend to provide much better wetting for liquids
than low-energy ones, since introduction of a liquid layer is likely to reduce the
total interface energy if 750 is high. However, v5o alone is not enough to predict
the wettability of a given liquid. For that, we need the spreading constant S, which
is defined as the relative difference of the total interface energies for dry and wet
surfaces. In terms of interface tensions, this can be expressed as

S =750 — (yst. +7) (3.2)

Now, for S > 0, the total surface energy of the compound surface (yg, + 7) is lower
than that of the dry surface 5o, i.e. it is advantageous for the system to form two
interfaces instead of one. The net surface energy is thus minimized for o = 0, and
we have total wetting. For S < 0, ys1, + 7 is greater than 750, so in order to minimize
the net surface energy the wetting remains incomplete. The liquid is localized into a
spherical drop with a finite contact angle « that is defined as a result of the interface
tensions at the contact line, in accordance to eq. .

It is useful to note that the spreading parameter S is linked to the material
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properties of the solid and the liquid through the concept of interface energies. Let us
consider a simple thought experiment where ideal solid and liquid media with only
van der Waals -type bonding are first kept separate and then brought together. For
a system of two semi-infinite solids (two surfaces), the total surface energy is first
2750. When the surfaces are merged together, the energy gain is equal to the so-called
van der Waals energy Vss which can be related to the polarizability og of the solid
Vss: Vss = ko3, where k is a constant. The resulting object has no interfaces, so these
contributions must cancel each other out, e.g. 250 — Vg = 0.

Similarly, for a solid-liquid pair, the total surface energy is initially v + 50, and
the energy gain is equal to Vs, = kogor, where o7y, is the polarizability of the liquid.
The compound object has one solid-liquid interface, so the sum of the contributions
must equal the appropriate interface energy: v + vso — Vs, = 7s1.. And finally, for two
liquid media, we get similarly 2y — V1, = 0, for the energy gain V11, = koi. We have
thus estimated the interface energies 750, 751, and 7 in terms of the van der Waals
energies Vgg, Vg, and Vi, respectively. Using the definition of S, eq. , we may
now relate it to the polarizabilities og and o7:

S =50 — (v +7) = VoL — VoL = k(os — oL)o1 (3.3)

As it turns out in this simplified scenario, the sign of S is solely determined by
the relative magnitudes of the polarizabilities. As a general rule, the liquid spreads
completely in case it is less polarizable than the solid.

Our materials of interest, silicon, falls well into the category of high-energy
surfaces, and should be wetting for all liquids, including water. In practice however,
the spreading of liquids on wetting surfaces is greatly constrained by practical
inhomogeneity of the surface, result in incomplete wetting. As mentioned before, the
surface chemistry of silicon/silica surfaces can be complicated. Water, due to its high
surface tension, poses an additional complication since its surface, too, is particularly
easily contaminated.

3.2.3 Contact line dynamics in partial wetting

On a practical surface, this simple picture of an individual value of the contact angle
is convoluted by the presence of imperfections such as surface irregularities and
contamination. One finds that the observed contact angle depends on the experi-
mental details; in a practical experiment, a range of possible values is possible. This
is referred as contact angle hysteresis, and the extreme angles o, < o < a, as the
advancing and receding contact angles, respectively. The advancing angle «, desig-
nates the maximum ang]le the stable drop can attain without spreading laterally as
the liquid volume is increased, and the receding angle o, designates the minimum
angle prior to lateral shrinkage if part of the liquid was to be suddenly drained away.

The microscopic origin of contact angle hysteresis lies in the tendency of the
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contact line to locally pin onto surface defects that may be either chemical or physical
in nature. Hysteresis of the contact angle for sessile droplet is then observed as a
consequence of multiple such events perturbing the ideal behavior [64]. In the event
of forced wetting, such an event gives rise an elastic effect where the pinned contact
line acts in the manner of a loaded spring, and this will be discussed in the theory
section as it is also of possible relevance for colloid detachment from surfaces. Given
that the magnitude of the hysteresis ties to the density of surface defects, its extent
a, — o, can be used as a quantitative measure of the surface quality.

Dynamic contact angles a4 are also observed in the event of forced wetting,
e.g. applying an external force to shift the contact line. These are of interest in the
context of our immersion experiments that will be discussed in chapter 4| The forcing
mechanism invokes a force of traction F' that induces the contact line to move.
Incorporating this into Young’s equation (3.I), we can instantly see that the contact
angle can no longer maintain its static value:

F =50 — s, —ycosaq . (3-4)

The dynamic contact angle oy will now depend on the velocity of the motion. The
derivation of quantitative expression for this dependence can be based on the viscous
dissipation at a wedge-shape three-phase contact [28], and will be omitted here; for
small contact angles (o < 1), it can be written

V*
Tha (a3 —a?). (3.5)

V=

where V is the velocity of the propagating contact line, V* = 7/, is a characteristic
velocity related to the capillary number Ca, and [ is a dimensionless coefficient. For
water, V* = 70m/s, and [ typically ranges from 15 to 20. This relation was derived
to describe a scenario where a sample surface is being extracted from a liquid, i.e.
V < 0and a4 < a.. It applies at moderate interface velocities V; at high velocities,
the contact line is disrupted, and a macroscopic residual meniscus forms instead. The
threshold velocity for this can be found via differentiation of eq. ; for water and
moderate o, = 0.1, it corresponds to about 0.2 mm/s,

We may try to apply eq.|3.5/to estimate how much the dynamic contact angle
varies from its static value in the circumstances of our immersion cleaning exper-
iments for carbon nanotube samples. The geometry is now inverted, so we must
take V > 0 and ag > a. since the contact angle grows from its static value as the
sample is pushed into the liquid. At the limit of a wetting surface (a. — 0, such as
our plasma-treated silica substrates) one first finds that ay oc V2. For V = 0.1 mm/s,
aq = (61-V/v*)"* ~ 3.2°, and only 6.9° for V = 1mm/s It is thus implied that the
dynamic contact angle a4 is only slightly disturbed from its static value a. due to the
contact line motion at velocities relevant to our experiments.
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3.2.4 Total wetting: Tanner’s law and the precursor film

In case the wetting is total, droplets tend to spread out fully on the surface. This
process is subject to dynamics of its own. The time-evolution of the droplet contact
angle (and by extension, its radius) is given by a simple relationship:

3/10
auyu<;;> , (3.6)

where L relates to the volume of the droplet, L ~ Q"% This a  t~%*° dependence
applies remarkably universally for non-volatile liquids on smooth, clean surfaces. The
law however argues that spreading should be independent of the value of spreading
constant S (as long as it is positive). Considering that the force experienced by the
contact line (egs. & (3.4), at @ — 0) essentially equals to S on a wetting surface,

F =730 — 31, — 7 oS aq = Y50 — Vs, — ¥V = 5,

this comes off as surprising. The solution for this dilemma is the precursor film, a
nanometer-scale meniscus that precedes the macroscopic contact line ahead of it (Fig.
B.5). The excess force brought about by the spreading constant is balanced by the
tensions of the film, which reduces the net force experienced by the contact line:

Fnet - Fdrop + Fﬁlm - (_’VSL - VCOSOéd) + (IYSL + 7) =7 — YCOSQq.

Equation (3.6), originally discovered in 1979 by L. Tanner, is referred as Tanner’s law,
and states that part of the energy nominally associated with the spreading process
is dissipated in the precursor film instead. Given the law for the contact angle «,
time-evolution of the droplet radius r can also be expressed similarly:

quL(V“ym. (37)

L

This follows from the conservation of liquid volume in the droplet: Q = 7/4- 3.

<}=.
Y
0
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FIGURE 3.5 Contact line of a spreading liquid droplet in the presence of a precursor
film. The force balance is altered by the tensions of the precursor.




Chapter 4

Experimental work

This chapter discusses the experimental investigations published in the papers accom-
panying this thesis [49-51]]. Each article will be discussed in its own section, placing
emphasis on the experimental methodologies and the key results. The chapter starts
with an overview of the sample preparation process that is largely common to all the
experimental works.

4.1 Preparation of carbon nanotube samples

The approach for preparing carbon nanotube samples starting from CNT powder and
silicon wafers is similar in all the works presented in this thesis, and will therefore be
introduced at this point.

In the studies discussed in this thesis, commercial carbon nanotube materials
were used. The material, delivered in powderous form, is used as-received, dissolved
into 1,2-dichloroethane (DCE). CNTs are generally poorly soluble in most liquids, and
surfactants need to be used with mild solvents e.g. water. CNTs readily dissolve into
DCE, and MWNTs in particular form a stable suspension where ultrasonic treatment
is sufficient to prevent aggregation and bundling of the species.

A weighed amount of carbon nanotube powder is washed into a storage bottle
with a measured volume of DCE to make a quantitative solution, followed by mixing
via manual agitation and ultrasonication. This gives rise to a uniform mixture with in-
dividual, non-bundled CNTs accompanied by inherent carbon-based debris. In most
experiments, the initial dispersion is used as a stock solution for further dilutions
utilized in the experiments.

The solutions remain usable for a period of a few months. An additional sonica-
tion treatment is carried out to ensure their stability prior to each deposition. After
several months, the quality of the depositions begins to suffer as the solutions starts
to aggregate, and in extreme cases visible inhomogeneity can be seen in the liquid.

Silicon wafers with (100) crystal orientation are utilized as the substrate material,
either as plain wafers, or with a thermally-grown silicon oxide layer. In these works,
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8mm x 8mm sample chips have been used. The sample preparation is of great
importance in our studies, and the following process (Fig. has been utilized in all
the works:

10-minute ultrasonic treatment in warm acetone (~ 30 °C) using a bath-type
sonicator.

Gentle scrubbing with cotton sticks in similar bath.

Rinsed in isopropyl alcohol and dried under nitrogen flow.

Exposed to jets of cold CO, gas at approx. 45° angle of attack relative to the
surfacel

Surface treatment:

— For hydrophilic surface, oxygen plasma treatment in Reactive Ion Etching
(RIE) apparatus (2 min, ambient temperature with 200 W forward power).
This also provides effective removal of all organic residues.

— For hydrophobic surface, brief (1 min.) immersion in dilute (2-4 %) hy-
drofluoric acid (HF) solution.

!Cleaning by CO, dry ice is among the most effective laboratory-scale cleaning methods for
removal of adhered species from the surfaces [120]

a)

Ay

d)

IPArinse

N2 dry

FIGURE 4.1 Preparation of carbon nanotube samples in the experiments described in
this thesis: (a) (100)-oriented Si/SiO, prime wafer; (b) ultrasonic treatment in acetone
bath; (c) cleaning with cotton sticks followed by rinsing in isopropyl alcohol, and
subsequent drying; (d) cleaning by CO, dry ice jet; (e) surface treatment (oxygen
plasma / HF immersion); (f) carbon nanotube deposition via spin coating; g) finished
sample with uniform CNT deposition.
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We note that aside from the prerequisite surface treatment, we wish to avoid
the use of strong chemical processes, such as the well-known RCA clean, in the
pre-cleaning of the wafers to maintain a clear picture of their surface-chemical state.

Following the preparation of the substrate, the deposition of CNTs is carried
out from the existing solutions via spin coating that has the benefit of providing a
macroscopically uniform deposition. A few, individual droplets of the solution are
deposited using a disposable glass pipette as the sample is rotating. Generally, the
spinning speed is 3000 rpm, and the total spinning time is selected in such a way that
all the droplets have time to fully spread out and dry. This process generally gives
rise a highly uniform deposition as seen under dark-field optical microscope, aside
from minor aggregation or sparseness often witnessed near the sample edges.

4.2 Sessile droplets on MWNT samples

The first section deals with the content of our first published research article [51].
In this paper, our original intent to measure spreading dynamics of liquid drops
deposited on carbon nanotube samples was largely overshadowed by the annular
depletion of matter that formed in response to the spreading. Given that the di-
ameters of these annuli roughly coincided with those of the droplets at the end of
the spreading process, we ultimately concluded that the depletion is strictly due
to the interaction of the particulate deposition with the mobile contact line. In the
subsequent analysis, the structure of the annuli was analyzed in detail.

4.2.1 Experimental methods

The experimental process is schematically described in Fig. The preparation
of CNT solutions and the samples took place as described earlier in section
In this work, arc-discharge synthesized, multi-walled nanotube powder from Mer
corporation was utilized?] The powder was dissolved as-received into dichloroethane
(DCE) in varying concentrations from 0.2 to 0.5 m8/m1.

Si prime wafers (100 crystal orientation) were used as substrates. The silicon
surfaces are covered by a thin native oxide in ambient environment, which was hy-
droxylated in oxygen plasma for uniformly hydrophilic surface character. Following
the process, the water contact angle of such plain Si samples is close to 0, however
the effect of the treatment decays gradually as samples remain exposed to ambient
atmosphere [13]. In order to account for this factor, we made a separate series of
experiments where the time elapsed from the RIE treatment to the experiment was
varied in a deliberate manner. For control experiments, the substrate was rendered

2To characterize the MWNT material of choice, the ratios of tubes and particles (20 % & 80 %,
respectively) were later estimated using AFM on a typical sample. Their diameters were typically
from 10 to 20 nm, and lengths up to 2 — 4 um.
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f)

FIGURE 4.2 Step-by-step schematic of the sample preparation and the droplet experi-
ment. (a) The substrates are thoroughly cleaned Si wafers that undergo oxygen plasma
treatment prior to (b) spin-coating of the CNT deposition (c). In the experiment, a
sessile droplet (d) is placed on the sample and allowed to spread spontaneously for a
given period of time. The emerging annular imprint (e) is investigated via optical (f)
and electron microscopy, where dramatic reduction of synthesis-borne debris is seen
within, while CNTs are retained in significant numbers (g, manual emphasis added on
the CNTs for clarity).

hydrophobic by brief (about 1 min) immersion in a dilute (2-4 %) hydrofluoric acid
(HF), or through evaporation of a thin film of gold on the surface.

To accommodate the demanding constraints set by the decaying surface chem-
istry, sessile droplet experiments were performed immediately after the sample prepa-
ration. We used a micropipette to inject a droplet of liquid on the CNT-deposited
sample, and then flushed it away with pressurized air after a given period of time.
Liquids used in the experiments included water (millipore ultra pure) and dilute
(less than 20 % by volume) water-solutions of isopropyl alcohol (IPA). The droplet
volume was typically from 1.5 to 3.0 pL, and its contact time prior to being flushed
away approximately 20 seconds. Spreading of the droplets was recorded through the
means of a high-speed camera with magnifying objective, mounted into side-view
perspective. A separate Image] plug-in (DropSnake, [34]) was used to quantify the
evolution of droplet contact angles and diameters from the side-view camera images.

The sample surfaces were characterized under dark-field optical microscope
before and after the droplet experiment (Fig. 4.3). Image] image analysis software
was utilized to determine the approximate thicknesses and diameters of the depletion
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rings that emerged. Select samples were further imaged with scanning electron mi-
croscope (SEM) and atomic force microscope (AFM) to observe the cleaning imprints
in greater detail.

A curvelet-based approach was utilized to study the orientation of any nano-
tubes remaining in the deposition. The details of this algorithm have been published
in ref. [103]. Such SEM-based investigations are complicated by the tendency of
the SEM electron beam to locally modify the surface conditions; this well-known
effect is probably caused by deposition of a thin layer of amorphous carbon onto
the beam spot from residual gases in the imperfect vacuum of the chamber [129]. In
a separate trial, we concluded that high-magnitude imaging makes the deposition
locally immune to the effects of the mobile contact line. For this reason, an indirect
analysis was carried out, where the affected region of the sample was compared
against neighboring, unaffected bulk deposition.

To determine whether the microscopic flow phenomena within the droplets had
any role in our experiment, we used a spectral-domain optical-coherence tomography
(OCT) instrument to visualize them on model samples.

4.2.2 Results

The static contact angles of sessile water droplets on the different surfaces were esti-
mated with the side-view camera, and on plain, hydroxylated Si surfaces they were
very close to 0°. On bare HF-treated samples, the angles were strongly dependent on
the decay of the surface treatment with time: the contact angles measured close to
50° about 30 minutes after the HF treatment, but in 2.5 hours’ time the angles were
already closer to 30°. Incorporation of a spin-coated MWNT deposition generally
resulted into intermediate contact angles (10°-50°) on both substrate types. On a
silicon substrate covered by evaporated Au film and MWNT deposition, the contact
angles were much higher, reaching closer to 90°.

Strong sample-to-sample variation was witnessed in all the contact angle val-
ues, which is hardly surprising considering the non-exact nature of the spin coating
process. There was no evident difference in the quality of the carbon nanotube depo-
sition with respect to the sample surface chemistry, i.e. depositions on hydrophobic
substrates were as dense and as uniform as on hydrophilic sample when viewed
under optical microscope.

Following the spontaneous spreading of sessile drops on the samples, annular
features could be discerned in depositions prepared on hydrophilically prepared
Si substrates via dark-field optical microscopy (Fig. .3b). The circular imprints,
typically in the order of a few mm in diameter, could also be vaguely seen under a
bright light with naked eye. In contrast, no changes could be observed on depositions
prepared on hydrophobic surfaces.

In the center of the annuli, there is a large region where the deposition resembles
that of the bulk outside, aside from thin secondary ring-shapes that are frequently
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(A) | ()

FIGURE 4.3 Dark-field optical micrographs of MWNT depositions: (a) Pristine, freshly
spin-coated deposition; (b) annular imprint formed by spreading of a water droplet on
a similar deposition.

present. These subtle features were likely related to the quick initial phase of the
spreading as the drop oscillates before acquiring its semi-static (cap of a sphere)
shape. The transient phenomena associated with this highly dynamic settling-in
phase that compasses perhaps the first 10 — 100 ms of the process were not discussed
further in this work.

The dynamic spreading curves (diameter vs. time) of water drops of different
volumes are shown in Fig. 4.4 It is clear that the outer diameter of the imprint approx-
imated from the dark-field micrographs, D,,, generally agrees with the value of Dgy,
the dynamic diameter of the droplet as measured via side-view video microscopy at
the end of the experiment; the slight differences in these two diameters may be due
to limited lateral resolution of the side-view imaging configuration, and the shape of
the annuli that was often not fully circular.

At the inner boundary of the annuli, one can see smooth transition from the
interior towards the outer perimeter, with the depletion of particles increasing radially.
The inner annular diameter, D,;, is not readily assignable to any fixed point of the
spreading curve, and coincides with relatively early phase of the spreading process
(less than 0.1s). Given that there exists a seemingly unaffected central region suggests
that the spreading (i.e. the progression of the droplet contact line) must be sufficiently
slow before the depletion of particles from the surface becomes possible. Contrary
to the inner boundary, the outer annular interface is abrupt, and often shows excess
particle accumulation, probably due to delivery of matter detached from the annular
region by the progressing contact line.

Imaging (Figs. & demonstrates that the apparent annular imprint is
brought about by efficient removal of irregular carbonaceous debris from the affected
region. Carbon nanotubes, on the other hand, show remarkable resilience against re-
moval. Most complete depletion of particles appears to take place near the perimeter
of the annulus, with the effect weakening radially towards the center.
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FIGURE 4.4 The progression of the droplet diameter measured from the side view data
(Dsv) during the spreading process for different droplet volumes. The spreading starts
with a highly dynamic initial phase that is too rapid to be quantified here. Eventually,
the diameter reaches a semi-stable end value that corresponds the outer diameter of

the imprint D,,.

FIGURE 4.5 SEM image depicting the outer interface of a depletion annulus. Radical
decrease in the amount of debris over the interface can be seen, while the annular
region is still densely populated by MWNTs. The CNTs were manually emphasized for

clarity.
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FIGURE 4.6 The outer interface as imaged in AFM: 40 um x 10 pm image, with 10 um x
10 pm blow-up. A rich CNT deposition is retained within the annular region. Gathering
of excess debris can be seen at the perimeter.

AFM images (Fig. were taken on both sides of the perimeter interface on
selected samples to quantify the degree of the cleaning. Within the annular region,
the fraction of CNTs of all particles varied from 40 % up to 75 % on different samples,
a significant increase from approx. 20 % in the bulk deposition. The gathering of
excess debris particles at the outer perimeter is also evident in Fig.

Some of the SEM images indicated apparent reorientation of carbon nanotubes
located within the depletion annulus compared to those in the neighboring bulk
deposition, implying that the orientation of the MWNTs could have been altered by
the mobile contact line of the spreading droplet. We investigated this by determining
the orientation spectra of the SEM images captured of the deposition on both sides of
the imprint perimeter at select sites.

The results of the orientation measurements are summarized in Fig.[4.7] Orien-
tation spectra from SEM images taken within the annulus (red and blue curves) show
a peak corresponding to the vertical orientation direction, while the curve of the bulk
deposition immediately outside the annular perimeter lacks such an apparent feature.
It is thus implied that the propagating contact line of the expanding droplet is able to
significantly alter the orientation state of the MWNT deposition.

In an attempt to account for the possible residual orientation effects caused by
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FIGURE 4.7 Schematic of the orientation measurements, and the associated orientation
spectra. Dominant vertical orientation is indicated within the annulus.

the spin coating [75], we had also imaged several sites around the same sample prior
to the drop experiment. Similar to the black curve in Fig. orientation spectra of
the pristine deposition generally lacked dominant features.

Experiments were also performed with water/IPA mixtures up to an alcohol
concentration of 10 %. In order to account for the dynamic nature of the sample
surface state in ambient air, we separately took into account the processing delay
from sample preparation to the execution of the experiment (measured in hours). As
it turned out, both the spreading of the drops and the morphology of the annular
imprints were influenced by these variables. Figure 4.8/ shows the results of these
trials, with the the diameter of the annular imprint, D,,, compared against the final
diameter of the droplet, Dgy. It can be seen that increasing the time delay decreases
the dynamic diameter of the drop, which translates to higher contact angle. Addition
of IPA to the mixture appears to have the same effect, although there is no discernible
difference between 2% and 10 % solutions. In visual comparison of micrographs
captured from the annuli (Fig.[4.9), imprints of the composite drops feature a blurred
interior, and accumulation of excess matter at the perimeter is pronounced.

Implications of convective flows within the drops were also considered for our
study. Spontaneous evaporation of the liquid is fastest at the perimeter of the drop.
This causes direct convective flows within, which for example explains the formation
of “coffee ring” depositions inherent to colloidal solutions [25]]. Furthermore, other
forms of microconvection, such as recirculating Marangoni flows, may also compete
with the radial flow [26]54].

The dynamics of spontaneously spreading droplets have been a widely investi-
gated subject in literature, but direct experimental methods to study their internal
convection have been lacking. With the introduction of optical-coherence tomogra-
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FIGURE 4.8 Comparison of the end-state diameter of the drop as measured from the
side-view, Dgy, to the annular diameter based on the optical micrographs D,,, for 2 uL
pure water droplets and water/IPA solutions as a function of the processing delay.

phy (OCT), it has now become possible to carry out such imaging ‘“in situ” [35]. Our
imaging efforts suggested that the organized flow patterns, such as those reported
in [77]], only became visible from 40-60 seconds from the onset of water droplets on
model samples, i.e. well after the typical spreading time (about 20 seconds) in the
experiments. In water /IPA composite drops, the flows were generally more erratic
and disorderly, only settling down gradually.

It thus seems that microconvective flows only become relevant in water droplets
once their dynamic spreading phase has already ceased. Considering that the onset
of evaporative flow in particular has been known to depend on pinning of the
contact line [25}26], it is hardly surprising that they are unlikely to contribute to the
depletion imprint formation clearly associated with the spreading of the drop. In
case of IPA-water mixtures, the erratic flow behavior might however contribute to
the redeposition of debris at the interface of the imprint, if the smeared interior of
the annulus is associated with a degree particle detachment in bulk liquid.

4.2.3 Discussion

The outcome of these experiments is that circular annuli were formed on depositions
of carbon nanotubes synthesized via the arc-discharge method by spreading of
sessile drops of water and IPA, and that the depletion of matter is probably due to
the propagating contact line of the spreading droplet that largely vacates the annular
region from debris originating from the synthesis, while CNTs are retained in large
numbers. This only takes place on hydrophilic silicon substrates, while no apparent
annuli are observed on hydrophobic surfaces. Lack of specific surface treatment of
the underlying substrate was found to result in unsystematic behavior regarding to
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FIGURE 4.9 Evolution of the imprint with increased processing delay and added
isopropyl alcohol content: (a, ¢, ) annuli formed in response to DI water droplets at 2, 4
and 25-hour time delays, respectively; (b, d, f) similar data for 10 % IPA-water mixture.
The annuli are about 3 mm in width, and each micrograph is in the same scale. The

data for 2 % mixture is omitted for brevity.
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the formation of the annuli.

The structure of the annuli formed by water droplets (interior where no particle
detachment is observed; gradual onset and radially increasing detachment in the
direction of the drop spreading; abrupt outer perimeter where some excess matter
may gather) suggests that the detachment process takes place strictly at the contact
line of the spreading droplet, and that it can only take place once the velocity of the
contact line is sufficiently slow. OCT measurements show that hydrodynamic flow
phenomena play no central role in the formation of the annuli.

The contact angles of water/IPA composite droplets were found higher than
those of pure water drops. Considering the lower surface tension of the solution
[117], this is surprising; in many circumstances’} lower contact angles are expected
instead [65116]. The observation coincides with the trends in the imprint morphology
in Fig. where both increased IPA content and time delay implicates narrower
droplets and annuli. In reference to Fig. one can see that this further correlates
with the reduction of the imprint diameter as well. Given this unexpected result,
we tentatively conclude that stronger pinning of the contact line must take place in
IPA-containing drops, which causes the spreading to be brought to halt sooner. Such
pinning could be brought about by the debris particles accumulating at the air-liquid
interface during the spreading process.

We link this hypothesis to the other exclusive features witnessed in the mor-
phology of the narrower annuli formed by the compound droplets: both the blurred
interior of the annulus and the excess matter gathered at the perimeter suggest greater
overall detachment of particles from the surface, even though the depletion rings are
thinner compared to pure water droplets. While the addition of IPA to the mixture
decreases its surface tension, the chemical detergency is improved, and as such it is
possible that for the compound droplets a degree of particle detachment took place in
the bulk liquid as well. If microconvection is then sufficiently strong to transport this
matter to the interface, stronger pinning might result due to the contact line getting
more crowded by particles. This would in turn cause the spreading dynamics to slow
down sooner, leading to thinner depletion rings with excess debris deposited at the
perimeter.

Similar to adding IPA to the drops, increased processing time delay from the
surface plasma treatment to the experiment appears to result in narrower droplets
and imprints. This is in agreement with the surface chemistry of the native silicon
oxide layer decaying from hydroxylated towards a more heterogenous state in the
ambient environment, which results into larger dynamic contact angles, and, in our
case, thinning of the depletion ring.

In Fig. one can see that the effect of the surface chemistry decay on the

3In general terms, there is no conceivable reason why incorporating a more wetting liquid should
result to higher contact angle for the binary solution on a clean surface. This can also be qualitatively
seen from eq. for 0° < a < 90° if one assumes that s, does not change much. Hence, the effect
must be related to the presence of the CNT deposition instead.
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spreading can be rather substantial within time scale of one day. Control of the
silicon surface chemistry was one of the main challenges in this study; first attempts
where the samples were only cleaned in surface-neutral manner prior to the CNT
deposition suffered from very poor repeatability. Introducing the oxygen plasma RIE
treatment improved the qualitative repeatability of the imprint formation, but given
the lack of controlled environment there is no guarantee that the samples associated
with different experimental series evolve in equal manner. As a result, quantitative
comparisons can only be made within each experimental series.

We found that maximum width of the imprint generally agrees with the diame-
ter of the drop at the end of the spreading process, while the inner diameter at the
onset of the annulus corresponds to timescales less than 0.1 s after the spreading had
started. It is however difficult to make definitive statements about the factors influ-
encing the spreading process, and whether the thickness of the depletion ring has
any independent meaning. It would be interesting to carry out a detailed measure-
ment of the spreading dynamics to assign the onset of the imprint more accurately
in the spreading curve. In principle, it should be possible to associate the velocity
of the decelerating contact line with the radial extent of particle detachment, and
evaluate its velocity-dependence in continual manner. This would however set de-
manding constraints on the high-speed video microscopy of the drop spreading, and
require radial evaluation of the particle density within the annulus. Such systematic,
quantitative analysis was deemed outside the scope of this work.

Although MWNTs were generally retained within the affected annular region,
we could still see that the contact line of a spreading drop may have a significant
effect on the local orientation of the remaining tubes: clear changes were witnessed
in both the orientation strength and the dominant orientation direction at the annular
perimeter. This effect overlaps with the inherent radial orientation caused by the
spin coating of the deposition, which however appears rather weak in our samples.
The interpretation of this orientation measurement is also complicated by the fact
that the MWNTSs were not segmented from debris particles in the SEM images; the
orientation of the entire deposition, as a whole, was analyzed in each SEM image,
and as such the density of the debris particles likely had a disrupting effect on the
orientation witnessed at the bulk deposition.

The details of the orientation process are left unclear in this study; the number
of sites that could be investigated was limited, and some of them show appreciably
weaker results. Even if the effect is systematic, we do not know whether it is due to
individual MWNTs becoming genuinely reoriented in response to the mobile contact
line, or if certain orientation predisposes the tubes for detachment, leading to an
apparent effect with respect to the unaffected bulk deposition.

Overall, this work implies that mobile liquid interfaces may be of use in im-
proving the quality of CNT samples deposited on hydrophilic substrates in terms of
purity. The practical application of this approach will be the topic of the next paper.
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FIGURE 4.10 Step-by-step schematic of the immersion process. a) The Si/SiOx sub-
strates are prepared via pre-cleaning, oxygen plasma treatment and spincoating of the
MWNT deposition; (b) immersion takes place vertically into ultraclean water, causing
selective detachment of irregular debris particles from the surface, while (¢) MWNTs
are still retained on the surface in large numbers; (d) the extent of cleaning can be
evaluated quantitatively through the means of comparative AFM imaging.

4.3 On-chip purification of arc-discharge MWNTs

In the second paper, we shift our focus to purification of practical carbon nanotube
samples by mobile liquid interfaces, based on the discovery of the cleaning effect
in the previous work. I will review the methodology and protocols we utilized in our
experiments, and follow up with the central results of our paper. Discussion primarily
focuses on interpretation of main features of the purification effect; more thorough
theoretical analysis of the particle-scale detachment process will be presented later in
the theory chapter.

4.3.1 Experimental methods

Figure present sample preparation and the experiment. Contrary to the previ-
ous article, the MWNTs utilized in this work were obtained from Sigma-Aldrich.
According to the manufacturer, the material contains 20 — 30 % of MWNTs, with
diameter and length ranges of 7 — 12nm and 0.5 — 10 um, respectively; in practice,
the diameter distribution is broader than this according to the AFM, and the MW-
NTs are limited to lengths of a few micron. This is probably due to shortening by
repeated ultrasonic treatments. The powder was first dispersed in 1,2-dichloroethane
in 0.50 me/m1 concentration as-received to create a stock solution that was then diluted
down to 0.25me/mi for practical dispersion. Otherwise, the preparation of the MWNT
dispersions, and their deposition onto the samples matched the process already
described in the introductory chapter

Two types of patterned substrates were utilized in these experiments. To allow
for atomic force microscopy (AFM) imaging of the same site prior to and following the
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immersion process, reference marks were fabricated with electron beam lithography
and vacuum evaporation. We used commercial (100)-oriented silicon, highly-doped
(p = 0.005 — 0.020 Qcm) silicon substrates with thermally grown oxide layer (~
300 nm) pre-cut to 6 mm x 6 mm size. The substrates were first thoroughly cleaned as
described in the introductory section, save for the oxygen plasma treatment. Bilayer
photoresist was then spin coated on the surface (9% MMA (8.5) MAA copolymer
layer in ethyl lactate spun at 3000 rpm for 60 s, followed by 4% PMMA in anisole at
6000 rpm for 60 s). The marker pattern was then drawn via electron beam exposure.
Following the development of the exposed region (treatment in Isopropanol/ MIBK
2:1 followed by Methanol/Methoxyethanol 2:1), a metal layer was deposited using
vacuum evaporator, consisting of approx. 20 nm of Au over 5 nm Ti adhesion layer.
The structure was finalized with lift-off of the excess metal in acetone.

Another type of substrates patterned with grooves were fabricated with etching
instead of evaporation on similar Si/SiO, chips. The patterning of 10 um long and
300 nm wide trenches was done via e-beam lithography, using PMMA as a protective
resist layer. A well-known reactive ion etching process (CHF; / Ar plasma, 200 W
forward power) was then utilized to etch troughs on the oxide layer for 2 minutes,
corresponding to approximate groove depth of approximately 100 nm (etch rate 55
nm / minute). Finally, the excess resist was dissolved in acetone. Prior to the CNT
deposition, preparation of the structured samples was similar to the regular ones
except that no cotton sticks were used in pre-cleaning of the markered substrates to
ensure their preservation.

In order to minimize the dynamic effects of the surface chemistry, the exper-
iments were done within 6 hours from sample preparation [13]. The sample was
attached onto an aluminum shaft connected to a motorized triaxial sample stage that
was controlled via a computer interface. The immersion took place vertically into a
container of ultrapure water with a constant immersion velocity v;,, varied from 0.01
to 1 mm/s. The shaft was lowered until the entire sample was submerged, the three-
phase air-water-substrate contact line thus sweeping over the entire surface. The
process was monitored with a side-view CCD camera equipped with a magnifying
objective.

Once the sample was fully submerged, it was rapidly retracted (v, ~ 1mm/s),
and subsequently dried under nitrogen flow. Based on preliminary experiments, it
was found essential to evacuate several ml of water from the surface layers with a
pipette prior to the sample recovery, as the detached particulate matter residing on
the water surface tended to re-deposit onto the sample, presumably when the sample
was being retracted. Pipetting did not fully suppress the formation of re-deposits,
with small, isolated features still occasionally appearing on the surfaces.

The cleaning effect was characterized by a combination of dark-field optical
microscopy, atomic force microscopy and scanning electron microscopy. Given that
each technique has its own strengths and weaknesses, the use of combined, mutually
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supplementing approaches is necessary. Optical microscopy is limited to visualizing
the deposition at micrometer scale. Scanning electron microscope allows for quick
imaging of individual NTs, but suffers from lack of contrast due to uneven charging
effects, and is known to modify the local surface conditions [129]. AFM avoids these
issues while providing the best vertical resolution, but is too time-consuming to be
used as the primary screening method.

The surfaces of all samples were inspected both prior to and following the
immersion process with dark-field optical microscopy. For quantitative evaluation
of particle detachment, comparative AFM imaging was carried out both before
and after the immersion at the same location on each sample with the help of the
microfabricated references. We also developed an Image]J script for batch analysis
of the AFM data, to identify the tubular species in the images and tabulation of the
detachment fractions of debris particles and carbon nanotubes. Selected samples
were further inspected with scanning electron microscope (SEM).

Preliminary Raman characterization of the individual tubes was also performed
on these same samples, with a small number of clean, unobstructed MWNTs selected
for analysis based on the AFM images. These measurements were made with a self-
assembled, backscattering-type Raman setup using 532 nm excitation wavelength
with about 1 pm beam spot, sufficient to focusing on individual MWNTs.

4.3.2 Results
General features of the purification effect

Based on our experiments described above, following general remarks can be made:

¢ The immersion process gives rise to significant reduction in the particle density.
This contrast is well-illustrated in Fig. an optical micrograph of a sample
where the immersion was halted before the entire surface was wetted.

¢ The resulting sample surfaces are generally uniform. Given that no excess
debris can be seen at the interface shown in Fig. it is suggested that
the affected particles do not translocate along the surface, but are rather fully
detached from it.

* Based on SEM imaging (Fig.[#.12), clean MWNTs are retained throughout on
the cleaned surface, along with some small contaminant particles. A strongly
selective and systematic detachment of irregular debris in favor of carbon
nanotubes has thus been established.

¢ The hydrophilic pre-treatment of the silicon substrate is a requisite for the
cleaning effect to take place. Related experiments verified that there is no
apparent effect on the MWNT deposition in case hydrophobic surface treatment
(brief immersion in dilute HF) is carried out instead, as is expected based on
our previous work.
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FIGURE 4.11 (a) Side-view of the immersion process on a typical sample. (b) Sharp in-
terface separating the cleaned surface from the bulk deposition on a partially immersed
sample, as seen in dark-field optical microscope.

FIGURE 4.12 (a) Scanning electron microscope image of a pristine, non-purified arc-
discharge MWNT deposition obtained by spin coating. (b) View of a similar deposition
following the immersion treatment. CNTs have been manually emphasized for clarity.

* Repetitions of the immersion process on an individual sample yielded no
further improvement of the cleaning effect as observed via dark-field optical
microscopy.

¢ Pipetting of the water surface is a requisite for neat, uniform cleaning effect. In
the absence of this, coordinated redeposition of rafts of entangled MWNTs and
debris particles may take place during the retraction of the sample. Pipetting
does not completely eliminate such recontamination, but mitigates its effects.

¢ This suggests that the detached debris must reside on the liquid surface follow-
ing the immersion. Such presence implies that the advancing contact (during
the immersion step) line must be largely responsible for the purification process,
rather than the receding line at the retraction phase.



54

FIGURE 4.13 10 pmx 10 um AFM images captured at the same location, prior to (a)
and (b) following the purification process.

Quantification the particle detachment

Comparative AFM imaging before and after the immersion process (Fig. pro-
vides a detailed view of the cleaning effect. The AFM images were analyzed in a
quantitative manner with a batch analysis script that segmented them and then
separated the CNTs from spherical particles. Figure shows analysis results for
the detachment fractions of debris particles and nanotubes for a set of six samples
and three different immersion velocities. Mean values for the detachment of irregu-
lar debris and MWNTs were 47 % and 10 %, respectively. The framewise standard
deviation values, shown for each samples for the debris data in Fig. quantify
the extent of regional variation in the detachment; for carbon nanotubes, the number
of detached species was insufficient for similar estimate to be relevant.

Although the size distribution of the particles was not analyzed in this study,
it is still qualitatively clear based on AFM images (Fig. that smaller particles,
particularly those under ~ 100 nm in diameter, tend to be retained more often than
larger ones. This interpretation agrees with Figs.[4.1Tb|and [4.12] where few micron-
scale particles can be seen in the optical micrograph, but in the SEM image small
debris can be seen among the CNTs. In comparison of the different immersion
velocities, no apparent dependence was noted with respect to particle detachment on
this velocity range in Fig.

The analysis shows that while the detachment process is highly selective in
the favor of irregular debris, a significant portion of carbon nanotubes were also
detached in the process. This estimate is subject to the limitations of our analysis, that
may somewhat exaggerate their detachment. The classification of particles as debris
or tubes in our segmentation routine depends on their shape, quantified in terms of
aspect ratio, length of the long axis, surface area and orientation angle in this work.
The two first ones are the key parameters in identifying CNTs. In particular, the long
axis threshold value defined the minimum length of a carbon nanotube.
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Here, our selected value for the long axis minimum threshold, which corre-
sponds to a length of about 120 nm; a very inclusive definition from application
viewpoint where the interest generally lies on tubes with lengths in the micron scale.
Given that such small tube fragments are far more frequent in the deposition than
significant tubes, it is easy to see that they largely dominate the detachment statistics.
Aside from them, a portion of detached CNTs consists of tubes accompanied by
overlapping debris particles, or tubes entangled with one another. On the other hand,
detachment of individual, neat CNTs appears to be rare.

We also considered the effect of the angular orientation of carbon nanotubes
to their detachment from the surface. In this analysis, any MWNTs detached from
the surface as a result of the immersion treatment were first manually identified,
and their orientation angles then acquired from the AFM image depicting the initial
deposition. Figure shows the outcome of this analysis, with the fraction of
horizontal carbon nanotubes, oriented parallel to the contact line, clearly elevated
among all detached MWNTs.

The details of AFM imaging and the quantitative image analysis process will
be the subject of chapter [f|in the thesis. Raman measurements, as well as results
of the experiments on grooved substrates will be discussed later in the context of
applications (chapter|[7).

4.3.3 Discussion

The experiments and analysis reported in this paper demonstrate the application of
mobile liquid interfaces as a practical method for improving the quality of spin coated,
arc-discharge grown MWNT depositions in a simple, easily scalable arrangement. In
general, up to half of all debris particles could be detached from the silicon surface
with this method, while carbon nanotubes tend to be retained. The collateral damage
suffered by MWNT appears to be largely limited to tubes that are either very short,
contaminated by particulate debris, or entangled together with other tubes.

The orientation analysis of detached species is subject to the irregularity of
the detached MWNTs, however a distinct orientational effect is still implied. Such
selective detachment could give rise to the apparent re-orientation of species in
statistical before / after analysis as implied in our previous work. Efforts to verify
orientation-dependent effects on spin-coated CNT depositions are hampered by pre-
existing radial orientation that results as a consequence of the spin coating process
[75]. However, in our case this effect can be ruled out because the initial orientation
distribution showed an abundance of vertical species instead (Fig. inset). This
is in accordance with radial spincoat-induced orientation, because the experimental
sites were located along the vertical mid-axis of the samples. Considering that the
horizontal tubes were still clearly favored in the detachment, this makes for a rather
robust result.
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FIGURE 4.14 (a) Graph showing the fraction of detachment vs. the immersion velocity
for amorphous debris particles and MWNTs; the error bars indicate standard deviations
computed framewise for debris. (b) Distribution of detached MWNTs with respect to
their initial angular orientation. Inset shows a histogram for all tubes in the deposition.
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Hydrophilic pre-treatment of the underlying substrate is of great importance for
the efficiency and uniformity of the process, implying that the liquid-surface contact
angle is of importance in its theoretical treatment. We were not able to find any clear
dependence between the rate of particle detachment and the immersion velocity. This
implies that the dynamic aspects of the process are unlikely to be important for our
scenario, however this analysis is cursory given the limited number of samples.

We conclude that our technique provides a good alternative for improving the
quality of MWNT depositions in a gentle manner that does not require nor induce
modification of their chemical properties. Its main drawback is that it is naturally
limited to the cleaning of on-chip depositions, and as such it is primarily useful for
the end-user as in-situ cleaning method. Another shortcoming is that the cleaning
effect is dependent on the interaction of the contact line with the hydrophilic sample
surface; as such, we do not expect it to work in the context of CNT thin films where
the entire substrate is covered by CNT material. It is however, in principle, very well
scalable to large samples and surface areas for sufficiently “sparse” depositions.

4.4 Physico-chemical aspects of the cleaning process

In the third work [50], we present a more detailed investigation of the purification
process in the context of our immersion cleaning technique, focusing particularly
on the role of the chemical aspects in the process. For this purpose, a refined exper-
imental protocol is introduced, where the overall cleaning effect is improved, and
the quantitative results become more systematic than before. Additionally, results of
purification experiments carried out on CVD-grown double-walled carbon nanotube
(DWNT) material are also presented.

4.4.1 Evolution of the methodology

Since the publication of our original paper on the immersion cleaning of arc-discharge
grown carbon nanotube depositions [49], we have significantly improved the exper-
imental arrangement we have at hand. One of the dissatisfying features of the old
approach was that it was necessary to pipette away the surface layers of the immer-
sion liquid, which was non-systematic and could still result in imperfect removal of
the suspended debris and subsequent redeposition. Also, any attempts to experiment
on more complicated immersion fluids, such as ionic solutions, resulted in massive
crystallization of chemical residuals onto the sample surfaces.

According to our interpretation of the immersion process, this type of redepo-
sition takes place in the retraction phase as the sample is lifted from the container.
Given the hydrophilic nature of the silicon substrate, a film of liquid generally ad-
heres to the surface at this point. This layer also contains some of the debris that
remained suspended on the liquid surface, and thus the redeposition probably takes
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place as the film evaporates during and following the retraction. If the residual menis-
cus is weak, this happens rather quickly, and it will be hard to avoid the formation of
the redeposit by e.g. flushing the meniscus with inert gas.

In order to fully avoid the formation of redeposits, it is necessary to ensure that
no debris matter persists in the adhered layer of liquid at the retraction phase. This
can be achieved if the container can be rinsed with clean liquid once the immersion
has been completed. Figure shows an illustration of such an arrangement we
have realized, and Fig. depicts the experimental protocol.

We now utilize a tubular immersion chamber which acts as a rinsing cell.
There are two reservoirs, one for the immersion solution and another one containing
containing pure water for the rinsing, both connected to a common inlet via branch
tubing and control valves. Prior to the immersion, the outlet at the opposing end of
the chamber is closed, and it is filled with the immersion liquid. The sample is then
immersed into the liquid via a slot on top of the tube. Once the immersion has been
completed, the sample is further lowered to the bottom of the chamber, and the inlet
is opened to the rinsing reservoir simultaneously with the outlet. The chamber is
then rinsed until all particulate matter is vacated from the chamber. The sample can
then be retracted safely, without risking redeposition from the air-water interface.

Two diffusers (perforated plastic cylinders) were inserted near the ends of the
tube to avoid disturbance from the inlets and outlets from affecting the central part
of the chamber. In principle, this would allow us to carry out the immersion with
a persistent flow established, but experience has shown that it is difficult to obtain
a stable flow this way. However, even with immersion into stationary liquid with
subsequent rinsing prior to sample recovery, we have been able to improve the extent
of cleaning by a significant margin relative to our previously published experiments.
Furthermore, this arrangement allows us to utilize chemically modified immersion
fluids, and as such the effects of ionic strength and pH on the particle detachment
can now be investigated.

There are also some drawbacks to the refined approach. Once the sample first
touches the liquid during the immersion step, a momentary instability occurs at the
interface due to appreciably greater volume of the liquid compared to the previous
arrangement; in order to keep this from affecting the cleaning process, the vertical
movement is halted for one minute, and then resumed at constant immersion velocity
Uim, to allow the disturbance to die out. Furthermore, while the viscous drag force has
generally been negligible in our experiments, it may turn out rather powerful during
the rinsing phase given the macroscopic dimensions of the flow tube. To this end, it
is possible that also the drag force contributes to the cleaning effect. To minimize the
effects of the flowing liquid, we carry out the experiments with the backside of the
sample against the flow, as illustrated in Fig. to provide a degree of protection
for the CNT deposition on the leeward face. Based on trials experiments, this also
accommodates for the most systematic cleaning between individual samples.
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FIGURE 4.15 (a) CAD-drawing of the immersion flow chamber. (b) Schematic of the
refined experimental protocol: 1) the flow tube is filled with the immersion liquid;
2) the sample is first lowered until a contact is established with the liquid, and then
immersed further into liquid after a stabilization period of one minute; 3) once the
sample is completely submerged, the chamber is rinsed with clean water for a period
of four minutes; 4) the sample is finally retracted and subsequently dried.
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4.4.2 Experimental methods

Aside from the immersion arrangement, the experimental details are largely rem-
iniscent of the previous work. The biggest difference is that microfabricated AFM
reference marks are no longer utilized, due to the appreciably higher number of
samples investigated in this study; the region to be imaged is merely marked with a
diamond pen during the sample preparation. In addition, the AFM facilities avail-
able to us were upgraded, and we now utilize a Dimension Icon AFM system that
allows us to record larger image frames with better image quality. In this work,
17 um x 17 um image size was used, with only an individual frame recorded on each
sample prior to and following the immersion treatment. This makes the analysis
simpler, with no need to combine overlapping frames.

Three different immersion solutions were compared in our assay: millipore
ultrapure water, 0.01 M hydrocloric acid (HCI) solution (pH = 2), and 1 M KCl solu-
tion. Experiments were done with three immersion velocities (1, 0.1 and 0.01 mm/s).
For every liquid, four samples were investigated per each immersion velocity. The
elapsed time between the surface treatment and the immersion process varied from
roughly two to six hours for different samples. This did not give rise any systematic
difference in the particle detachment with other variables kept constant, indicating
that the extent of surface chemistry decay is limited within this time frame.

In addition to the commercial, arc-discharge grown MWNTs, we also tested
CVD-grown double-walled carbon nanotube (DWNT) material provided by Prof. Em-
manuel Flahaut from CNRS Toulouse, France. The DWNT material had been washed
in concentrated HCl solution after the synthesis in order to remove the metallic cata-
lyst particles, but no further chemical purification was done; the powder was utilized
as-received, with sample preparation similar to the AD-MWNT material. Given the
considerably poorer dispersibility of the DWNT-material to 1,2-dicholoroethane, the
stock solution however needed to be diluted several times, down to approx. 2 #8/m,
before acceptably uniform dispersion was attained.

4.4.3 Results

The effect of the refined immersion process is seen in Fig. which shows a pair of
AFM images recorded on a typical sample before and after the immersion to ultrapure
water. We may note that compared to our previous work, the original deposition
appears to be somewhat more densely populated, however particle detachment still
remains highly efficient. Detachment of some CNTs can also be noted.

These observations are also supported by quantitative analysis results that are
summarized in Fig. Here, each bar corresponds to analysis results averaged over
the set of four sampleg’| while the error bars represent statistical standard deviations

4with the exception of the KCl series, where salt contamination was suspected as the cause of
excessively low detachment fractions on two samples that were disregarded in the analysis.
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FIGURE 4.16 (a) AFM image (17 x 17 um) of a typical AD-MWNT deposition. (b) Same
sample imaged following immersion in water.

for debris particles. We can see that regardless of the immersion liquid that was
used, the detachment of ACP (amorphous carbon particle) debris has increased
substantially, with peak values up to 90 % reached here compared to about 60 % in
the previous work. In the meantime, the detachment of carbon nanotubes generally
correlates with that of the debris particles, but remains well smaller, although it has,
unfortunately, also increased. The standard deviations for CNT detachment grow
generally larger than those of the debris particles.

Figure also shows a comparison between the different immersion solutions
and velocities. It is clearly demonstrated that the overall detachment fractions im-
prove with reducing velocity of the interface regardless of the liquid. Comparing the
different solutions, it is suggested that the best detachment is typically seen with the
acidic immersion solution (0.01 M HCI solution), while there is no apparent difference
between the water and the 1 M KCl solution.

A before / after comparison of the experiment carried out on CVD-grown
DWNT-material is presented in Fig. As expected, the initial deposition is much
cleaner in terms of irregular debris, compared to the AD-MWNT samples: only a
few individual debris particles can be seen in Fig. Given their longer and
more flexible nature, DWNTs also show a tendency to interconnect, even at low
concentrations of the dispersion. Some bundles of DWNTs can also be seen, most
likely due to limited dispersibility of the material without the use of surfactants or
chemical functionalization.

In comparison, the behavior of the DWNT deposition in response to the immer-
sion process (Fig. is qualitatively rather similar to the MWNT samples: the
irregular debris particles are efficiently vacated from the surface, while a number of
DWNTs are also lost. Although the extent of DWNT detachment is pronounced, it is
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FIGURE 4.17 Results of the refined immersion purification experiment summarized as
a bar chart for ultrapure water, 1 M KCI solution and 0.01 M HCI solution (pH = 2) for
three different immersion velocities. The detachment fractions for amorphous carbon
particle (ACP) debris is reflected in the non-shaded bars, while shaded bars show the
detachment of MWNTs.

FIGURE 4.18 (a) AFM image (17 x 17 um) of a CVD-DWNT deposition. (b) Same
sample imaged following immersion in water.

clear that some individual tubes are still retained. Additionally, DWNT-bundles have
been also detached as well.
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4.4.4 Discussion

Figure shows dark-field optical micrographs of typical AD-MWNT samples
before and following immersion in the different solutions. There are no signs of
widespread redeposition nor apparent chemical residuals that plagued our previous
trials with modified immersion liquids. The validity of the new immersion chamber
concept has thus been confirmed. In order to avoid chemical residues or debris rede-
position during the sample retraction, it must be ensured that no such contamination
is present in the liquid meniscus that adheres to the hydrophilic surface during the
recovery of the samples, and this is best achieved by copious rinsing of the flow
chamber with clean water before the sample is retracted.

Some crystallization of salt could nevertheless still be witnessed on some of
the post-immersion AFM images taken on the KCl samples, however these instances
appear non-systematic in nature, and may have been due to precipitation during the
immersion step in such a concentrated solution. As a general consequence of the salt
contamination, the particle detachment may have been slightly underestimated in
the KCl solution in Fig although given the small size of these crystallites, they
generally fall below the particle size cut-off in the analysis.

On two such samples, their presence was more dominant, and suspecting
that the detachment fractions were artificially underestimated on these samples,
they needed to be disregarded in the final analysis. If incorporated, the average
detachment of debris particles falls somewhat with the 0.1 mm/s and 1 mm/s immersion
velocities, but in the meantime the standard deviations also grow in proportion.

According to the statistics of Fig. it is clear that the overall extent of
detachment has improved significantly compared to our previous experiment. This
can be attributed to various aspects of the refined experimental methodology. For one,
the avoidance of redeposition in the flow chamber scheme allows for a cleaner result,
but this is unlikely to explain the entire discrepancy. Another, more subtle difference
is that in these experiments, no microfabricated reference marks were prepared on
the substrates. Given the tendency of contact lines to pin onto fixed surface defects,
the evaporated gold references may have had a strong local effect on the motion of
the contact line in the vicinity of the experimental region in our previous work. The
quality of the AFM images was now greatly enhanced compared to the existing work,
which translates to a more deterministic analysis process.

The results presented in Fig. highlight an interdependence between the
immersion velocity and the detachment efficiency: the detachment of both particles
and CNTs seems to improve as a function of decreasing velocity for each immersion
liquid. Compared to our earlier work where no clear dependence could be seen, this
result is more in line with studies on the detachment of spherical colloids, where a
similar monotonic relationship has been frequently observed. The interpretation of
the velocity dependence will be discussed in chapter |5, along with a review of the
existing studies.



64

N\
(©) (o)

FIGURE 4.19 Optical micrographs of the MWNT samples: (a) a typical freshly-prepared
sample; (b) following immersion to plain water; (c) following immersion to 0.01 M HCI
solution; (d) following immersion to 1 M KCl solution.

The emergence of the dependence in this experiment can also be credited
to the refined experimental methodology, quite possibly to the lack of a reference
structure. In the previous work, these structures pre-fabricated from Au may have
affected the motion of the contact line. If any interaction exists between the references
and the contact line, their role on its progression easily becomes dominant in the
immediate vicinity (e.g. repeated pinning and subsequent snapping-off at each row
of the reference marks), and the velocity of the macroscopic interface is thus obscured.
The same factor may also explain the quantitative differences in the results of this
work and our previous study: the detachment statistics shown in Fig. are far
more systematic now, and particularly the standard deviation values for particle
detachment are remarkably small.

The standard deviation values of CNT detachment are on the other hand much
larger, similar to the framewise statistics in the previous study. It appears the the
detachment of CNTs is far less systematic than that of the irregular debris, and given
that their fraction is far from insignificant in this study, this observation requires
some further thought. The main reason is likely that the number of CNTs on the
surface remains much lower than that of the debris particle, so the total number of
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the detachment events is still very limited on a given sample. As a result, relatively
small differences in the absolute number of detached tubes may give rise to large
standard deviation in the detachment statistics.

In the trials with CVD-DWNT nanotubes, we were able to achieve a qualitatively
normal cleaning effect, verifying that the process is not critically dependent on the
type of the CNT material. However, the extent of DWNT detachment was unexpected,
given their thin profile that should result in appreciably weaker interaction with
the liquid interface compared to the AD-MWNTs. Furthermore, the specific surface
adhesion of the DWNTs should also benefit from their length. In the post-immersion
AFM frame, Fig. some individual DWNTs are however retained, and in the
pre-immersion data they can be identified as ones that do not overlap or interconnect
with other tubes.

It is therefore suggested that the detachment of DWNTs depends strongly on
their interconnectedness; individual tubes that have a lot of contact area directly with
the substrate have a better chance to be retained, while DWNTs that belong to strongly
connected networks are frequently detached. Compared to MWNTs, double-walled
tubes form more densely connected depositions, and hence it can be understood that
they tend detach collectively. This is also demonstrated by the efficient removal of
DWNT bundles on our samples: whenever deposited in interconnected way, either
as bundled ropes due to limited dispersiblity, or individual tubes overlapping by
chance, the detachment of the CNTs is enhanced by mutual cohesive interactions,
and any individual CNT that releases has a chance to detach a substantial portion of
the entire network. Given the shorter average length and weaker mutual interactions
inherent to multi-walled tubes, the same effect is less pronounced on our AD-MWNT
samples.

One could envision utilizing this effect as means of thinning out dense, overlap-
ping CNT depositions in a controlled way, at least for single and few-walled tubes. It
can be postulated that the efficacy of the technique depends on the degree of surface
coverage: at the limit of a bulk CNT thin film, where the entire surface is covered
and the liquid interface may no longer interact with the underlying hydrophilic
substrate, the interface forces will change radically and the process is expected to
become ineffective.

The interpretation of the results acquired by varying the composition of the
immersion liquid will be discussed as a part of the nanoparticle adhesion in the
following chapter.
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Chapter 5

Particle-level picture of the
detachment process

In this chapter, we shall focus on the theoretical treatment of the purification process
of CNT depositions as demonstrated in our experiments. We adopt the approach
from existing experimental works for spherical micron-scale particles, where an
established model has been developed; some of these works will be reviewed in the
process.

Colloid detachment from smooth, particularly silicon, substrates emerged as
an independent research topic during the 1980s with the continuing development of
the semiconductor industry. Given the rapid advance of the lithographic patterning
techniques, the quality and cleanliness of the source material became a prime con-
cern. In particular, detachment of submicron particles could not be carried out in a
systematic manner [74], and even contemporary techniques have their limitations
and challenges [120]. The root of the problem lies in the fact that in most methods
of detachment, the detachment force depends on the volume or cross-section of the
particle, giving rise to second or third-order dependence on particle radius while
the adhesive van der Waals force is directly proportional to the radius of a spherical
particle. Hence, such cleaning techniques tend to become inefficient as the particle
dimensions are scaled below submicron threshold.

As we will see in the following, the surface tension force exerted onto a colloidal
particle by mobile liquid interface also scales linearly with the particle dimensions,
similar to the van der Waals force. The detachment efficiency is then expected to be
independent of the particle size, which should be appreciated as a major advantage
of the process as a cleansing technique.

With only these two forces opposing one another in static manner, the release
of colloids from the substrate can be understood in simple terms. But as we find out,
this might not be the whole story because particularly strong viscous forces may arise
to further hinder the detachment process. Exact theoretical treatment of the process
is challenging, owing mainly to the ambiguity related to the contact angles and the
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general difficulty of exact mathematical description of mobile liquid contact lines.
Even in the simplest geometries, further approximations are required. In addition,
we will find that besides the surface tension force, an additional force contribution
appears due to the local pinning of the contact line when the macroscopic interface
advances beyond a stationary particle.

5.1 Static view of the purification process

The original, and as far as I can tell, the most complete description of a mobile
liquid interface interacting with colloidal particles up to date, was given by A.EM.
Leenaars and S.B.G. O’Brien in their pioneering work reported in 1989. They were
motivated by an observation made earlier by Visser [118], who in his 1973 Thesis
work commented on the enhanced detachment of submicron carbon particles from
substrate disks rotating in water in case they made contact with air bubbles. This
was initially discussed in terms of the surface tension forces at the contact line by
Leenaars in 1988, supported by experiments that demonstrated practical cleaning of
various non-wetting particulate contaminants from silicon surfaces [73].

These experiments also implied that the detachment ceased when the liquid
interface passed over the substrate at sufficiently high velocity. Furthermore, when
completely wetting hydroxylated silica particles were introduced on the surface, no
particles were removed. However, when the substrates deposited with these particles
were treated under the vapor of a silane compound to increase their contact angle up
to 76°, the detachment was partially restored.

To explain these findings, both static and dynamic pictures of the process
were discussed. The simple static model, which is the starting point for analysis in
virtually every paper dealing with retention and detachment of colloids from surfaces
in response to mobile liquid interfaces, was found to be insufficient in explaining all
the experimental results, namely the lack of detachment at sufficiently high boundary
velocities. In this respect, only the complex dynamical derivation brought about a
satisfactory outcome.

In the following, I introduce Leenaars” “static” model of the liquid-particle
interfacial interaction as it has been established in the subsequent works for spherical
colloids. Aside the surface tension force that is attributed as the primary cause of
particle detachment in most of these works, the elastic shear force due to local pinning
of the contact line is considered. This is followed by brief discussion on the adhesion
of nanoparticles, and then the hydrophobic interactions, which do not appear to
have been previously discussed in this context, but may play a crucial role in our
experiments. I will then provide qualitative estimates of the magnitudes of these
forces for carbon nanotubes and debris particles, and discuss the implications of
these estimates on the key results of our experiments.

Following the theoretical treatment, I review a number of other works dealing
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with the detachment and retention of colloidal particles from surfaces, and evaluate
our results against them. I will then address the shortcomings of the simple model
as pointed out by Leenaars & O’Brien, and review their suggested solution to the
problem. Finally, the discussion will be summarized in evaluation of our work against
the existing studies. The limitations of these considerations in our experimental
context will also be discussed.

5.1.1 Interfacial forces: surface tension

Our immediate goal is to interpret the key results of our investigations [49-51] in
terms of the simple framework originally presented in the works by Leenaars &
O’Brien [73,74]. This static approach to the colloid-level picture of the detachment
has since been adopted by virtually all subsequent works. It is generally found
sufficient in explaining the detachment of colloidal particles from smooth surfaces
due to their interaction with passing liquid interfaces so as long the velocity of the
liquid interface is not too high.

Leenaars’ original derivation starts from a simplified view of the interface-
colloid interaction, fig. a spherical colloid with radius R is surrounded by liquid
whose level rises axisymmetrically around the particle. In this case, the effect of the
substrate on the interface is practically eliminated; the picture equals that of particle
floating at a liquid-gas interface, save for the adhesive force that anchors the particle
onto the surface.

The fill angle ¢ characterizes the angular extent of the wetting as measured from
the center of the particle. The length of the liquid-gas interface is [; = 27 Rsin ¢, and
multiplied by « this gives the total surface tension force. The liquid-colloid contact
angle ¢ determines the direction of the surface tension force. In order to work out the
vertical component of the force, we note that the angle 5 = 270° — (180° — ¢) — 0 =
90° — (6 — ¢). Then the expression for the fraction of the surface tension force that is
effective in detaching particles from surfaces is

F? = =27 Rysin ¢ cos(90° — (0 — ¢)) = 2n Rysin ¢ sin(6 — ¢), (5.1)

where the identity cos(90° — x) = sin z was used [104]. The relevant value for colloid
removal is the maximum of F’,, which we can find by differentiation with respect to
the free parameter ¢. One finds that the peak value is reached with ¢ = ¢/2:

z . : 2
FZ ax = 27 Rysin(9/2)7, (5.2)
It is useful to note the role of the geometric factor in FZ,l; = 2nRsing, associated

with the length of the liquid-colloid contact interface. It must thus be modified for
non-spherical shapes.
To describe a more realistic case with the liquid interface propagating along a
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FIGURE 5.1 (a) The geometrical construction utilized by Leenaars in the derivation
of expression for the surface tension force; a vertically rising, axisymmetric interface
interacting with a spherical colloid. The angles indicated in red are equal. (b) A more
realistic scenario, with a laterally propagating meniscus interacting with a colloidal
particle in the presence of a substrate. The dashed blue line depicts the shape of the
meniscus at an earlier moment.

sample surface (Fig.[5.1b), it is argued that one merely needs to take into account
that the liquid contact line must bind to the substrate at the non-wetted side of the
interface with substrate-liquid contact angle «. In the context of our experiments, a
signifies the advancing contact angle as imbibition (immersion phase) is likely the
dominant process over drainage (retraction phase) as discussed previously. Finite
a does not have an effect on the magnitude of the F’,, but instead tilts it further.
Therefore, the maximum vertical component of the surface tension force becomes
[4,73]

7, max

0
FZ = 27 Ry sin® (5) cos & (5.3)

This applies for oo < 90°. A given colloid is thought to detach from the surface if the

maximum detachment force F? overcomes its adhesion; otherwise, the colloid

v, max
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is retaine In this static picture, the velocity of liquid contact line relative to the
stationary particle plays no direct role in the force balance.

5.1.2 Interfacial forces: elastic shear

The previous description of the imbibition process does not take into account the
fact that the presence of the colloidal particle also locally inhibits the free motion
of the liquid interface, causing a deformation in its profile. If the colloid is strongly
adhered to the surface, the interface is held back in its immediate locale (Fig.[5.2). This
tension gives rise an additional elastic shear contribution to the vertical interfacial
force experienced by the colloid. It was first described by Joanny & de Gennes in
1984 in their work regarding to contact angle hysteresis [64], and depends strongly
on the substrate-liquid contact angle o:

Tya?
log L/a

Here, z is the extent of contact line deformation, and « the characteristic size of
the defect, i.e. 2R for spherical particles. The parameter L is a macroscopic cut-off
distance; the equation is in fact strictly correct for a single-defect case only. For a
many-defect problem, it was pointed out by Joanny & de Gennes that L should be
replaced by the average distance between the defects b [64].

The role of this elastic contribution has oftentimes been ignored in the context
of colloid detachment from smooth surfaces due to a mobile three-phase contact line.
In practice, it may enhance the detachment to the surface tension in cases where the
liquid interface is locally pinned by the colloid. However, given that the shear force
only acts along the direction of the substrate, it is unlikely to give rise to significant
depopulation of the surface particles in itself.

As the macroscopic contact line progresses beyond a fixed particle, the elastic
force F. grows until either the particle is detached or the pinning film ruptures,
snapping the interface back to its native, undisturbed profile while leaving the particle
behind. The peak force prior to film rupture critically depends on the shape of the
particle. Particles with surface roughness or jagged edges and beveled shapes allow
for most prolonged pinning, as demonstrated by Chatterjee & Flury [20]. Theoretically,
the pinning process manifests as continuous increase of the local colloid-liquid contact
angle, with a maximum value which is expressed by the Gibbs’ inequality condition:

Foe=ka~

T (5.4)

By < 0 < 180° — © + 6 (5.5)

The dynamic equilibrium contact angle § may thus grow up to a maximum value

'Tt should be noted that a lateral component F¥, speculated to contribute to translocation of
particles along the sample surface, also exists to the surface tension force, but its maximum is logically
dependent on sin « instead, and should thus disappear on a hydrophilic surface relevant to our case.
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FIGURE 5.2 (a) Top-view of an advancing contact line pinning onto a single defect with
characteristic size a. The deformation of the contact line by z gives rise an elastic shear
force F,. (b) Side-view intersection along the bold dashed line in Fig. (a); the relative
directions of F, and the surface tension force F, are indicated. The light-blue color
indicates the undisturbed profile of the meniscus behind the particle. The blue arrows
show the direction of contact line progression.

defined by the native equilibrium colloid-liquid contact angle 6, and the geometric
wedge angle ©, which characterizes the pinning geometry [108].

The elastic contribution to the detachment force may be of importance in our
case, as the irregular carbon debris particles are likely to exhibit severely textured sur-
faces that allow strong pinning of the passing interface. Flat, thin carbon nanotubes,
on the other hand, are far less likely to serve as strong pinning sites.

5.1.3 Adhesion forces

Despite thorough investigative efforts, adhesion of fine particles onto planar sub-
strates remains an active field of contemporary science, driven by the commercial
interests associated with various industrial processes where it plays a fundamental
role.

In electrically and chemically inert environments relevant to our case, Coulom-
bic and chemical (acid-base) interactions can be mostly disregarded. The remaining
adhesion mechanisms involve van der Waals molecular interactions and capillary
adhesion. For a sphere (radius R) and a cylinder (length L, thickness D) on smooth,
planar surface, the van der Waals attraction (Fig. 5.3), as per Ranade [96], can be
written as

AR
Fog = 61;;22 (5.6)
Fad 14132D1/2
L 16H? (57)

where A3, is the composite Hamaker constant of the system, and H is the equilibrium
separation between the body and the surface that in the traditional picture of adhesion
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FIGURE 5.3 Van der Waals molecular adhesion for (a) a sphere, radius R and (b) a
solid cylinder (diameter d, length L) in the vicinity of a substrate surface. H indicates
the separation distance from the substrate surface. Numbers ‘1, 2" and ‘3" indicate the
material of the particle, the substrate and the medium, respectively.

theory is always finite. While the composite Hamaker constant can be tabulated, the
separation distance cannot be determined exactly for a practical system due to the
atomic discretenesss, and estimates of  used in models thus vary in the scale of
angstroms depending on the context.

This makes the equations rather impractical for precise numerical estimates,
however qualitative remarks can still be made. For a sphere, F,, is proportional to
the its diameter, whereas for a cylinder, it is proportional to its length, but only to
the square-root of its diameter. It follows that on a smooth substrate, the high aspect
ratio intrinsic to carbon nanotubes guarantees their better adhesion to the surface
surface relative to a spherical particle of equal diameter.

In case a liquid film is applied over the sample surface, one expects to see
adhesion of the nanoparticles to weaken. For van der Waals attraction, the effect of
the environment factors in via the Hamaker constant A;3;, which is built up from
the constants of three involved materials A; (the solid body), A, (the substrate) and
As (the surrounding medium): A3, = Ay + A3 — A3 — Ass, where the composite
constants are represented as A;; = \/A; - A;.

The material-specific Hamaker constants are related to the imaginary parts of
their dielectric constants ¢;, and the relationship is such that e; > 1 will significantly
weaken the interaction [58]. As a result, introducing a liquid medium, instead of
vacuum or air, reduces the value of the composite constant A;3,. Qualitatively, the
interaction is weakened in liquid medium because the molecular electric fields that
give rise to the vdW interaction induce reactionary fields in the surrounding medium
that tend to screen the primary field. The net interaction then depends on the relative
polarizabilities of the materials in question.

In practice, the magnitude of the van der Waals interaction is retarded due to
finite time of electrostatic propagation between the solid bodies. The extent of this
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retardation depends on the separation distance [, and it can be taken into account
through the means of a correction factor that limits eq. In works dealing with
detachment and retention of spherical microcolloids [106]], the following expression
has been utilized for the van der Waals interaction energy AGqy:

AGy = —2F [1 _h (1 + ﬁ)} , (5.8)

6H bH
where )y ~ 100 nm is a characteristic length and b ~ 5.32 a dimensionless constant
as introduced by Gregory [42]. It was argued that the expression is most precise
for H < R, however in the opposite case the vdW-interaction quickly becomes
insignificant for most purposes.

In a liquid electrolyte medium, van der Waals adhesion is furthermore weak-
ened due to the presence of the ionic double layer that builds up around the colloid
from the counterions residing in the liquid, and screens the native interaction. This
can be accounted for by a separate energy term AG,. For an electrolyte that only
contains one species of ions with valance z, it can be formulated

2
AGy = 64meR (g) X [tanh (ZZZ:Z);I)] {tanh (if;b)} exp(—rH), (5.9)

where ¢ is the dialectric permittivity of the medium, k the Boltzmann constant, 7" the
absolute temperature and e the elementary charge [106]. 1., and 1,1, represent the
surface potentials for the colloid and the substrate, respectively; these are generally
unknown, and must be taken as their (-potentials instead, that can calculated via e.g.
electrophoretic mobility measurements. This is, however, inaccurate, with the true
surface potentials generally higher than the respective (-potentials. Finally, & is the
inverse of the Debye-Hiickel length,

where n designates the number concentration of the ions in the electrolyte solution.
Here, I = nz? can be termed the ionic strength of the species.
From the previous equations, the total adhesion force can then be computed:
d

Fpivo = E(AGVdW + AGq) (5.10)

This is regarded as the so-called DLVO-theory, after Boris Derjaguin and Lev Landau,
Evert Verwey and Theodoor Overbeek, applied to colloid adhesion on surfaces.
Given that the DLVO-theory is directly concerned with effects of the chemical
composition to colloid adhesion in liquid medium, let us now discuss the experiments
of our last paper [50] in this context. From eq. we can directly see how the ionic
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strength of the liquid factors into the adhesion: the greater the salt concentration 7,
the shorter the Debye length !, and weaker the double layer becomes. This results
to weakening of the electrostatic screening repulsion, while attraction in accordance
to eq. begins to dominate. Hence, the particles are expected to adhere more
strongly in a highly ionic environment.

In our experiment with 1 M KCl solution, the ionic strength of the liquid is so
high that the screening repulsion should become entirely suppressed, eliminating the
energy barrier between the primary and secondary minima in the DLVO adhesion
curve (eq. computed as a function of H) [11]. In the studies of CNTs in bulk
liquid environments, a radical increase is seen in the retention of tubes on the sample
surface relative to pure water, already with much weaker ionic strengths [123|124].
Our experiment displays virtually no effect in a highly ionic conditions, although the
quantitative analysis is complicated by the tendency of the salt to precipitate on the
samples despite the precautions. This implies that the double-layer screening effect
in accordance to the DLVO theory is not very central to our scenario of nanoparticles
being abducted to the liquid interface.

It should be pointed out that there are also differences in the physical composi-
tion of the immersion liquid relative to pure water: For 1 M KCl, the surface tension
increases by about 3 % [3]], while the viscosity ;1 decreases by roughly 11 % [130]. The
latter difference is significant only for the upcoming dynamic model of the particle
detachment. The modest increase of v is on the other hand probably negligible, given
that the exact surface tension in our experiment is likely determined by local envi-
ronmental factors (e.g. spontaneous contamination of the solution under ambient air)
that may induce far greater discrepancy, showing as sample-to-sample variations
in our results. In either case, both of these factors are expected to improve particle
detachment, and may hence somewhat downplay the chemical effects promoting
retention.

The effect of acidity on the DLVO adhesion is more subtle. Changing the pH of
the liquid primarily affects its ability to dissociate chemical groups and molecules
bound on the surface of the substrate and the colloidal particle, which changes the
electrostatic term AG,, via the surface potentials 1., and s,,,. The effect of pH on
the retention of CNTs was also studied experimentally in one of the previous works,
with systematic reduction of detachment in acidic environment [123]. In our case,
opposing behavior is witnessed: detachment due to the mobile liquid interface is
enhanced slightly, even though the pH of our solution was even lower. This may
relate to the chemically native state of our CNT material, which is in contrast with
the existing bulk liquid studies where oxidized, water-soluble CNTs needed to be
utilized [123,124]. Furthermore, the surface chemistry of the substrate is also different
in our works. These factors also affect the 1).,; and s,1,, and may thus help to explain
the discrepancies with our results.
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5.1.4 Hydration forces

Surface chemical effects may also be a source of direct interactions between solid
bodies in aqueous environments. When two bodies of hydrophobic surface character
are in close proximity, it is energetically favorable for them to come together, in order
to eliminate the unfavorable liquid-solid contact. In this case, a remote attractive
interaction is mediated by the bulk liquid.

This is a simple picture of the so-called hydrophobic interaction, an ubiquitous
concept that has been subject to increased experimental curiosity starting from the 80s
through the use of AFM-based techniques and surface-force apparatus. Theoretical
formulations of the interactions are still very novel and unestablished, and the
fundamental, physical interaction mechanism remains far from settled; entropic
effects may be the most likely candidate. Hydrogen bonding of water molecules
plays a key role in the process.

What makes the previous, simplified picture interesting is that it is easily com-
plemented by the opposite scenario. Hydrophilic surfaces conversely prefer to remain
separated in water, and thus a repulsive interaction is realized. Experimental evi-
dence suggests that both interactions exhibit similar character: exponential decay
in magnitude with increasing separation, effective range of less than 20 nm, and a
similar characteristic decay length. It is then natural to argue that these phenomena
should have an unified description. Such a general interaction potential was achieved
in a recent, joint article [29]:

Wy = 2viHy exp (/) (5.11)

In this expression, H stands for the separation distance between two flat plates, and
Hy ~ 1nm is the decay length. The interfacial tension, v;, is generally not the surface
tension of the bulk liquid. The generic value of ~ 50 mJ/m? was suggested in [29] for
the hydrophobic case. H, is so-called Hydra parameter, which quantifies the effective
fraction of hydrophobic area at the interface. For a fully hydrophobic case, Hy =1,
but for a hydrophilic surface, H, becomes negative.

Equation gives the interaction potential per unit area. It was shown in the
work that this expression can be utilized to describe both hydrophilic and hydropho-
bic interaction, which can thus be commonly termed as hydration forces.

For the hydrophobic case, the attraction can be particularly strong, beating
DLVO adhesion both in terms of magnitude and range. The repulsive, hydrophilic in-
teraction is, on the other hand, somewhat weaker, and decays faster with H, although
it still remains significant.
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5.1.5 Force estimates for carbon nanoparticles

Let us now estimate the magnitude of the detachment forces for carbon-based debris
particles and carbon nanotubes on our depositions. All figures presented here are
order-of-magnitude estimates only; for this purpose, debris particles are treated
as spheres, with radii commonly ranging from 10 nm to 1 pm. The contact angle 6
between water and the nanoparticle is not accessible; here, we estimate it as 6 ~ 90°,
i.e. that of sessile droplet on graphite [95,(107].

Inserting v ~ 72.86™N/m for water at room temperature and a ~ 0° for hy-
drophilic Si, we acquire from eq. 5.3|that FZ .=~ 0.23N/m- R, whereas F'%  van-
ishes. We can thus see that the magnitude of the surface tension detachment force is
in the order of a few nN for a 10 nm particle, and grows linearly with R. Furthermore,
the force acts almost purely in the vertical direction.

For carbon nanotubes, we may attempt to adapt the eqgs.[5.3| & [5.4|by replacing
the appropriate geometric factors describing spherical geometry with those that
establish a tubular case. Given the difficulty of stringent theoretical treatment of
the particle/interface interaction even in the ideal, spherical case, simple geometric
arguments have been used in the previous works dealing with the effects of colloid
shape on their retention and detachment [4]. CNTs however arguably constitute an
extreme case due to their small dimensions and high aspect ratio. Particularly when
it comes to F7, it is difficult to affirm that the geometric construction behind eq.
remains valid.

In eq. i = 2mRsin (%/2) represents the length of the interface line for the
surface tension force maximum ¢ = ¢/2, and it remains valid for a CNT that is
oriented perpendicular to the liquid interface. But for a CNT that is oriented parallel,
the length of the interface line becomes /; ~ L the length of the tube. For a typical
multi-walled CNT with diameter of 10nm and length of 1 um, /; could thus be up
to 100 times longer for parallel case compared the perpendicular one. Therefore, F~
ought to be strongly dependent on the orientation of the CNT, with much stronger
detachment force for the parallel orientation.

In addition to the surface tension, there is the elastic shear contribution in accor-
dance to eq. On hydrophilic surface, we expect it to small, but finite. Furthermore,
considering that a characterizes the lateral extent of the defect with respect to the
interface, and it is affected by the orientation of the tube. F, would thus also be
greater for the parallel orientation given the same extension z.

Given the linear dependence of eq. we can easily see that larger particles
are subject to larger detachment forces during the initial wetting. Considering that
the debris particles are likely highly irregular, the geometric factor /; that describes
the overall circumference of the liquid/colloid contact may be much higher than the
effective R (as in 2 R) would suggest.

The elastic force force (eq. itself only grows slowly with R due to the
logarithmic dependence, however as stronger defects the larger particles should also
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be able to support greater tension, accommodating for larger maximum extension z
prior to film rupture. As such, the elastic contribution may also remain relevant for
larger particles, even in the case of a moderate surface-liquid contact angle.

Estimating the van der Waals adhesion force for carbon-based debris and
CNTs via egs. & is subject to great uncertainty due to the Hamaker con-
stant A and the separation distance H. For simplicity, let us consider CNT as a
solid cylinder, and take H = 1nm for both debris particle and the CNT% Then,
comparing a 10 nm diameter nanoparticle to a CNT of 10 nm diameter and length
L, we get Flq &~ 0.83+ Agepis - 10 nm ™! for the spherical debris particle and Faa/L &
0.20 - Acnr - 10° nm =2 for the carbon nanotube.

The composite Hamaker constant A3, is subject to the individual constants
for the silicon substrate, the solid body and water as the intermediate medium.
However, these constants are typically in the range from 10" to 107! J [58,96]
for solids interacting in water environment. Let us here take A3 ~ 2.59-1072! ],
from calculation of a C,, Buckminsterfullerene on quartz surface in an aqueous
environment [76]]. We can thus approximate that F,q is in the order of 0.002 nN for
the debris particle, while the force can be up to 1000 times larger for a 1 um CNT of
equal diameter.

Comparing these very rough estimates to the maximum of the vertical de-
tachment force F .., it is suggested that the debris particles should generally be
removed from the surface independent of their radius R, given the linear scaling of
both the vdW adhesion force and the detachment force. For carbon nanotubes, the
orientation is expected to be of great importance when it comes the the magnitude of
the detachment force. Tubes with parallel orientation to the interface are generally
expected to be detached (F7 . > F.q), while in the case of perpendicular orientation
the forces are of roughly similar in magnitude and the behavior is thus expected to
be unsystematic.

We may also try to estimate the relevance of the DLVO effects on the non-
retarded van der Waals adhesion based on the interaction energies. In eq. |5.8|for the
van der Waals interaction energy AG,qy, the correction factor for retardation with
R = 5nmand H = 1nmis about 0.16 and AGyqyw ~ -1072! J. In order to compute
the electrostatic term AG, (eq. , the surface potentials 1., and s, need to be
approximated by their ¢ —potential For the KCl solution, the term is in the order
of 10# J, i.e. smaller than the adhesion term. HCl solution however, it is of higher
magnitude, AGy ~ 1072°J, indicating a DLVO energy barrier. Given that not all
source values are readily available, this is however a very rough estimate.

Finally, let us try to get a feeling of the hydration interaction, and its magni-

2A rather large estimate for a CNT on smooth silicon surface, but I am keeping to values used in
the seminal work by Leenaars [73].

3heor = —10mV, Ysup =~ —10mV for the 1 M KCl solution and ©co1 =~ —18mV, ¢eup, & —10mV
for the HCl solution were based on existing works on C60 fullerenes [21] and silica surfaces [119] as
minimum values.
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tude on our samples. Equation is also problematic for our experiment, since
accurate values of the parameters H,, v; and H, cannot be established, and existing
experiments cover a very limited set of materials. In particular, H, likely has an inter-
mediate value that could be either positive or negative, and we do not have means
to relate it with the selected surface treatment on our hydrophilic and hydrophobic
substrates. The best we can do is to estimate the maximal hydrophobic attraction,
which we take to represent the hydrophobic case of in our trials.

For this, we take Hy ~ 1nmand y; ~ 50™J/m?, as suggested in [29], and H, = 1.
This gives Wy ~ 40mJ/m? at separation distance H = 1 nm. Projecting a 10-nanometer
Cgo buckyball onto a surface gives an approximate circular contact geometry with
radius » = 5nm, and with that we find an attractive potential in the order of 10718,
i.e. much higher than the DLVO attraction. This suggests that the hydration forces
likely dominate in highly hydrophobic circumstances, but it is hard to say whether
this extends to the moderately wetting surface of our control experiments.

5.2 Review of existing studies

The theoretical picture of colloid detachment that we have so far discussed has been
utilized in several experimental works. It is therefore of interest to review some
of these studies, and consider their implications to our work. However, it needs
to be pointed out that these studies deal predominantly with spherical, micron-
scale colloidal particles, where the theory is subsequently well-established. The few
instances where more complex geometries have been considered are highlighted
in the following. The size scale in these works almost never extends down to the
nanometer scale, and it is therefore hard to draw direct parallels between them and
our studies.

The most comprehensive series of experimental works on retention and de-
tachment of colloidal particles from smooth surfaces have probably been carried out
by Flury and his coworkers. In a 2008 paper by Sharma et al. [106], the detachment
of chemically modified spherical colloids from glass slides was investigated in an
arrangement resembling our immersion cleaning experiments.

The colloidal particles, approximately 1 um in diameter, were obtained in four
different chemical pre-treatments to provide different wetting and surface charge
properties. The deposition onto glass slides took place in a flow chamber followed
by rinsing in colloid-free solution (clean water pH-adjusted with CaCl,). To prevent
exposure to liquid interfaces at this point, the chamber was allowed to gradually
evaporate before the sample was recovered. The samples were then mounted ver-
tically within a beaker where clean solution was pumped at a specific flow rate,
causing the interface to gradually rise and pass over the sample surface. Once full,
the container was allowed to overflow to evacuate any detached particles. Then, the
direction of the pumping was reversed, and the receding interface was allowed to
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interact with the sample.

The authors used confocal microscope before and after the interface process to
investigate particle detachment from the surfaces. Repeat experiments were carried
out to investigate their effect on colloid detachment. Theoretical modeling of the
particle adhesion was through the means of the DLVO theory that combines van
der Waals adhesion to the screening due to the ionic double layer, which results
into a more realistic interaction in an electrolyte solution than pure non-retarded
vdW-adhesion. In addition, the surface charge of the colloidal particles was taken
into account. The static model in eq. [5.1|was utilized for the surface tension force.

The key results of this work relevant to our studies were that colloid detach-
ment mainly took place following the first two passes (back-and-forth) of the liquid
interface over the sample; due to the nature of the experiment, the advancing and
receding interfaces could not be told apart in this respect. While both hydrophilic
and hydrophobic colloids were found to detach from the surface, the colloids with
hydrophobic surface treatment detached in larger numbers. The hydrophobic colloids
detached almost completely regardless of their surface charge, while the detachment
of hydrophilic ones was found somewhat sensitive to their charge state.

The higher end of the immersion velocity range used in this study (approxi-
mately from 10 to 100 e»/n) was also comparable to lower end of the scale (0.01 to
0.1 mm/s) utilized in our works. The experiments suggested weakly decreasing par-
ticle detachment with increasing immersion velocity, which was supported by a
probabilistic view of the process: the slower the velocity, the greater the probability
the mobile interface interacts with the particle in a meaningful manner, i.e. forms a
three-phase contact line which takes some finite period of time. This way, the velocity
of the interface may still have a statistical effect on detachment even though it does
not have a direct effect on the detachment condition in the static view of the process
on single-particle level (eq.[5.3).

Another paper published in 2011 (Aramrak et al.) expanded upon the topic of
velocity dependence [4]. This work is probably the most central with respect to our
studies since it dealt exclusively with hydrophobic microcolloids. The method of
particle detachment was by successive exposure to air bubbles injected into a liquid-
tilled glass channel that was utilized as the substrate. Quantitative estimates were
now done in-situ by a confocal microscope assembled above the channel, and the
velocity of the air bubbles was determined by altering the flow rate of the liquid with
a syringe pump. Theoretical treatment was similar to the previous paper, although
the maxima of the vertical and horizontal surface tension force components were
explicitly now considered.

The refined experimental arrangement allowed for decoupling of the advancing
and receding interfaces, when both could be individually visualized for each injected
bubble. The experiments clearly demonstrated that the advancing interface of the
first passing bubble caused a greater degree of detachment (up to 80 — 88 % of all
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detached particles) than its receding interface (5 — 10 %), and that subsequent bubbles
did not cause much additional detachment. This result supports our interpretation of
the immersion cleaning of CNT-samples, where the advancing interface of the initial
immersion appears to be responsible of the cleaning effect. Aramrak et al. argued
that the asymmetry was due to different advancing and receding contact angles of
their colloids that were measured to differ from one another by about 20°.

The range of interface velocities in this work was much broader than in the
previous paper. The authors found lack of significant velocity dependence on slow to
medium flow rates that was contrasted by rapid fall with faster interface velocities
beyond 1000 em/n, which roughly corresponds to the high end of velocities in our
investigations (~ 1mm/s).

The authors attributed this to the thickening of the thin liquid film that separates
the air bubble from the channel wall in their arrangement. The thickness of the film
depends on the flow rate, and it was found to correspond to the diameter of the
colloids at the onset of the rapid fall. As such, the bubbles no longer made contact
with the colloids at this high interface velocities, and the interaction was lost. This is
a non-factor in our experiments with a macroscopic liquid surface, rather than an air
bubble, interacting with the particles.

Aramrak et al. expanded on their previous work in a 2013 study that focused on
whether the shape of the colloids, and their orientation relative to the interface made
difference in the detachment [5]. They utilized polystyrene-based spherical modified
to three different shapes (rods, barrels and oblong disks), with unmodified spheres
used as the control shape. The deposition and the detachment experiments were done
similar to the previous work in a flow chamber with injected air bubbles interacting
with the surface. The flow rate was kept constant throughout the experiments, and
in-situ confocal microscopy was again used for characterization.

The authors suspected that the colloids with non-symmetric shapes would tend
to align their main axis along the flow direction during the deposition step. This was
verified with SEM that showed that colloids with higher aspect ratio were aligned
most consistently, however there was significant deviation from unified orientation
for each colloid type: the oblong disks oriented more perpendicular to the interface
than the rods, while the barrels tended to orient slightly parallel on average. In the
practical experiment, the barrels were subject to the greatest degree of detachment,
while the rods detached least. The detachment of oblong disks lied between these
extrema, close to the detachment of the spherical controls.

In the theoretical analysis, the colloid shape was considered through two dif-
ferent methods that both involved the modification of the geometric factor /; in
the expression of the surface tension detachment force, eq. It was found that
isotropy-related orientation of the particles could not fully explain the differences in
the detachment of the different shapes, particularly that of the oblong disks whose
highly anisotropic shape combined with relatively strong orientation along the flow
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direction ought to have minimized the detachment force.

The authors concluded that the presence of sharp, pronounced edges must have
enhanced the detachment of the oblong disk shape by allowing for pinning of the
liquid interface, as illustrated in our preceeding discussion of the elastic shear force
(Eq.[5.4). The same effect also increased the detachment of barrel-shaped species with
respect to the spherical control particles, while the rods that had a smooth, spherical
cross-section were unaffected. This result is of importance for our studies, because it
shows that the pinning effects may relevant in the interfacial detachment processes,
even though the elastic force that rises should trivially be constrained onto the plane
of the surface.

Aside from experiments on microcolloids suspended on samples, Flury et al.
have also reported on several works that utilize force tensiometry to directly measure
the capillary forces that mobile liquid interfaces subject to particles as a function of
their vertical position as they pass through a liquid surface. The capillary force is
then a sum of the surface tension force and Laplace capillary pressure. In addition,
buoyancy leads to an additional contribution that is dependent on the volume of the
submerged portion of the particle.

A separate tensiometer study of 3D-printed model particles (Chatterjee & Flury,
2013 [20]) deals with considerably larger size scale than our measurements, but
also underlines the relevance of the pinning effect to the particle-liquid interaction,
particularly in cases where the particles have beveled shapes, or are subject to surface
roughness. Particle shapes with fixed cross-section (cubic or cylindrical particles)
gave rise to the clearest indication of this effect when immersed along their major
axis, with pinning taking place both in the beginning and in the end of the wetting
process. Tapered cross-sections (e.g. conical or square pyramid shapes) lead to a large
pinning at the base of the shape, but no pinning at the top where the contact line
vanished gradually. Particles with round cross-section (sphere & ellipsoid) did not
show any pinning at the initial contact, but at the top a slight pinning event was
witnessed, probably due to the surface roughness.

Aside from the studies published by Flury et al., comprehensive works on col-
loid retention and detachment under similar circumstances have also been published
by Lazouskaya et al.. The one most relevant to our interests is the study from 2013 [72]],
which utilized experimental methodology largely similar to Flury’s flow channel
experiments [4,5]. Here, various previously ignored aspects of the colloid-interface
interaction were however brought up in the analysis.

These authors provided a more detailed analysis of the difference between
advancing (imbibition) and receding (drainage) contact lines in the colloid-level
picture of the detachment process. They pointed out that given the entire range of the
filling angle 0 < ¢ < 180, two extrema are in fact expected in eq. a negative and a
positive one. For both imbibition and drainage, both of them are met, but in different
order, and which one is the maximum and which one the minimum depends on the
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substrate contact angle a.

Different modes of particle detachment (lifting, sliding & rolling) were also
considered thoroughly, and criteria developed for each case to make up a complete
theoretical model to predict colloid mobilization. Characterizing particle adhesion
through the established DLVO theory, they plotted the criteria for lifting and sliding
as ¢ verse a for 1 um spherical colloids. This plot predicts that save for cases where
where both angles are very high (> 140°), or very low (< 15°), at least one of these
mechanisms should always be effective in colloid detachment for either imbibition
or drainage. The surface contact angle « is generally predicted to be the dominant
angle that determines whether the colloids become mobile; their own contact angle ¢
only appears relevant in the aforementioned extreme cases. This can be regarded to
complement the analysis in Leenaars’ original work [73], where it was shown that
the vertical surface tension force tends to becomes large whenever o and 6 are close
to the opposite extrema [0°, 180°].

The regime for mobilization by sliding lies within a relatively narrow range
of a between the lifting and no-mobilization regimes. Relevant to our case for low
a with moderate 6, only lifting is expected to be effective. In accordance to eq.
the maximum detachment force is reached at ¢ = /2, while the other extremum,
¢ = 90° + fo/2, is negative and thus inefficient at colloid detachment. However, the
criteria might naturally be wildly different for our carbon nanotube depositions.

According to this analysis, rolling of the particles due to torque brought about
mainly by the horizontal component of the surface tension force ought to be a relevant
mode of colloid mobilization for broad « and ¢ ranges that also overlaps our range
of interest. I am however skeptical whether this is relevant to our case where the low
surface contact angle o and small particle dimensions lead to a small lever arm of
torque for the surface tension force (I, = Rsin ) with respect to that of the adhesion
force (Iy = (4Faf/a)"/?) resisting the rotation.

The experiments presented in the paper generally supported the theoretical
predictions. The most evident deviation was the lack of colloid detachment in the
event of drainage (receding contact line) on hydrophilic substrates, which was wit-
nessed similar to the experiments by Flury et al. Given the aforementioned analysis,
some of the mechanisms for particle detachment should have been effective for this
case as well, and yet it could not be observed experimentally. Lazouskaya et al. spec-
ulated this was due to the effects of residual “trailing films” left behind following
the macroscopic drainage fronts. Similar to pre-wetting precursor films that may
precede the macroscopic front in the case of imbibition, they greatly complicate the
molecular-level picture of the detachment process.

Apart from these authors, there are a few independent works that stand out
in the literature. The papers by Gomez-Suarez et al. are of great relevance, because
they predate the former works and consist an earlier independent examination
for the concepts initially introduced by Leenaars & O’Brien. In a work from 1999
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[111], the experimental layout was similar to the previously discussed flow cell
experiments, with air droplets giving rise the colloid detachment. The samples
consisted of spherical polystyrene particles of about 800 nm in diameter deposited on
quartz surfaces. The detachment of these particles was investigated as the function
of interface velocity, the number of interface passages and the surface tension of the
liquid, with up to 60 % of 1-propanol added to the 10 mM KNO; solution to lower its
surface tension.

Experiments showed clear dependence of the colloid detachment to each of
these variables: the particle removal weakened linearly with increasing liquid-air
interface velocity. The gradient of the dependency was however greatly pronounced
compared to the studies by Flury et al. [4,106], which in the light of those works
can be understood as a result of the high range of velocities probed here (from 2 up
to 15 mm/). This leads to strengthening of the liquid film separating the air bubbles;
the film thickness was found to rival, or even exceed, the particle dimensions at the
highest velocities.

This paper is also a rare example of an experiment where the overall detachment
could be improved by repeating the interface process: the relationship between the
detachment and the number of consecutive air bubbles passed through the channel
is remarkably linear, albeit this was reported exclusively for the highest interface
velocity. The authors interpreted that at sufficiently high velocities, the capacity of an
individual bubble interface to capture particles may be limited. This interpretation
was later agreed by Sharma et al., given that aside from being much slower, their
bubbles had much more surface area [[106]. This effect should not factor in in our
experiments with virtually unlimited space at a macroscopic interface.

With respect to the surface tension, the relationship is also linear, with the
optimal detachment achieved for unmodified solution with the highest surface
tension. The relationship also remained linear for different interface velocities; given
that altering the IPA content of the solution also changed its dynamic viscosity, it was
then argued that the viscous effects (to be discussed in the following) did not play a
role in the process; hence, even at this relatively high range of interface velocities, this
study supports the static view of the process where the colloid detachment is fully
determined by the force balance of the adhesion and the surface tension detachment
force (eq.[5.3).

The static picture of the particle detachment can also explain the self-cleaning
property of various superhydrophobic surfaces (contact angle o« > 150°) as a con-
sequence of the colloid mobilization. In the recent work by Yu et al., 2014 [127],
spontaneous detachment of colloids from lotus-like surfaces by their interaction
with the contact lines of sliding droplets was correctly predicted based on the well-
established model even though only the drainage phase (retracting contact line) was
considered. The authors argued that the critical conditions necessary for self-cleaning
property to be established are generally fulfilled on most superhydrophobic surfaces
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for the common dust particles (R from a few up to a few hundreds microns), with a
critical radius calculated in the millimeter scale. Beyond this, the particles become so
heavy that they can no longer be mobilized by the surface tension force.

5.2.1 Dynamic effects

The previous static model of the particle-interface interaction does not provide a
direct velocity dependence of the colloid detachment; yet, in most of the existing
works, slowly moving interfaces are more efficient in the detachment than fast-
moving ones, and above certain critical velocity virtually no detachment takes place.
In order to account for such possible effects, the dynamics of the fluid-particle
interaction can be considered. This was done in Leenaars” and O’Brien’s 1989 article
[74]. Despite various simplifying assumptions, the stringent mathematical solution is
complicated, and will only be discussed here in qualitative manner.

Given the small dimensions involved in the process of microcolloid wetting by
passing fluid meniscus, the relevant hydrodynamic equation of motion would be
the so-called Stokes’ creeping flow equation, however a complete solution of such
problem in three dimensions would be very difficult. This highlights the fact that
hydrodynamic forces arising in the bulk of the fluid that are known to be of great
importance in Stokes flows were ignored in the simple static analysis. The most
obvious one of such forces is the drag force, which can be quantified with the Stokes
law for a sphere in free stream:

F = 67uRV;, (5.12)

where /. is the viscosity of the fluid and V; the flow velocity. In case the liquid is at rest,
it can be taken as the velocity of the interface relative to the particle, V, and as such
this force becomes very small for immersion velocities relevant to most experiments.
The drag force can thus be generally ignored.

Let us therefore assume that the initial separation of colloids from the under-
lying substrate is primarily subject to the surface tension force; the particle begins
moving away from the surface if the vertical component of the surface tension over-
comes its adhesion to the surface. Leenaars and O’Brien argued that this is a necessary,
but not sufficient, condition for the particles becoming permanently detached from
the surface, since additional reactive forces may arise to counteract the surface ten-
sion force as soon as separation begins. In particular, it is important to realize that
the surface tension force is only active during the wetting process of the particle,
and ceases as soon as it is fully submerged while any reactive forces may still be felt
by the particle in much longer timescales. In such case, it may get forced back into
contact with the surface if the initial separation due to the surface tension was not
sufficient.

It turns out such a reactive force does appear as soon as the particle has been
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slightly elevated from the sample surface. It is the so-called viscous force, projected
by the lubrication theory, and unlike the lateral drag force it is directed to oppose the
vertical motion. The mathematical description of the viscous force can be carried out
via the so-called lubrication approximation that deals with thin fluid layers.

Unlike the surface tension force, the viscous forces depend on the velocity of
the particle in a continuous manner, and do not abruptly cease as the particle is fully
immersed in liquid. Whether the particle becomes completely free of the substrate’s
influence then depends on whether the surface tension force is able to move it
sufficiently far away from the surface; that is, the initial, momentary impulse given
by the surface tension force must be large enough to overcome both the adhesion
and the subsequent reactive viscous forces. This can be expressed simply by

/t(FV — Fy — F,) dt = mu(t), (5.13)

where F., Fy and F), are the surface tension force, adhesion force and the viscous
forces, respectively. It hence becomes evident that the timescale for which the surface
tension forces operate is of great relevance, and this is how the immersion velocity
affects the process.

Leenaars and O’Brien utilized this as a starting point for derivation of a one-
dimensional equation of motion for a spherical particle under the influence of surface
tension, viscous and adhesive (i.e. van der Waals) forces. This was done with the help
of several simplifying approximations in the axisymmetric geometry (Fig.[5.1a). In
explicit form, the equation reads

mi = 27 Rysin [6()] sin [0 — 6()] — g - 6WRZ;, (5.14)
where m is the particle mass and the coordinate z points to the vertical direction,
upwards from the sample surface. Finally, z(¢) is the particle-substrate separation as
the function of time.

The equation of motion was then solved for analytical expression of x(t) at the
non-inertial limit of m — 0, given that the inertial term is unlikely to play a significant
role for such tiny particles. As a result, the only boundary condition relevant for
the problem is z(0) = H, i.e. the initial displacement between the particle and the
surface is taken as the equilibrium separation utilized in the relation for the van der
Waals adhesion force for a sphere on a planar substrate, eq. Unsurprisingly, that
expression also appears as one of the terms in the equation of motion, where A is
now the compound Hamaker constant of the entire system. Both 4 and A are subject
to great deal of uncertainty in any practical system; in particular, H is not directly
accessible, and must be taken as a rule-of-thumb estimate. Accordingly, the authors
stressed that this is one of the main sources of uncertainty in their final solution.

The rest of the terms on the right-hand side of the equation represent the other
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forces. The first one is simply the expression for the surface tension force (eq.[5.I).
The final term, 67 R? ¢/, represents the viscous reactionary force, and its expression
was derived in the paper in a quasi-steady state in the axisymmetric picture of the
wetting process. For the purpose of the problem at hand, it is sufficient to use an
approximate solution given by

 6muRPW

F, T

(5.15)

where W designates the velocity the particle lifts vertically from the surface.

Leenaars and O’Brien provided the analytical solution for eq. in both
dimensionless and regular forms. The solution that preserves the dimensions allows
us to take note of the key parameters:

2y ! 2A
2(t) =H? —/Ft’dt’—
2(t) = exp {m [ Fe) } —

27 t t 27 /t/
— —— | Eyt)dt - Fy(t")dt"| dt’
o | [ Rar] [ |- 20 [ Ryarar,

where a shorthand notation Fj(t) = sin [¢(t)] sin [ — ¢()] has been used. We can see
here that the fraction of the liquid surface tension and viscosity, 7/4, is of importance:
the final exponential diminishes as the fraction approaches infinity, which limits the
growth of the last term as a whole. In the meantime, the first term tends to infinity.
This implies that the detachment is promoted for liquids that possess a large ratio of
surface tension to viscosity, e.g. water.

(5.16)

The influence of the immersion velocity is similarly seen if the dimensionless
form of the solution is written out, which also has the benefit of simpler appearance:

2% (t) = exp {; [1(t) — [(0)]} — ?exp E[(t)} /0 t exp {-%1(9)} do, (5.17)

where ¢ is a constant, x and ¢ now designate their dimensionless equivalents, and /()
is the shorthand notation for the integral of the nondimensionalized expression for
surface tension force. The details of the nondimensionalizing process will be omitted;
the relevant point is the recurring dimensionless group 2/», which corresponds to
7/uv, i.e. the reciprocal of the capillary number Ca. The effect of the velocity V' in the
process thus also becomes evident. At sufficiently high value of V, the impulse from
the surface tension force becomes too brief to allow for sufficient separation of the
colloid from the surface, and it falls back into contact as a result of the viscous recoil.
This corresponds to the maximization of x(t), and the possible measures towards this
goal include anything that minimizes the capillary number Ca of the system.
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5.3 Theoretical considerations: summary

We conclude that colloid detachment from smooth sample surfaces is generally
explained by the simple static model originating from Leenaars & O’Brien [73,74].
The dominant detaching force in this model is the surface tension force, and its
vertical component directly competes against the surface adhesion of the particle. In
most cases, it is sufficient to consider the maximum of the vertical surface tension
force: in simple terms, detachment takes place if it exceeds the adhesion force.

Our results can also be qualitatively understood based on the same model. The
difference between the detachment of CNTs and debris particles mainly arises due to
relative differences in the adhesion and detachment forces. Rough estimates suggest
that the surface tension force should generally be effective at removing spherical
debris particles given that the force is comparable to the adhesion, and both scale
linearly with particle radius R. CNTs, on the other hand, generally benefit from their
high aspect ratio which resulting in much greater adhesive force. This gives rise the
selective detachment that is desirable for our applications.

The fact that lateral translocation of particles cannot be seen in our experiments
indicates that the transverse component of the surface tension force is relatively
weak. This can be understood as a consequence of the hydrophilic nature of our
substrates, which should result to its diminishing. We also expect the imbibition
phase (advancing contact line) to be far more relevant than the drainage phase
(receding contact line) in the detachment as witnessed in other experiments carried
out under similar circumstances [4,55,72], and indeed we have reason to believe that
this is the case in our experiments. Possible causes of this include, e.g., hysteresis of
the colloid contact angle (as argued in [4]), trailing films (as in [72]).

Likewise based on other works, we expect repeat processes to be ineffective
in improving particle detachment [4,72,106]. This is also our experience, although
the reasons for this may be complicated. In the previous studies, this has typically
been attributed to particle attachment in the primary and secondary minima of the
retarded vdW-interaction predicted by the DLVO theory, or preferential attachment
to certain favored locations [5,(106].

In our case, the chemistry of the Si/SiOx substrate is probably also perma-
nently modified by the initial wetting process. For example, as mentioned in chapter
it is recognized that when a hydrophilic SiO, surface with OH groups comes
in contact with liquid water, a few monolayers thick layer of H,O molecules is
hydrogen-bonded to the surface in ice-like fashion [24]. Given that the function of the
hydrophilic oxygen plasma treatment is to increase the density of these bonds, this
behavior could be pronounced on our samples, and its effects on the particle detach-
ment balance may be unpredictable. This factor could also play a role in explaining
why the receding contact line does not appear to play a role in our experiments, given
the initial wetting at the advancing line.

Of other parameters that may influence the extent of cleaning, the velocity of
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the interface has been found to have an effect. In the existing studies, a correlation is
typically found between decreasing velocity of the liquid interface and increasing
particle detachment [4,106,111], but the quantitative relationship between these
parameters is not very clear. Strong, linear, relationship has only been witnessed
above the threshold of ~ 0.1 mm/s [4,111], while our velocity scale lies between 0.01
and 1mm/s. As such, there is no reason for us to necessarily expect a very dramatic
interdependence based on existing works.

We only saw a clear velocity dependent-detachment in our third paper, not
in the second work. We attribute this difference primarily to the evaporated AFM
imaging references: In the previous work, their presence may have disrupted the
smooth progression of the contact line in the vicinity of the imaging region, obscuring
the dependence. The positive correlation between decreasing interface velocity and
detachment of debris particles is not only clear in the latest study, but also remarkably
linear for all three solutions, even though our data is limited to three points in velocity
only. Furthermore, the trend also remains clear for the CNTs.

The dynamic model of the colloid detachment introduces the viscous reactive
forces that may inhibit particle detachment if the interface moves too quickly [74].
Most experiments are however generally well-explained by the static model alone,
with the velocity dependence of particle detachment usually considered in terms of
a probabilistic approach on the detachment process: the faster the interface moves,
the shorter the duration of the particle-interface interaction, and less efficient the
transfer of momentum on an average particle. Slower pace of wetting, on the other
hand, promotes the formation of a three-phase contact line that is a prerequisite
for the particle detachment [106]. This provides a sufficient explanation for the
observed velocity-dependence in most cases, and suggests that the dynamic effects
only become relevant at interface velocities much higher than what are relevant to
us [111]].

From application viewpoint, changing the immersion liquid is also unlikely to
bring additional improvement in the extent of detachment, given that the surface
tension « for water is hard to surpass for a practical experiment. Based on other
works, the elastic shear force associated with deformation of the liquid contact line
is however likely to also play some role in the detachment process, even though it
is directed in parallel with the surface [5,20]. Other factors that could play role in
the detachment include hydrodynamic shear (i.e. drag) forces, which are however
generally found negligible for micron-sized or smaller colloids [4,74]. In our flow
tube scheme, the rinsing flow may have been a factor contributing to the overall
improved particle detachment, but trial experiments with samples immersed in
different orientations relative to the flow direction did not indicate this to be a
dominant factor. Likewise, gravity and buoyancy can be safely ignored at scales
relevant to this work.

The main deviation between our studies and others is that a very hydrophilic
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substrate surface (o ~ 0°) is required for systematic cleaning for our samples; the
oxygen plasma treatment utilized makes the silicon surfaces virtually completely
wetting, and foregoing this step gives rise to non-systematic behavior even though
unmodified Si/SiOx surfaces are relatively hydrophilic in ambient conditions (o ~
30°, cha. . This is in contrast to most other works, where good detachment has
been achieved with moderate contact angles that generally correspond to that on
unmodified silica (20° < o < 40°). Furthermore, control experiments with substrates
treated in dilute HF suggest the resulting moderate contact angle (a ~ 50°) is already
large enough to disrupt all cleaning behavior, although theoretical analyzes imply
that the circumstances should still be relatively favorable for detachment [72}[73]].

Hydration interactions have so far not been discussed in the context of the
colloid detachment and retention due to liquid interfaces, but may be very relevant for
our nanoscale particles. The hydrophilic form of the interaction gives rise a substantial
repulsive potential that may enhance the detachment of particles on hydrophilic
surface. In the meantime, the hydrophobic interaction dominates the DLVO adhesion
in the hydrophobic scenario. Given that we have no means to verify the value of
the Hydra parameter H,, we do not know which type of interaction is active on our
samples, but considering that the nanocarbon particles possess a hydrophobic nature,
it seems likely that H, > 0, particularly for the control experiments carried out on
substrates rendered hydrophobic. As such, hydrophobic interactions constitute a
possible, and in my opinion, the most likely explanation as to why our experiments
seem particularly sensitive to the surface chemistry of the substrate.

Another factor is that the wetting of our irregular carbon nanoparticles and
carbon nanotubes is unlikely to be well-represented by the static model intended for
smooth spherical colloids; given the hydrophobic nature of the irregular carbona-
ceous debris, the wetting may be incomplete in the nanoscale unless balanced out
by superhydrophilic surface. An interesting question for further study would be
how the ability of water molecules to infiltrate underneath the CNTs and debris
particles depends on their contact angles and that of the substrate, as wetting of
the contact would have a significant effect on the magnitude of the vdW-adhesion
(eq. via the Hamaker constant A;3,. This could be investigated via molecular
dynamics simulations.

Accurate mathematical description of a real-world mobile liquid contact line
is always be fraught with difficulty. The biggest ambiguity in the analysis is no
doubt related to the non-exact nature of the contact angles. One on hand, there’s the
question of the difference between the apparent, macroscopic contact angles that are
measurable, and the microscopic contact angles that genuinely quantify the nature
of the liquid contact at the submicron scale, but cannot be observed [14]. Second,
even the measurable, apparent contact angles are generally non-exact, and subject to
hysteresis that leads to different values for the advancing and receding static contact
angles [64], and these further depend on the velocity of the interface as well.
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Leenaars and O’Brien pointed this issue out in their joint work [74], and sug-
gested that the tendency of the advancing contact angle to increase with increasing
interface velocity could decrease the impulse delivered to the colloidal particle in
the dynamic picture. This independent of the direct effect of interface velocity, so
its influence to the detachment could then appear at lower velocities than initially
thought. On the other hand, it was mentioned that other works suggest microscopic
contact angle might in fact maintain a static value at all times, with the dynamic
instabilities of the apparent value brought about by viscous distortions at submicron
scale. This is supported also by more recent knowledge, although opposing views
have also been presented; see e.g. Blake (2009) [14] for a review on the topic.

Given this ambiguity, considering the non-equilibrium contact angles for the
purposes of particle detachment seems like a moot point, and as such we content
ourselves with estimates for the static angle. This can be justified by our estimate in
chapter 3| where we found that the effect of contact line motion on the contact angle
should be limited to a few degrees in our arrangement, given the relevant velocity
range. Much of the same reasoning applies to the liquid-colloid contact angles; they
have generally been measured in the macroscopic perspective on colloid-covered
substrates, and thus may not accurately represent the genuine angle associated with
the interfacial interaction at single-colloid level. In the case of carbon nanotube
depositions, the exact tube-liquid or particle-liquid angles are likewise inaccessible,
and the situation becomes even more complicated as these two mix in a practical
deposition.

Further uncertainty to our interpretations is brought about by the possible role
of precursor films, which we have so far not considered. The quantitative descriptions
for precursor and trailing films are still largely under debate, although they are
believed to occur frequently in spreading and drying processes of liquids. Given that
imbibition phase is dominant over drainage in our experiments, precursor film is
the one relevant to us. In general, these films are considered to be present when the
substrate-liquid contact angle is small. Given the extreme sensitivity of our cleaning
process to the contact angle relative to other similar works, it is therefore good to
note the possible relevance of such films to the interpretation of our results.

The kinematic role of the precursor film is to exhaust some of the free energy
associated with the wetting process [27]. It is hard to find experimental data on the
dimensions of the film in case of water, but some general remarks can be made based
on theoretical considerations. For completely wetting liquids, the thickness of the
film is typically from 10 to 100 nm, and its length L, (i.e. how far it emanates the bulk
liquid) depends inversely on the capillary number of the system, L, oc Ca™" [18].
For the velocity range relevant to our work, the capillary number is quite small,
107% < Ca < 107%, and as such the film may be rather pronounced. The plasma-
processed silica surfaces utilized as substrates in our experiments can be considered
virtually completely wetting. In case the contact angle of the system is finite, these
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parameters become even harder to tabulate but in general the precursor film is
expected to weaken [18].

The thickness of the film is of importance: molecular-thin films are unlikely
to affect the mechanics of the detachment process, but a film whose thickness is a
significant fraction of the particle dimensions may provide a degree masking from the
macroscopic interface, similar to the wall film that could prevent efficient coupling
of the interface and the particle in the flow channel in the air bubble experiments
discussed before [4,72,111]. However, if the precursor becomes very thick, i.e. com-
parable to to thickness of the particles, it could in principle be the relevant detaching
mechanism in itself for low-rising particles, i.e. our carbon nanotubes, as it progresses
ahead the macroscopic interface.

While the validity of the static model for the detachment of spherical colloids
has been confirmed for a broad velocity range, its applicability for carbon nanotubes
or irregular debris particles is in question. There is a large gap in the size scales
between spherical microcolloids and carbon nanotubes whose diameter is generally
less than 20 nm. Furthermore, the dimensions of the debris particles also extend far
into the submicron regime. It is not clear whether the macroscopic surface tension
concepts are directly applicable so far into the nanoscale. In particular, it is difficult
to affirm the validity of the geometric considerations behind equation [5.1] (Fig.5.I) in
these non-standard geometries.

Microscopic irregularities that are present particularly in the CNT-debris parti-
cles, but also on the substrate, have a significant effect to the adhesive force and these
were not taken into account in our analysis. Roughness associated with such micro-
structure may have unpredictable effects on the magnitude of the vdW-adhesion,
depending on its size scale [96]. If the asperities are much smaller than the particles
themselves, the adhesion is generally weakened as the size of the contact area is
reduced. But if the size scale of the micro-structure exceeds that of the particle, the
contact area may in fact grow, in which case the adhesion is strengthened.

Finally, changing the chemistry of the solution, in terms of ionic strength or pH,
was expected to affect the particle adhesion in accordance to the classic DLVO picture
of particle adhesion. Based on the results of our final work, the chemical environment
does not however seem to play a very significant role, and colloid detachment is
mainly dictated by physical interactions at the propagating contact line. A robust
theoretical discussion of nanoparticle adhesion in terms of the DLVO theory would
however require considering the entire adhesion curve as a function of the separation
distance H, and both the primary and the secondary energy minima that arise. This
would be challenging for CNTs and irregular debris alike. Aside from determining
the chemical conditions of the detachment process, the associated experimental
efforts would also demand a high degree of control over the deposition method and
the environment. This could be difficult to achieve for unmodified carbon nanotubes
with spin coating.



93

5.3.1 The orientation effect

As pointed out before, the interfacial forces provide possible pathways for some CNT
orientation effects to rise as a result of the detachment process. We took interest in
the possible observation of CNTs becoming re-oriented as a result of their interaction
with the spreading droplet contact line in our initial study [51]], however we were
reluctant to draw direct conclusions due to complications of the analysis, in particular
the parasitic residual orientation due to the spin coating whose effect could not be
fully eliminated.

With our follow-up work on immersion cleaning [49], we were hoping to gain
a more well-reasoned view with the comparative AFM method. Qualitatively, it
was very clear that no re-orientation of individual MWNTs took place in these
experiments. Only very few possible instances were identified, and even there the
tube had locally bended, rather than re-oriented as a whole. This shows that if some
effect to the tube orientation exists in response to the passing liquid interface, it
predominantly due to selective removal of certain orientations in favor of others;
the apparent re-orientation of the end-state then rises as a result of selective tube
detachment.

Based on the strong dependence of the interface forces on the tube orientation
discussed before, the species oriented parallel to the interface are likely favored in
detachment versus the perpendicular ones. In order to explore this possibility, we
manually identified all the MWNTs that had been removed over the immersion
process on our set of quantitatively investigated samples, and measured their ori-
entation from the data recorded prior to the immersion process. As a result, a clear
picture of preferential detachment of horizontal CNTs (i.e. parellel to the interface)
emerged, confirming our hypothesis. The effect is, however, weaker than one would
anticipate considering the immense aspect ratio of an average MWNT (~ 100), but
this is understandable given that the contact line is not uniformly defined in the
microscopic scale, and thus the preferred detachment orientation will have large
local variance.

Use of a mobile liquid interfaces for systematic reorientation has been previ-
ously reported by Gerdes et al. for single-walled carbon nanotubes [101], and more
recently by Khripin et al. for CNT-DNA composites [69]. In these works, the CNT
re-orientation was understood in the context of the receding contact line of car-
bon nanotube dispersion interacting with the CNTs akin to the molecular combing
method utilized for stretching and aligning DNA molecules [9}(10]. Fundamentally,
this technique relies on the elastic shear force we already discussed (eq.[5.4).

As per to the re-orientation mechanism as specified by Khripin et al., the in-
terface associated with the re-orientation was that of the receding carbon nanotube
solution [69]. In both cases, the experiments were done on hydrophobic substrates,
and functionalized, hydrophilic carbon nanotubes were used. This is in stark contrast
with our case, where hydrophilic surface is a prequisite for the detachment of debris



94

particles, and the carbon nanotubes are in their native, hydrophobic state.

It is interesting to note that in Khripin’s study, the possible role of detached
CNTs on the overall orientation state was not discussed, although the deposition
density of CNTs on the surface was found to be significantly lower than what was
expected based on the theoretical calculation. This was explained as a result of
the topmost tubes getting removed in the overlapping cases [69]. However, the
sparsely populated deposition may also indicate that a significant fraction of the
deposited CNTs detached in response to the contact line, although the high degree
of coordinated alignment among the remaining species suggests that their model is
otherwise valid.



Chapter 6

AFM analysis of particle detachment

Atomic force microscope (AFM) is utilized as the key quantitative imaging technique
in our works. While traditionally seen as something of a niche instrument, the
ever-growing variety of imaging modes and availability of affordable, easy-to-use
commercial systems is rapidly turning AFM into a mainstream microscopy technique.
Here, only a brief introduction to the technique will be provided; the main emphasis
will be on the image analysis technique we have developed that features heavily in
our works.

The main advantage of AFM over almost every other AFM technique (save
for transmission electron microscopy, TEM) is superior resolution, particularly in
the vertical direction. This is of particular interest for our carbon nanotube samples,
where the thin CNTs can be detected, and their thicknesses estimated using AFM.
The vertical resolution of AFM is very high, down to one angstrom, while the lateral
resolution depends on the details of the probe and the surface structure and is
typically in the range of tens of nanometers; even atomic resolution can be achieved
with contemporary, commercial instruments on well-defined surfaces such as mica.
Compared to electron microscopy, AFM is a completely ambient technique that does
not require the surface to be conductive. As a result, preparation of the measurement
and the sample is much easier.

The biggest drawback of AFM technique is its slow speed. Given the mechanical
nature of the imaging process, increasing the scanning rate too much will greatly de-
teriorate the image quality. The image area is also limited, and capturing large images
relevant to our work with sufficiently high resolution imposes strict requirements for
imaging time. Each frame in AFM takes much longer than imaging the same area
with scanning electron microscope (SEM), however the vertical height information
can only be directly inferred in AFM, and there is no concern of the sample surface
being affected by the imaging beam.
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6.1 Introduction to atomic force microscopy

Atomic force microscope is a scanning-type microscopy technique that is used to
study the topographic features of sample surfaces. Alternatively known as scanning
force microscope (SFM), it is one of the chief subcategories of scanning probe mi-
croscopy (SPM), others being scanning tunneling microscope (STM) and scanning
near-field optical microscope (SNOM). SPM techniques were invented in the early
1980’s, starting with STM in 1981, and then the AFM in 1986, the same year Gerd
Binnig and Heinrich Rohrer were awarded a half of the Nobel prize for inventing the
STM [88].

In the SPM techniques, a nanometer-scale probe is dragged along the sample
surface in a predesignated pattern, so that a specific interaction between the probe
and the sample surface can be measured at each point. In STM, the interaction is
the tunneling currently brought about by a potential difference applied between the
conductive probe and a conductive sample. In AFM, the interaction is mechanical
in nature; the surface forces (chiefly, the van der Waals force) will either attract or
repulse the probe.

In a practical AFM (Fig.[6.I), the probe is a micron-scale cantilever equipped
with a sharp nanometer-scale tip that closely tracks the surface topography. A feed-
back system is used to maintain the interaction between the probe and the surface
constant during scanning. This translates into recording the surface topography from

Detector and
Feedback

Electronics

Photodiode

’ Laser

Cantilever & Tip

Sample Surface =

.PZT Scanner

FIGURE 6.1 Schematic of a typical AFM apparatus utilizing sample actuation and laser
beam for the cantilever deflection measurement.
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the corrective motions of the cantilever assembly, achieved through the means of
piezoelectric actuation. Deflection of the cantilever beam is a relative measure of
the force it experiences at any given time, and the vertical piezoactuator strives to
maintain it constant. The deflection is typically measured through the means of a
laser beam reflected from the cantilever back onto a position-sensitive photodetector.
Piezoactuation is also utilized to realize the lateral scanning motion of the tip relative
to the sample. Depending on the construction, either the tip or the sample may move,
and the piezos for the vertical and lateral motions may be integrated or decoupled
from one another.

Atomic force microscopy is in itself also an umbrella term for a variety of
related techniques referred as imaging modes. Commercial instruments generally
support a wide range of AFM modes, as well as STM. The method described so
far is the contact mode AFM, which is nowadays rarely used. The most common,
contemporary topographic imaging mode is the so called intermittent contact mode.
In this mode, the cantilever is driven to oscillate near its resonance frequency, with
the oscillation amplitude selected so that the tip merely taps the surface at the lower
turning point of the oscillation[] In this case, the laser deflection scheme is utilized to
measure the root-mean square (RMS) amplitude of the damped oscillation, which
is used as the feedback signal. The RMS amplitude is kept constant by lifting or
lowering the oscillating cantilever, and the topographic data is again inferred from
these motions; the drive frequency and amplitude generally remain fixed.

Other than the surface topography, additional information can be inferred
from the RMS amplitude signal that is otherwise constant but has a sharp feature
whenever the feedback system adjusts scanner level. Therefore, all edges and other
discontinuities are clearly visible in the amplitude signal. Furthermore, the phase
of the cantilever oscillation relative to that of the drive signal can also be mapped,
and provides information on the damping (e.g. mechanical properties of the sample
surface) but is in practice often subject to severe disturbances.

In our work, all AFM measurements have been carried out in intermittent
contact mode. In the original papers [49,51], two AFM instruments by Digital Instru-
ments utilizing a Dimension3100 -type microscope stage have been utilized. In the
most recent work, these instruments were upgraded to a Bruker Dimension Icon. This
system features a better overall image quality with a closed-loop scanner imaging
scheme that allows for larger individual images to be recorded with fewer artifacts.
This simplifies the image analysis because we no longer need to worry about overlap
between individual images when only a single frame is imaged per sample.

IThe benefit of this approach is that the tip-surface interaction is much smaller than in full contact
imaging, where the probe is dragged along the surface. This allows much more delicate samples
to be probed. For CNT depositions, our practical experience suggests that the surface particles are
rarely mobilized by the tip; this can be established by consecutive imaging of the same location
on the deposition for several frames. Although the interaction force can still be substantial in the
intermittent contact mode, the contact is very brief with the cantilever resonance frequency in the
order of ~ 100 kHz.
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The most important characteristics of AFM cantilevers are their resonance
frequency fy and force constant £. In our latest work, imaging was carried out with
series HQ:NSC14 (fy = 160 kHz, k = 5N/m) and HQ:NSC15 (f, = 325kHz, k = 40 N/m)
commercial silicon probes by umasch. These are typical values for intermittent contact
mode probes. In general, good tracking of the surface is desired for high-quality
image, while the interaction between the probe and the surface should be minimized.
This requires careful optimization of the the imaging parameters (amplitude setpoint
& feedback gains). The tracking is also affected by the lateral velocity of the tip: the
scan rate was selected so that the tip velocity remained below 10 rm/s,

6.2 Quantitative image analysis methodology

I will now describe the image analysis methodology we utilized for our AFM data.
The refined process outlined here applies for our most recent work [50]; for our earlier
study, some of the details are different, and can be found in the online supplement of
the paper [49]. The process as a whole is presented in the flow diagram of Fig.
where the various parameter values have also been indicated.
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FIGURE 6.2 Diagram of the refined analysis process in [50]]. The analysis parameters
related to the various process steps are highlighted.
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6.2.1 Theoretical premises

Our objective is to tell apart tubular carbon nanotubes from debris particles of
irregular shape. This can be treated as a very fundamental image analysis problem:
separation of stick-like species from circular ones. Different approaches to deal with
this challenge have been developed in the fields of e.g. life sciences, but no single,
universal method exists. For our AFM data, an additional challenge exists since we
wish to compare the numbers of each particle type in images taken prior to and
following the cleaning process. In AFM, two images recorded of the same region
are not completely identical: even if the exact same region can be identified in each
image through, e.g., the presence of fixed references, there will always be a degree
of asymmetry due to gradual wear of the AFM tip. In practice, non-linearity of the
scanner will also give rise significant artifacts, such as field curvature and hysteresis,
particularly for open-loop systems.

For these reasons, identification of particles based on their exact position in
the image is difficult for AFM techniques. As such, we are limited to statistical
evaluation of the total number of particles and MWNTs in each image, from which
the detachment statistics can be inferred.

6.2.2 Image pre-processing

We used the topographical (height) images from our AFM measurements. First, the
linear background that is inherent to the AFM images was removed in the instrument
manufacturer’s analysis program (Nanoscope Analysis) with a flatten thresholding
tool (Fig. [6.3a).

The images were exported into a standard format (i.e. .bmp), and rotated as
needed so that images recorded before and after the immersion treatment on each
sample were oriented the same way. They were then cropped manually from their
original 17 um x 17 um size down to approx. 15 um x 15 pm, so that the reference
feature was eliminated and the image pairs reflected the same area. Following the
subtraction of background with the default Image] “rolling paraboloid” function
(Fig. [57]], the images were then binarized via thresholding at a fixed grayscale
cut-off value (Fig.[6.3d).

Subtracting the background completely from each image accommodates for
best consistency and image quality following the binarization. In the absence of
background subtraction, binarization with a fixed value good for one frame lead to
salt-and-pepper type pixel noise in another one that corrupted the results. However,
using a fixed background subtraction and thresholding parameters has the drawback
that thin, faint CN'Ts may become fragmented in the process due to lacking contrast
with the background, since the values must be made appropriate for each image
frame with varying backgrounds.
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8

FIGURE 6.3 Image preprocessing and analysis procedure for calculating the number
of particles in an AFM frame. (a) The original AFM image with the intrinsic linear
background flattened; (b) background fully subtracted; (c) thresholded binary image;
(d) result of the particle count. Example taken from [49].

6.2.3 Identification of CNTs

CNTs were identified among the particles by their tubular shape, with characteriza-
tion based on geometric parameters tabulated via image moments [40]. In principle,
the process entails characterizing each particle by its area, eccentricity, orientation
angle and long and short axes lengths, by approximating them as ellipsoids. While
the eccentricity (aspect ratio) is the most important individual parameter in this
respect, it does not guarantee a sufficiently exclusive condition alone. Together with
aspect ratio, we also utilize particle’s area and the length of long axis to filter out very
small species that are irrelevant as CNTs. The angle data is not very useful in the
segmentation process, but can be used independently to study the tube orientation.

The binary images (Fig. are thus given to a segmentation plug-in that
maps each of these parameters into figures with magnitudes represented as gray
scale values on each object. These figures can be binarized with appropriate threshold
values, and the resulting binaries are then combined via pixelwise AND-operations.
This results in exclusion of non-tubular species from the image frame (Fig. [6.4d),
which we then take to accurately represent the CNTs within the region.
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FIGURE 6.4 Tabulating the number of CNTs in an AFM frame; segmentation and

subsequent binarization of image[6.3c| with respect to (a) aspect ratio, (b) long axis and
(c) surface area, respectively. (d) The combined binary, formed via pixelwise AND-

operations from the previous images. (e) Particle count result.
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6.2.4 Particle & orientation analysis

The Image] particle analyzer is used to calculate the number of particles from the final
binaries (e.g. Figs. &[6.4d). At this point, we opt to impose a hard lower limit for
the size of the objects to be incorporated in the count, to ensure that intrinsic artifacts
such as surface roughness or pixel noise sometimes evident on the non-segmented
binaries due to imperfect subtraction of the background does not affect the analysis.
Consequentially, our analysis is thus valid only down to a certain minimum particle
size.

We chose this cut-off value to be 5 pxl for our cropped AFM images sized
678 pxl x 678 pxl. It equals an effective particle radius of about 28 nm in real-world
units. Considering that substantial broadening is brought about by the tip convolu-
tion effect at these scales, the true minimum radius for a particle to be included in
the analysis is smaller than this. To that end, this is an acceptable condition, since the
presence of individual particles this small is unlikely to be a significant hindrance for
most applications.

Particle count results for the non-segmented and segmented binaries are show
in Figures & for our example frame, respectively. We obtain the number of
all particles in the frame from the non-segmented image, and that of the CNTs from
the segmented one. We repeat the same process for both frames captured prior to
and following the purification process. For each sample, we then compare the total
numbers obtained this way to evaluate the detachment fractions for CNTs and debris
particles.

The orientation-dependent detachment of carbon nanotubes can be investigated
by utilizing the image moments to define the orientation of their major axes. This
was done in our second work [49]]; by manually comparing the segmented images
taken before and after the cleaning process, detached carbon nanotubes are identified,
and their orientation angles acquired from the pre-immersion data. We can then
present the relative fraction of CNT detachment for as a function of tube orientation.
Given that only the orientations measured from the pre-immersion images are then
considered, we do not need to be concerned of indeterminacy of the orientation
angles in before and after data that makes direct comparison of the orientation
statistics problematic. However, care needs to be taken to take into account the initial
orientation distribution of the depositions as a whole, because if there exists preferred
orientation due to the spin coating [75], the detachment statistics tend to become
skewed in favor of this direction.

6.2.5 Correction of image artifacts

A common type of image artifacts in AFM images is horizontal disturbance that arises
from poor tracking of the surface. The tip is dragged in a raster pattern where the
horizontal direction in the image is the fast-scan direction and the vertical direction
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FIGURE 6.5 An example of our approach for the elimination of horizontal disturbance:
(a) the original binarized image; (b) output of the hit-and-miss analysis; (c) refined
binary.

is the slow-scan direction. In the vertical, slow-scan direction, the tip may sometimes
momentarily lose contact with the surface as a result of e.g. encountering a sharp
irregularity even if the tracking appears good in the fast-scan direction. What results
is a horizontal line defect where the pixels appear much higher than they are in
reality. Proper contact is then typically retaining for the following line if the overall
tracking is good.

We wanted to find a way to eliminate this type of disturbance from our images,
given that it may occasionally take place even if the imaging parameters are opti-
mized appropriately, and we cannot afford to increase the imaging time limitlessly.
We accomplished this with hit-and-miss algorithm that we implemented as a separate
Image] plugin (Fig.[6.5). It is a transform with a kernel that looks for horizontal lines
in the binary, and compiles them as a separate image that can then be subtracted
from the original binary. The thickness of the lines and their minimum length can be
specified.

The major advantage of this approach compared to, for example, averaging of
defective lines by their neighbors, is that it does not generally lead to fragmentation of
carbon nanotubes, since the local thickness of the disturbance as it intersects a carbon
nanotube is greater than unity. This process takes place following the binarization of
the original AFM image (Fig.[6.3d). As such, it has effect on all the subsequent images.
The drawback of this technique is that it may also give rise fragmentation of thin
tubes that happen to be oriented horizontally. This can be inhibited by specifying a
sufficiently large value for the minimum line length, but then the sensitivity to find
genuine disturbance also suffers.
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6.2.6 Caveats & limitations

I'll conclude with a brief discussion on the limitations of the analysis process as we
utilize it at the time of writing this. The quality of the analysis can be discussed in
terms of two quantities, precision and determinacy. The concept of precision, i.e.
every particle is correctly categorized as a carbon nanotube or a particle, is non-
exact in nature given that the identification is based on the geometric shape of the
species that is always subject to interpretation. Determinacy or the analysis, i.e. the
requirement that particles are classified systematically both prior to and following
the immersion treatment, can however be evaluated in exact terms.

Technical limitations of the AFM result in particle shapes changing slightly
in consecutive images. Compared to the original image, a degree of broadening is
always expect in the features of the after-frame due to gradual wear of the tip, even
if it is not changed. In addition, better tracking can generally be obtained in the
post-immersion frames, since the initial image frames contain much more rough
debris. Such topological differences lead to considerable indeterminacy between
the images, even though utilizing the long axis as an additional condition for the
segmentation process eases the problem.

Particularly, short tubules frequently exhibit indeterministic behavior in the
analysis since their tabulated aspect ratio is greatly affected by the local imaging
conditions, and given that they are of little practical interest it makes sense to always
classify them as particles. We thus chose a long axis value of 5 as a low-end cut-off
for the carbon nanotubes for this analysis. It corresponds to about 110 nm in real-
world units, a rather lenient constraint, although this should not be taken as an exact
measure of the tube length.

Fragmentation of carbon nanotubes in the binarization phase may take place
as a consequence of improper subtraction of the background, and these instances
are relatively common in the pre-immersion AFM data where the large particles
tend to “shadow” neighbouring CNTs. This generally results in inflation of tube
detachment in the immersion process, but the effect to the analysis is unpredictable
because individual CNTs may break into several segments of different lengths. The
number of these instances can be reduced by ensuring that the linear background
intrinsic to the AFM images is properly thresholded away, but the thinnest CNTs are
still vulnerable to fragmentation in the thresholding step. Inflation of the number of
CNTs due to these fragments can be mitigated by appropriate choice of the long axis
threshold value, but even then the fragmentation of tubes remains a significant factor
that probably exaggerates the detachment of CNTs in our experiment.

Selection of the analysis parameters is non-exact. In particular, the cut-off for the
particle size is largely arbitrary, and changing it tends to affect the overall detachment
fractions. There is no definite way to choose its value, because smallest species
include both genuine particles from the deposition, and artifacts such as surface
features. Shifting of the recorded before and after frames with respect to one another
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causes some additional indeterminacy because the exact same set of particles may
not show in the image even after cropping them, but this problem is largely mitigated
by imaging an individual, large frame rather than a patchwork of several small ones.

Finally, there are also cases where overlapping features cause indeterminacy.
Overlapping carbon nanotubes, or tubes and particles, cannot be properly identified
individually in our simple analysis, and are typically counted as a debris particle.
Indeterminacy may arise when the overlapping object is removed in the purification
treatment while the underlying tube is retained, and then correctly identified in the
post-immersion data. Particularly in dense depositions relevant to our final study [50],
CNTs frequently overlap, and are thus unable to be resolved in the analysis. As a
result, some frames may even exhibit apparent increase in the number of CNTs
following the immersion.
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Chapter 7

Applications of the cleaning technique

I will conclude my presentation with an overview on the possible applications of
our cleaning technique. At the moment, the scope utilizing mobile liquid interfaces
for improving the quality of CNT samples is primarily limited to small-scale, in-situ
applications that can be carried out by the end-user in laboratory; although the
method is, in principle, fully scalable in the production of clean CNT depositions
bound on silicon surfaces, its inherent on-chip nature makes it is difficult to adapt for
the purposes of industrial production of CNT materials.

In this chapter, two practical applications for the technique will be demon-
strated: the first one deals with Raman spectroscopy of individual carbon nanotubes,
which we have already demonstrated in the second paper of this thesis [49]. Here,
also more recent, unpublished results from our collaborators will be presented. The
second application, nanomechanical measurements of individual CNTs, was also
conceptually introduced in the previous paper, and here some practical results will
be shown. Finally, I very briefly introduce the classical approach utilized in the fabri-
cation of CNT-based electronic components via lithographic methods, to point out
the potential benefits of our technique in such applications.

All of these applications showcase our technique as a method to remedy the
contamination issues present in arc-discharge MWNT materials, which at present
can be a major hindrance in efforts to investigate them with techniques specific to
individual tubes. To that end, our technique can, at large, be applied in the prepa-
ration of samples for any practical experiment where clean CNT depositions with
individual tubes are required, with the added benefit that their chemical nature is
not jeopardized.

7.1 Raman spectroscopy

As mentioned before in chapter 2, contemporary Raman techniques are able to
measure spectra from individual nanoparticles such as CNTs. In these microraman
measurements, beam spot size as small as 1 pm can be routinely achieved. For CNTs,
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it then becomes a challenge to prepare samples that contain an appreciable number of
CNTs, and yet are sufficiently clean so that no contaminants reside in the immediate
vicinity of individual tubes. This is particularly difficult for arc-discharge grown
tubes due to the ever-present debris contamination; only a handful of publications
exist on Raman spectroscopy of individual AD-MWNTs [53,86,/131], and the number
of tubes reported in these studies is limited.

With the help of our cleaning technique, clean samples with large numbers of
individual, arc-discharge grown CNTs are easily accessible for such measurements.
In our existing work [49], we already presented preliminary Raman measurements
carried out on our samples (Fig.[7.1). The discernible features of this measurement
include (a) small, or non-existing, D-peak (at 1300 — 1400 cm ™! range) associated with
the disorder of the carbon material, and (b) very profound G-peak (1500 — 1605 cm™1).
In addition, some of the preliminary spectra also showed a degree of splitting in the
G-mode. No RBM could be detected from the tubes on our samples, given the strong
response from the underlaying Si substrate.

We have since carried out these measurements with the help of our collaborators
in the Univ. of Witwatersrand in Johannesburg, South Africa. Additional spectra
measured from samples provided by us, presented in Fig.[7.2} are qualitatively similar
to the previous measurements. Both the negligible D-band and the intensity of the
G-band can be associated with high degree of crystalline integrity of the arc-discharge
grown CNTs, in comparison with the appreciably more disordered and defective
CVD-grown materials. The remarkable features of AD-CNTs, witnessed in multiple
tubes, are thus clearly highlighted.
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FIGURE 7.1 Preliminary Raman spectrum recorded of an AD-MWNT on a immersion-
cleaned sample. Signal recorded from the empty surface is also shown. An emphasis of
the G-band is shown in the inset.
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FIGURE 7.2 (a) Raman spectrum of an arc-discharge MWNT on immersion-cleaned
sample. The key features of the spectrum have been highlighted. The inset shows
an AFM image of the tube in question, affirming that no debris particles exist in its
immediate vicinity. (b, c) Additional Raman spectra recorded on samples provided
by us from different CNTs. Splitting of the G-band is apparent for each tube. Figures
courtesy of Christopher Coleman, Univ. of Witwatersrand.
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What is particularly striking in the spectra of Fig.[7.2|is however the splitting of
the G-band, which is very apparent and highly reproducible in several tubes. While
similar splitting has been witnessed in the context of arc-discharge grown multi-
walled tubes, most of the existing measurement do not show such a clear degree
of separation where the mode shows two highly distinct sub-peaks; previously,
subtle shoulder-like features have been observed aside the main band [86,131]. In
unmodified, CVD-grown MWNTs, only weak splitting is similarly seen [15}[71}97],
although in these studies it is possible that ensembles of bundled CNTs, rather than
individual fine tubes, were probed due to crowded nature of the depositions.

More distinct splitting of the MWNT G-band, reminiscent of the behavior in
SWNTs, has been generally only witnessed at low temperatures, or as a consequence
of surface-enhanced Raman conditions [39,53,131]. Although the interpretation of
G-band splitting in MWNTs is far from settled, it has been suggested that the regular
“graphitic” band that lies around 1580 cm™ rises from the outer shells of the tube.
Additional features could then indicate influence from the inner shells that might
further be subject to splitting similar to SWNTs [53,/86,131]. Our specimen thus show
promise for more detailed Raman-based investigation of these questions.

7.2 Nanomechanical characterization

Another application devised for the immersion cleaning technique involves preparing
clean CNT depositions on grooved substrates fabricated via lithographic methods.
The objective is to produce dense depositions of suspended CNTs bridging over
the grooves for the purposes of nanomechanical characterization via a combined
SEM/AFM apparatus. The main challenge here is posed by the specialized instru-
ment, where the range of motion afforded by the AFM probe is very limited compared
to a conventional AFM with a macroscopic sample stage: the size of the accessible
region is roughly 150 um from the edge of the chip. Therefore, in order to carry out
practical measurements for multiple tubes, a relatively dense deposition is required
to ensure that suspended tubes can always be found on any experimental site in a
random deposition. Normally, this would result in excessive debris contamination
with arc-discharge synthesized material, but using our approach for purification a
debris-free deposition can be obtained (Fig.[7.3).

This kind of measurements have been carried out on samples prepared by us in
the Univ. of Karlstad by our collaborator, Krister Svensson. Figure shows a CNT
bridging over an etched gap being pressed by an AFM probe. In the experiment, the
deflection of the AFM cantilever is monitored continuously during an downward-
upward cycle: the CNT is first deflected as the tip presses upon it, and then recovers
as it is withdrawn. From the deflection measurement, the force exerted on the probe
can be inferred and represented as a function of the vertical displacement, i.e. a

force-distance curve (Fig.|7.4b).
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FIGURE 7.3 SEM image of a suspended carbon nanotube deposition refined using the
immersion cleaning method on an etched trench pattern. The CNTs were manually
emphasized for clarity. The inset shows an individual crossover event.

The curve in Fig. has sudden jumps and drops, particularly during the
forward-pressing curve. These non-physical features reflect points where one end
of the tube slipped along the surface. One can see that aside from these jumps,
the continuous segments of the curve are predominantly linear, suggesting elastic
bending and consecutive recovery of the tube.

The slope of the forward curve prior to the first slip can be used to estimate the
force constant and, in turn, the Young’s modulus of the tube. Given that neither of
the tube-surface contacts has initially slipped, we may approximate the geometry as
a hollow cylindrical beam clamped from both ends. The Young’s modulus for such a

system is \
kentL
E= 1051 (7.1)
where [ = 7(D*~d%)/s4 is the bending moment for a hollow cylinder, L ~ 805nm the
length of the suspended CNT segment (as measured from the SEM image prior to
the deflection measurement), and kcnt the force constant of the CNT that can be
calculated from the slope in Fig. The slope itself is an effective force constant of

the cantilever-CNT system, k.q, that relates to kcnr as

keff

kefr ’

ktip

kent = (7.2)

where the force constant of the cantilever (k, ~ 0.8 N/m) can be acquired via calibra-
tion curve recorded against hard surface. Taking keg ~ 0.4 N/m from the slope of Fig.
this yields ket & 0.6 N/m. In eq. the outer (D ~ 16.4nm) diameter of the
tube was acquired from close-up SEM micrographs of the suspended tube, while
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FIGURE 7.4 (a) Scanning electron micrograph of a suspended carbon nanotube under
shear stress exerted by the AFM probe. Manual dashed emphasis added to the CNT for
clarity. (b) The force-distance curve recorded during the experiment. Images courtesy
of Krister Svensson, Univ. of Karlstad.

the inner diameter d that is very difficult to extract from SEM data was ignored (i.e.
D* — d* =~ D%); the result E ~ 470 GPa is thus a lower-limit estimation. In addition, it
should be noted that the values of L and D are furthermore subject to a high degree
of uncertainty from the SEM estimation, and E is strongly dependent on their exact
values as well.

Given the slipping of the adhesion points, the data in fig. also contains
information about the tube-substrate adhesion. In the force curve, one can see that
the first slip during the forward curve occurs at about 10nN pressing force. This cor-
responds to a much higher tension force along the CNT due to the contact geometry;
the value is dependent on the contact area between the tube and the surface. For the
purposes of estimating the adhesion force, the diameter of the tube should be known
accurately. To this end, one needs to be aware that the tubes may collapse as a result
of the surface forces, i.e. their cross-sectional shape may flatten to elliptic, with height
lower than the lateral width. This may have a significant impact on the adhesion.

The drawback of our technique in the context of such measurements is that
with increasing width of the groove, CNTs seem to become more likely to detach,
and even around 300 nm gap width the density of crossover tubes falls radically. As a
result, reasonable number of measurements can only be obtained at relatively thin
groove widths that limits the maximum curvature attainable in the experiment.

Similar experiments have been reported before for measurement of the bending
stiffness of CNTs under increasing load . In such measurements, two regimes
of stiffness have been observed, where the tube first retains its crystalline integrity at
low curvature, but ultimately suffers a failure at higher curvatures [60]. The point
of failure signifies a transition to a rippled or buckled state, where the stiffness of
the tube suddenly falls radically [62]. The specifics of the process depend on the
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dimensions and crystallinity of the tube as well as the number of walls; therefore,
arc-discharge grown multiwalled tubes make particularly interesting specimen for
these trials given their high crystalline integrity [61].

7.3 Individual CNTs in electronics

The use of CNTs in electronic components is generally regarded as one of their most
potent future applications. Based on the simple CNT-FET design that was introduced
in chapter 2, the potential of individual CNTs as memory components [100] and
biosensors [125] is well-demonstrated. More refined applications include logical gates,
optoelectronics and oscillator devices [7]. For the purposes of electronic applications,
the cleanliness of the carbon nanotube deposition is of utmost importance since even
a minute amount of contamination would quickly degrade the device performance
in large-scale manufacturing.

These troubles are also well-illustrated in laboratory-scale fabrication of indi-
vidual CNT-FET structures for electric transport measurements; the basic fabrication
process, based on electron beam lithography and metal evaporation, is illustrated in
Fig. First, the individual CNTs must be located on the sample surface. Usually,
AFM, rather than SEM, is used, since the superior resolution accommodated by
atomic force microscopy also allows for the evaluation tube diameters and lengths,
as well as their overall quality. The AFM mapping is then utilized to design the
electrode structure (Fig.[7.6a), which is fabricated lithographically. Figure shows
an AFM image of a complete two-probe device.

If the CNT deposition utilized in the fabrication process is populated by debris
contamination, the irregular micron-scale particulates may threaten the integrity of
the evaporated contact electrodes whose thickness is limited to some tens of microns.
Since the line-widths of these contacts can be down to a few hundred nanometers,
their fabrication is very susceptible to obstruction by surface particles. Furthermore,
given that only a small part of the sample surface can ever be fully investigated in
AFM, it is impossible to be aware of the contamination outside the imaging area. If
such CNT-debris is sufficiently dense at the locale of several electrodes, incidental
short-circuiting may take place. Finally, debris contamination is also a practical
nuisance during the AFM imaging step, because on one it hand slows down the
imaging process by making the surface more difficult to track, and on the other the
tip wear increases due to greater surface roughness.

Given the simplicity of our cleaning technique, it provides an easy method to
eliminate these issues, especially on arc-discharge grown CNT depositions where the
carbonaceous debris contamination is a persistent issue. Again, we may appreciate
the fact that no chemical modification of the CNTs is necessary at any point, which
guarantees the preservation of their intrinsic electrical properties.



114

CNT

(a) CNTs deposition

h
v

<«—— 950 PMMA A2
< 495 PMMA A3

(b) PMMA coating

v l l u () Lift-off and cleaning
(c) E-beam exposure
[ ] =N
; e

(d) Development (e) Metal evaporation

FIGURE 7.5 The fabrication process of a practical CNT-FET on thermal SiO, substrates:
(a) CNT deposition and AFM mapping; (b) spin coating of a bilayer PMMA e-beam
resist; (c) e-beam exposure; (d) development — the exposed regions are dissolved; (e)
evaporation of metal layer; (f) lift-off — excess resist dissolved. Figures courtesy of
Peerapong Youtprayoonsak, used with permission.
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FIGURE 7.6 (a) Contact electrode structure designed on a CNT sample based on AFM
imaging: black crosses = pre-fabricated AFM references; black lines = approximate
positions of the CNTs; green lines = the designed contact electrodes; blue lines =
electrodes pre-fabricated as a part of the reference structure. (b) Close-up AFM image
of a completed CNT-FET device.



Chapter 8

Conclusions

The work described in this thesis concerns the interactions of liquid interfaces with
carbon-based nanoparticle matter, particularly spincoated carbon nanotube (CNT)
depositions. The main objective of this thesis has been the development of a novel
method for on-chip purification of arc-discharge grown carbon nanotubes, that are
natively ridden with irregular, carbonaceous debris. This approach takes advantage
of the interfacial interactions (surface tension) between the mobile three-phase contact
line of liquid progressing along the sample surface, and the pre-deposited carbon
nanotube matter. Given the vastly superior adhesion of the carbon nanotubes relative
to the irregular debris, the tubes are generally retained on the surface while the debris
is largely captured onto the propagating interface. The main benefit of this technique
compared to other cleaning processes of CNTs is that the intrinsic chemical features
of the CNTs can be fully preserved. Hydrophilic pre-treatment of the silicon substrate
is, however, found essential in our experiments.

The first paper incorporated in the thesis dealt with the spreading of sessile
water drops on CNT depositions. In this work, an annular depletion was realized
following a spontaneous spreading process. Microscopy techniques confirmed that
the depletion is due to vacation of irregular debris from the affected, ring-like area,
while a large number of CNTs remain. Comparison of annular dimensions against the
dynamic spreading curves confirms that the perimeter of the annulus correlates with
the end-point of the drop-spreading, suggesting that the depletion effect is strictly
due to a physical interaction at the interface of the spreading droplet. This gives rise
a radially enhancing depletion effect that is most intense close to the outer annular
perimeter, corresponding to deceleration of the contact line.

Experiments with compound droplets consisting of dilute isopropyl alcohol
solutions lead to overall narrower drops, i.e. higher contact angles, with annuli that
were both narrower and thinner. Together with changes in the fine-structure of the
annuli, it is thus implied that improved detergency of the alcohol solution lead to
stronger initial particle detachment, and faster subsequent pinning of the contact line
due to the detached particles accruing there.

These finding motivated our second study, where we introduced the immersion
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purification concept for practical CNT samples. Liquid contact line sweeping over the
entire sample surface gave rise a substantial and uniform cleaning effect as visualized
optically. We used comparative atomic force microscopy (AFM) to infer the number of
debris particles and carbon nanotubes on the sample surfaces prior to and following
the immersion process. For this purpose, a dedicated segmentation and analysis
process was developed, which was thoroughly discussed in its own chapter.

We found that our cleaning process provides effective means for selective
detachment of irregular debris from the arc-discharge synthesized CNT material
deposited via spin coating. The detachment fractions for carbon nanotubes were
on average down to 10 %, while about a half of the debris particles could generally
be removed. Analysis of the CNT detachment as a function of their initial angular
orientation revealed that tubes oriented parallel to the propagating interface were far
more likely to be vacated from the surface than perpendicular ones.

In our third work, we sought to deepen our understanding of the factors
influencing the cleaning process on single-particle level. For this purpose, a refined
experimental process was devised, based on a flow chamber where contamination of
the immersed sample by the detached particles or chemical residues can be avoided,
along with improvements of the AFM imaging and analysis methodology. With the
help of the methodological improvements, we found that the detachment fractions
could be improved significantly, up to 90 % for the debris particles, although the
detachment of CNTs also increased substantially. In addition, we were now able to
confirm a correlation between the detachment and velocity of the liquid interface,
which could not be witnessed in the previous work.

Thanks to the refined methodology, we were also able to carry out experiments
in ionic and acidic immersion solutions without excessive contamination issues.
These experiments show that the effects of the solution chemistry are very limited, at
least in the context of existing detachment and retention studies of CNTs reported
for bulk liquid environments; to the detachment process at the air-liquid interface,
physical interactions dominate the behavior. Furthermore, additional trials were
made with with double-walled carbon nanotube material grown with the chemi-
cal vapor deposition (CVD) method. In the experiment, depositions based on the
CVD-tubes behaved qualitatively similar to the arc-discharge synthesized ones. The
extent of CNT detachment was however greater than anticipated, which we believe
to be related to strong cohesive interactions and interconnectedness among these
appreciable longer and more flexible tubes.

The theoretical interpretation of the detachment process was given in the context
of an existing model developed for interfacial detachment of spherical microcolloids
due to the surface tension force. In addition, the role of the elastic shear force resulting
from deformation of the contact line in the immediate vicinity of an adhered particle
was discussed. Particle adhesion is best described through the so-called DLVO-theory,
that combines retarded van der Waals molecular adhesion with screening due to
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electrostatic double layer in an electrolyte solution. We find that the essential feature
of our experiments, selectivity of the detachment to irregular debris particles, can
be qualitatively understood based on this model, although quantitative applica-
bility to nanoscale species such as CNTs raises many questions. Furthermore, the
velocity dependence verified in our last paper is in general agreement with existing
experimental works on the microspheres.

Finally, we introduced some concrete applications for CNT samples purified
through our technique, which benefit from its chemically inactive nature. These
applications (microraman measurements of individual CNTs & nanomechanical
experiments of suspended tubes) were introduced as a part of our second paper, and
some additional results from our collaborators have been presented in this thesis.
With such potential use, the liquid interface cleaning technique holds promise as
means to remedy the contamination problem ever-present in arc-discharge grown
CNTs, for the benefit of top-down, on-chip applications.
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