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CHAPTER 1

Introduction

Although water is the most widely distributed liquid on earth, and the most directly in-
volved in a wide range of phenomena, whether natural (e.g. biological, geological, clima-
tological) or artificial (e.g. hydropower, turbines, synthesis of chemicals and materials, hy-
giene, etc.), contemporary science has yet to explain all its physicochemical characteristics.
It has to be said that it has unique properties: the density of its solid forms is lower than
that of its liquid state, it has numerous crystallized and amorphous solid phases, it has a
very high dielectric constant, it can solvate large quantities of salts and liquids, including
those that are not very polar, and it is highly absorbent in several frequency ranges (mainly
microwaves, infrared (IR), and ultraviolet (UV)). Water is therefore still the subject of deep
fundamental studies. As Philipp Ball wrote in 2000 in the introduction to his book "H,O:
a biography of Water" (ed. Weidenfeld & Nicolson): “the extent to which water remains a sci-
entific mystery is extraordinary, despite its prevalence and central importance on Earth. Whether
one considers its role in biology, its place in the physical world (where it refuses to obey the usual
rules of liquids), or its deceptively simple structure, there is still no complete answer to the question:
what is water?”. And since then, much has been discovered about water. These include the
announcement in 2016 of the existence of a second liquid phase[1] and in 2017 of a second
critical point in its supercooled state[2].

To all the remaining "mysteries" of bulk water, we must add all those that will be discovered
when water is no longer studied and used as a material made up of billions of molecules
occupying a three-dimensional volume as little as a few nanolitres, but when it is confined
in spaces where at least one dimension is about one nanometer. Numerous studies have
already been carried out under such conditions, and it has soon become apparent that water
confined on the nanoscopic scale could exhibit properties that do not correspond to those
explicable by the equations of continuum physics[3]].

This calls for new representations in which it becomes necessary to consider physics at
molecular scales, i.e. the physics of matter made up of discrete entities, where interactions
with the wall of the “nano-container” and its geometry turn out to be factors that predom-
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inantly influence physicochemical properties. As an example, it is well known that, under
atmospheric pressure, the solid-solid or solid-liquid transitions of water confined in nano-
metric porosities can be higher or lower than that of bulk water[4, 5, 6].

Understanding these new properties is essential not only for reasons of fundamental physics,
but also for practical reasons: in many natural or artificial systems, water is confined in
nanometric spaces, and its characteristics and properties are therefore modified, particu-
larly those relating to the spatial organization and dynamics of its molecules. These two
particular issues play a major role in water’s ability to flow, transporting with it or not the
molecules or ions it has solvated.

We are referring here to a relatively recent field of fundamental research known as nanoflu-
idics [7], whose applications include the study of the transport of water and aqueous elec-
trolytes through i) biological transmembrane channels such as aquaporins or ion channels
(to understand the origin of cellular dysfunction and then propose therapeutic solutions)[8],
ii) artificial nanoporous membranes developed for nanofiltration (to desalinate seawater or
produce so-called blue energy)[9, [10] or iii) natural or non-natural nanoporous materials
such as clays, zeolites or silicas (to absorb and retain radioactive waste, for instance).

It is, therefore, straightforward to understand why, for both fundamental and applied issues,
water nanofluidic is a subject of great interest. Today, constant progress being made in the
tields of nanotechnology and experimental nanoscience, alongside those in theoretical stud-
ies based on new analytical models or numerical calculations, is opening up more and more
opportunities to investigate water at the nanoscale and hence to deepen our knowledge, to
discover new physicochemical properties as well as to broaden or improve the practical us-
ages/applications. It has to be said, however, that the experimental difficulties encountered
when trying to study the behavior of single nanometric objects mean that more theoretical
than experimental work has been so far reported in the literature. A vast field of experi-
mental studies, therefore, remains largely to be explored and are requested to support or
not the outcomes of theoretical work. Permanent cyclic feedback between experimental and
theoretical data is more than necessary.

The project of my Ph.D. is fully in line with the research focus on water nanofluidics and
aims to address a number of experimental challenges, in particular, that of i) isolating and
manipulating a single “nano-container” in which water can be confined, ii) controlling the
environment in which it is located, and finally, iii) developing reliable physical measure-
ments to characterize both the behavior of the confined water molecules and on the other
hand the impact of the confined water molecules on the physicochemical properties of the
“nano-container”. Once these terms are established, we still need to define the object of
study, i.e. the porous nanostructure capable of confining water, and to build the experimen-
tal models we intend to use to achieve our stated objectives, i.e. to understand the organi-
zation of water molecules and their dynamics once they are confined in the nano-container.
However, it must be kept in mind that at the scale of a single porous nanoscopic object, it is
difficult to obtain direct information on how the matter confined within it behaves. In other
words, it is hard to see exactly what is going on inside. One of the ways to date is to study
the effects induced by the presence of the confined matter on the nanoobject’s properties.
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In order to access the required information with the minimum of hindrance and difficulty,
the nanostructure we wish to study must above all be the one whose geometrical charac-
teristics are well-defined and quite simple, and whose physicochemical properties are as
well-known as possible. Also, it must be the one we could most easily dispose of and ma-
nipulate. The team in which this thesis was carried out has recognized expertise in the
synthesis of single-walled carbon nanotubes (SWCNT) isolated on Si or SiO; substrate by
means of Chemical Vapor Deposition (CVD). It has also developed several protocols for
transferring this type of nanotube into p-devices, which can be considered as Lab-on-Chip.
Furthermore, it has already optimized several optical, electrical, and mechanical measure-
ment platforms adapted to CNT characterization. For all these reasons, and many others
linked to their unique properties, SWCNTs naturally appeared to be the nanostructure of
choice for our study.

In order to meet our objectives, we thus decided to:

i) develop a protocol specifically designed to impose a controlled environment of liquid wa-
ter or partial water pressure on a sealed u-device that could be used in different types of
measurement platforms/Lab-on-Chip and,

ii) use electrical measurements to study the behavior of a field-effect p-transistor (FET),
whose channel is an open or closed SWCNT, subjected to several possible environments:
ambient air, different vacuum levels at ambient or elevated temperatures, different partial
pressures of water and liquid water.

The manuscript is divided into two main parts as follows. The first part concerns the state
of the art. It is made of three chapters that deal with "Water confinement at the nanoscale",
"Manufacturing of a sealed Micro/ Nanofluidic device", and "CNT, CNTFET, and its inter-
action with water", respectively.

The second part reports the most representative results obtained in our studies. First, in
chapter 5, we present the performance of the y-devices designed and built to validate a pro-
tocol for manufacturing sealed p-nanofluidic devices with which experiments can be carried
out under a controlled atmosphere. Then in chapter 6| we account for the data obtained on
our CNTFET subjected to various environments or thermal treatments. Enormous diversity
can be observed for as-grown CNTs such as the number of walls, bundles, and metallicity,
thus we showed that it is essential to identify CNT properly in order to interpret data.

This manuscript ends with a general conclusion and a presentation of the prospects opened
up by our work. To keep the text as easily readable as possible, we have chosen to describe
in detail the methods used throughout our research in the appendixes at the end of the
document. This includes "CNTFET device fabrication protocols" and "Small diameter CNTs
synthesis via CVD".
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CHAPTER 2

Water confinement at the nanoscale

The term “nanoscale confinement” describes the confinement of substances, such as gases,
liquids, or solids in a space with at least one dimension on the order of nanometer. Confine-
ment at this scale may result in special physicochemical properties different from those of
bulk matter .

Water is the main solvent of living organisms and also the main solvent in geology and mate-
rials science. When water is confined in the nanoscale it displays non-continuum behavior,
leading to changes in both its structural and transport characteristics. The latter refers to
the field of "nanofluidics" which has recently gained popularity, because of its application
in numerous areas, covering biology, physics, chemistry, and electronics. In this chapter,
properties of the bulk and nanoscale confined water are presented, as well as nanoscale
confinement systems, and the literature review related to studies about static and dynamic
properties of confined water in Carbon nanotubes (CNTs).

2.1 Introduction

Water presents a number of so-called anomalous properties. These anomalous properties
are mainly due to the peculiar arrangement of the water molecules, owing to the presence
of hydrogen bonds and a large dipole moment in and between molecules.

2.1.1 Description of water

Water is the most abundant substance on Earth. It covers 75% of the Earth’s surface and 65%
of our body is made up of water. Therefore, the presence of water is closely entangled with
the presence of life. Bulk water exists in all three physical states, such as solid (ice), liquid
(water), and gas (vapor). It also exists under the supercritical "state" for T > 374 °C and P
> 22 MPa that is only possible on Earth under particular geological conditions (nb: When
confined at the nanoscale, it could also exist under other T and P conditions).

97% of the surface water is saline, while only 3% is fresh water. Over two-thirds of the
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freshwater exists in the form of glaciers or ice caps. However, most of the rest of freshwater
which is unfrozen is located in groundwater, above ground, or in the air .

A water molecule consists of two hydrogen atoms attached to a single oxygen atom by
any-covalent bonds. It is a polar molecule (meaning that there is an uneven distribution
of electron density) because the oxygen atom has a higher electronegativity than a hydrogen
atom. Consequently, the oxygen atom is partially negatively charged, while hydrogen atoms
are slightly positive (Figure 2.1). To form the water molecule, an electron of the hydrogen
atom and electrons from oxygen atoms pair up into four orbitals (20 O — H bonds with
2 free pairs). In the gas phase the O — H length of 0.96 A, and the H — O — H angle is
104.5°[11]]. These parameters could be modified under confinement.

2.1.1.1 Hydrogen bond network

Intermolecular hydrogen bonds (HB) are formed between the positively charged hydrogen
atoms of one water molecule with the negatively charged oxygen atoms of nearby water
molecules. HB governs the structural and physical characteristics of the condensed phases
of water. When compared to other liquids, water has several peculiar features[12] for which
the hydrogen bond is mostly responsible as we will explain later on in the dedicated section.
When the three O — H - - - O are 109.47° and the distance to the oxygen atom of the nearby
water molecule is 0.282 nm, the HB energy is the strongest (Figure2.1). Each water molecule
in condensed phases has the ability to create four HB with nearby water molecules. These
four HB ideally organize themselves in tetrahedral around each water molecule (Figure[2.1).
If well organized over a long distance, this tetrahedral "brick" can form many different crys-
talline structures. Solid state water can also be amorphous[12].

0.282 nm

Figure 2.1: Water molecule with the schematic distribution of electrons and hydrogen bonding in the condensed
phase of the water (From [13]])



2.1.1.2 Dipole moment

Due to the important difference in electronegativity between O and H water molecule’s
dipole moment (y) is particularly high. The dipole moment is calculated as u = gr, here g is
the difference of charge, and r is the distance between the atoms. The units of the dipole
moment are usually given in Debye (D = 3.336 x 1073 Cm). Water’s electrical dipole
moment transitions from gaseous to the liquid state were examined[14]. It was observed
experimentally that the dipole moment of the condensed phase is greater than the isolated
water molecule due to environmental polarization and the effect of re-orientation[15]. The
dipole moment for an isolated water molecule is 1.855 D, whereas it increases to 2.4 D - 2.6
D for the condensed phase, according to both practical[15] and theoretical[14] observation.
Several peculiar characteristics of water, like its capacity to form hydrogen bonds and its
high dielectric constant, are due to its large dipole moment. It is a crucial characteristic that
affects a variety of physical and chemical properties, such as its density, melting and boiling
points, the capacity to solubilize even weakly polar molecules, and its reactivity with other
molecules.

2.1.1.3 Water anomalous behavior

Water possesses a number of anomalous characteristics that make it unique compared to
other liquids. These anomalous qualities are mainly due to HB. For instance, ice floats be-
cause hydrogen bonds keep water molecules further apart in a solid than in a liquid, where
there are statistically fewer hydrogen bonds between each molecule. The unique physical
characteristics of water, such as its high heat of vaporization, high specific heat capacity, and
almost universal solvent qualities, are also a result of HB and polarity. As water has a high
specific heat capacity, it can absorb and retain a lot of heat. Its high heat of vaporization
means that converting liquid water into water vapor requires a significant amount of en-
ergy (Avaph® ~ 44kJmol™!). Due to its high surface tension, it can stick together in drops
and form a meniscus inside a small tube. The ability of water to pass through small channels
by capillarity depends on this feature. Due to its high dielectric constant and small molecu-
lar size, water is a very efficient solvent, especially for polar and ionic compounds. One of
the other anomalous properties of water is that despite its low molecular weight water has a
high boiling temperature. This high melting and boiling temperature are caused by the fact
that breaking of HB network requires a significant amount of energy. That is directly related
to the value of the Ay.,h%. A further distinctive characteristic of water brought about by
hydrogen bonds is its non-miscibility with carbon and hydrogen apolar compounds. This
feature plays a crucial role in the structure of living cell membranes.

2.1.2 Uniqueness of water

The ubiquitous characteristics of bulk and confined water have numerous applications in
a wide range of fields. When confined in nanocavities, i.e. pores, tubes, slits, water can
exhibit physical properties significantly different than those of bulk water and thus be of
great interest.

Whether confined at the nanoscale or not, water is used in desalination processes using
reverse osmosis, electrodialysis, and capacitive deionization principles[16]. It can also be
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used for energy storage applications in batteries and supercapacitors[9, 10] as well as to
encapsulate drugs in nano vectors such as carbon- or silica-based nanostructures[17, [18].

2.2 Effect of confinement at the nanoscale

The presence of water molecules inside a nano-volume cavity is referred to as the nanoscale
confinement of water. Because of the interactions between water molecules and the surface
of its "nano-container" can exhibit distinct properties and behavior when compared to bulk
water. Water molecules in nanoporous materials can, for example, experience a change in
the number of HB networks and structures resulting in an altered diffusion coefficient and
in the vanishing of its dielectric constant, diffusion coefficient, and its ability to solvate ion.
These properties can make nanoscale water confinement useful for a variety of applications
such as water purification, desalination, and energy conversion. Controlling the interactions
between water molecules and the confining materials (hydrophilic or hydrophobic) is one
of the challenges to controlling the properties of water confined at the nanoscale.

2.2.1 From continuum to non-continuum description

0.1 nm 1nm 10 nm 100 nm
| = i —
=
 Water8 ons :
: Debye Length
| Slip Length

Single-Walled CNT Diameter

Single-Digit Nanopore (SDNs)
Figure 2.2: Length scales for nanofluidics (From [19])

It is basically considered that, in cavities whose dimensions exceed 1 nm, water can be
treated as a continuum medium, whose properties such as density, viscosity, and pressure[20]
can be understood based on "macroscopic” physics. This approach is often utilized in fluid
mechanics and engineering to simulate the behavior of water in large systems. However, at
smaller length scales the continuum assumption breaks down, and water has to be described
by non-continuous methods[19, [7, 3] (Figure 2.2). In such cavity dimensions which are com-
parable to that of the molecules, the flow velocity of water does not obey the Naiver-Stokes
or Hagen-Poiseuille equation, since these equations do not explicitly involve the interac-
tion with the cavity surface and the corresponding slip condition. For instance, one of the
reasons that explain the conventional hydrodynamics breaks down in the smallest carbon
nanotube (CNT) pores, i.e. with diameters less than about 1 nm in diameter, is that these
pore sizes constrain the water molecules into a single file, drastically changing the HB pat-
tern compared to the structure of bulk water[21]. The non-continuous description of water
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is important for understanding the behavior of water in environments such as nano-porous
materials and transmembrane ionic channels of biological cells.

2.2.2 Boundary conditions and slip length

2.2.2.1 Boundary conditions

Boundary conditions for the confinement of water refer to the conditions that must be met
at the interface between the confined water and the cavity surface. These conditions can be
different for various types of surface and also depends on the specific geometry of the cav-
ity. For instance, “No Slip Boundary Condition” assumes that the velocity of the water at
the interface of the solid wall is zero[22]. On the contrary, the “Perfect Slip Boundary Con-
dition” assumes that the velocity of water at the surface is equal to the velocity of the water
molecules far from the wall, i.e. the water molecules move without friction[23]. “Hydropho-
bic Boundary Condition” accounts for the effect of repelling, which tends to arrange water
molecules near the surface. This can lead to a decrease in the water density near the surface
and also affect its transport properties[24]. “Hydrophilic Boundary Condition” considers
the effect of hydrophilic surfaces, which tends to attract water molecules at the surface and
to structure HB network. This can lead to an increase in the near-surface water density and
affect its transport properties[24].

Sender et al. studied the properties of water on hydrophobic and hydrophilic surfaces, fo-
cusing on the slip behavior of the molecules in the vicinity of surfaces. The authors used
molecular dynamics simulations to study the behavior of water molecules in contact with
two different materials: a hydrophobic graphite surface and a hydrophilic silica surface. It
was observed that the water molecules on the hydrophilic surface form an ordered layer
with reduced mobility and increased density compared to bulk water. The ordered layer is
separated from the bulk water by an interfacial region where water molecules exhibit slip
behavior, meaning that they have a reduced viscosity and can move more easily than in the
bulk water[24]. It was also noted that the slip behavior near the hydrophobic surface re-
sults in reduced friction and improved fluid flow, which could have significant implications
for micro- and nanofluidic applications. In conclusion, a better description of the boundary
conditions yields a more accurate prediction of the behavior of confined water.

2.2.2.2 Slip length

Nanoscale confined fluid transport is characterized by a slip length. This length accounts for
the behavior of the liquid near the surface. It can be represented as the depth penetrating
(Figure[2.3p) the solid surface of the channel at which the velocity of the fluid is zero. The
slip length is calculated as b = 1/ A, here, A is the friction coefficient, y is the fluid viscosity.
Compared to the no-slip boundary condition where the velocity of the fluid at the surface is
zero with respect to the surface, the slip length reflects that the velocity at the surface is non-
zero (Figure 2.3). An infinite slip length corresponds to the case of the frictionless surface
where b is much larger than the dimension of the channel. This case corresponds to perfect
slip limit conditions.
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Figure 2.3: Different slip conditions with their corresponding slip lengths (From [19])

2.2.3 Dielectric constant

The dielectric constant also called the relative permittivity of the material, is defined as the
product between the permittivity of the medium and the permittivity of the vacuum (i.e.
the ability of a material to store electrostatic energy). For liquid bulk water, the dielectric
constant is high, i.e. 78 at room temperature, and is correlated to the number of hydrogen
bonds[25]. Although water is a polar molecule with a rather well-fixed dipole moment, its
network of hydrogen bonds tends to counterbalance the intra-molecular dipole. As a conse-
quence, the water dielectric constant depends on the number of HB per water molecule and
the structure of the network.

Therefore, the dielectric constant of confined water was predicted to be lower than that of
bulk water since the rotational freedom of the water dipole is expected to decrease near
surfaces. The dielectric constant of water confined between flat hydrophobic walls with
various distances up to 1 nm has been studied experimentally. The confinement of wa-
ter exhibits a layered structure near surfaces and formed an ordered phase under ambient
conditions. Such order is expected to show low polarizability due to the surface-induced
alignment of water molecular dipoles, which are then difficult to realign by applying an
electric field[26], 27]. The out-of-plane dielectric constant of this water was then calculated
to be only 2.

Subsequently, Olivier et al. studied the water confined between graphene layers to explain
the decrease in the dielectric constant of water using molecular dynamic simulation (MSD).
They showed that the reduction in permittivity is not due to the interfacial alignment of
water molecules, but rather to a long-range anisotropic dipole correlation combined with an
excluded volume effect from low-dielectric confinement materials[28]].

2.2.4 Energy and entropy issues

Due to the effect of confinement, the enthalpy (average number of HB), entropy (ordering
of HB) and consequently free energy of the confined water may be different from those
of bulk water. When water is confined to a small volume, such as a nanopore, the water
molecule interacts with one another differently than in bulk water. These interactions al-
ter the enthalpy, entropy, and free energy of water molecules as well as their dynamics.
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Water is expected to exhibit a lower entropy when it is confined because of its lower de-
grees of freedom. However, Pascal et al. using MD simulation observed that the filling
of the hydrophobic carbon nanotube with moderate diameter is spontaneous and hence
counterintuitive[29]. They investigated the entropy, enthalpy, and free energy changes for
water confined in carbon nanotubes (CNTs) with diameters ranging from 0.8 nm to 2.7 nm.
Firstly, it was discovered that water confined in CNTs is more stable than in bulk. This fa-
vorable confinement of water changed with CNTs" diameter. They observed a vapor-like
phase for small diameter CNTs is stabilized by entropy; an ice-like phase for medium-sized
CNTs stabilized with enthalpy; and a bulk-like phase for CNTs larger than 1.4 nm stabilized
by increased translational entropy[29]. Consequently, it was revealed that the HB network
structure (i.e. tetrahedral in bulk water) significantly depends on the tube diameter changes
in confinement. In CNTs smaller than 0.8 nm, water loses an average of 2 HB per molecule.
In contrast, CNTs larger than 1 nm lose one HB till 1.6 nm. In general, the degree of confine-
ment and the intermolecular interactions between the water molecules and the confining
material determine the entropy and free energy of confined water.

2.3 Afew examples of water confinement at the nanoscale

The selective and fast transport of nanoscale confined water was observed naturally, in bio-
logical, geological, or artificial systems. Clays, Zeolites, and activated charcoal are examples
of natural systems for nanoscale confinement. While, metal-organic framework, synthetic
zeolites, and nanotubes are artificial systems for water confinement. Metal-organic frame-
works, zeolites, and nonporous silica can be utilized to confine and trap water molecules in
their nanopores, changing their structural characteristics[30]. On surfaces such as graphene
or in nanoscale channels or slits wettability and surface tension can be altered[31]. Water can
also be confined within nanoporous polymeric or ceramic membranes. The basic working
principle of the membranes for water desalination is based on separating water from the
salts and contaminants by selectively blocking ion transport through the pores. Here, maxi-
mizing the flow rate while retaining good pore selectivity is the major objective. Nanofiltra-
tion is also used to remove various pollutants, such as organic pollutants and heavy metal
salts[32]. To improve the efficiency of these artifical systems a better understanding of water
confinement is needed.

2.3.1 Natural systems

The nanoscale confinement of water is often observed in natural systems. For example, bio-
logical cells, clay minerals, and active charcoals. Aquaporins are biological channels found
in cell membranes that allow water to pass through while excluding other molecules. These
channels are less than 0.3 nm in diameter. Clay minerals and active charcoals have a struc-
ture that allows the adsorption of water molecules. The interlayer spacing where molecules
are adsorbed is typically less than 1 nanometer, making it an effective system for nanoscale
water confinement.
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2.3.1.1 Aquaporins (AQPs)

The movement of water within biological elements is in particular regulated by aquaporins
(AQPs), which provide a clear explanation for how our brain can absorb water, how people
can salivate, sweat, or cry, and how our kidneys can concentrate urine. With the use of X-ray
crystallography, AQPs were initially discovered in red blood cells[33]. In 2002, P. Agre et al.
discovered that these channels operate at the nanoscale with a channel dimension of about 3
A[8] (Figure . It was then shown that the permeability across these channels is selective
and transport is directed by an osmotic gradient. Furthermore, it was demonstrated that
proton transport is highly energetically favorable. They were categorized into AQP0-AQP9,
some of which are selective to solutes and are known as orthodox AQPs, while others are
known as non-orthodox AQPs (aquaglyceroporins) also permeable to ions[34]. Little polar
molecules and water have less resistance to permeating through AQPs than large molecules.
The permeability of water is also very high compared to bulk.

Murata et al. noticed that hydrophobic residues account for quick water transport[35]. In
AQPs, such rapid and selective water transport is controlled by hydrogen bonds that are
formed at the molecular level. Hydrogen binding sites at the pore entrance are thought to be
necessary for interrupting the continuous chain of HB along a single file of water molecules
in order to block proton transfer[36] (Figure[2.4b). According to molecular dynamics simula-
tions, the amount of time needed for water molecules to reorient, to break existing H-bonds,
and to create new H-bonds limits the amount of water that can move through the single-file
region[37]. As a result, it is considered that water does not move without friction across
AQPs[38].
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Figure 2.4: Aquaporins (AQPs): (a) 3D structure of the AQP1 subunit, (b) Schematic representation of the
selective water flow (From [8]])
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2.3.1.2 Clay minerals

Clays as smectites are natural minerals with unique physicochemical properties such as
high specific surface area, high cation exchange capacity, and high water-holding capac-
ity in their nanoporosities. They have been extensively studied for water confinement and
have many possible applications for various purposes such as water purification, water re-
tention, and soil remediation. The swelling behavior of clay minerals structure underwater
absorption was extensively studied. It was observed that the molecular packing of water
molecules strongly influences swelling due to their interaction with exchangeable cations.
Adapa et al. were interested in understanding the role of different cation hydration prop-
erties on the thermodynamics of clay swelling due to water adsorption[39]. They observed
that the swelling capacity and stability of clay could change significantly depending on the
exchangeable cations with hydration properties.

Caer et al. used IR femtosecond time-resolved experiments on water confined in the inter-
layer space of montmorillonite to demonstrate that its behavior differs significantly from
that observed in bulk neat water. The main difference between the liquid phase and the
confined geometry was discovered to be anisotropy, indicating that there are no rotational
motions. Gonzalez et al. also showed the impact of the interaction between the exchange-
able cations and the confined water molecules as the dynamics of the latter using Neutron
scattering[40]. In particular, it is shown that in uncharged clays water diffusion is faster than
in the bulk due to the hydrophobicity of the surface.

2.3.1.3 Active charcoal

Activated charcoal, also known as activated carbon, is a common material used for water
adsorption, purification, and confinement. It is a type of carbon that has been processed to
have a high surface area and porosity, allowing it to absorb a wide range of contaminants
such as organic compounds and heavy metals from water.

The dynamics of water confined in nonporous graphitic carbon structures were studied us-
ing molecular dynamic (MD) simulation. It has been observed that confinement has a sig-
nificant effect on the dynamics of water molecules. They found that water molecules start
to freeze at 190 K and the self-diffusion coefficient decline dramatically[41].

Adsorption isotherms and X-ray diffraction were used to explore the properties of water
confined in activated carbon pores with an average diameter of 2 nm throughout a tem-
perature range between 298 K and 228 K. The X-ray diffraction has revealed that the ice-
like tetrahedral network of water is somehow disrupted by the bulk water structure. The
hydrogen-bonded network of water was increased when the temperature was reduced, and
hexagonal ice was partially produced in the activated carbon at 243 K[42].

Differential scanning calorimetry was used to study the freezing and melting behavior of
water confined in the nanopores of activated carbon materials. Water confined in small
pores with diameters less than 0.7 nm under atmospheric pressure. However, they did not
exhibit phase transition which they interpreted as non-freezable water[43].
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2.3.2 Artifical/synthetic systems

Artificial systems for water nanoscale confinement are materials and structures designed to
confine water at the nanoscale level, typically with dimensions ranging from a few nanome-
ters to a few hundred nanometers. These devices are fascinating because, among other
things, they could be used for biosensing, energy storage, and water purification. Very
small nanopores can be made in materials such as graphene or silicon nitride atomic layer.
Controlling the flow of water molecules and ions through these nanopores can be useful
for water purification processes. Metal-organic frameworks, zeolites, nanotubes, and meso-
porous silica materials are other artificial systems for water nanoscale confinement. These
structures can also be used to investigate the nanoscale behavior of water molecules and
ions. Overall, artificial water nanoscale confinement systems have the potential to enable a
wide range of technological advances and scientific discoveries in fields such as materials
science, nanotechnology, and biophysics.

2.3.2.1 Zeolites

Zeolites can be found naturally in volcanic rocks as minerals, but most of the existing zeolites
are synthetic. These are crystalline, three-dimensional, porous aluminosilicates with well-
organized structures[44]. The behavior of the water molecule confined in zeolites is the di-
rect result of various interactions between water, ion, and aluminum silicate frameworks[45].
The effect of these interactions (hydrogen bond, electrostatic, and ion-dipole) produce local-
ized restrictions that change the behavior of water from that of bulk. Single-crystal zeolite
nanomembranes are utilized as reverse osmosis membranes for seawater desalination be-
cause they have uniform pore sizes and high pore densities. It was found that salt rejection
was almost flawless and that water permeability was two orders of magnitude more than
predicted[46].

Experimentally, it was found that hydrophobic zeolites had an order of magnitude higher
water permeability than hydrophilic zeolites[47].

2.3.2.2 Metal organic frameworks

Metal-organic frameworks (MOFs) are composed of metallic ions linking organic ligand in
a 3D and periodic manner. They are nanoporous materials.

As for instance, the structure and dynamics of confined water as a function of relative hu-
midity inside a MOF with ordered cobalt open coordination sites (CoCl,BTDD) were investi-
gated using infrared spectroscopy and MD simulations[48]. At low relative humidity, water
bonds form short one-dimensional chains of hydrogen bonds. Then water chains nucleate
as relative humidity increases, and finally water occupies the whole pore interior when the
relative humidity reaches about 30 %.

2.3.2.3 Boron nitride and Carbon nanotubes (NT)

Carbon nanotubes (CNT) and boron nitride nanotubes (BNNT) are the most investigated
nanotubes with diameters lower than 2 nm and can act as a channel for water confinement.
The smooth hydrophobic surface of CNTs is a low friction interface, which induces a very
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long slip length. When diameters are less than 1 nm, water molecules self-organize into a
single file configuration, drastically changing the HB network.
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Figure 2.5: Slip length of water confined in a few individual MWCNT and BNNT (From [49])

Although BNNT and CNT have similar structures, boron, and nitrogen atoms form a more
polar surface that can interact differently with water molecules than carbon nanotubes. BN-
NTs are wide-bandgap semiconductors with nearly insulating properties. Theoretical work
on water permeation through SWBNNT has been reported[50]. SWBNNT conducts water,
whereas the corresponding diameter SWCNT does not. It was assumed that a relatively
strong interaction between the BNNT’s nitrogen atoms and water molecules played a key
role in the continuous wetting of the wall. Another theoretical work by Joseph et al. studied
that despite the fact that the diameter of, their SWBNNT was 1.3 A smaller than the diameter
of their SWCNT, the axial diffusion coefficient and HB properties of water in these NTs were
comparable. CNTs have the highest water velocity and flux among NTs of similar diameter
when compared to BNNTs and hydrophilic silicon NTs[21].

Experiments with individual CNT revealed that as the diameter of the CNT diminishes, the
values of the slip length became divergent and began to approach the single-chain nanopore
regime. BNNT, on the other hand, has very small slip length values[49] (Figure2.5). In con-
trast, one of the theoretical works predicted that CNTs have more charged surfaces, which
therefore should interact strongly with water molecules, thus significantly slowing water
flow through the tube. This prediction contradicts the difference observed in the water con-
tinement between CNTs and BNNTs. The origin of this contradiction could arise from the
exact atomic of the solid-liquid interface, including the electronic structure of the nanotube
surface hence the possibility of quantum interaction, i.e. partly covalent bonding[51}, 52].
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2.4 Water confined in carbon nanotubes (CNT)

Carbon nanotubes with hydrophobic smooth surfaces and a high aspect ratio are promising
materials for water confinement compared to other nanotubes. These nanostructures have
unique electrical, thermal, mechanical, and optical properties. It was expected that water
tilling the hydrophobic interior of the CNT might reduce both entropy and energy of hydro-
gen bonding networking by breaking water-water HB and hence would not be spontaneous.
On the contrary, it was reported that the filling is spontaneous since the free energy of con-
tfined water in the CNT is energetically more favorable than in bulk water. Confined water
behaves differently than bulk water depending on the diameter of the nanotube. The princi-
pal predicted changes concern water phases. In this section, we will discuss theoretical and
experimental works which have been carried out to understand the structure, phase change,
and transport of water confined in the CNTs.

2.4.1 Theoretical studies

Molecular dynamic simulation (MD) has emerged as a powerful tool for studying the phys-
ical behavior of fluids by simulating atom and molecule motion. It is possible to obtain
detailed information about molecular mobility and organization. Studying the phase be-
havior and structure of the nanoscale confined water is important for understanding its
fundamental properties, and potential applications.

2.4.1.1 Structure of confined water

At the nanoscale, the structure of confined water is determined by the dimension and shape
of the interface, as well as by the interactions between water molecules and the confining
surface. In general, confinement impacts the hydrogen bond network near the wall, result-
ing in a change in the structure and dynamics of molecules. Water molecules in small chan-
nels or pores can form layered structures parallel to the confining surface. This can cause
the formation of two-dimensional ice-like structures. Water confined within small tubes can
form ordered structures like helical chains or one-dimensional ice-like structures. Hummer
et al. were the first to report the spontaneous filling of a CNT with a diameter of 0.81 nm
forms a one-dimensional ordered chain of water molecules[53]. However, in large-diameter
CNTs, water molecules tend to form concentric layers. Based on MD simulation, Pascal et
al. studied in detail the arrangement of the water molecules confined inside the CNT as a
function of the CNT diameter. It was observed that water forms a single file chain in the
smallest diameter (d < 1 nm), pentagonal ice-like water inside when the diameter is 1.1 nm,
hexagonal ice-like with a diameter of 1.2 nm, and finally bulk-like in CNTs with diameters
equal to or greater than 1.4 nm[29] (Figure 2.6). It was revealed that pentagonal ice-like
water forms slightly more rigid and entropically more stable frameworks inside the CNT
than hexagonal ice-like molecules. Interestingly, even at small CNT diameters, where water
molecules form a single-file arrangement, water molecules have significant entropy because
they freely rotate. It was also shown using MD that water could form a square ice sheet near
the CNT wall and a chain-like configuration in the center[54].

18



(6.6)0.8nm (7,7) 1.0nm (8,8) 1.1nm (9,9) 1.2nm

(10,10) 1.4nm  (11,11) 1L.5om  (12,12) 1.6nm

Figure 2.6: Confined water form different structure depending on CNT diameter (From [29])

2.4.1.2 Phase diagram of confined water in CNTs

300} ]

L “ |

| £ ]

. 250 HEE l

: LW % |

Lm0 -

S

200 | e S i
= - i d . o)

L (50 {7 i ik.bg

B! oo P : i .

1501, Pob b e pLTL A

H L : il | ! B
9 10 11 12 13 14 15 16 17
SWNT diameter / 4

Figure 2.7: Melting/freezing temperatures of confined water as a function of SWCN'5 diameter in the range of
0.9 - 1.7 nm at atmospheric pressure (From [55]])

Water can exhibit complex behavior under strong confinement due to its anomalous proper-
ties. From MD simulation, Takaiwa et al. investigated the phase diagram of water confined
inside SWCNTs with diameters ranging from 0.9 nm to 1.7 nm at atmospheric pressure in
temperatures ranging from 100 to 300 K[55]. Their calculations revealed spontaneous freez-
ing with at least nine ice phases. They mentioned that the ice in the smallest diameter CNTs
is known as ladder-like ice, where each molecule is only engaged in three HB. Other types
of ice included helical, square, pentagonal, hexagonal, heptagonal, octagonal, double, and
triple-layer ice. When d > 1,2 nm, a liquid-solid change occurs discontinuously, whereas
at smaller diameters of CNTs freezing to melting occurs continuously [55]. In Figure
full circles represent the freezing temperatures, and open circles are when the ice melts at
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a different temperature upon heating. Triangles represent continuous freezing and melt-
ing, while squares represent the temperature at which an ice phase becomes unstable and
breaks up when heated. The solid lines represent an estimate of the melting curves, while
the dashed lines represent an estimate of the ice-ice phase boundary.

Farmani et al. explored the presence of multiple phases of water in CNTs at room temper-
ature and pressure. They discovered that the ice-like layer which has the lowest entropy
and highest density is one molecule layer thick and has an ordered rhombic structure near
the wall. Between the ice-like layer and the wall, a vapor phase exists. They also observed
continuous phase change from ice to liquid and then vapor. The presence of multiple phases
of water near the interface could explain phenomena such as slip behavior and fast water
transport[56].

2.4.1.3 Dynamics and Molecular transport

Another relevant issue in water confinement in CNTs is its diffusion properties. It has been
demonstrated that the dimensional constraints and liquid-wall interactions enhance diffu-
sion when compared to bulk water under certain conditions[57]. Furthermore, if the CNT is
narrow enough (d < 1 nm), the dynamic process changes from classical Fickian to single-file
diffusion. The filling of the hydrophobic interior of the CNT was debated until Hummer
et al. reported for the first time that water could be filled forming a single file chain simi-
lar to the water arrangement in aquaporins. They calculated water transport through CNTs
inserted into water reservoirs. Regardless of the CNT’s hydrophobicity, the spontaneous fill-
ing was observed[53]. Flow enhancement correlated with structural properties change was
obtained using CNTs with diameters of 1.66 and 4.99 nm. The flow rate enhancement with
decreasing CNT diameter was attributed to a decrease in water viscosity and an increase in
slip length at the NT surface[58]. Joseph et al. investigated the relationship between slippage
and the nature of the confining material[21]. They reported that HB and water orientations
affect the flow rates .

To understand the flow rate in detail, Falk et al. investigated the effect of curvature and con-
finement on friction between water and CNT surfaces. CNT with water inside or outside
and water between two graphene sheets were all simulated using molecular dynamic simu-
lation. It was shown that increasing the diameter of the CNT increases the friction coefficient
inside while it decreases outside. Therefore, thanks to the low friction coefficient, large flow
rates can be reached through narrow channels. Slip length was also calculated, and shown
to decrease as CNT diameter increased, whereas constant slip length was reported for water
confined between two graphene sheets with various distances, between 6.11 nm and 0.68
nm[59]. They also calculated the friction coefficient to predict slip length in CNT with diam-
eters ranging from 1.62 nm to 6.5 nm. They obtained slip lengths ranging from 180 nm to
75 nm for diameters ranging from smallest to largest, as well as flow enhancement ranging
from 870 to 90. Furthermore, for larger tubes, the slip length reached the one corresponding
to graphene, i.e. 60 nm, indicating that curvature has a strong effect[60]. To sum up, the
flow rate of water confined within the CNT exceeds the velocity of the bulk water.
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2.4.2 Experimental works

A few experimental methods have been used to get insights into the properties of confined
water. This includes X-ray and neutron scattering, which can be used to investigate the
structural properties of confined water. Infrared spectroscopy can be used to assess the
hydrogen bonding network. Nuclear magnetic resonance (NMR) is a technique that can be
used to study the dynamics of water molecules. Based on the analysis of radial breathing
mode (RBM) band shift, Raman can be used to gain information about the structure and
phase diagram of confined water.

2.4.2.1 Structure

For the first time, single-file water transport into a CNT was observed experimentally through
the shift of the radial breathing mode in Raman spectra. CNTs of various diameters, the
smallest of which was 0.5 nm, were studied, and a single file chain structure was observed
in the small diameter when both empty (closed) and water-filled (open) NTs were used[61]].
Paienau et al. determined the radial density profile of water confined in the SWCNT at
room temperature using X-ray scattering. They were able to identify the radial density pro-
tile during NT filling by analyzing the decrease in scattered intensity when exposed to wa-
ter. They observed that the filling is uniform and structured into three layers depending
on the amount of water molecules[62]. The filling of water into an opened SWCNT was
identified using neutron diffraction and inelastic neutron scattering measurements in par-
allel with MD. Ice shell with a water chain structure was observed. It is observed that the
ice phase formation is primarily due to a significant change in the central water chain’s HB
network[54].

2.4.2.2 Phasediagram

Some of the experiments used to gain information about water confinement investigated
phase transition. Water adsorption in an SWCNT bundle was studied using X-ray diffrac-
tion. By observing the desorption and adsorption process of water, they discovered a phase
transition from liquid-like into ice-like NT at 235 K for CNTs with a diameter around 1.37
nm[63].

Nuclear magnetic resonance spectroscopy was used to investigate the freezing temperature
in SWCNT with a diameter of 1.2 nm, and within temperature interval ranging from 210 K
to 300 K. It was observed that freezing of the water molecules occurs at nearly 212 K[64].
Infrared spectroscopy was used by Byl et al. to detect HB network and the bonding angle of
water confined inside a CNT. They discovered unusual intra- and intermolecular HB struc-
tures with layered rings[65]. Thus, at higher temperatures, CNTs with diameters greater
than 1.26 nm are predicted to have two liquid water phases, near the wall and in the tube
center, which disappear upon cooling, resulting in a discontinuous liquid-solid phase tran-
sition.

The Raman spectroscopy method was used to determine the phase boundaries in SWCNT,
with diameters ranging from 1.05 nm to 1.52 nm. A remarkable sensitivity to diameter was
observed. It was noticed that the freezing transition is significantly higher (by nearly 100 °C)
than the predicted MD simulation values[66]. Dynamic water filling and reversible freezing
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transition have been observed by the shift of the RBM peak in the Raman spectra revealing
the melting temperature ranges 105-151 °C and 87-117 °C for the SWCNTs with diameters
1.05 and 1.06 nm, respectively .

The melting point of confined water in SWCNTs with diameters ranging from 0.95 nm to
1.26 nm was also explored using photoluminescence spectroscopy. Encapsulation of water
is identified as a change in the optical transition energy of SWCNT which was ascribed to
the change in the dielectric constant of water[67].

2.4.2.3 Mass transportin CNT membranes

Because of their unique physical and dimensional (high aspect ratio) properties, carbon nan-
otube have been proposed as promising materials as membrane materials for the nanofiltra-
tion of water. CNT membranes have been shown to effectively filter out impurities and other
contaminants from water while allowing water molecules to be transported quickly. For
gas and water flow, the first experimental measurements were made with aligned double-
walled CNT (DWCNT) membranes (inner diameter of the CNTs around 1.6 nm) sealed in
SiNx ceramic. It was discovered that gas flow exceeded the predicted Knudsen diffusion
model by more than one order of magnitude, while water flow rate surpasses the contin-
uous hydrodynamic calculated from the Hagen Poiseuille equation under pressure-driven
flow conditions by more than three orders of magnitude[68].

Whitby et al. used CNTs with larger diameters (10-100 nm) to observe flow rate enhance-
ment. They reported that the flow rate exceeds the no-slip Poiseuille prediction by one order,
but flow rate enhancement decreases dramatically as the diameter increases. Slip lengths of
113 nm and 177 nm were calculated[69]. Hind’s group used chemical vapor deposition
(CVD) to grow a vertically aligned CNT forest encapsulated in a polymer matrix. They ob-
served successful water and ion transport through these memebranes[70]. High water flux
was observed by the same group through MWCNT membranes with CNT diameters in the 7
nm range[71]. Long slip length was reported, as well as more than four orders of magnitude
increase in water permeability when compared to the prediction from the Hagen Poiseuille
equation.

In a forward osmosis (FO) setup, high water flux was measured for water across from verti-
cally aligned CNT membranes[72]. Despite their advantages, CNT membranes face several
challenges before they can be used on a large scale. One challenge is scaling up CNT mem-
brane production because current manufacturing processes are expensive. Controlling the
selectivity of CNT membranes, which refers to their ability to filter out specific molecules
while allowing others to pass through, is another challenge. Overall, CNT membranes re-
main a potential tool for water filtration in the future, but more research and development
are required to make them commercially viable.

2.4.2.4 Mass transportinindividual NTs

Investigating water transport at the level of individual NT makes possible to correlate this
phenomenon more accurately with CNT properties such as chirality, in comparison to using
CNT membranes. Qin et al. used a field effect transistor (FET) array to calculate the flow
rate of water through individual ultralong CNTs with diameters ranging from 0.81 nm to
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1.59 nm. With decreasing diameter, flow velocity values ranged between 46 and 928 um/s.
The corresponding slip length and flow rate enhancement range from 8-53 nm to 51-882,
respectively. A discontinuity in the enhancement factor was observed in the diameter ranges
of 0.98-1.10 nm, which was attributed to a transition from continuum to sub-continuum
regimes[73]].

In comparison to AQP1, Noy’s group observed water transport through two types of CNT
with diameters of 0.8 nm and 1.5 nm. For CNTs with 1.5 nm diameter, they observed bulk-
like transport with flux lower than AQP-1[74]. However, CNTs with 0.8 nm diameter water
flow exceeded that of AQP-1[75]. These findings confirm the data obtained on membranes
but the exact mechanism of water transport within the NT remains under debate.

2.5 Conclusion

Carbon nanotubes are one of the best matrices to get insights into the properties of nanoscale
confined water due to their unique geometry and surface features. The macroscopic law
of hydrodynamics, as given by the Hagen Poiseuille equation with continuous description
breaks down, when it is applied at the nanoscale. Because the smallest pore "squeezes" wa-
ter molecules into a single file configuration, their HB network changes dramatically when
compared to a continuum bulk water arrangement. Many theoretical and only a few experi-
mental works have demonstrated that the filling of such small diameter channels is counter-
intuitive to expectations: water filling is spontaneous. It was shown that the water molecules
can form depending on the diameter of the CNT single file chain arrangement, exhibit pe-
culiar "wet-dry" transition and melting temperatures, and enhance water flow significantly
different from bulk water.

Despite the fact that this subject has been discussed for about two decades, the behavior
of water confined at the nanoscale is still under debate. Because of the limited number of
experimental results available so far and the lack of reliable experimental data with precise
control of the individual CNT features, i.e. diameter, chirality, surface state, and so on. To
gain reliable information, it is mandatory to be able to precisely relate the CNT’s physical
characteristics, i.e. diameter, chirality, surface state, and so on to the behavior of the water
confined.
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CHAPTER 3

Manufacturing of a sealed Micro/ Nanofluidic device

Microfluidics and nanofluidic have gained popularity in a variety of research areas, includ-
ing biology in the fabrication of biosensors for medicine; environmental monitoring in the
sensitive analysis of pollutants, contaminants in air, water, and soil; energy and nanotech-
nology. Sealing the Micro/Nanofluidic device is one of the most challenging and unavoid-
able processes. Indeed, the majority of bonding methods and materials require strong sur-
face activation (plasma, high temperature) or are not long-term stable, high-pressure tight,
and vacuum compatible. The desirable vacuum compatibility of microfluidic devices re-
cently gained popularity in the direction of highly sensitive mass measurements in liquid en-
vironments to weigh biomolecules and single cells. In these measurements, experiments are
carried out under vacuum with microfluidic nanomechanical resonators and FETs[76, [77]].
Therefore, it is advisable to have reliable and versatile sealing of microfluidic devices that
are simple to fabricate and do not require aggressive chemicals, high temperatures, or high-
energy plasma. The device should have high bonding strength, high-pressure leak tightness,
long-term stability, and vacuum compatibility. In this chapter, we will discuss microfluidic
device bonding methods such as direct and indirect wafer bonding to form p-device, as well
as its performance testing methods.

3.1 Direct wafer bonding

Direct wafer bonding is used to join hard surfaces such as silicon, glass, quartz, sapphire,
diamond, and other materials. Because of its favorable physical and chemical properties,
such as high thermal conductivity and chemical resistance, silicon (5i) is the most commonly
used material. Quartz is used in applications operating in harsh chemical environments.
Direct wafer bonding methods fall into two categories: fusion or anodic bonding.
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3.1.1 Fusion bonding

Fusion bonding is based on molecular bonding principles. It entails bonding wafers without
the use of any intermediate layers, adhesives, or bonding agents. Fusion bonding is used to
bond a variety of materials such as silicon, glass, polymers, and plastics.

The main steps that occur during the fusion bonding process are sketched in Figure The
surfaces of both materials must be flat and clean in order to initiate fusion bonding. Sur-
faces are cleaned and activated either chemically or physically in order to make the surface
either hydrophilic or hydrophobic. Following the cleaning and activation processes, the two
wafers are brought together and annealed at high temperatures, ranging from several hun-
dred up to thousands of degrees Celsius, while pressure is applied in a vacuum or inert gas
environment to ensure intimate contact between the surfaces. The exact temperature and
pressure conditions depend on the specific requirements of the bonding process. At such
high temperatures, the wafers’ surface atoms diffuse and form strong covalent bonds across
the wafer interface[78]. Reptation refers to the movement of molecular chains in annealed
substrates, while healing is the inter-diffusion of the chain when both wafers come into con-
tact.

Fusion bonding has a very high bond strength and an atomically smooth bonding interface,
making it ideal for high pressure with a bonding strength of more than 20 MPa[79] and low
defect density applications. The technique is used in microfluidics, but it is also used for the
tabrication of advanced microelectronic and optoelectronic devices, integrating electronic
and photonic on the same substrate[80]. The main drawback of this bonding method is the
requirement for high-temperature treatment.
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Figure 3.1: Schematic of the fusion bonding: Wafers bring in contact, intimate contact created with applying
pressure and finally the device is heated at high temperature over a period of time (From [81]])

3.1.2 Anodic bonding

Anodic bonding technique involves applying an electric field across the interface between
the wafers in order to create bonding. It was discovered by Wallis and Pommerantz in 1969.
They found that an electrical field could cause a bond to form between the metal foil and
glass at 500 °C [82]. This method is based on ion migration principles, in which positive ions
from one wafer are attracted to negative ions from the other, resulting in a strong bond with
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a burst pressure of 0.3 MPa on glass bonding to Si[83] and bonding strength of more than 31
MPal[84]].

Anodic bonding requires a lower temperature compared to fusion bonding: a few hundred
degrees Celsius is sufficient to bond glass or silicon wafers. This bonding process is com-
monly used for device packing and bonding in MEMS/NEMS technology.

Bonding requires the wafer to be extremely clean in order to achieve intimate contact. Any
surface roughness greater than 500 A can prevent good bonding.

=rrea)

Figure 3.2: Schematic of the anodic bonding: high electric field is applied across the bonded interface while
annealing and applying pressure (From [85]])

As an example, glass wafers can be joined to silicon wafers using anodic bonding by heating
at the temperature range of 200-450 °C while applying a high electric field in the range of
200-2000 V to the wafers[86] as sketched in Figure The bonds begin at one point and
spread across the surface, and the field generates a large electrostatic force that tends to pull
the two wafers into close contact. The electric field causes positively charged mobile sodium
ions to attract the glass. Owing to the influence of the combined electric field, temperature,
and pressure, the wafer surfaces experience chemical reactions and molecular rearrange-
ment. Finally, a very strong covalent bond is formed by ion exchange at both interfaces.
Because of its significant advantages, such as optical transparency, chemical inertia, high
and stable electroosmotic mobility, and good thermal conductivity, glass is a widely used
material in direct wafer bonding processes. The creation of microfluidic channels in these
hard surfaces requires the use of specialized techniques such as wet etching, chemical vapor
deposition, and deep reactive ion etching. However, the anodic bonding process is not an
ideal process for using glass substrates in microfluidics, because the applied high temper-
ature during the bonding process can induce thermal stress into the glass and lead to the
deformation or cracking of the substrate. The complexity of the bonding process and the
difficulty to achieve uniform bonding across the entire surface limits this process to use in
microfluidics .

Thus, direct wafer bonding is not as attractive as using adhesive layers to create structures
and bonding.
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3.2 Indirect wafer bonding

The process of bonding wafers with adhesive materials is known as indirect wafer bonding.
Adhesive bonding is a quick, simple, and low-cost method for creating a uniform bond for
microfluidic device fabrication.

Several polymers and adhesive films can be used in microfluidic chip sealing as an adhe-
sive bonding material because of their great flexibility with specific properties. Polymers
can be classified as elastomers, thermoplastics, and some epoxy photoresists such as SU-8.
Elastomers consist of cross-linked polymer chains, such as polydimethylsiloxane (PDMS),
polyethylene terephthalate (PET), and Norland Optical Adhesive (NOA). Thermoplastic
polymers are materials that can be remolded several times by reaching their glass transition
temperatures. These materials include polystyrene (PS), polycarbonate (PC), polymethyl
methacrylate (PMMA), and so on. Polymers are called liquid adhesives while commercial
adhesive films are called dry adhesives.

Liquid adhesives contain synthetic resins with photo or thermal initiators that form bonding
when exposed to UV light or thermal heating respectively. Surface planarity, surface wet-
tability, and adhesive layer thickness are the most important parameters to consider when
using these materials. The most common liquid adhesive materials used in microfluidic
device bonding are PDMS, PMMA, NOA, and SU-8. One of the challenges of using liquid
adhesive is the inappropriate flow of the adhesive into the microchannel, resulting in chan-
nel clogging.

Dry-adhesive bonding materials are pressure-sensitive adhesive (PSA), doubly cross-linked
nano-adhesive (DCNA), or adhesive tapes. Tapes such as Double-Coated PET tapes are dry
adhesives. Tape thickness, bonding force, and substrate properties are important process
parameters in dry-adhesive bonding. These materials reduce clogging, but thicker adhesive
tapes are more likely to clog the microchannel. Clogging can be avoided by using the proper
force and controlling the tape thickness[87].

One distinguishing feature of adhesive bonding is its ability to bond heterogeneous materi-
als in "hybrid" (using various bonding techniques) microfluidics devices.

3.2.1 Polydimethylsiloxane (PDMS)

Polydimethylsiloxane (PDMS) is a silicon-based elastomer that is regarded as a fundamen-
tal building block in microfluidics (Figure 3.3). PDMS has become an attractive material
for microfluidics because of its low cost and remarkable physical and chemical properties,
such as wide temperature range, low stiffness, chemical inertness, biocompatibility, rapid
prototyping, optical transparency, and non-reactivity[88]. These characteristics make PDMS
a potential material for a variety of applications, including the fabrication of complex mi-
crofluidics systems[89]. Its low bonding temperature (less than 100 °C) makes it an excellent
material for bonding elastomer substrates because many elastomer substrates cannot with-
stand a high-temperature treatment. Therefore, PDMS is gaining popularity in a wide range
of fields beyond microfluidics, including biomedical applications[90], optical systems, drug
delivery, implants, and photonics.
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3.2.1.1 Processing of PDMS

PDMS emerges as the most promising material due to lower manufacturing costs, mechan-
ical flexibility (PDMS modulus of elasticity is 1-3 MPa compared to 50 GPa for glass), and
ease of fabrication. Microfluidic channels can be formed in the PDMS by molding[91} 92].
First, the mold is fabricated based on the microfluidic channel design using photolithog-
raphy. Typically the mold is achieved with SU-8 (see section [3.2.2). PDMS elastomer and
curing agent are mixed to prepare the PDMS mixture. The mixture is degassed in a vacuum
chamber to remove trapped air bubbles. Then, the degassed mixture is poured on the mold
while covering all surfaces. Then, cured for hours at 70-80 °C, and finally de-molded by
carefully peeling off the PDMS layer.

The chip is then sealed with solid or flexible substrates such as glass, silicon, or various
polymers. A good quality bonding with high strength, especially for high pressure or flow
rate, is a critical and desirable performance of microfluidic devices. However, due to the
low surface energy of the PDMS, strong and permanent PDMS bonding is not always triv-
ial. Although this procedure is suitable for microfluidic application, it cannot be used when
pressures greater than a few hundred millibars must be applied inside the microchannel.
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Figure 3.3: Molecular structure of PDMS (From [93])

In this final step, the bonding is achieved through chemical bonds between the activated
or functionalized PDMS surface and the substrate surface. An oxygen plasma treatment
of the surface is used to achieve the surfaces to be sealed. After pressing the surfaces one
against the other, mild heating is used. This allows for achieving a sealing that sustains
higher pressures and is stable over long periods of time. It is important to mention that the
Oxygen plasma converts the PDMS surface from hydrophobic to hydrophilic, as one of the
methyl groups is replaced by a silanol group in the process. Silanol groups on the surface
of the activated PDMS layer in contact with another activated surface form a siloxane bond
during the bonding process. Indeed, this bonding does not need to be annealed because
the permeability of the surrounding polymer allows the molecule to easily diffuse away.
Heating, on the other hand, fastens the process.

Although PDMS bonding is easy on Si and glass wafers, it is more challenging to achieve
bonding with metals owing to surface roughness. This type of bonding is typically more
complex as it requires chemical functionalization or activation of at least one of the bonded
surfaces, in addition to chemical gluing to bond substrates to PDMS.
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3.2.1.2 Pressure tightness, long-term stability of PDMS

Several methods exist for testing the bonding performance of microfluidic devices. Differ-
ent device testing methods will be discussed in detail later (in section[3.2.4). Burst pressure
refers to the maximum pressure that the device can withstand before observed leakage or
tailure. However, bonding strength refers to the quality of bonding between different layers
in the device which can be tested by peel test or shear test measurement methods.

Here we will focus on the measured bonding performance of the PDMS-based microfluidic
devices.

Using PDMS-based microfluidic devices for cell culture, Song et al fabricated a reversible
and strong bonding of PDMS on polystyrene (PS) without the use of chemical reagents,
which can have a negative impact on cell viability. In order to increase the bonding of PDMS
and PS surfaces, the surface free energy is increased by adjusting the mixture of PDMS and
curing agent and by treating the surface with O, plasma and annealing. They discovered
that the stiffness of PDMS could influence its adhesion to PS. The treatment of PDMS and
PS surfaces with O, plasma for 1 minute and annealing at 65 °C for 1 h stabilized bonding
for more than 3 days. They also achieved a bonding strength of approximately 12 kPa for
PDMS-PS[94].

Gonzalez et al. investigated the burst pressure of plasma bonding PDMS to a gold-patterned
glass substrate. The burst pressure test demonstrated that using narrower gold electrodes
that are inert to bonding can result in higher leak pressure. When the width of the gold
pattern on the chips is reduced, a noticeable increase in leak pressure was observed. They
measured burst pressure 238 + 22 kPa for the narrowest gold pattern structure of 4 pm[95]].
Saber et al. used a tensile strength and burst pressure test to determine the bonding strength
of a PDMS microfluidic channel on a gallium arsenide (GaAs) substrate. They combined
plasma O, treatment and annealing at 70 °C with a thin film SiO, intermediate layer on
a GaAs substrate. The use of a 5iO, intermediate layer enhanced the bonding of PDMS to
GaAs, allowing the bonded chip to withstand up to 8.5 bar of burst pressure. Meanwhile, the
study found that the sealed chips could achieve a high bonding strength of 2.01 MPa[96].

A room-temperature microfluidic bonding method was developed using a biocompatible
adhesive layer and oxygen plasma treatment to create a strong bond between PDMS and
polymethylmethacrylate (PMMA). The bonding quality of the PDMS-PMMA was evalu-
ated through a burst pressure test and ~3.5 bar pressure was achieved[97].

The performance of the microfluidic device formed from PDMS & glass can be dependent
on the level of the O, plasma surface activation and the uniformity of the glass surface.

The bonding strength of the PDMS & glass bonding using O, plasma was reported. It was
observed that changing the wettability of the surface based on different levels of plasma
exposure is a necessary parameter to achieve high bonding quality. It was observed that
the plasma exposure decreases the contact angle between PDMS and glass, together with
an increase in the bonding strength. The minimal value of the contact angle of 5° can be
created in ICP with chamber pressure around 66 Pa, RIE power 20 Watts, and exposure time
30 seconds, resulting in a bonding strength of 3.2 bar[98]].

The effect of the surface plasma activation on the bonding between PDMS and glass was
also measured with peel test measurement. The bonding strength was measured around 7
N[99].
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PDMS & glass bonding can be improved by enhancing uniformity of the glass surface while
applying O; plasma. It was shown that 480 seconds of plasma exposure is enough to im-
prove the uniformity of the bonded area, thus the burst pressure value of the device can
reach up to 5.6 bar[100]. In an attempt to bond PDMS & glass without O, plasma, a silicon
conformal coating material (dimethyl-methyl phenyl methoxy siloxane DMPMS), was used
to bond PDMS & glass. This process only requires spin coating and curing without any
functionalization of the surface. The bonding pressure measured is only 2 bars[101].

The PDMS durability was evaluated by Baraket et al. injecting a dye into the microchannel
of the microfluidic devices, to observe optically the presence or absence of leakage. The mi-
crofluidic devices were formed by bonding PDMS with different thermoplastic films such as
polyimide (PI), polyethylene naphthalate (PEN), and polyethylene terephthalate (PET) us-
ing (3-mercaptopropyl)trimethoxysilane (MPS) silane reagent. In order to form the device,
first the polymers were hydrolyzed by KOH to form hydrophilic groups on the surfaces,
then polymers were immersed in MPS at room temperature. And finally, O, plasma treat-
ment was applied to initiate bonding. The devices were tested for long-term durability, and
the liquid remained inside the microchannel for one month without degradation[102].

3.2.1.3 Drawbacks of PDMS

Numerous studies have revealed that PDMS is not a perfect material. PDMS has drawbacks,
this includes small molecule adsorption, unstable wettability, leaching of the oligomers,
water vapor permeability, and poor chemical compatibility[103]. These 5 drawbacks are
sketched in Figure
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Figure 3.4: Schematic of the PDMS microfluidic chip drawbacks (From [104]])

Small molecule absorption is caused by the porous structure of PDMS. It is an important
issue for cell culture applications because it affects the concentration in the media, which
can further affect signaling on cell behavior and function. Small molecules and molecules
soluble in organic solvents can be absorbed by PDMS, affecting experiment accuracy and
reproducibility. The permeability coefficients of various components in PDMS are shown in
Table When comparing large organic molecules to small molecules, the large differences
in permeability are related to the interaction between molecules.

1Barrer =10~ 0cm=3(STP)em/ (cm? s cmHg).
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The second issue is the leaching of PDMS uncross-linked oligomers (Figure[3.4b), e.g. uncross-
linked chains that can freely diffuse throughout the bulk material. When these uncross-
linked oligomers come into contact with the solution, they can leach out of the bulk and
into the solution. These oligomers were discovered to be capable of incorporating into the
membranes in cell culturing studies[105].

PDMS has water vapor permeability which
can be attributed to its polymer chain with a Table 3.1: Permeability of various components in
high degree of internal free volume, allowing PDMS at 40 °C (From [106])

water vapor molecules to diffuse through the Combonent Permeability [Barrer]
material (Figure [3.4c). The water vapor per- nitli o 288]
meability of PDMS can be modified by param- ox gen 600
eters such as PDMS thickness, degree of cross- mez’]fane 940
linking, and surface changes, but can not be carbon dioxide 3200
suppressed.
thanol 53000

The unstable surface property of PDMS caused me thyeleniencohlori de 193000
by oxygen plasma treatment is another is- .

1,2-dichl th 248000
sue (Figure B.4d). To facilitate chip bonding carborllctet(i;(z;lo?‘?c;e 90000
between similar or dissimilar materials, oxy- chloroform 329000
gen plasma is commonly used to convert hy- 112-tri

,1,2-trichl th 530000
drophobic PDMS surfaces to hydrophilic sur- tridl:lcor(;)er;eaneane 740000
faces. Unfortunately, its polymer chains can toluene 1106000

replace the hydroxyl groups by diffusing from
the bulk to the surface, resulting in hydropho-
bic recovery[107]. This may cause dynamic changes to the chip. Thus, PDMS devices with
such surface treatment must be produced within hours before the experiments, which limits
the engineers’ ability to mass-produce devices in advance. Even when plasma activation
is used to temporarily make the PDMS surface hydrophilic, the surface remains intrinsi-
cally hydrophobic. It oxidizes over time and the surface function changes to hydrophobic,
causing for instance protein adsorption to the surface, which can affect the biological and
chemical interactions that occur within the microfluidic channels.

Last but not least, PDMS has poor chemical compatibility, particularly with organic sol-
vents (Figure B.4e). PDMS dissolves in organic solvents, which leads to microchannel
swelling and causes changes in the dimensions, integration, and surface characteristics of
the channels[108]].

PDMS sensitivity to temperature, pressure, and humidity can affect the mechanical proper-
ties and performance of the microfluidic device. PDMS can produce bubbles during fabri-
cation and sealing, which can disrupt the fluid flow and reduce experiment reproducibility.
It is worth noting that the hydrophobic nature of PDMS can be a huge advantage in other
applications than microchannels such as implant coatings, solar panels, and face masks.
The bonding process of the PDMS-based microfluidic devices requires surface activation of
at least one of the surfaces. While plasma activation makes the surface of PDMS hydrophilic
to improve bonding, it can also damage the material’s surface. It is therefore not suited for
delicate materials deposited on a surface, such as nanomaterials.

Microfluidic devices have been extensively researched and developed, and in order to be
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commercialized, they must be low-cost and mass-producible. PDMS is not a material of
choice for large-scale manufacturing because it requires molds, significant curing time, and
considerable hand labor to unmold it after curing. For these reasons, PDMS has not gained
the same traction in the industry as it has in academic research laboratories.

Overall, PDMS provides significant advantages such as optical transparency, ease of fabri-
cation, and low cost, all of which are critical requirements for the fabrication of microchips.
This material has a few drawbacks, including organic molecule adsorption, a hydropho-
bic surface, uncross-linked oligomer leaching, water vapor permeability, and poor chemical
compatibility. These drawbacks also impact the fabrication of devices: the hydrophobic na-
ture of PDMS imposes some constraints during fabrication and flow transport phenomena,
particularly in biological applications.

3.2.2 SU-8

SU-8 is an epoxy-based negative tone photoresist developed by IBM in the mid-1990s that
was initially used as a low-cost material for mold preparation, high aspect ratio patterns,
and the formation of thick layers[109, 110].

Figure 3.5: Molecular structure of SU-8 (From [111]])

SU-8 photoresist is prepared by dissolving SU-8 resin in an organic solvent such as propy-
lene glycol methyl ether acetate (PGMEA), cyclopentanone, or gamma-butyrolactone (GBL)
together with a photoinitiator (triaryl sulfonium hexafluoro antimonate salt). Non-crosslinked
SU-8 is a molecule containing eight benzene rings and eight epoxy groups as sketched in
Figure Its low UV absorption (up to 2 mm thickness), and high chemical and thermal
resistance make it suitable for the formation of high aspect ratio structures.

The main advantages of the SU-8 photoresist are its thermal stability, chemical inertia (resis-
tance to organic and acid solutions), optical transparency under near UV and visible light,
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biocompatibility, low glass transition temperature, before cross-linking (T;=65 °C), compat-
ibility with thin film deposition techniques, and a wide thickness range. Initially used as a
replica molding of PDMS and other polymers, it was later used as a structural material or
intermediate layer for adhesive bonding of microfluidic devices.

3.2.2.1 SU-8 for microfluidic devices

SU-8 is commonly exposed to UV light with a wavelength in the range of 350-450 nm. UV
light with wavelengths shorter than 350 nm is strongly absorbed near the SU-8 surface. Se-
lective filtration of the light source is frequently used to eliminate these unwanted shorter
wavelengths (below 350 nm) and thus achieve better lithography results. MicroChem man-
ufactures three different series of the product, including the SU-8 series which uses gamma-
butyrolactone (GBL) as the casting solvent, SU-8 2000, and SU-8 3000 series which uses
cyclopentanone instead of GBL. Cyclopentanone is a more polar solvent system that dries
faster, resulting in better coating quality and higher process throughput[112]. Photoresists
transparency to visible light above 350 nm, and biocompatibility, making it an excellent ma-
terial for the fabrication of biological devices[113].

Because of the high functionality of the epoxy bonds, SU-8 can bond to a wide range of
materials. The adhesive bonding of the SU-8 structures with a substrate is a simple and
inexpensive method of sealing fluidic devices. This process is accomplished by applying
pressure to the sample while heating it above T,[114].

Dynamic mechanical analysis (DMA) was used to determine the glass transition tempera-
ture of cross-linked SU-8[115], and it was discovered that T, varies between 150 °C and 240
°C depending on the level of cross-linking, which is dependent on the exposure dose and
the post-exposure bake of the lithographic process[116].

It was observed that the applied pressure is one of the most crucial ingredient to get a higher
bonding area. It was achieved that an applied pressure of 2.48 MPa produced the highest
bonded area (90%). Lower-pressure bonded samples had less bonded area, while higher-
pressure bonded samples had fractures.

SU-8 can be deposited and patterned in a wide range of thicknesses using a simple lithog-
raphy process due to its sensitivity to both ultraviolet light and electron beams. The SU-8
pattern width can be varied from macroscopic to sub-micrometric. The latter requires bring-
ing down the SU-8 thickness, which is accomplished by adding a solvent to SU-8, such as
gamma-butyrolactone or cyclopentanone[117]. Thus, by using a simple lithography process,
SU-8 photoresists can be used to form high aspect ratio structures, microchannels, multilayer
structures, and metal-coated structures.

Abgrall et al. used various techniques to create SU-8 microfluidic devices, including succes-
sive lamination and patterning of SU-8 layers on existing topographies. They observed that
SU-8 photoresists enable the coating of thick layers (up to 500 pm) on a single spin coat or
thicker layers in multiple spin coatings[118].

A different type of resist profile should be obtained from the lithography process for dif-
ferent objectives. For metal lift-off undercut resist profile is required (resist sidewall > 90°),
resist sidewall < 90° enables continuous deposition of the thin resists, vertical (90°) resist
sidewall angle is preferred when the resist is intended to act as a permanent structural ele-
ment, such as in microfluidics and molding applications.
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SU-8 photolithography is mostly performed on rigid substrates like silicon, quartz, and
glass. It is preferable to choose a material with a coefficient of thermal expansion (CTE)
close to SU-8 to obtain a reliable bonding.

3.2.2.2 Properties of SU-8 devices

Admassu et al. investigated the effect of bonding temperature, pressure, baking time, and
thickness of the cross-linked SU-8 photoresist layer on the bonding strength of assembled
microstructures. They discovered that lowering the exposure dose and post-exposure bak-
ing temperature has a significant impact on the bonding strength of assembled microdevice.
SU-8 was used as an intermediate insulating adhesive layer to bond the device. This process
had many advantages such as lower cost, the absence of electric voltage and current, and
lower temperature processing. They were able to achieve a maximum bond strength of 1.3
MPa from the pull test. They explained that lowering the exposure dose and post-exposure
temperature would inhibit hardening of the intermediate negative photoresist layer and in-
crease softening of the SU-8 thin film, thereby enhancing device bonding strength[119].

The bonding performance of the SU-8 based device, where SU-8 is used to bond Si/pyrex
was also reported with pull test measurement at 45 + 15 MPa[120].

Bonding performance of the devices that SU-8 used as an adhesive layer to bond Si/Si or
Si/pyrex was performed by tensile strength method and values of 20.6 MPa[121] and 30
MPal114], respectively were reported.

Shear test and tensile strength test were carried out to measure the bonding performance
of the glass/Si using SU-8 adhesive layer. It was reported that the device shear strength is
18-25 MPa and tensile strength is 20-40 MPal[122].

SU-8 is also used to bond glass or Si wafers with PDMS. The device performance was tested
with tensile strength 1.4 MPa[123].

Liquid burst pressure test was carried out to test the bonding quality of PDMS to PDMS
when SU-8 is used as an adhesive layer. The thickness of the SU-8 layer was in the range
of 12-200 ym. The device could withstand about 0.1 MPa liquid pressure for 2 days[124].
The performance of the glass-glass wafers bonding using SU-8 adhesive layer was also
tested with liquid leakage test and 1 MPa burst pressure was reported with durability for 2
days[125]. The highest liquid burst pressure bonding strength on SU-8/glass device so far
reported was 3.8 MPa[126].

The bonding process of SU-8 devices is frequently limited because bonding of SU-8 layers
usually requires the use of a special bonding apparatus. Naryan et al. presented a depend-
able and user-friendly SU-8 layer bonding method that simplifies the fabrication of SU-8
microfluidic devices. In this method, the top layer and main layer of a SU-8 channel were
bonded at different applied pressures while curing at 110 °C. The resulting bonding was
void-free in all cases, with a maximum bond strength of 6.5 + 1.9 MPa[127]. Under flow
conditions, all of the devices demonstrated excellent stability. The device was tested for 24
hours under flow shear stress with the lowest applied pressure (1 kPa) and showed no leak-
age. This type of bonding using low pressure is a promising method for fabricating SU-8
microfluidic devices[127].

Overall, the bonding strength of the devices where SU-8 was used as an adhesive material
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to bond various layers had been mainly tested with tensile strength or shear method pre-
sented the performance in the range of from 1 MPa[119] up to 45 MPa[120]. The works have
reported that the liquid burst pressure tightness of the SU-8 when used as an adhesive ma-
terial is ranging from 0.1 MPa[124] up to 3.8 MPa[126].

The outgassing characteristics of cross-linked SU-8 layers were studied qualitatively and
quantitatively using mass spectrometry (MS) and gas chromatography (GC-MS)[128]. The
influence of hardbaking SU-8 was measured, and it was discovered that a hardbake is re-
quired to provide good performance in Ultra High Vacuum (UHV) environments. Firstly,
it was claimed that hardbake can promote cracks[129]. However, later it was reported that
hard baking can provide stress, which can overcome cracking and adhesion issues[130].
Thus, it was stated that hardbake steps can have a significant positive impact on adhesion
strength[131]. The qualitative (MS) and quantitative (GC-MS) measurements show that a
hard-bake of 150 °C is very beneficial for outgassing from SU-8 structures and that the rate
of outgassing is inversely proportional to time. Benzene, 2-propenal, GBL, propylene car-
bonate and di-phenyl-sulfide were found as the main volatile components.

3.2.2.3 Limitation of SU-8

Some limitations of SU-8 photoresists include autofluorescence, high CTE, and low thermal
conductivity. The difference in CTE between SU-8 and common substrates such as Si or glass
produces stress and may cause film cracking. Because the absorption spectrum of SU-8 has
much higher absorption coefficients at shorter wavelengths, lithography with a broadband
light source tends to result in overexposure at the resist layer’s surface and underexposure
at the resist layer’s bottom.

Overall, SU-8 photoresist is suitable because of its chemical, thermal, and strong mechanical
properties, and biocompatibility for low-temperature bonding without requiring strong sur-
face activation which can damage devices. This material is readily used to form the microflu-
idic channel, high thickness, high aspect ratio structures, and fabricate devices among many
applications. It presents very few drawbacks and it overcome most of the disadvantages of
the so far mostly used PDMS material, thus SU-8 can lead to extending the application area
of the microfluidic devices.

3.2.3 Other adhesives: PS, PC, PMMA, and NOA

There are some other thermoplastics and polyester are used in the microfluidic device bond-
ing, such as polystyrene (PS), polycarbonate (PC), polymethyl methacrylate (PMMA), and
Norland Optical Adhesive (NOA).

Polystyrene (PS) is transparent, biocompatible, chemically inert, and mechanically rigid[132].
Using different chemical and physical surface activation methods such as corona discharge,
gas plasma, and irradiation can modify its hydrophobic surface to hydrophilic.

Fabrication of microfluidic channels with this material requires injection molding and hot
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embossing methods which can limit its application[133].

Cell culture on PS microfluidic device is its main application[134]. The surface can be mod-
ified to enable cell growth and adhesion, by applying an oxygen plasma prior to bonding.
However, O, plasma can change bond performance by modifying the chemical composition
onto PS. The application of PS in microfluidic chip formation can present other limitations
such as difficulties in thermal bonding when the aspect ratio of the microchannel is high.

Polycarbonate (PC) is formed through the polymerization of bisphenol A and phosgene,
resulting in carbonate groups. Due to its high glass transition temperature(~ 145 °C) and
transparency in visible light, PC is used in DNA thermal cycling[133]. PC has high impact
resistance, and minimal moisture absorption[135]. However, PC has lower resistance to cer-
tain organic solvents and low UV absorbance. The thermal bonding method is used to bond
the device with the PC. However, it does not provide good bonding if a low temperature, 135
°C is used. On the other hand, when that temperature is too high, it dramatically changes
the channel geometry[135].

Among thermoplastics, PMMA is a commonly used material in microfluidics device bond-
ing. It is an alternative to polycarbonate (PC), however, PMMA does not contain harmful
bisphenol-A which is found in PC. Due to its mechanical properties, optical transparency,
and compatibility with electrophoresis[136], it has been used in numerous microfluidic ap-
plications [137, [138]. PMMA structure may be manufactured using a number of processes
including, injection molding, hot embossing, laser ablation, and UV lithography[136].
However, sealing of PMMA devices is more difficult than for instance PDMS, and relies
on methods that can change the morphology of the device. The first one is thermal bond-
ing. It is the most commonly used PMMA bonding technique. In this method, PMMA is
heated above the glass transition temperature (T, ranging from 85 °C to 165 °C depending
on the composition[139] usually around 110 °C [140]) and pressed together. The diffusion of
polymer chains across two surfaces during thermal bonding leads to the formation of traps
among the macromolecules[141] and permanent bonding.

PMMA microfluidic chips have been designed by using solvent and sacrificial materials to
prevent channels from collapsing during the bonding [142].

At low temperature (70 °C) and low pressure (1.6 MPa) ethanol was used as a solvent to
bond different PMMA layers. The bonding strength of 1.5 MPa and burst pressure of 6.2
MPa was achieved by pressing PMMA layers for just 2 min at 70 °C and 1.6 MPa. Bonding
stability was demonstrated at 90 °C (dry conditions) and 37.5 °C in water for 216 h[143].
PMMA was also bonded using acetic acid as a solvent followed by 30 seconds of UV irradia-
tion. The bonded PMMA achieved a bond strength of 11.75 MPa without the use of external
hot embossing equipment and clogging-free microchannels were created under moderate
conditions. After 3 days of cultivation, the microchannels of the device enabled cells with
great viability and adhesion[144].

PMMA has numerous advantages to be used in microfluidic device bonding, however, it
has low chemical resistance to organic solvents, aggressive chemicals[145] and low heat
resistance[146] which limits its application.

Norland Optical Adhesives (NOA63 or NOAS8I) are transparent in the visual wave range.
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This liquid polymer cures when exposed to UV, but NOA81 presents lower auto-fluorescence
and thus it is betters suited to fluorescence detection-based applications such as capillary
electrophoresis experiments[147]. NOAS81 has improved chemical resistance to strong sol-
vents, is impermeable to air and water vapor, and is less prone to swelling upon contact
with fluids[148]].

Thin films of NOA and polyester were prepared to form an adhesive film. Using NOA, a
high burst pressure of 12 MPa was obtained in a glass-polymer-glass device[149]. For com-
parison, the polyester/glass device tolerated a pressure of 0.22 MPa[148].

Even though NOA is a suitable material for microfluidic device forming, it has several limi-
tations in terms of thermal stability, UV sensitivity, and surface properties such as wettability
or hydrophobicity, which limits its application in microfluidic device fabrication.

3.2.4 Device testing methods

Leakage can be a huge problem in real-world testing. In biomedical applications, such as
diagnostic medical devices, leaks can lead to the loss of blood analytes. In therapeutic de-
vices, leaks can lead to leaching, toxicological safety risks, and drug delivery systems that
can prevent the intended drug dose from being delivered to a patient.

In the application of microfluidic devices, high bonding strength, and long-term stability
are desired. There are several methods for testing the bonding performance of the device.
Visual inspection, leakage testing, shear testing, peel testing, and burst pressure are some of
the methods used and are detailed in this section .

Visually inspecting the bond quality by looking at the interface between the bonded sur-
faces under a microscope is one of the simplest methods. The bond line can be examined
for any gaps, bubbles, or delamination. It is frequently employed as a first method of char-
acterization, although it is not sufficient to detect small leaks. In the burst pressure method,
the pressure of the gas or liquid is gradually increased until the reliability of the bonded
structure is compromised by delamination and leakage. Filling the microfluidic device with
a dye solution and monitoring for leaks is the leakage testing method. If the dye leaks out, it
indicates a weak bond and requires additional bonding. In the shear test or tensile strength
method, a shear force is applied to the bond line, and the force required to break the bond
is measured. In the peel test method, a tensile force is applied to the bond line and the force
required to peel the bonded surfaces apart is measured.

Shear, peel test methods evaluate device stability and adhesion strength between layers of
microfluidic devices, respectively. However, these methods do not assess the sealing quality
or bonding performance of the device. The leakage and burst pressure testing methods are
better to get insight into the bonding quality of the microfluidic device. The leakage method
determines defects or weak points in the device, and the burst pressure method evaluates
the resistance to the pressure of the device without failure.

Choosing of the method to test bonding quality depends on the specific application and re-
quirements of the microfluidic device. In this section, we will present the most commonly
used bonding test methods, as well as some quantitative data obtained while using various
wafer bonding techniques and materials.
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3.2.4.1 Tensilestrength

The maximum stress that a material can withstand before breaking under tension is defined
as its tensile strength. In other words, the tensile strength of a material is a measure of its
ability to resist being pulled apart. In contrast, Young’s modulus is a measure of a material’s
stiffness or resistance to deformation under stress. Tensile strength and Young’s modulus
are related in the sense that materials with higher Young’s modulus tend to have higher
tensile strength. This is due to the fact that a material’s resistance to stress deformation
(Young’s modulus) is proportional to its ability to withstand tensile stress without breaking.
This means that materials with higher tensile strength are stiffer and more resistant to defor-
mation. However, this relationship is not always straightforward because other factors such
as microstructure and chemical composition can also influence a material’s tensile strength.
Plastic materials such as polymethylmethacrylate (PMMA) and polystyrene (PS) are bonded
together with a hot-press bonding method which requires well-controlled temperature and
time[150]. Depending on the molecular weight of the materials and the process tempera-
ture, the bonding strength of devices that used these materials ranges from 110 kPa to 1.6
MPa[151].

The bonding quality of the PDMS-based devices was characterized. A bonding strength
of 406 kPa for PDMS/PMMA bonding was achieved by using promotors to enhance the
quality of the bonding[152]. The bonding strength of the PDMS and SU-8 was reported
to be more than 1.4 MPa[123]. Kersey et al. studied PDMS adhesion to silicon, glass, and
aluminum substrates and they achieved the bonding strengths of 0.841 MPa, 0.847 MPa,
and 0.488 MPa, respectively[153]. Plasma bonding is the most commonly used method for
PDMS-based channel sealing. The bonding strength for PDMS-PDMS using this method has
been reported to be around 300 kPa[154].

The tensile strength of the devices, where SU-8 is used as an adhesive material to bond hard
surfaces is presented in section in the range of from 1 MPa[119] up to 45 MPa[120].

3.2.4.2 Burst pressure

The maximum internal pressure that the device can withstand before failing is referred to as
burst pressure. Burst pressure is a critical criteria, especially for devices where failure is not
tolerated or in high pressure applications. Burst pressure tests are performed with liquid or
gas. To determine the burst pressure, the device is slowly pressurized, either continuously
or stepwise, until it fails, which is usually when leak is detected. Real-time pressure mon-
itoring or visual inspection can easily detect burst pressure. The duration at each pressure
step is determined by the specified minimal leak rate tolerated, the minimally detectable
leak rate, and the device’s intended use duration.

The development of a doubly cross-linked nano-adhesive (DCNA) for the bonding of var-
ious heterogeneous substrates has been reported. The DCNA enabled the fabrication of
microfluidic devices on both rigid (silicon wafer and glass) and flexible (PDMS, PET, and
PI) substrates. The burst pressure of the DCNA-sealed devices was greater than 2.5 MPa,
with a maximum burst pressure of 11.7 MPa. DCNA’s resistance to chemical, thermal, and
mechanical stresses, such as long-term exposure to strong organic solvents and heat, enables
its use in low-cost, flexible substrates, particularly in harsh environments[155].

The highest burst pressure ever achieved for PDMS-based devices was 8.5 bar between
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PDMS and GaAs (with SiO, deposited on top of the GaAs layer)[156].

Burst pressures between PDMS and various materials have been reported such as PDMS &
Glass 5.1 bar[98]; PDMS & PDMS 6.7 bar[154]; PDMS & SU-8 1.5 bar[157]; PDMS & glass/Au
2.68 bar[95]; PDMS & PTE 4.7 bar[158]; PDMS & PMMA 6.6 bar[159].

It was reported that when compared to other interlayer materials, using SiO, as an interme-
diate layer in the thermoplastic materials bonding demonstrated good performance in the
burst test, reaching 436.65 kPa[160].

The liquid burst pressure of the SU-8 based devices is presented in section ranging
from 0.1 MPa[124] up to 3.8 MPa[126].

3.2.4.3 Liquid leakage

Liquid leakage testing is an important step in the fabrication and quality control of microflu-
idic devices because it ensures that there are no leaks or defects that could lead to inaccurate
results, inconsistent flow rates, or sample contamination. There are several methods for
testing the leakage of microfluidic devices. In the visually inspection method, the device is
tested for any visible leaks, such as cracks or gaps.

The fluorescence microscopy method is used to detect leaks in the microfluidic channels af-
ter a fluorescent dye is introduced into them.

Last but not least, in the electrical resistance method, the microfluidic channels are subjected
to an electrical current, and any leaks are detected by changes in resistance.

The choice of the corresponding testing method will be determined by the specific applica-
tion and the device’s sensitivity to leaks. Leakage testing should be done on a regular basis
because leaks can occur over time due to changes in temperature or pressure, among other
factors .

Leakage testing is especially important for microfluidic devices sealed with PDMS because
PDMS is a porous material that can absorb small molecules and molecules soluble in or-
ganic solvents, affecting experiment accuracy and reproducibility. Furthermore, PDMS can
swell in some solvents, causing the microfluidic channels to deform, potentially leading to
leakage.

3.2.4.4 Gasleakage

Gas-based testing utilizes a large variety of external and internal sensing methods than
liquid-based testing. This is non-destructive and suitable for large-scale production (using
compressed air, nitrogen, or helium). The main difference between gas and liquid leakage
testis governed by viscosity. Gas-based leakage testing may not be suitable when permeable
materials like PDMS are used, or in cases where the leakage is influenced by the interactions
between the device materials and the flowing medium. Liquid-based leakage testing is a bit
less common for quality control assessment because of the contaminating and destructive
nature of this test.
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3.3 Conclusion

Microfluidic has gained popularity over the last decades in different areas ranging from
electronics to biology and medicine. Sealing the microfluidic devices and choosing the cor-
responding bonding technology is challenging .

Direct wafer bonding and indirect wafer bonding have been presented as well as the meth-
ods to test the device bonding quality. Direct wafer bonding is used to bond hard surfaces,
but this method requires special equipment, also it is expensive to create microfluidic chan-
nels in the hard surfaces. The indirect wafer bonding method uses an adhesive as an inter-
mediate layer, and is a simpler and low-cost process. PDMS is mostly used material in this
process because of its remarkable physical and chemical properties, optical transparency,
and biocompatibility. However, it has many drawbacks such as absorption of the small or-
ganic molecules, hydrophobicity, and swelling.

All the reported bonding methods are not applicable in the case where sensitive, delicate
materials are deposited on one of a surface (biological tissue, fragile nanomaterials, etc.) be-
cause these bonding methods require strong surface plasma activation, high temperature or
chemicals which can destroy the material on the surface.

The use of UV-curable adhesives such as SU-8 relaxes some of these requirements. SU-8
photoresist is chemically inert, thermally stable, and biocompatible, it allows to make thick
patterns and high aspect ratio structures. In addition, it is suitable for devices with high
tensile bonding strength and high burst pressure leak-tightness over a long time.

In the Chapter [5, we present our work on a simple and low-temperature bonding process
based on the SU-8 photoresist, which is microscale processable, shows high liquid water
pressure leak tightness, long term stability and vacuum compatibility.
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CHAPTER4

CNT, CNTFET, and interaction with water

Carbon nanotube-based field effect transistors (CNTFETs) are appropriate materials for chem-
ical and biological sensor applications due to their outstanding properties and sensitivity. As
water molecules are the primary component of biological materials, it is essential to under-
stand the effect of water adsorbed at the outer surface and confined inside the CNTs. Ad-
sorption from the environment is known to generate hysteretic behavior and irreproducible
transport phenomena in CNTs. The electrical sensitivity of CNTFETs to water is therefore
an essential tool to reveal the mechanism behind water and CNT interactions. Thus, in this
chapter, we will discuss the fundamentals of CNTs, their growth, and the principle of CNT-
FETs, followed by a summary of the influence of water adsorbed on the outside wall of the
CNT, as well as a few works on water confined inside the CNT.

4.1 CNT synthesis and giving features

4.1.1 CNT structure

A Single wall Carbon nanotube (SWCNT) is conceptualized by rolling a graphene layer (a
single sheet of graphite) up into a seamless cylinder while the ends of the tube are closed
with fullerene-like caps[161]. Because of their cylinder shape and hexagonal arrangement
of the carbon atoms which form sp, hybridized bonding, they are considered 1D nanomate-
rials. The direction along which the graphite sheet is wrapped to form the CNT determines
its chirality. The direction is defined by a vector known as a chiral vector or roll-up vector
(Cy), which can be expressed as a linear combination of the unit translational vectors in the
hexagonal lattice (Figure[4.2).

C;, = na; + map 4.1)

where, m and n are positive integers called chiral indices (m < n), while a; and a, are the
lattice vector of graphene. The lattice vectors are related with a.. which is the inter-atomic
distance between neighbor carbon atoms, i.e. 1.42 A.
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Figure 4.2: CNT indices on hexagonal graphene lattice (From [163]]). See table or element designations.
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Figure 4.1: Different types of CNTs based on their chirality (From [162]]).
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Table 4.1: Parameters of the CNTs (From [164]]).
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Parameter Name Formula Value
a Length of unit vectors a=+/3acc =246 A acc = 1.42A
a;, a Graphene unit vectors (\/T§, %)g[ (3251 _ % )a x, y coordinates
Cy CNT chiral vector C;, = na; + map 0<m<mn
Cy Chiral vector length Cn = |Cy| = avn2 +m2 +nm
dy CNT diameter d =S d is an integer
tan0 = Z\n[%
i ing — —_vam_ <6<
0 Chiral angle of nanotube sin@ = T 0<0<30
cosf = =2l
2/ n2+m2+nm
T CNT translation vector -{1 :_tﬁ,?ﬁri_ Zai Dn+m t1,tp are integer
T dg 2T Ty
d Greatest common divisor dgr = d: n — m not multiple of 3d 1<d<n
R 2n+m,2m+n dgr = 3d: n — m a multiple of 3d 1<dgr <3n
1%
Length of translation J/3C
T vector T=T| =%
N Number of hexagons in N = 20n24m2-nm)
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CNT diameter (d¢) can be calculated from the length of the chiral vector (Cy), (C, = |Cp|)
(see Table [.1)) with the following equation[165]:

_&_a\/nz—kmz—knm
T T

dy

(4.2)

The helicity of the SWCNT is defined with chiral angle and chiral indices. The symmet-
ric rolling of the graphene sheet leads to two types of achiral SWCNT, which are known as
zigzag (m,0) with chiral angle 6 = 0, and armchair with equal chirality (1, m) and the angle
6 = 30 (Figure[d.I). All other SWCNTs are generally referred to as chiral SWCNTs[166].
CNT can also be formed by the rolling of several layers of graphene thus resulting in con-
centric tubes in which the interlayer distances correspond to the one in turbostratic graphite.
These CNTs are called multiwall carbon nanotubes (MWCNT). Furthermore, when individ-
ual carbon nanotubes come into contact with one another, they can interact and form bun-
dles due to attractive van der Waals forces.

4.1.2 Synthesis, impurity, and purification of CNTs

Because of their remarkable mechanical, electrical, and optical properties, CNTs-based com-
posites have attracted great interest. However, the main concerns with CNTs’ uses are still
related to their large-scale manufacture, purification, processability, and manipulation. CNT
synthesis methods are broadly classified into three categories: arc discharge, laser ablation,
and chemical vapor deposition (CVD).

The arc-discharge method was first developed by lijima in 1991, which is based on the de-
position of CNTs on a graphite cathode thanks to the action of an arc-discharge in an inert
gas atmosphere (Figure £.3a). The bulky graphite rod operates as the cathode, while the
small graphite rod acts as the anode. To prevent CNT oxidation, the reactor is filled with
inert gases such as helium and argon. The synthesis process is typically carried out under
specific conditions such as current and voltage, as well as elevated temperature and re-
duced pressure. The graphite and metal catalyst of the anode graphite rod is vaporized and
consumed constantly under the high-temperature plasma, and CNTs are deposited on the
graphite cathode after the action of the metal catalyst[167]. This approach yields a com-
plex mixture of carbon components (including fullerenes, amorphous carbon, and some
graphene sheets)[168]]. It is feasible to selectively grow SWCNTs or MWCNTs by varying
the conditions (pressure, temperature, various gases, and catalytic metals). However, there
is minimal control of the length and diameter of the CNTs using this method (see Table[4.2).

In the laser ablation process, a piece of graphite is placed in a vacuum furnace that is filled
with an inert gas, i.e. helium, under high-temperature conditions (Figure . Irradiating
the targeted graphite with a high-energy laser beam locally causes carbon and metal cat-
alysts to evaporate and be transported to the high-temperature zone. Finally, carbon atom
clusters can be deposited on the collector to produce CNTs[173]. The most important advan-
tage of this approach is the excellent purity of the yield and the minimal number of defects.
However, this approach has a high investment cost and significant energy consumption
which makes it unsuitable for large-scale synthesis; only bundles or an individual SWCNT

are produced (see Table [4.2).
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Figure 4.3: Synthesis methods of carbon nanotubes (a) Arc-discharge method [169], (b) Laser ablation[170],
(c) CVD synthesis
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Methods Progress Consequence
Advantages Disadvantages
Arc discharge | generated between two | easy, defect-free CNTs, | short CNTs, random
graphite rods under an in- | can easily produce | structures, and direc-

ert atmosphere at different
voltages, using a strong
oxidizing agent instead of a
metal catalyst and vacuum
device

SWCNTs and MWC-
NTs, high yield CNTs

tion, needs purification

Laser ablation

graphite target is vaporized
by laser irradiation under
a flowing inert atmosphere
and high temperature, laser

high purity, defect free
SWCNTs, good diam-
eter control, relatively
pure product

expensive, low scale
production, short with
random size and direc-
tion

pulses rather than electricity
to generate carbon gas from
which the CNTs form

CVD limited control over the

structure, defects

decomposition of hydrocar-
bon gases in the presence of
metal particles

high purity,
long CNTs,

simple,

Table 4.2: CNTs synthesis methods and their efficiency (From [172]])

Chemical vapor deposition (CVD) is the most frequently utilized and explored method for
growing CNTs. The CVD method operates on the following principle: first, the carbon
source gas enters the reaction chamber with the carrier gas at a temperature of 800-1000 °C,
where they are decomposed to produce carbon atoms on a coated catalyst substrate at a
high temperature, and finally, CNTs are generated (Figure £.3c). Numerous metal catalysts
(Fe, Ni, Cu, Cr) and carbon sources (methane, ethylene, ethanol, acetylene, benzene, and
so on) can be used in this process. Carbon supply, carbon source gas flow, carrier gas flux,
growth temperature, and catalyst concentration are the primary parameters of the CVD pro-
cess. CNTs are grown directly on the substrate, and the equipment is simple, low-cost, and
requires low-temperature (T ~ 1100 K) [174] (see Table .

Impurities embedded in CNTs have a large impact on their physical and chemical proper-
ties. Most of the CNT synthesis methods including, electrical arc discharge, laser vaporiza-
tion, and CVD produce other carbonaceous particles in parallel with CNTs, such as amor-
phous carbon, fullerenes, nanocrystalline graphite, and metal particle resulting from catalyst
decomposition[175].

The presence of multiple impurities in produced materials has limited the development of
new applications. Different purification procedures lead to produce different types of CNTs.
The type and amount of impurities depend on the synthesis processes, catalyst type, and
carbon supply. Examples of chemical techniques include oxidation by heating, acids and
oxidizing agents, and annealing in inert gases. These processes separate the various carbon
and metallic particles depending on their reactivity with acid and oxygen. However, it in-
troduces inevitable defects along the CNT that cause significant damage to the structure and
hence significant modification of their electronic properties.

Ultrasonic, filtration, centrifugation, and size-exclusive chromatography are physical meth-

47



ods used to separate contaminants depending on their size. This procedure is more compli-
cated and less successful. It is typically used to separate and remove aggregate, amorphous
carbon, and nanocaps.

4.1.3 CNTs properties

CNTs have unique and outstanding mechanical, thermal, electrical, and optical properties.
The excellent properties of CNTs are attributed to their unique structure and topological
arrangement of carbon atoms[161]. The characteristics of CNTs are determined by the struc-
ture i.e., chirality, morphology, diameter, and length of the tubes.

4.1.3.1 Mechanical and Thermal properties

CNTs can have a high aspect ratio, are stronger than steel, and are more thermally conduc-
tive than copper[176]. They are mechanically the stiffest known materials, with an estimated
strength of nearly 100 times that of steel at one-sixth the weight[177]. CNTs are thermally
stable in vacuum up to 2800 °C and have a thermal conductivity approximately twice that of
diamond[174]. Thermal conductivities of CNTs approach those of copper[178]. The addition
of pristine or functionalized CNTs to various materials may increase their heat conductivity.
The type of variables that impact the thermal properties of the CNT is the number of phonon
active modes, the length of the phonon-free path, and the boundary scattering. These factors
are also affected by the atomic arrangement, the tube diameter and length, the number of
structural defects and morphology, and the presence of contaminants in the CNTs.

4.1.3.2 Electrical and optical properties

The carbon atoms in the CNTs are covalently connected to three neighbor carbons through
sp2 bonds organized as a hexagonal lattice. As a result, 7 electrons are delocalized over all
atoms, contributing to the CNT’s extraordinary electrical nature[179].

The electrical properties of CNTs are primarily influenced by geometric parameters such as
defects, chirality, diameters, and the degree of crystallinities of the tubular structure[180].
Understanding the density of state (DOS) and band structure of CNTs is required to get a
conclusive description of their electrical characteristics and to identify their potential appli-
cations. Using the zone folding approach, the optoelectronic characteristics of the SWCNT
may be obtained from the corresponding 2D graphene sheet. This approach separates the
electrical DOS by building cutting lines based on the geometrical structure of the CNT. Each
of the cutting lines (except from the Dirac point (K) in the case of metallic CNT) causes a
local maximum in the DOS, which is known as a 1D van Hove singularity (VHS) (Figure
4.4). These VHS can function as valence and conduction bands for electronic subbands. Be-
cause of the presence of the VHS in the DOS of the 1D structure, these structures behave
somewhat differently from 2D graphene and 3D fullerene. The electrical band structure of
SWCNTs depends on the chiral indices (11, m) of the tube. Depending on the configuration
of the carbon atoms, CNTs can behave as metals or semiconductors[181 182, [183]. Figure
M.4lillustrates the band structure (left) and DOS (right) of metallic and semiconducting SWC-
NTs, respectively. If n — m = 3gq, where g is an integer, a SWCNT is metallic; otherwise, a
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SWCNT is semiconducting[184].

(a) (b)
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Figure 4.4: Band structure (left) and density of state (right) of CNT: a) metallic CNT, b) semi conducting CNT
(From [185].

All armchairs are metallic (n = m # 0), but zigzag nanotubes (1,0) and chiral (n,m) can
be metallic or semiconducting. It is well admitted that one-third of the CNTs are metallic,
while the two other thirds are semi-conducting[186].

Armchair SWCNTs have a continuous DOS at the Fermi level; in other circumstances, metal-
lic SWCNTs (m-SWCNTs) have a tiny pseudo-band gap that can typically be ignored at am-
bient temperature. Semiconducting SWCNTs (sc-SWCNTs) have a substantial band gap that
decreases with diameter. The band gap of an SWCNT is described by the following relation.
Egap = 27vacc/ds, where 7y is the carbon to carbon tight binding overlap energy (see Table
for element designations). The DOS at Fermi energy varies between metallic and semi-
conducting. At absolute zero temperature, the Fermi level is the maximum energy level that
an electron may occupy. Because the electrons are all in the lowest energy state at absolute
zero temperature, the Fermi level lies between the valence band and the conduction band.
CNT optical transitions are transitions between VHS. The explained band structure is only
relevant for isolated SWCNTs, however for nanotube bundles or MWCNTs, certain alter-
ations might be necessary due to van der Walls intertube interactions. CNT in contact with
substrate also exhibits alteration of their properties. The existence of VHS in CNTs” DOS has
a significant influence on their physical characteristics, including electronic transport mech-
anisms, optical absorption, electron-phonon interaction, and so on. Because of the formation
and recombination of electron-hole pairs or excitons, such a concentrated DOS causes sub-
stantial light absorption and emission. For example, when the excitation energy adheres to
the VHS in the DOS in the valence and conduction bands, a considerable increase in optical
absorption in the system can be observed[166].

CNTs are employed in transistors, sensors, and microelectronics due to all these remarkable
electronic characteristics.
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4.2 Manufacturing of a CNTFET

4.2.1 CNTFET fundamentals

Because of their unique electronic properties, CNTs can be used in different sensor applica-
tions. CNTs have been proposed as a potential material for future semiconductor devices
thanks to their higher mobility, low defect structure, and intrinsic nanoscale size. Carbon
nanotube-based field effect transistors (CNTFETs) minimize the transistors” dimensions and
are more sensitive than silicon-based conventional field effect transistors (FETs).

4.2.1.1 Principle of FETs structure

The FET’s working principle is based on the modulation of the channel conductivity by an
applied external electric field, which controls the flow of charge carriers such as electrons or
holes. Source, drain, gate, and channel are the main components of the FET (Figure . The
source and drain are the electrodes on each side of the channel, while the gate electrode is
separated from the channel by a thin dielectric layer, i.e. SiO,, Si3Ny, etc. Applying voltage
to the gate electrode creates an external electric field that controls the charge flow between
the source and drain electrodes.

The junction FET (JFET) and the metal oxide semiconductor FET (MOSFET) are the two
main types of FETs. JFETs rely on a p-n junction to form a depletion zone that serves as the
channel, whereas MOSFETs use a metal gate and a thin oxide layer. FETs have a high input
impedance, a low noise level, and low power consumption. They are commonly employed
in a wide range of applications such as amplifiers, oscillators, switches, and digital logic
circuits.

Gate
Source Dra|n

Gate Oxide

p

4) Body

Figure 4.5: Schematic of FET (From [187]).

4.2.1.2 Electrical response of the CNTFET

A CNTEFET is a FET that uses CNT as the channel material. CNTFETs provide unique
properties that make them desirable for application in high-performance electronic devices.
CNTFETs acquire attention in nanotechnology, in the actuation, sensing, and shrinking of
electronics and optical devices as indicated in Moore’s law.
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A CNTFET’s basic operation is identical to that of a regular FET. A CNT channel connects a
source and a drain electrode, which is separated from a gate electrode by the solid-state in-
sulating layer. CNTFETs are cutting-edge devices that are predicted to increase transistors’
performance while maintaining their scalability. One of the primary distinctions between
CNTFETs and MOSFETs is that in the CNT channel, it is possible to drive a higher current
density due to the higher current carrier mobility compared to bulk silicon[188]].

The first basic CNTFET was designed in 1998[189]. In this transistor, an individual sc-
SWCNT connected the source and drain electrodes which are patterned on a silicon sub-
strate and covered with a thick silicon oxide layer. It was observed that a gate voltage
applied to the silicon back gate might be used to adjust the Schottky barrier between the
SWCNT and metal electrodes, allowing the transistor current to be tuned.

There are two types of CNTFETs based on current injection methods: Schottky barrier CNT-
FETs (SB-CNTFETs), which employ metallic electrodes to generate Schottky contacts, and
ohmic CNTFETs where the contact between the CNT channel and the source/drain elec-
trodes forms an Ohmic contact (similar to the MOSFET).

Current transport in SB-CNTFETs is determined by electrons and holes displacement be-
tween potential barriers at the source and drain junctions. The gate voltage governs the
barrier width, which in turn controls the current. The energy band diagram should be an-
alyzed to better comprehend the SB-CNTFET. Schottky barriers form at the junction of the
metal contacts and the sc-CNT. The Schottky barrier (SB) and work function of the metal
used as source and drain contacts can be used to adjust the CNTFET’s performance .

Three cases can be seen based on a comparison between the metal and the CNT work func-
tions. First, if ¢, > ¢pcnT, then CNTFET operates as a p-FET because the Fermi level of the
source metal is close to the valence band of CNT. When a negative gate voltage is applied
the valence band of the CNT aligns perfectly with the metal Fermi level. Then, by provid-
ing a negative drain voltage, a narrow SB is formed between the metal Fermi level and the
valence band of the CNT, allowing holes to tunnel through it[190].

Second, if ¢, < pcnT, it works as an n-FET, with the conduction band of the CNT perfectly
aligned with the metal Fermi level.

Third, if the metal’s Fermi level precisely matches the Fermi level of the CNT, the device
is ambipolar. Positive bias causes electrons to tunnel through the barrier, whereas negative
bias causes holes to tunnel through the barrier. For short CNT transport becomes ballistic,
limiting the current drive through the nanotube to the metal contact resistance and Schottky
barriers at the source and drain ends. As a result, low contact resistance is preferred in SB-
CNTFETs.

The source and drain electrodes of MOS-like CNTFETs are heavily doped semiconductors
(p-type or n-type). These devices, also known as conventional CNTFETs, have the best "ON-
OFF" current ratio. They also have various advantages such as unipolar properties, reduced
leakage current in the OFF-state due to the removal of the Schottky barrier, improved scal-
ability, and a larger source-channel junction switch-ON current. The potential barrier is
generated in the channel’s center, and the current is controlled by modulating the barrier
height while adjusting the gate voltage.

Four types of CNTFETs can be categorized based on their design: back gate CNTFETs, top
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gate CNTFETs, wrap-around gate CNTFETs, and suspended CNTFETs.

Because of the weak van der Waals connection of the devices to the metal electrodes of the
back gate CNTFETs, this CNTFET type exhibits a high contact resistance (Figure [.6p).
SWCNTs are placed on a silicon oxide substrate in the top gate CNTFET design. An atomic
force or scanning electron microscope can be used to find and isolate each CNT. The source
and drain contacts are then patterned using high-resolution electron-beam lithography. Lower
contact resistance is achieved by high-temperature annealing that improves contact adhe-
sion to the CNT. Following this, evaporation or atomic layer deposition is used to produce
a thin dielectric layer on top of the nanotube. The top gate contact is then placed on the
dielectric layer (Figure [£.6b).

Wrap-around gate CNTFETs have a better design than top-gate devices. The whole nan-
otube volume is gated in this configuration, whereas the top gate design simply gates the
CNT closest to the metal gate contact. This advancement enhances the electrical perfor-
mance of the CNTFET while decreasing leakage current (Figure [4.6).

The suspended CNTFET design eliminates contact with the substrate oxide and thereby en-
hances the device performance (Figure {.6d).

Gate
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CNT 'i:““" Dielectric  Moetal Layer

Suspended CNT
Gate
Contact

() (d)

Figure 4.6: Type of CNTFET designs: a) back gate, b) top gate, c) wrap-around gate, and d) suspended CNT-
FET (From [191]).

To reduce the voltage necessary to generate the correct gate potential, the gate electrode
should be composed of a material having a high dielectric constant. To reduce energy loss,
the electrodes should be composed of a material with low contact resistance. The channel
performance of the CNTFET is affected by the distance between the source and the drain.
The gate electrode is shielded from the CNT using dielectric layers. The dielectric constant
of the layer can influence the CNT’s gate capacitance and threshold voltage.

The electrical characterization of CNTs is critical for determining their performance and
suitability for any particular application. Thus, monitoring the source-drain current (I;)
versus gate voltage (Vys) and transconductance is included. Drain current against gate volt-
age dependency for several types of CNTs (semiconducting, metallic, or narrow band gap
semiconducting) is illustrated in Figure .7} The Iz, — Vg5 dependency characteristic can
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reveal information about the CNTFET’s carrier mobility, threshold voltage, and saturation
voltage. The change in current flowing through the CNT as a function of the gate voltage is
measured as transconductance.
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Figure 4.7: Drain current versus gate voltage dependency of (a) semiconducting, (b) metallic, and (c) semicon-
ducting with a small bandgap SWCNT (From [192]).
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Figure 4.8: 15 — Vg curve of the sc-SWCNT measured with V= 10 mV, the width of hysteresis is shown with
blue arrow. Inset shows gate voltage sweeping diretion

The impact of water on CNTFET has already been the subject of interest and it is well known
that, charge trapping by water molecules around the CNT, including the SiO, dielectric sur-
face, FETs exhibit hysteresis in the Iy - Vy plot[193] (Figure £.8). Even though this process
has not been studied in detail with identifying CNT such as SW, DW, MW, or even bundle
and also if it is open or closed. It was reported that change has been observed in gate hystere-
sis during vacuum annealing of the CNTFET due to the desorption of the adsorbed water
layer, which can be explained by a shift of the Fermi level alignment at the CNT/metal
contact during the desorption process. However, water cannot entirely be desorbed due
to charge traps on the surface of the SiO, dielectric layer[194]. Therefore, charge transfer
through the CNT and charge traps at the silicon oxide in an ambient interface is the primary
source of gate hysteresis in CNFETs on silicon oxide substrates. Hysteresis is associated with
charge trapping (interface traping, charge transfer to neighboring traps and adsorbates, and
water ionization at the interface)[193]. Device characteristics (diameter, dielectric thickness,
number of layers), environmental conditions (temperature and humidity), and measure-
ment parameters (gate voltage sweeping rate, gate voltage interval, bias voltage) are used to
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categorize hysteresis[195]. The decrease in sweeping rate caused a larger hysteresis, which
can be explained by the fact that the trapping/detrapping process at the oxide surface is
not instantaneous|[193, 196]. This phenomenon was demonstrated using electrostatic force
microscopy to look at charge injection at the CNT and SiO; contact[197].

Controllable hysteresis or hysteresis-free devices must be manufactured in order to use
CNTFETs as memory elements or sensors[198]. Hysteresis-free devices can be achieved by
the encapsulation of the CNT with a dielectric layer. Annealing under a vacuum is also ben-
eficial in removing adsorbed water.

CNTFET performance optimization methods can be categorized as i) minimizing the resis-
tance between CNT and metal, ii) enhancing the tuning efficiency of gate voltage to CNT
channels, iii) reducing the CNT channel length[199].

One way for improving CNTFET performance is to reduce the contact resistance between
the SWCNT and metal electrodes. CNT and metal interacted with weak van der Waals force,
resulting in high contact resistance which degrades the device’s performance. To overcome
this drawback several approaches such as annealing or selecting better contact metals with
higher work functions have been applied.

Another method to improve CNTFET performance is by increasing the tuning efficiency of
the gate voltage. Top gate, back gate, and rolling gate are the three approaches to improve
gate tuning efficiency. A thick gate insulator provides a high threshold voltage in the back
gate design. Furthermore, when the device is exposed to air the gate capacitance is diluted
by the air-low dielectric constant, resulting in poor tuning efficiency. The top gate structure
improves gate bias tuning efficiency. The threshold voltage is reduced, and the device drives
current and transconductance are enhanced.

Decreasing the distance between the gate electrode and SWCNT can increase gate capac-
itance and hence boost the gate electrode tuning effect. Adopting a gate insulator with a
high dielectric constant (€) can also improve device performance. For classic MOSFETs, the
gate capacitance (C,) and gate insulator thickness (tyx) have a Cy ~ t,y relationship. For
CNTEFETs, it can be expressed as Cq = 27eeg/ In(2h/r), where €, h, and r are the dielectric
constant, silicon dioxide thickness, and CNT radius, respectively.

Shortening the channel length is another technique to improve CNTFET’s performance.
When the SWCNT channel is long (more than a few micrometers), the carriers are reduced
due to the structural defects and inhomogeneity of carrier mobility[200]. If the channel
length is less than 500 nm, the carrier can perform a ballistic transport in the SWCNT. How-
ever, the conductivity enhancement is diminished when the length of the channel is less
than the mean free path of carriers[201]].

In summary, CNTFETs are a kind of FET that uses carbon nanotubes as the channel mate-
rial. They offer special properties that make them attractive for high-performance electronic
devices. CNTFETs have several advantages over traditional FETs, including larger current
densities and faster switching rates. However, they have some drawbacks, including the
presence of charge traps and Schottky barriers, which can limit their performance and relia-
bility.
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4.2.1.3 Charge traps, Silanol groups, and Schottky barrier

Charge traps can be caused by a variety of factors, including impurities in the nanotube
material or defects introduced during the production process, which can create fluctuations
in the transistor’s electrical characteristics. Charge traps have the ability to collect and keep
charge carriers (electrons or holes) for extended periods of time. This causes changes in the
transistor’s conductance since it impacts the channel conductance and modifies the device’s
threshold voltage. Charge trapping is classified into three types (surface trapping, interface
trapping, and dielectric traps), all of which cause hysteresis. Surface traps occur on the
device surface far from the CNT; interface traps occur between the CNT and the substrate;
and dielectric traps appear inside the dielectric layer (Figure [£.9).

inteiface surlface
[ |

source

Charged

interface surface

® traps ®

traps

drain

Figure 4.9: Charge traps in the CNTFETs (From [196l]).

Chemisorbed water, physisorbed water, and silanol groups are the preliminary sources of
surface traps. Two types of water charge traps were observed: The first includes weakly
adsorbed water molecules on the CNT surface, which may be quickly removed by pump-
ing under vacuum, as in the case of suspended tube devices. The second form of trapping
includes surface-bound SiO, water near the CNT. The surface of thermally produced SiO;
in ambient air is composed of silanol groups, i.e. Si—OH, that are hydrated by a network of
water molecules. The monolayer or submonolayer of hydrogen-bound water adsorbed on
SiO; cannot be totally removed by pumping under vacuum even for long periods of time at
room temperature[193]. Sung et al. found that this second cause was the most significant.
Indeed, after modeling the impact of hypothetic water-molecule doping on SWCNTs, they
determined that the physisorption of water molecules on SWCNTs cannot account for the
hysteresis in transfer characteristics[202]. Charge noise in suspended FETs was also discov-
ered to be related to the insulating substrate and surface adsorbates[203]. Researchers are
continuously investigating methods to reduce the impact of charge traps, such as utilizing
chemical treatments or refining the production process.

Silanol groups are chemical functional groups that can be found around carbon nanotubes
and are formed on the substrate surfaces. Silanol groups are formed by interactions with
ambient moisture or chemical functionalization and consist of a silicon atom linked to a
hydroxyl (— OH) group (Figure [£.10). The presence of silanol groups nearby the surface
of CNTs can have a major impact on their characteristics, especially their electrical prop-
erties. In CNTFETs, for example, silanol groups can behave as charge traps. On the other
hand, silanol groups formed on the substrate surface may also affect on the CNT proper-
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ties. Silanol groups, for example, can be utilized to connect additional functional groups or
molecules to the surface, allowing for the selective binding of biomolecules or the develop-
ment of novel forms of nanocomposites. When the gate voltage is negative, silanol groups
release protons and electrons. The lost proton may be trapped nearby, whereas the lost elec-
tron could be captured by nanotubes or electrodes. Because of the huge difference between
the dielectric constant of water (¢ ~ 80) and silicon oxide (¢ ~ 3.9), the electrical field lines
pass from the plane capacitor to the water layer. The strong electric field across the water
layer causes protons to be desorbed and absorbed by terminal OH groups[204, 205].

Figure 4.10: Hysteric surface charging process: a) start with positive gate sweep (Vys), b) negative Vs in the
decreasing sweep, c) negative end of the decreasing sweep, and d) positive Vs in the last increasing sweep. The
circled plus marks represent protons released from the surface of silanol groups (From [194]).

The potential barrier that arises at the metal and CNT interface in a CNTFET is referred to
as the Schottky barrier. The Schottky barrier is formed as a result of a difference in the work
function of the metal and the CNT, which results in a potential energy difference between the
two materials. Because it limits the passage of charge carriers through the CNT channel, this
barrier has a substantial impact on the electrical characteristics of the CNTFET. The existence
of the Schottky barrier in the CNTFET can result in non-linear current-voltage characteris-
tics. Furthermore, the Schottky barrier increases the device’s total resistance, limiting its
overall performance. In gas sensing, the Schottky barrier at metal CNTs contact can be ben-
eficial in determining whether the effect arises from the CNT or from the contacts[206, 207].
The alteration of the Schottky barrier can be detected from the transition between the n and
p-type band based on the values of the applied gate voltage and bias voltage. This move-
ment of the band ceases when the Fermi level reaches the valence or conduction bands. Re-
searchers have investigated several strategies to reduce the impacts of the Schottky barrier,
such as utilizing metal contacts with a lower work function or applying chemical treatments
to change the CNT surface.
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4.3 State of the Art about CNTFET behavior in interaction with
water

Because of their reliability and outstanding sensitivity, CNTFETs have gained popularity
as environmental sensors. In particular, the electrical sensitivity of these transistors can
be seen as a novel technique for distinguishing the influence of water confined inside the
CNT from water adsorbed at the external surface. Clarifying the effect of confined water
while measuring the impact of water on CNTFET with sides open CNT should shed light
on nanoscale confined water.

4.3.1 Possible mechanisms behind water effect on the CNTFET

CNTs are p-doped in the ambient condition because of the presence of oxygen molecules
on their surfaces. Investigating the FET experimental I - Vs behavior is a significant tool
for understanding the impact of water interaction. Electrostatic gating, capacitive gate cou-
pling, charge mobility changes, and the Schottky barrier effect were observed experimen-
tally on sides close SWCNTs and simulated using molecular dynamic simulations as possi-
ble mechanisms behind the effect of charged species adsorption on CNT.
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Figure 4.11: Sensing mechanism for calculated I35 — Vs curve of CNT while species adsorption: a) Elec-
trostatic gating effect. (b) Schottky barrier effect. In panels, a and b, the left and right insets illustrate the
corresponding changes in the band diagrams for hole and electron doping respectively. (c) Capacitance mech-
anism. In panels c and d, the insets illustrate the corresponding changes in the band diagrams. (d) Mobility
mechanism (From [208]]).

Figure depicts four different sensing mechanisms on the I;; versus Vg5 shape, black
(before), and red (after) adsorption of species for a 10 mV source-drain voltage. Figure
illustrates the change in the Iz, — Vs curve caused by electrostatic gating by adsorbed
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charged molecules, which produce doping in the SWCNT: the Iz, — Vgs curve moves along
the voltage axis. The Schottky barrier mechanism at the metal contact modulates the work
function and hence the band alignment, as shown in Figure #.1TIp. Because the Schottky
barrier height varies in opposing directions for the hole (p) and electron (n) transport (see
insets), the p- and n-branches of the I;; — V, curves exhibit distinctive asymmetric conduc-
tance variations. Figure shows the effect of decreased gate efficiency, which can occur
when gate capacitance is lowered due to poor permittivity of adsorbed molecules in the CNT
surrounding. Figure depicts the effect of decreased carrier mobility on conductance in
both the p- and n-branches. The insets in panels ¢ and d show the relevant modifications in
the band diagrams. Thus, it was determined that electrostatic gating and Schottky barrier
effects dominate sensing, electrostatic gating being predominant[208]. When CNT is doped,
a shift of the threshold voltage can be detected with no change in the slope. On the other
hand, if the Schottky barrier height is varied at the metal/SWCNT contact, a quick change
in the slope should be detected with no shift in the off-bias interval. Changes in CNTFET
conductance resulting from doping or change in carrier mobility can be caused by the in-
troduction of electrical defects due to the reorganization of the SWCNT network or charge
carrier traps in both p- and n-channel operations[209, 210].

4.3.2 The effect of liquid or vapor water at the external surface of CNT

Several studies have been performed to investigate the effect of vapor and liquid water ad-
sorption on the electrical response of closed carbon nanotubes.

While researching the effect of water partial pressure, i.e. humidity on the electrical charac-
teristics of SWCNT-FETs, researchers discovered that water molecules act as electron donors
to the nanotube. The adsorption of water molecules in p-type CNTFETs would compensate
hole carriers, lowering conductance until the humidity level approaches 65%. Then, in the
higher humidity values, conductance increases with humidity due to the compensation of
electron carriers in CNTFETs[211]].

The humidity sensitivity of suspended and non-suspended devices was compared. In com-
parison to non-suspended CNT, suspended devices that are made from thin film layers of
SWCNTs demonstrated three times faster recovery time after desorption, negligible hystere-
sis, and better sensitivity[212].

Water molecules can form chemisorbed and physisorbed layers on the surface of the CNT.
Chemisorption refers to the strong binding of molecules to a surface through chemical bonds.
It was claimed that these bonds can lead to the dissociation of water molecules, resulting in
the formation of hydroxyl groups on the CNT surface. Chemisorbed water is a combination
of O, and H,O which is important in the doping process, and the electrochemical redox re-
action in alkaline is depicted as[213, 214} 215]: O, 4+ 2H,0 + 4e~ <> 4OH ™. This is the most
important cause of hysteresis.

Water molecules physisorbed onto the individual semiconducting close SWCNT surface are
proposed to exist alongside chemisorbed water involving the non-covalent interaction be-
tween water molecules and the CNT surface. Physisorbed water may be removed from
the material by pumping at ambient temperature for a short period of time, whereas water
chemisorbed on silanol groups can only be removed by vacuum annealing at temperatures
over 200°C[193].
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A theoretical study on water adsorbed at the outside surface of CNT showed that the charge
transfer between water and CNT is insignificant. It was then proposed that the effect of
humidity on nanotube devices may be attributable to a variety of indirect processes such as
charge trapping forming silanol groups which are assisted by adsorbed water, rather than
to be due to physisorbed H,O molecules[202].

However, another, MD simulation study about water adsorption on the open-ended SWCNT
surface was found to decrease electrical conduction[216] as well as mobility and threshold
voltage. This effect was supposed to be due to gate capacitance change because of water or
charge transfer between CNT and water[217, 218].

The adsorption of water partial pressure has been shown to alter the CNTFETs’ threshold
voltages and its current at OFF-state which is made of CVD-grown SWCNTs[219]. Two
mechanisms were proposed in this measurement: reorientation of weakly adsorbed water
molecules around the carbon nanotube and charge traps forming silanol groups on the sur-
tace of silicon dioxide.

In the SWCNT network, charge traps caused by water adsorption on the SWCNT surface
and on gate insulator oxide were measured[220]. At negative gate voltages, holes accumu-
late in the CNTs, lowering the depletion barrier and boosting the source-drain current (I;;)
through the channel. At positive gate voltages, the channel resistance increases owing to
hole depletion, and hence I;; drops. At zero gate voltage, the electrons that were provided
by the water molecules resulted in a reduction in current. In this case, the electron-donating
nature of water molecules to SWCNTs is assumed to explain the rise in current at positive
gate voltages and the decrease in current at negative gate voltages.

Transistors were fabricated from an aligned thin layer of CNT networks cycled under water.
Those enriched with sc-SWCNTs were more sensitive to analytes than those made using ran-
dom, unsorted networks dominated by m-SWCNTs. They proposed that this discrepancy
might be due to a lower density of states around the Fermi level in metallic tubes compared
to the valence band edge of sc-SWCNTs[221]. This finding leads to propose of a mechanism
behind interactions between carbon nanotubes and analytes that include either weak dipole
interactions or greater charge transfer through 7 - 7 bonding stacking.

The devices investigated by Foudeh et al. demonstrate modest device-to-device variance as
well as strong current production at low voltages (V;=0.5 V), making them suitable for most
physiological liquids[209]. When a network of SWCNTs’ electronic properties is directly
impacted by water, a significant difference from optimal properties is also found. Which
can be linked to strong interactions between water molecules and sp;-hybridized carbon
structures[209].

As water molecules adsorbed outside of the CNT are randomly oriented, the interactions
between them and the CNT’s outer surface are less. Liquid water wetting the exterior of
SWCNT-FETs increases their hysteresis and shifts their threshold gate voltage (V};,) [222].
Their observation was similar to previously reported work about water external wetness of
CNTI[216| 211]. When a p-type SWCNT-FET is externally wetted (while keeping the elec-
trodes covered), the threshold shifts toward greater negative gate voltage, and hysteresis
increases.

Thus, it was mainly reported that the effect of air partial pressure and liquid water adsorbed
outside of the SWCNT network[220, 209, 219] or individual SWCNT][193]] shifts its threshold
voltage and changes hysteresis because of charge trapping on the substrate surface.
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4.3.3 The effect of confined water

Contrary to common belief, the hydrophobic interior of SWCNTs is easily wetted since wa-
ter’s surface tension is significantly lower than the threshold wetting value of CNT which
is reported with upper limit as ¢y = 200mN /m[223]. Water has a lower chemical potential
within the SWCNT than in the bulk, and water was shown to be transported at a speed of 2
or 3 orders of magnitude higher than the traditional Hagen Poiseuille flow([70, 68, 21].
When confined to small volumes or surfaces the behavior of water molecules is still not yet
fully understood. Water molecules may easily rotate in bulk 3D environments. However,
their rotational degree of freedom is diminished when they are confined in a small volume
or adsorbed at the surface. This results in a significant decrease of water permittivity to
about € = 2.

As far as CNTFETs are concerned, current, threshold voltage, and mobility can all be altered
when CNTs’ external wall is exposed to pure water aqueous electrolytes[209].

Cao et al. reported that filling the interior of the SWCNT with water activates the transistor
but wetting the outside surface has minimal impact[224]. Confined water modifies the in-
ternal electric field of CNT, leading to charge polarization of the tube and metal electrodes,
and to modification of the valence band as was shown from theoretical calculations[224].
Contrary to external wetting, it was found that internal wetting causes a shift of the thresh-
old voltage to more positive gate voltage and a reduction of the hystheresis[224].

When electrolytes are confined, the properties of sc-SWCNT FETs were claimed to be sensi-
tive to the concentration, pH, and ion nature[225]. It is also mentioned that such sensitivity
was not detected when liquid water was wetting on the exterior surface.

Thus, the effect of water adsorbed inside is mysterious and requires more work to be under-
stood completely.

4.4 Conclusion

CNTs are regarded as one of the best materials for water confinement due to their high as-
pect ratio and unique physical properties. Because of the CNTFET’s remarkable electrical
sensitivity, further research on the effect of water adsorbed outside and water confined in-
side appears to be needed. As discussed here above, several studies have been carried out
to learn about the impact of water adsorbed outside of the CNT, but only a few studies have
been achieved so far on the effect of water confined inside the CNT using CNTFET electrical
sensitivity.

The key point is to be able to have a CNTFET made with a single SWCNT since, given the
predominant effect of the tube diameter on the effects induced by the adsorption or confine-
ment of water, a FET made up of a channel containing several SWCNTs, whose diameters
and electrical properties may be different, cannot constitute a reliable object of study.

This is exactly what we propose to do. It was therefore the main purpose of our study to
focus on CNTFETs consisting of an individual SWCNT. This work is detailed in Chapter [6]
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CHAPTER S

SU-8 based high liquid water pressure tight, vacuum compatible,
long-term stable sealing technology

As recalled in Chapter {3} sealing is one of the inevitable processes in micro and nanofluidic
chip fabrication. Despite several decades of development, microfluidics lacks a sealing ma-
terial that can be readily fabricated, leak-tight under high liquid water pressure, stable over
a long time, and vacuum compatible as discussed extensively in Chapter 3l Various meth-
ods are used in microfluidics such as adhesive bonding[226]], plasma bonding[227], thermal
tusion[228], and anodic bonding[229], in order to seal conformal materials like PDMS, non-
conformal materials like plastics, or hard surfaces (e.g. glass, silicon wafers). Most of the
sealing materials and methods typically require at least one of the following conditions: ac-
tivation of the extremely clean surfaces, and surface chemistry[230, [157].

Additionally, microfluidics is gaining popularity for highly sensitive mass measurements in
liquid environments to weigh biomolecules, single cells, etc. In this measurement, experi-
ments are carried out in a vacuum with microfluidic nanomechanical resonators[76)}, 77]. It
is therefore desirable for the sealing material to be compatible with the vacuum.

So far, PDMS has been the most common material in chip sealing. However, this material
has many drawbacks such as the adsorption of hydrophobic molecules, poor stability after
surface treatment, swelling by organic solvents, vapor water permeability, and breaking un-
der high-pressure operations[231), 232]. Moreover, sealing with PDMS requires activating
at least one of the surfaces, typically using O, plasma which can damage the surface to be
sealed.

Photoresist as SU-8 is expected to be better than the current PDMS technology. Interestingly,
SU-8 being photosensitive allows forming of patterns by photolithography with micromet-
ric dimensions. SU-8 is also used as both a structural material and an intermediate layer for
adhesive bonding[233], exhibiting excellent physical and optical properties, good chemical
stability, and low porosity[127]. It is suitable for sealing devices at low temperatures[115].

In this chapter, we will present an easy and permanent microscale processable sealing ma-
terial with superior performance to PDMS. It is based on the use of SU-8 resin and only
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requires the most basic clean room facilities. Since our goal is to develop the sealing process
of microchips, our investigation focuses on the search for the thinnest possible wall of SU-8
that can exhibit high-pressure tightness, vacuum compatibility, and no liquid water poros-
ity over a long time. The latter criterion is checked using an original and very sensitive
method based on ionic conduction measurements as discussed in section The sealing
method investigated here is reliable, and versatile and does not require the use of aggres-
sive treatments (chemicals, high temperatures, or high-energy plasma). We observed that
micrometric walls made of SU-8 photoresist, whose thickness can be as low as 35 ym, ex-
hibit water pressure leak-tightness from 1.5 bar up to 5.5 bar, no water porosity even after 2
months of aging, and are able to sustain under vacuum even lower than 10~° mbar. It thus
opens a new perspective to seal microchips where delicate surfaces such as nanomaterials
are present.

5.1 Device fabrication/ assembling

5.1.1 Cleanroom fabrication

SU-8 patterning is performed in a cleanroom using photolithography as shown in Figure
5.1l Because of its improved adhesion and reduced coating stress (as specified by the manu-
facturer i.e., Kayaku - MicroChem®), we employed the SU-8-30xx series instead of the more
widely used SU-8-20xx. More specifically, we worked with SU-8 3025 which has a viscosity
of 4400 cSt, and a density of 1.143 g/ml. Optimal adhesion to the substrate is obtained using
Omnicoat (Kayaku - MicroChem®) as a primer.

Pouring SU-8 on a substrate

il

SU-8 3025 Spin-coating & soft bake
Mask aligniag
= Y
WAL 2\ /i
7.
UV exposure ﬁ"t@‘
Y

ost-exposure bake,
development (with SU-8
developer) and IPA rinsing

Figure 5.1: Schematic presentation of the SU-8 photolithography process. Inset illustrates SU-8 wall geometry
adopted in this chapter.

A 4 mm thick glass substrate is used to support SU-8 patterns. First, it is milled to allow the
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subsequent placement of capillaries of 1.6 mm diameter for the fluidic connection (Figure
5.6). In the case of ionic conductivity measurements (section[5.3), two holes are additionally
drilled to insert Ag/AgCl electrodes (Figure[5.9). Surface cleanliness of the glass substrate is
ensured by Piranha cleaning (3:1 ratio H,SO4: HyO,) followed by de-ionized water rinsing.
Then, Omnicoat primer is spin-coated in 2 steps: first at 500 rpm for 5 s and then at 3000 rpm
for 30 s. The substrate with Omnicoat is then baked at 200 °C for 2.5 minutes. The substrate
is cooled down just below the glass transition temperature of the uncross-linked SU-8 and a
few milliliters of SU-8 are poured all over the substrate. This temperature is recommended
in order to remove bubbles[234]. Once the reaction between the Omnicoat primer and the
SU-8 is complete, the substrate is cooled down to room temperature and spin-coated in 2
steps: first at 500 rpm for 5 s and then at 2000 rpm for 30 s. The SU-8 coated substrate is then
baked at 100 °C for 35 minutes and slowly cooled down to room temperature.

The coating is exposed for 45 s to 365 nm UV photolithography, with a power density of 5.8
mW cm 2 through a photolithography mask. A post-exposure baking treatment is applied
at two different temperatures, i.e., 70 °C during 2.5 min and 100 °C during 6.5 min, followed
by a slow cooling down to room temperature. Finally, the pattern of SU-8 is developed for
15 minutes in SU-8 Developer (Kayaku - MicroChem®) and rinsed with isopropanol. The
height of the so-obtained SU-8 pattern is 35 um.

Edge bead is an unavoidable effect of the spin coating process of the photoresist, as shown
in Figure [5.2p. This effect is critical for viscous materials such as SU-8, and on wafers with
a rectangle shape, yielding large inhomogeneity of the photoresist height on the surface. It
has consequences such as the mask sticking with the wafer, which creates a gap between the
mask and the wafer during the photolithography exposure process, and finally determines
the homogeneity of the sealing.
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Figure 5.2: SU-8 photoresist homogeneity: (a) Shape of the photoresist after spin coating (b) SU-8 patterns
homogeneity over the glass surface

Figure presents the height distribution of the fabricated SU-8 pattern all over the glass
wafer surface (20 mm). We observed that the resist layer becomes homogenous after ~ 5
mm from the edges (within £10 %). One may note that the height of the pattern on the edge
can be twice as high as the center (comparison of points "1" and "5" with the rest in Figure
5.2a). Thus, SU-8 patterns should be fabricated 5 mm in distance from the edge.
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In addition, increasing the prebake time to 35 min was found to be essential to tackle the
mask sticking problem.

The SU-8 wall height on points "2" and "4" are different (within + 5 %) from the center
(marked as "3") in Figure 5.2h.

5.1.2 Device assembling

The SU-8 pattern on the glass substrate is bonded on a Si/SiO, wafer to form the reservoirs

to be tested. To this aim, 2 mm thick brass rectangular frames are placed on either side and
maintained with 4 screws (Figure 5.6b).

(a)

Figure 5.3: SU-8 assembling tools: (a) Alignment tool. (b) Homogenous pressing tool

The full process is the following: first, the SU-8 patterned glass substrate is aligned with the
wafer using homemade alignment tool (10 pm resolution in X, y, z alignment on the glass
side and 5 degrees precision rotation on the wafer side) (Figure[6.7a). Later the top frame is
added and a pressing tool is used to complete the assembling by adding bolts (Figure[6.7p).
This tool helps to keep frames parallel to each other while adding the bolts. The parallelism
of the assembling of the SU-8 pattern is assessed by observing optically the device (Figure
while screwing the bolts. This crucial step is strictly controlled to obtain homogeneity
by observing interferences/reflectivity with an optical microscope, in order to ensure the
adhesion of the SU-8 wall on both the glass substrate and the wafer and to avoid any de-
formation of the pattern. Figure 5.4/ shows the visual observation of the bonding area of
the sealing material during sample assembling. Figure shows sealing material directly
after adding the frames and bolts. Later, bolts are screwed to apply an additional force in
order to increase the bonding area, yielding the situation depicted in Figure [5.4p. While
under-pressing can result in an unbonded area, over-pressing can crush of the SU-8 patterns

(Figure[5.5p).
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Finally, the sample is cured at 200 °C for 2 hours, exhibiting an increased bonding area (Fig-
ure[5.4c). It allows us to obtain surfaces that are completely in contact with the SU-8 pattern
on centimetric distance. Noteworthy, during this baking step the thickness of the SU-8 layer
extends from its fabrication thickness from 20 pm to 35 pm, 30 pm to 50 um, 60 pym to 85
pm, and 100 pm to 135 pm.

After sealing the device, a capillary is inserted into the milling area of the glass substrate
and sealed with Stycast 2850FT epoxy glue. The device is left at 65 °C for 2 hours in order
to let the Stycast ensure efficient sealing. The performance of the Stycast sealing is verified
on a device without SU-8: it showed high liquid water pressure tightness above 8 bars (the
limit of our testing set-up) and even Helium leak tightness.

(a) (b)

Figure 5.4: Sample assembling with the optical observation of the bonding area. (a) SU-8 pattern after assem-
bling, (b) after adding bolts and screwing, and (c) SU-8 pattern after curing the sample at 200 °C.

The main factor limiting us from testing smaller wall thickness was the rolling of the SU-8
during the assembling process, as presented in Figure5.5pb for 10 pm SU-8 wall thickness.
Thus, the minimum thickness of the SU-8 pattern that we got after assembling where 35 yum,
corresponding to 20 um lithography pattern.

(a) (b)

Figure 5.5: SU-8 assembling challenges: (a) Over pressing during screwing leads to crushing the SU-8 wall.
(b) Smaller thickness SU-8 wall assembling leads to rolling

5.2 Liquid water pressure tightness test

5.2.1 Measurement set-up

Water pressure leak-tightness is measured thanks to the so-called burst pressure method. A
schematic of the setup is shown in Figure At each pressure point, the presence of a leak

67



is visually assessed with an optical microscope: a change in the contrast/reflectivity indi-
cates the presence of water outside the SU-8 reservoir as shown in Figure This reservoir
is filled with water at a pressure piloted by an Elveflow® OB1 MK3+ pressure controller. We
tested SU-8 wall thicknesses ranging from 135 pm down to 35 um. The given two boundary
dimensions are set by our method of the chip assembly: 135 pum is the maximum compress-
ible structure (given the large area of our device) that can be assembled, while 35 pm is the
minimum structure below which the SU-8 rolls during assembly, as detailled in the section
5.1.2
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Figure 5.6: Liquid water pressure leak-tightness measurement setup. (a) Schematic of the setup. A pressure
controller allows applying water pressure to the SU-8 reservoir. A binocular microscope is used for visual
observation of the material’s performance. (b) Photography of the sample with frames added to improve bonding
of the material, and capillary for fluidic connection to the pressure controller.

Air SU-8 wall Water

Figure 5.7: Optical observation of the SU-8 wall liquid water pressure leak tightness: a) liquid water pressure
leak-tight SU-8 reservoir, b) leaky SU-8 reservoir.

Figure [5.7]illustrates the optical assessment of the burst pressure. In Figure 5.7a is shown a
2 bar liquid water pressure leak-tight reservoir. The SU-8 wall thickness is 45 pm. One can
distinguish the presence of water in the reservoir as well as air bubbles. In Figure 5.7b is
reported the case where the same reservoir is now leaking for an applied pressure of 3 bars.
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5.2.2 Burst pressure tightness & dependence on device thickness

Bonding strength measurements are mainly based on three methods: tensile strength[235],
burst pressure[236]], and liquid leakage[237]. Among these methods, the most practical one
to assess both the functionality of a microfluidic chip and the strength of the bonding is the
burst pressure test.
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Figure 5.8: Liquid water burst pressure leak-tightness: (a) Liquid water burst pressure distribution for 10
devices with 85 ym thick SU-8 wall; (b) Liquid water burst pressure distribution of SU-8 walls with various
thicknesses. The observed minimum, mean, and maximum burst pressures from several devices for each thick-
ness is presented.

The burst pressure distribution measured for ten devices with 85 pm thick SU-8 walls is plot-
ted in Figure The device’s performance was measured for each applied pressure over
1 hour. In Figure we report the burst pressure distribution obtained for various values
of SU-8 wall thickness. The symbols represent the mean, maximum, and minimum values
of the burst pressure for each corresponding SU-8 wall thickness. One of the main outcomes
is that the water pressure tightness does not depend on the SU-8 wall thickness: the absence
of a trend of leak-tightness versus width (Figure is an indication that the resistance
to pressure is more governed by random imperfections of the surface and dust rather than
porosities. Another interesting feature of our SU-8 devices is that they can sustain pressures
ranges from 1.5 bar up to 5.5 bar, which is significantly better than most of the other sealing
materials reported so far with a maximum pressure of about [50-500] mbar[238| 239]. The
defects during sample assembling might also explain the scattering observed in Figure[5.8al

5.3 SU-8 porosity test using conductivity measurement

5.3.1 Measurement set-up

To test the liquid porosity of the SU-8 wall, we propose an original and extremely sensitive
method based on the measurement of ionic conduction between two reservoirs filled with
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an electrolyte and separated by a SU-8 wall. Indeed, it can be assumed that if the wall ex-
hibits percolating paths through the entire thickness then an ionic current will be observed
between both reservoirs. Knowing that ionic currents as low as pA were reported from ex-
tremely small porosities such as carbon nanotubes ( ~ 1 nm)[240], it can be assumed that
in our case nanoporosity can be detected if a similar ionic current measurement method is
used.

For that purpose, patterns of SU-8 walls were designed with 2 reservoirs on the glass sub-
strate and assembled with an electrically insulating piece of quartz in order to lower the
ionic noise[241]. The ionic current is measured via 2 Ag/AgCl electrodes placed in each mi-
cro reservoir and tightly sealed with Stycast glue in order to avoid electrolyte leak (Figure
5.9). Finally, the electrodes are connected to a high-impedance source-amplifier (Keithley
2636B), which enables both biasing the electrodes and measuring currents in the pA range.

Ag/AgCl wires
Capillary sealing SUS8 _II @
V_AgCl
Capillary Glass
4 K FN

Pressure
controller | - | -

Pressure
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Figure 5.9: Schematic of the setup designed to measure the ionic conductivity between 2 micro-reservoirs filled
with Milli-Q water or KCI electrolyte and separated by a SU-8 wall.

5.3.2 Conductivity: salt concentration & thickness dependence

First, blank measurement is carried out when both reservoirs are filled with Milli-Q wa-
ter© whose resistivity is very high, about 18 MQ cm 1. Then, reservoirs are filled with KCl
electrolytes at concentrations ranging from 10~% to 1 M. The resistance, R of the SU-8 wall
is readily determined from the current/voltage plot which follows Ohm’s law, as can be
seen in Figure Then the conductivity o of the wall is calculated using the following

equation:
t

o= RIh (5.1)
where t, [, and & are the thickness, length, and height of the SU-8 wall after baking respec-
tively. The ionic conductivity of our set-up filled with Milli-Q water is found to be about
1uS~'em~! and seems independent of the SU-8 wall thickness (Figure [5.10b). It can thus
be assumed that this background current originates from electrical leakage through the sub-
strate and from the measurement set-up, but not from the wall thickness.
The dependence of the ionic conductivity with the ionic concentration in the log-log scale is

reported in Figure We observe that the conductance does not follow the Kohlrausch’s
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Figure 5.10: Ionic conductivity measurement between two micro-reservoirs filled with 300 mbar of either Milli-
Q water or KCl electrolyte and separated by a SU-8 wall. (a) Typical example of current/voltage plot obtained
with a KCI 10~3 M electrolyte and a SU-8 wall of w, 1, h equal to 85 um, 10800 um, 29 um. (b) Log-log
plot of the ionic conductivity versus KCI concentration for two SU-8 walls with different thicknesses. The
dash line with a slope equal to 1 represents the behavior expected for bulk ionic conductivity, i.e., Kolhrausch’s
law (Equation[5.2). (c) Conductivity normalized by its initial value as a function of time for SU-8 walls of 3
different thicknesses (KCI concentration of 0.1 M).
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law for bulk conductivity of diluted electrolytes, i.e.,

0 = Z)\iCi (5.2)

where A; and Cj are the molar conductivity and the concentration of the solvated ion i re-
spectively. Indeed, the log-log dependence would match with a straight line of slope 1 if
Kohlrausch’s law was obeyed. Instead, the evolution observed here for the device (see Table
for device dimension) S#1 (=85 pum) is similar to the usual behavior reported for ionic
conductivity through nanopores, i.e., a power law dependence of the ionic conductivity with
the ionic concentration at low concentration, with an exponent much lower than 1. We also
observe a flat slope for the conductivity of S#2 (=50 ym) as a function of the concentration.
The fact that reducing the dimension of the wall does not cause any conductivity change
is an indication that transport occurs through fabrication defects rather than intrinsic wall
porosities.

5.3.3 Comparision with PDMS

The comparison of the ionic conductivity obtained here with the one reported for similar
walls made of PDMS shows that the SU-8 resin is similar or even less permeable to elec-
trolytes and hence to water (Table [5.1). The ionic conductivity of the SU-8 was calculated
for different wall thicknesses and compared with PDMS walls having different dimensions
(Table . Data for the PDMS are taken from the work of another group in the lab[241].
Therefore, SU-8 is compelling with PDMS in terms of performance for any microfluidic de-
vice.

Table 5.1: SU-8 and PDMS ionic conductivity

Sample reference | Thickness [pm] & Length [pm] & Height [um] | Conductivity [uS/m]
PDMS 40*40*1 8-15

PDMS 20%40*1 1.7

S#4 (50 pm) 50 * 10880 * 22 14-22

S#2 (50 pm) 50 * 10880 * 22 04-6.2

S#3 (85 pm) 85 * 10800 * 29 0.1-32

S#1 (85 pm) 85 * 10800 * 29 09-14

5.3.4 Ageing: time evolution of the conductivity

The measurement of the ionic conductivity as a function of time (Figure shows that
there is no evolution trend over up to 16 weeks, although scattering is observed. One may
expect a constant decrease or increase of the ionic conductivity if the nanoporosity was clos-
ing or opening when it is filled with the electrolyte. This shows that our SU-8 wall remains
watertight for a longer period of time than usually observed on micrometric walls made of
other materials. Indeed, materials such as PDMS/polystyrene (PS) based microfluidic de-
vices were used for cell culture and showed 3 days stability[94], or the longest one month
without degradation[102]. PMMA-based devices showed from 9 h[143] up to 3 days[144].
So far reported SU-8-based device durability time was 1 day[127].
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5.4 Vacuum test

5.4.1 Measurement set-up

Finally, we assessed the ability of SU-8 to sustain fluids under vacuum. Noteworthy, it must
be recalled that curing SU-8 at 200 °C for 2 hours significantly increases the reticulation rate
of the resin, hence it is essential to limit outgassing as much as possible[128]. The proposed
set-up used for this test is schematically drawn in Figure It works on the principle of
the so-called pressure rising method in dynamic vacuum[242]]. In brief, the aim is to see an
increase in the cell pressure while introducing water inside the test reservoir. The pressure
rise would indicate a leak.

Vacuum chamber

Gauge

Valve Pipe

@ Pump

Figure 5.11: Schematic of the vacuum setup. The device is mounted in the chamber and SU-8 performance is
tested by applying liquid water pressure under a secondary vacuum
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controller -

5.4.2 Measurement of the leak rate

A single reservoir device, as shown in Figure is mounted inside a vacuum chamber un-
der a secondary vacuum, i.e., 5 X 10~° mbar. First, we verified that the presence of the SU-8
device did not significantly degrade the vacuum in the cell. Then, the reservoir was filled
with liquid water under pressure and the change in the gauge level was recorded. It is ob-
served that applying a pressure of 1.5 bar of water for one hour does not induce any decrease
of the vacuum, which remained constant at 5 x 10~> mbar under pumping. This means that
the outgassing from SU-8 and the SU-8 porosity to water must be extremely small.

We now estimate the leak rate Q.. of particles, passing through our SU-8 device into the
cell: By definition: Qjopk=Pre1; X Diegr, With P,y the pressure at the level of the cell (as mea-
sured with our Gauge) and D), the debit in volume at a given pressure, expressed in L - s—L
Since the pressure in the cell is not changing over the leak test, one can write that the effec-
tive pumping speed at the level of the cell (D) compensates the leak rate of our device
(Diear) and the outgassing ( Dyytgassing) from the cell: Dyear + Doutgassing = Deerr- For the sake
of simplicity, we will estimate an upper bond of D, by writing:

Dleak < Dcell (53)
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To compute D,,;;, we recall that the flux of particles Q is equal everywhere (from the cell to
the pump) an can be written as:

Q = Peent X Deent = Ppump X Dpump = C(Peet — Ppump) (5.4)

Where P..j;/ Ppump and Do/ Dpump are respectively the pressure and the debit in volume
at the level of the cell/pump, C is the conductance of the circuit connecting the cell to the

pump (pipes and valve). From Equation we can write: % + m = ﬁ, It comes:

Dpump

Dy = C——221P
cell C+ Dpump

(5.5)

Dpump ~ 85 Ls~! is obtained from the datasheet of our pump. Because Dy is constant for
pressures below 10~% mbar, we approximate that Dpump (Ppump) ~ Dpump (Peerr). We will see
in what follows that D,,;; is anyway dominated by C.

We now need to compute C, which is composed of 2 terms: Cpjpes and Cygpe- From the
datasheet of our valve, Cpyjpe = 160 L -5 1. Cpipes 18 given in the molecular regime by Cpipes =
T/ el pg3);

Therefore, Cpjpes = 16.2 L - s 'where L =2.4mand d = 6 cm are length and diameter of the
pipes respectively.

Finally, ¢ = & + c~—and C ~ 14.7L-s™ L.

pipes Coalve

Injecting in Equation 5.5 we get D,;; ~ 12.5 Ls—1.

And finally, Equation gives us Q = Py X Deopp ~ 6.3 X 1074419 x 10~ *mbar - L -s71,
with the error bar being set by resolution of the Gauge.

The calculated upper bond of the leak rate is better than the leak rate corresponding to the
water vapor leak tightness which is in the range of 1072 mbar - L - s~ }[244]. We can therefore
conclude that SU-8 is impermeable to water vapor, in addition to be compatible with UHV
(no outgassing) operation.

5.5 Conclusion

We reported that micrometric walls made of SU-8 resin with thicknesses as low as 35 pm
exhibit liquid water pressure leak tightness from 1.5 bar up to 5.5 bar and no porosity even
after 2 months of aging. We also find that SU-8 can be operated under a secondary vacuum
as a microfluidic seal with no degradation of the vacuum (neither outgassing of the SU-8 nor
liquid water or gas permeability). Moreover, the fabrication process we propose requires
neither aggressive chemical nor high temperature nor high energy plasma treatment. It thus
opens a new perspective to seal microchips when sensitive surfaces or materials have to be
used.
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CHAPTER ©

Electronic response of CNTFET upon water adsorption

It has been already shown that the extraordinary electrical sensitivity, small pore size, and
high aspect ratio of a CNTFET makes it an excellent tool to use as an electronic sensor for
analyte absorbed on the outer surface[245]. However, the impact of the adsorption of water
inside the CNT remains largely unexplored. The hydrophobic interior can be wetted because
the chemical potential of water inside is lower than outside. It can thus be assumed that the
confinement of water inside the CNT results from an entropic factor likely due to the specific
structure and dynamics of the confined water molecules.

In this chapter, we will detail our research carried out on a FET made of individual SWCNT
to distinguish the impact of water adsorbed outside the tube from that confined inside. Also,
the effect of (i) the dielectric constant of the environment, (ii) the water filling & emptying
kinetics, and (iii) CNT metallicity dependence is reported. To make it short, we observed
that CNTFET is an excellent tool to study these processes. CNT doping due to the presence
of water is observed as the main effect that appeared as the shift of the gate threshold voltage
in the conductance curve of the CNTFET.

6.1 CNTFET device fabrication and characterization methodology

A back gate design is used to fabricate our CNTFET. The device fabrication is achieved
in a clean room and CNT is synthesized using Chemical Vapor deposition (CVD) on the
substrate. Finally, metallic electrodes are deposited onto it.

6.1.1 CVD: CNT growth (focus on individual SWCNT)

6.1.1.1 Optical mark etching

Firstly, optical marks are created on the 5iO, (300 nm thick) / Si wafers to clearly identify the
location of the CNT. This process is done in two steps. First, UV photolithography is used
and the protocol process is detailed in "Protocol 1" (Appendix [A). Shortly, the AZ5214EU
photoresist is employed as a negative tone resist to cover the surface of the substrate and
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to develop with a photoresist developer AZ726MIF the area for optical mark pattern. After
patterning, two different methods can be used to create permanent optical marks on the
substrate: (i) metal deposition or (ii) SiO, etching. We used SiO; etching because it is a
simple and faster method.

40 nm

60 pm

300 nm

Catalyst deposition

SWCNT synthesized via CVD

5 um 5 pm

. < . AP

Metallic electrodes deposition

Figure 6.1: Scheme of the CNTFET sample fabrication processes step by step

Reactive ion etching (RIE) is used to etch SiO;. During this process, the "Dow Corning 704"
silicone oil is added between the back of the sample and the sample holder to enhance ther-
mal heat transport. Etching is achieved using O, and CHFj3 gases under 10 mTorr vacuum at
22 °C with radio frequency (RF) power of 150 W for 2 minutes. Then, the resin on the surface
is cleaned with pure oxygen plasma for 10 min. It is observed that the cleaning process is
one of the most critical steps in order to get high-quality CNTs from CVD. Poorly cleaned
substrates have some resist residues which lead to contamination of the surface during CVD
growth. Thus, after the inductively coupled plasma (ICP) process is completed, the wafers
are sonicated in an acetone batch for 5 min followed by isopropanol (IPA) rinsing and N»
drying. Then they are dipped into RPG at 80 °C for 1 hour to remove all resist impurities
followed by rinsing with deionized (DI) water and IPA, and finally dried using N; flow. The
etching depth measured with a profilometer is around 40-50 nm. The top design in Figure
presents this process.

6.1.1.2 Catalyst deposition

Hydrated FeCl; nanoparticles are used to prepare the catalyst solution. 15 mM FeCl; in
Methanol solvent is prepared using sonication for 20 minutes in order to homogeneously
dissolve the nanoparticles in the methanol. Once the catalyst solution is prepared, it is mixed
with a photoresist resin. The mixture preparation and the lithography process to deposit
the catalyst patterns are explained in detail in "Protocol 2" (see Appendix [A). To make it
short, the catalyst solution is mixed with the S1818 photoresist in a volume ratio of 3/20 and
homogenizes with the stirrer at 2000 rpm for 1 min. Then the mixture is deposited on the
substrate using the S1818 as a positive tone photoresist. After the dissolution of the exposed
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part with the AZ726MIF developer, the catalyst patterns are formed on the substrate surface.
The selected pattern dimension is 60 pm x 100 um (Right image in Figure[6.2). The scheme
of the catalyst deposition is presented in Figure The right image in Figure|6.2| shows the
optical microscope observation of the device after catalyst patterns deposition.

—_—
500 um

Figure 6.2: Image of optical marks and catalyst deposition by optical microscopy: the substrate surface after
optical mark creation in the left, after catalyst pattern deposition on the right. The insets below show zoom
images.

6.1.1.3 CVD growth

The CNT synthesis process is achieved by using chemical vapor deposition (CVD). The sub-
strates are calcinated in air at 700 °C for 5 min starting from room temperature with a heating
rate of 15 °C/min. This step burns the photoresist which is used to pattern the catalyst and
removed as much as possible from the CVD furnace, but also oxidization of catalyst parti-
cles. The synthesis process of CNTs involves the decomposition of carbon-containing gas to
form nanotubes from the catalyst nanoparticles. The catalyst-patterned substrate is placed
inside the CVD chamber. The chamber is then purged with Argon (Ar) to remove air or any
impurities. The furnace is heated at 15 °C/min to 900 °C. After temperature stabilization,
the reactive gas which is made of Hydrogen (H;), and carbon-containing precursors such
as Ar/EtOH is introduced with a flux 190 standard cubic centimeters per minute (sccm)
and 33.33 sccm, respectively. At this temperature, the carbon-containing gases decompose,
releasing carbon atoms. The decomposed carbon species adsorb onto the catalyst nanoparti-
cles, which act as nucleation sites for CNT growth. Various parameters, including tempera-
ture and gas flow rates, control the CNT growth rate as well as its diameter. After 30 min, the
process is stopped by reducing the flow of carbon-containing gas and allowing the reactor
to cool down. The third scheme in Figure[6.1|shows the sample after the CNT synthesis step.
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While the CVD process mainly yields SWCNT, it is also known that MWCNT and Bundles
can also grow from catalyst.

In Appendix B} we detail the CVD parameters, as well as catalyst particles, that have been
used to synthesize as many as possible individual SWCNT with diameters below 1.4 nm.

6.1.2 SEM: selecting CNT

The synthesized CNTs are then characterized using techniques such as (i) scanning electron
microscopy (SEM) to observe CNT on the substrate surface, (ii) Raman spectroscopy to de-
termine the diameter of the CNT of interest, and (iii) atomic force microscopy (AFM) to get
another approximation of the selected CNT diameter.

CNT characterization process first starts with SEM observation. A typical SEM picture of
the sample after CVD is presented in Figure SEM allows us to observe the surface mor-
phology and composition of various samples with nanometric resolution. This is one of the
most used tools to get preliminary information. SEM allows us to observe the growth den-
sity, and the CNTs’ length and to locate them thanks to the optical marks. This is essential
for the next steps: metallic contact deposition, Raman, and AFM measurements.

> CNTs

Catalyst —

Figure 6.3: SEM observation of as-grown CNTs

6.1.2.1 Raman: Diameter distribution of CNTs in the catalyst pattern

p-Raman spectroscopy is a tool to access the vibrational and rotational levels of molecules
or solids, from which it is possible to get insight into the molecular composition and the
structure of the investigated material. Here, we mainly look at the radial breathing mode
(RBM) of the CNT, showing up as peaks in the range 100 and 300 cm~!. Then the diameter
can be estimated from the frequency of this band using the following equation[246| 247]:
dent = 217.8/(w — 15.7), where dent is the diameter of the CNT in nm, w is the frequency
incm~L.

A Renishaw spectrometer confocal microscope is employed to carry out our measurements.
Three lasers with different wavelengths (532 nm, 633 nm, 785 nm) are used. These three
wavelengths enable us to observe CNTs within diameters in the range of 0.5 nm up to 2.5
nm thanks to the Kataura plot (see Appendix [B| for more information). Figure |6.4| presents

the diameter distribution of the CNTs synthesized with our protocol (see Appendix B for
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the impact of different catalysts and CVD parameters on the CNT growth). The nanotubes
growing outside the catalyst, which are used later to form the CNTFET, are expected to have
a similar diameter distribution.
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Figure 6.4: Diameter distribution of the CN'Ts synthesized from the catalyst pattern determined from RBM
peak measured with Raman spectroscopy

6.1.3 Clean room fabrication

6.1.3.1 Metal contacts deposition and lift-off

Figure 6.5: SEM observation of the sample after lift-off process

The CNT to be studied is selected using SEM and thanks to its precise location based on
the optical marks, a bilayer photolithography process is applied to pattern the metallic elec-
trodes. In order to have high-performance CNTFET, it is better to pattern metallic contacts
closer. We patterned them 5 ym in distance in order to avoid electrical leakage and litho-
graphic challenges. The LOR5A and AZ5214EU photoresist is used. The photolithography
process is explained in detail in "Protocol 3" (Appendix [A). After the development of the
sample with AZ726MIF photoresist developer, Ti and Pt electrodes, 10 nm ad 90 nm thick
respectively, are deposited on the CNT. Figure [6.1/shows the sample after the deposition of
the metallic contacts.

The lift-off process is done in two steps: firstly in acetone for 1 min to remove metals and
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AZ5214EU from the undeveloped areas, and in the second step in RPG at 80 °C for 2 min in
order to lift off Lor5A. The SEM image of the sample after the lift-off process is presented in

Figure 6.5

6.1.3.2 AFM: estimation of the nanotube diameter

Atomic force microscopy (AFM) technique allows for high-resolution imaging and charac-
terization of surfaces at the atomic and nanoscale by measuring the forces and interactions
between the tip and the sample surface.

Figure 6.6: CNT diameter estimation with AFM: (a) AFM observation of the CNT on substrate, (b) cross
profile extracted from AFM image allowing estimating the CNT diamater

Once the sample is ready, AFM measurement is carried out to estimate the diameter of the
selected CNT. We observe that the diameter of the so-grown CNT is about 2-3 nm from the
surface analysis of the AFM image (Figure[6.6). Observing a bigger diameter CNT compared
to Raman is related to the precision of the AFM tool and the dirtiness of the device surface
because of resist residues. This tool does not allow us to determine if the CNT is single-wall,
multi-wall, or even bundle.

6.1.4 Measurement set-ups

6.1.4.1 Electrical measurement set-ups of CNTFET performance

The basic electrical measurements are carried out with a probe station. It is dedicated equip-
ment to test and characterizes the electrical properties of CNT device (Figure[6.7p). It is used
to verify that the devices are not leaky and to assign the metallicity of the CNT. The sample
is placed on the sample holder of the probe station and a micropositioner is used to align
and connect the sharp needle-like tips to metallic contact.

A dedicated custom vacuum chamber was designed to be able to measure the device under
vacuum also made. The gauge is placed at the level of the sample and is connected to a
secondary pump (schematic in Figure [6.7b).

In both set-ups the electrical measurements are carried out by a Source Measurement Unit
(SMU), and DC voltage sources, which allow us to remotely control and measure the elec-
trical response of the CNTFET.
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(b)

Figure 6.7: Measurement set-ups: (a) photography of probe station, (b) schematic of set-up for measurement
under vacuum

6.1.5 About the two type of measurements

Various types of measurements can be carried out. In this work, we mostly use only two
types. First, voltage-current (Isp&Vsp) characteristics to access the resistance between the
selected electrodes (see Figure ). This method is used to measure the CNT resistance, the
contact resistance between the metallic electrodes, and the CNT. It was also used to deter-
mine resistance between electrodes when a liquid water drop is deposited on the substrate
when there is no CNT. This is mandatory to check that the water conductivity can be ne-
glected and, on the other hand, to fix the DC voltage range in which no water electrolysis
occurs.

The second type of measurement is the conductance of the CNT where a voltage is applied
to the back gate to modulate the CNT electrical features (see Figure[6.8p).

b
() (b)

Va Metal

Figure 6.8: Schematic of the circuit for different measurement types: (a) schematic for Isp&Vsp measurment,
(b) schematic for Isp& Vi measurement

One of the important characterizations is to precisely measure the noise of the set-up: this
includes determining the baseline of the probe station in air and in the case of the vacuum
set-up (in air and under vacuum). The electrical leak between the back gate and the elec-
trodes is the main baseline which is measured in different set-ups for the sample without
CNT at room temperature in the humidity 40%-50% (Figure[6.9). The observed difference
in the case of vacuum set-up in the air is from the impact of the humidity on the electrical
teedthrough, which disappeared under vacuum.

The resistance when water drops covers the CNTFET is compared with that of the CNTFET
in air and the effect of applied voltage on the water electrolysis process are presented in
Figure . We observe that the resistance of the liquid water is ~ GOhm, which is much
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Figure 6.9: Gate electrical leak baseline for probe station in air, vacuum set-up in air and under vacuum
measured in the [-20, +20] V ranges

higher than that of CNT in air, which is 1.4 MOhm. Liquid water conductance will thus be
considered negligible in the following.

Measuring Isp & Vsp dependence for liquid water on the electrodes without CNT in the
[-2; +2] V ranges allows us to clarify the applied voltage interval within which the water
electrolysis process can be neglected. It was reported that water electrolysis operates with a
voltage for water splitting of nearly 1.2 V [248], which also explains why we observe such a
difference when we measure Isp & Vsp in the range of [-2; +2] V instead of [-1; +1] V in the
case of Figure 6.10p. Our assumption is that it can be neglected in the [-100; 100] mV range

(Figure[6.10p).
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Figure 6.10: Isp&Vsp primary measurements: (a) Isp&Vsp comparison between water drop and CNT sepa-
rately, (b) typical curve obtained with a water drop
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6.1.5.1 CNT resistance in air & length dependence

The CNT is connected with metal leads to provide electrical contacts. The quality of the
electrical contacts is important for the functioning and performance of our SWCNT-based
devices. The main parameters that can affect the contact can be the geometry, the metal type,
and cleanliness of the SWCNT surface.

Figure shows the Isp & Vsp dependence for various 5 yum CNT sections in the same
sample, and the inset shows the extracted resistances. The scattering is observed in the re-
sistance, while it is the same CNT and all sections are 5 ym. This scattering can be explained
by either the defects formed on the CNT or the poor contact between CNT and metal at the
specific area.

3.0x10° o
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-1.0x10°
-2.0x10°
0.3 T T T T T
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Figure 6.11: Isp&Vsp curves for 5 ym CNT sections on the same CNT. Inset shows resistances extracted from
these measurements for each 5um sections

Figure shows the Isp & Vsp and the conductance curve measured between different
electrodes for different CNT lengths on the same CNT. We can see that there is a significant
dependence on the CNT length but not as we may have simply expected. For instance, there
is almost no difference when current is measured between electrodes 1-2 and 1-3, i.e. when
CNT length is 5 or 15 ym. This outcome can also be related to defects or weak contact prob-
lems with one of the electrodes.

Two assumptions can be made for the current passing through the metal/CNT contact in
order to calculate the CNT resistance and the CNT/metal contact resistance: i) current
passes through the CNT (see Figure [6.13p), ii) current passes through the parallel circuit
of metal/CNT contact (see Figure [6.14h).

We first calculate the resistance distribution of the current that passes through CNT by mea-
suring the resistance for all channel lengths. From these measurements, we extract and
calculate the Rent for 5 um length with the following equations system (Figure [6.13p).
Riit1 =2Rc+ Rent

Riit2 = 2R+ 3RenT

Riit3 = 2R +5RenT
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R, is the contact resistance between the metallic electrode and the CNT, Rcn7 is the resis-
tance of CNT 5 ym long section, i is the number of the selected contact, R;; 1, R;;12, and
R; i+3 are the measured resistance between the selected contacts.

The histogram in Figure shows the distribution of the values of Rcyt for 5 ym long
section extracted from all measured values. The mean R. and R¢pyr values are about 70
kOhm. Noteworthy, having negative values for the resistance in the distribution is sup-
posed to be related to the weak contact created with one of the electrodes as observed in

Figure and Figure
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Figure 6.12: CNT electrical performance channel length dependence: (a) Isp & Vsp dependence for different
channel length on a same CNT (inset shows resistances extracted for each lengths, respectively), (b) Isp & Vi
dependence for different channel lengths on a same CNT measured with Vsp= 10 mV
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Figure 6.13: Calculation of the CNT resistance for 5 ym channel length extracted from the resistance of different
channel lengths: (a) schematic to calculate the resistance, (b) resistance distribution calculated for Lcnt=5 pm.

If we now take into account in addition that there can be current passing through the parallel
circuit in the metal /CNT contact, then we can calculate the resistance distribution of RonT +
Ryrx with the same method using the equations systems below from which we can extract
and calculate the Rent 4+ Ryrx distribution (Figure [6.14k).

Riit1 = 2R+ Rent

Riit2 = 2R+ 2Rent + Rmix
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Riit3 = 2R+ 3RenT + 2RMix
Here, Ry, is the resistance of metal, Ry/1x is the parallel combination of R,; and Ryt for 5

(2Rc+Rum)RenT
pum long section:Ry1x = —ZRC+Rm+RCN

The histogram in Figure[6.14b shows the distribution of the values of Rcnt 4+ Rarx extracted
from all measured values. The mean value is 136 kOhm. Then, we take into account the
value obtained for 5 ym long Rcnt in assumption 1, we obtained that Ry;;x ~ Renrt. Thus,
we can use assumption 1 (Figure [6.13), which means that the current passes through CNT
rather than metal and CNT contact.
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Figure 6.14: Resistance distribution of Rent + Ryix extracted from the resistance of different channel lengths:
(a) schematic to calculate the resistance, (b) calculated resistance distribution

6.1.6 CNT opening and individual SWCNT characterization

6.1.6.1 Distinguishing individual SWCNT from MWCNT and bundles

As discussed in the CVD growth section, we obtain a majority of SWCNT. However, it is
also possible to find MWCNT or Bundles.

Selecting individual SWCNT is one of the most important points in this work. SEM helps
to localize the CNT, but cannot tell us whether the CNT is a single-wall (SW), a double-wall
(DW), a multi-wall (MW), or even a bundle. It is the same with AFM. We thus need another
tool to determine the exact nature of the CNT seen from SEM. This can be achieved using
the current fusing method. The principle is to place the CNTFET under vacuum in order
to avoid oxidation and to apply an increasing value of Vsp until a sufficiently high current
is produced, inducing Joule heating in the CNT. Hence when the temperature reaches a
sufficiently high value, the CNT fuses. The electrical circuit becomes suddenly open, and
the current Isp falls to zero.

The breakdown current and curve are important parameters to distinguish CNTs. CNTs
with breakdown currents lower than 30 A and with a single cut as reported in Figure
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correspond to individual SWCNT. However, CNT which exhibits higher breakdown current
and also exhibits two or more cuts can be bundle, DWCNT, or even MWCNTs (Figure 6.15p).
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Figure 6.15: Sorting CNTs based on the fusing: (a) opening corresponding to individual SWCNT (b) opening
corresponding to another group of CN'Ts

6.1.6.2 Current annealing

The current annealing method aims at cleaning the CNT surface from impurities and also
curing of structural defects and thus increasing the CNT electrical performances[249]. This
method can be used to remove the adsorbed and confined molecules by heating them at high
temperatures. It was reported that with biasing the CNT in the 1-10 V range, the temperature
can go above 1000 K via Joule effect[250] 251]]. Providing that we know at which Isp value
SWCNT fuse, it is possible to apply a Vsp voltage before the breakdown value and thus to
heat the CNT at temperature high enough to clean its surface and surroundings.

The conductance curve of a CNT 5 ym long in air before and after current annealing under
vacuum is presented in Figure An increase in the ON-state of the conductance and
the shift in the gate threshold voltage is observed once CNT is exposed to air after the first
current annealing which is done under vacuum. The increase can be related to the removal
of the defects in the CNT or enhancing the metal/CNT contact, and the shift of the gate
voltage can be explained as the decrease of the dopants after current annealing.

6.1.6.3 Effect of experimental electrical parameters on the transfer curve

Applying an electrical field through the p-doped local back gate of the device makes possi-
ble to measure the conductance curve (Isp vs V) of the CNT. Before investigating the effect
of the environment and the substrate, it is first mandatory to understand the impact of elec-
trical parameters on the hysteresis observed on the conductance curve.

Hysteresis is formed in the conductance curve as a result of the impact of the environment
or defects on the CNT. Charge trapping from the environment or even water on the SiO,
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Figure 6.16: The impact of first current annealing on CNT conductance curve: Current annealing is done
under vacuum, CNT is measured in air in both cases

surface and at the interface between SiO; and CNT lead to the form of silanol groups on the
dielectric surface which exhibit hysteresis. We can see that some experimental parameters
such as the gate voltage screening window (Figure [6.17p), the gate voltage sweeping rate
(Figure [6.17b), direction (Figure [6.17c), and applied bias voltage (Figure [6.17d) can lead to
change hysteresis. Hysteresis modification due to the electrical experimental parameters
used is related to the charge trapping/detrapping mechanism.

Increasing the gate voltage range leads to an increase of the width of hysteresis, which is
related to the density of the available charge traps[252] (Figure[6.17h).

Increasing the gate voltage sweeping rate leads to a decrease of the hysteresis. This might be
explained since the required time for the charge trapping and de-trapping from the substrate
takes time[253] (Figure[6.17b).

The gate voltage sweeping direction can also impact the width of hysteresis based on the
same principle (Figure[6.17c).

The increased Vsp voltage can enhance the carrier injection into the CNT channel, resulting
in higher current and also it can affect the charge distribution in the CNT and the interaction
with nearby charge traps which results on a change of the hysteresis[254] (Figure [6.17d).
Thus, it is important to choose the same experimental parameters in all measurements for
all CNTFETs whatever their environment. Therefore, we selected [-20, +20] V gate voltage
range, with normal sweep direction (see Figure [6.17c), 1 V/s sweeping rate, and Vsp = 10
mV which allow us to measure and observe the saturation values on both holes (p) and
electrons (n) sides.

Based on the electronic properties of our CNTs, we observed two different types of conduc-
tance curves. The difference comes from their metallicity, as presented in Figure We
mainly observed semiconducting and semi-metallic (small band gap semiconducting). The
semi-metallic or small band gap CNT has a higher ON-state current and lower Iy, / I, ¢f ratio
compared to semiconducting CNT. Due to the lower band gap in the semi-metallic CNTs,
electrons can require lower energy to pass from the valence band to the conduction band
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Figure 6.17: The effect of electrical experimental parameters on the conductance of CNT: (a) the effect of Vi
screening window, measured with Vsp=10 mV; (b) the effect of gate voltage sweeping rate, (c) the effect of gate
voltage sweeping direction (insets represent directions), and (d) the effect of Vsp voltage
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Figure 6.18: Conductance curve of semi-metallic (small band gap semiconducting) and semiconducting CNT
measured with Vsp=10 mV
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and lead to current flow. The difference in the band gap in different CNT metallicities, the
applied Vsp=10mV leads to a higher ON-state current when the band gap is getting smaller.

6.2 Impact of liquid drop on CNTFET electronic response

Here, our aim is to investigate the effect of liquid water as well as of a few other liquids hav-
ing different dielectric constants on the electrical performance of our CNTFET by measuring
the change on the conductance curve.

6.2.1 Case of "pure" water

The impact of liquid water on the electrical properties of a CNTFET is complex and has not
been studied so far in detail. The effect of water drops on the conductance of the closed
individual SWCNT is presented in Figure

— Before to be exposed to liquid water
1 —— Exposed to liquid water
1.4x107 —— After drying
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Figure 6.19: The impact of liquid water on the conductance curve of the CNTFET

It is observed that liquid water has a strong impact on the electrical response. When it is
exposed to liquid water the hysteresis disappears while the Isp remains unchanged. This
outcome is similar to the work of Cao et al.[224], they also observed that the impact of
liquid water on the closed and open individual SWCNT leads to the disappearance of the
hysteresis. It is thus extremely clear that the occurrence of liquid water on the top of the
tube can easily be detected electrically. Furthermore, it can be seen that after the water
evaporation, the CNTFET recovers the same conductance curve, with only a very small
shift, which can be related to the increased amount of charge traps on the substrate surface.
In conclusion, the effect of liquid water is reversible, and the effect can be either doping
based on the increased amount of charge traps in the case of liquid water or the capacitance
effect based on the higher dielectric constant of water.
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6.2.2 Case of other liquids: effect of the dielectric constant or charge traps

In order to explain the impact of liquid water, if it results from the capacitance effect (owing
to the high dielectric constant of water), non-aqueous liquids with different dielectric con-
stants are tested. The Isp vs V curves recorded with the CNT in air or covered by exposed
to silicone oil (€=2.96) is presented in Figure [6.20p.
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Figure 6.20: The impact of liquids with different dielectric constants: (a) the impact of silicone oil on the
CNTFET, b) liquids with different dielectric constants

We observe a shrinking of the hysteresis but still with a significant I,/ I,ss ratio, which is
roughly centered around Vi ~ 0. The effect is thus clearly different from that observed
with water. Testing other liquids having different dielectric constants thus appears to be
potentially informative. If the change is due to the dielectric constant of the liquids, then
it should be possible to obtain a master curve by rescaling the V; axis. The created charge
or electric field based on the applied gate voltage is calculated as g5 = CgV. Here, Cg is
gate capacitance, which is calculated as Cg = 27e,€9/ In(2h/r), where €y, h, and r are the
dielectric constant of vacuum, silicon dioxide thickness, and CNT radius, respectively. €, is
the dielectric constant of the dielectric material or environment. Thus the main changeable
parameter in Cg is €,. Therefore, as the transconductance is proportional with the created
charge: G « gg(Vg, €r). Rescaling of the axis is made by dividing V; by the dielectric con-
stant of liquids in order to account for the electric field. The normalized Isp versus Vs /e,
dependence for different liquids such as Silicone oil (¢,=2.96), Anisole (¢,=4.1), Ethyl acetate
(e,=16) and water (e,=80) is presented in Figure [6.20b. It can be seen the dielectric con-
stant of the liquid is likely not the dominant parameter to explain the change in the curves.
Therefore, we conclude from Figure and Figure that the dominant effect of water
is doping. Needless to say, all these liquids are insulators and hence do not significantly
modify the level of I,y,.
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6.3 Impact of water partial pressure and current annealing

The impact of water vapor on the electrical performance of CNTFETs when it is adsorbed
outside has been reported by different research groups. It has been observed that air humid-
ity leads to a change in the gate voltage[193, 222].

However, there are few experimental works about the effect of water when it is confined
inside CNTs[224]. So, distinguishing the effect of water when it is adsorbed at the CNT ex-
ternal surface from when it is confined into the CNT channel must be clarified.

In this section, we present our results obtained on CNTFET with close and open tubes sub-
jected to various water partial pressure. To make it short, it is possible to gain repeatable
and reproducible behavior when the CNTFET is made of an individual SWCNT, whereas
no clear trend could be identified if it is made of an MWCNT or a bundle. Thus we mainly
report, in the following CNTFET behavior only when we could prove from the breakdown
current, i.e ~ 30 yA, that it is made of a SWCNT.

In order to interpret the mechanism of the water vapor on the electrical performance of our
CNTFET, we focused on the 4 possible mechanisms obtained from theoretical consideration
about the effect of molecule adsorption on the CNT conductance curve (see Figure in
Chapter[d). Isp & Vi curve is used as a tool to understand the molecule adsorption mech-
anism. These mechanisms are assumed as: i) gating effect which can be associated to the
doping of the CNT, ii) change in the Schottky barrier, iii) change in the capacitance that may
affect the CNT modulation, and iv) change in the charge carrier mobility which can be ob-
served as a degradation of the CNT conductance.
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Figure 6.21: Main metrics in conductance curve of CNT in water & CNT interaction: (a) Main metrics in the
conductance curve of CNT, b) the most reproducible and repeatable change based on water intercation

The possible effects on the conductance curve were calculated by Heller et al.[208]. One of
the changes in the Isp & V; curves caused by the adsorbed molecules can be related to a
charge doping effect, which shifts the curve along the V; axis. Another one related to the
adsorbed molecules at the located metal interface corresponds to a change in the local work
function and hence the band alignment, therefore, changing the Schottky barrier. The n or p
Schottky barrier effect leads to asymmetric conductance change. In the case of this theoreti-
cal study[208] the low permittivity of the adsorbed molecules relative to the permittivity of
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the FET dielectric layer results in a lowered gate capacitance. Finally, the decrease in carrier
mobility reduced conductance in both the p and n branches.

In our measurements, we analyze the Isp&V; curve of the CNT based on electrical metrics
to distinguish the water partial pressure effect outside and inside the CNT. These metrics are
the change of the ON-state conductance (G,,,) value, the threshold voltages (Vg™ or Vg7),
and the change of the slope in the transition between ON and OFF-states of the conductance
(Figure [6.21]a). After several measurements where CNT is treated in air, vacuum, and cur-
rent annealed under vacuum, it clearly appears that the main repeatable and reproducible
change concerns the threshold voltage on the positive gate voltages (Figure[6.21p). Based on
the possible mechanisms associated with the molecule adsorption and on the evaluation of
the electrical performance of the CNTFET, we conclude that the shift of positive threshold
voltage V" corresponds to the doping of the CNT when exposed to moisture.

6.3.1 Case of close and open SWCNT in air

In order to clearly distinguish the effect of the water partial pressure outside and inside the
individual SWCNT, we are first constrained to study the behavior of our CNTFET on the
close tube, that is before the opening procedure and hence without knowing exactly what
kind of CNT is present (SWCNT, MWCNT or bundle, see discussion in

Four types of successive conditions are used when CNTFET is: (i) in the air directly after
annealing (~1 min), (ii) in the air after an hour, (iii) under 10~3 mbar vacuum, and (iv) after
current annealing under 10~3 mbar vacuum. Several cycles are performed once the behav-
ior of the closed tube CNTFET is investigated. Then, the tube is opened and subjected to the
same protocol.

Figure reports the shift of the threshold voltage of the closed and open individual
SWCNT during the different treatments. The protocol is successively repeated twice, de-
noted 1 and 2. "Air" means short time exposure (~1 min), "Air*" an hour exposure.

The comparison of the CNTFET response with a closed and open tube with 5 ym long sec-
tion shows a significant difference.

Before interpreting these data, let us first recall that water molecules can either be ph-
ysisorbed or chemisorbed; physisorbed means that the interaction with the substrate is
rather weak while chemisorbed means that strong chemical bonding, either ionic or cova-
lent, takes place. As far as our CNTFET is concerned, the physisorbed water molecules can
be those adsorbed at the surface of the substrate, at the external wall of the tube, or con-
fined inside its channel. The chemisorbed water corresponds to the silanol groups that are
instantaneously formed at the SiO, surface. While the physisorbed water molecules can be
desorbed under vacuum, even primary, at room temperature, much more energy is required
to dehydroxylate the silanol groups and hence to recover a SiO; surface.

Taking as a reference state the state of our CNTFET after annealing under vacuum, that is
when there is the sample has been totally dehydrated, it can therefore be concluded that
the increase of Vo when it returns to the air, whether the tube is close or open, indicates a
strong impact of the water molecules, whether physisorbed or chemisorbed. This effect is
rather fast, at least faster than the time scale which is needed to transfer the CNTFET from
the secondary vacuum chamber and to the electrical measurement platform in ambient air,

92



i.e. about 1 minute. This is supported by comparing the data Air and Air*, showing no
differences. The other outcome is that, in air, there is no way to discriminate between closed
or open tube. It would mean that the impact of the water molecules confined inside the
channel, if any, is averaged out by that of the physisorbed or chemisorbed water outside.
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Figure 6.22: Comparison of air partial pressure effect on the close and open individual SWCNT. Symbols are
experimental data, horizontal and vertical dashed lines are guided to the eye

The difference in behavior between the close and open SWCNT becomes clear as soon as the
CNTFET is placed under a secondary vacuum at room temperature: when the tube is closed,
the vacuum causes no significant change, whereas when it is open, Vg™ is shifted towards
lower values. From this observation and assuming that the secondary vacuum eliminates
the physisorbed water, it can be stated that the desorption of the physisorbed water located
outside the tube makes no real change in V™ while that of the molecule confined inside the
open tube makes a much more consequent change.

Finally it can be seen, in both close and open tube situations, vacuum annealing causes a
significant shift in V" towards lower values compared to the situation in vacuum at room
temperature. It means that the annealing treatment eliminates the "same" water in both
cases, that is the silanol groups, and allows the CNTFET to return to its “reference” state.
This repeatable evolution, therefore, indicates that the presence of silanol surface groups on
the substrate, at least in the SWCNT vicinity, has a strong impact on our CNTFET electrical
behavior. To sum up, the most important impact of water is linked to the presence of the
water molecules confined inside the tube and of the silanol groups at the surface of the
substrate.

In the case of close SWCNT, our observations are similar to most of the so far reported
works about air partial pressure[193] or humidity[211] impact outside of the CNT, which
can be observed as the shift of the gate threshold voltage mainly because of the silanol group
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forming on the substrate.

6.3.2 After evaporation of a liquid water drop

In section [6.2](Figure 6.19), we have shown that exposing to liquid water our CNTFET when
the tube is close is reversible: after water evaporation with a dry air flow the conductance
turns back to its original (before wetting) state. The same test carried out on CNTFET with
open tube leads to the same conclusion. Indeed, we can see in Figure that the level of
Vs is not changed after water evaporation. It means that evaporating the liquid water just
using a dry air flow does not empty the tube, the influence of drying is to remove outside
physisorbed water. It is in line with simulation work in the literature [53| 29] that showed a
preference for water to be inside.
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Figure 6.23: An open 5 ym long CNT treated under different conditions including after CNT is exposed to
liquid water and evaporated

6.3.3 Comparision of different CNT metallicities

The same protocol is tested on FET made of SWCNT with different electronic properties,
i.e. semiconducting and semi-metallic. Data obtained on opened semiconducting and semi-
metallic CNTFET with 5 um long CNT are presented in Figure Again, we observe
the same trends corresponding to open individual SWCNT (three plateaus after annealing,
in air, and under vacuum, respectively) independently of their metallicity. This confirms
that even though CNTs have different metallicity they exhibit the same response to water
adsorption. Therefore, the effect of water (adsorbed and confined) on a CNT is independent
of the density of states of the tube.
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Figure 6.24: Impact of the CNT metallicity on the evolution of V,™" as a function of the hydrated state: semi-
metallic and semiconducting open individual SWCNTs with 5 ym long. Symbols are experimental data, hori-
zontal and vertical dashed lines are guided to the eye

6.3.4 Case of Bundle or MWCNT

So far we focused on the study of nanotubes identified as "individual" and "single wall",
as discussed in section Data obtained on CNTFET that we categorize as MWCNT
or bundle (from the breakdown current) are reported in Figure The behavior of two
CNTFETs made of different CNT having the same metallicity is presented when the tubes
are closed or open. In these cases, and whatever the exact nature of the CNT, we do not
observe any significant change with the presence of water whether it is chemisorbed outside
the tube or physically confined inside.

Liu et al. showed that CNTFET is made of DWCNT or MWCNT, the measured electronic
properties are those of the external wall[255]. We can thus assume that in the case of an
MWCNT, the conductivity of the external wall is not influenced by the presence of water
confined inside the central channel. The underlying hypothesis is that the water and carbon
interaction is either short-distance or screened by the innertube(s). In the case of a bundle,
the structure of nanotubes packed together yields additional adsorption sites located in the
space between the tubes. Because the bundle can include tubes of different diameters, to-
gether with impurities, one can expect that the geometry of the interstitial adsorption states
is complex, making a precious experiment difficult. The simplest explanation, also unprov-
able in the present case, would be that this diversity of configurations means that, only one
average behavior can be observed.
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Figure 6.25: Comparision of close and open cases for two different CNTFETs with same apparent metallicity
made of either a bundle or a MWCNT

6.4 Desorption of water under vacuum

When working with individual closed or open SWCNT, we have seen in the previous section
that water adsorption is spontaneous whether it is inside or outside of the tube. Here, we
attempt to understand the desorption process by exposing the annealed CNTFET to air and
then to different vacuum levels.

6.4.1 The effect of pressure

The impact of vacuum is tested between 107! to 1072 mbar. The first response is measured
as soon as the desired vacuum is reached. Then, it is recorded upon time, i.e. every 30 min-
utes. When it is stabilized, the pressure is decreased to a lower level.

Two cases are studied here:

i) A CNTFET made of a 5 pym long opened SWCNT,

ii) A CNTFET made of the 25 ym long opened SWCNT. Here, it is possible, thanks to the de-
sign of our FET to measure the change in the electrical response between several electrodes,
i.e. on sections of the tube with different lengths.

Data obtained on both FETs are reported in Figure where it can be seen that there
is no significant difference between them. The general trend is that the change in V™ is
not instantaneous, as there is always a slight jump between the 15 and 2" measurements
separated by 30 min. We also clearly observe a slight decrease in V5~ when the vacuum
reaches 10~ ! mbar and that it is not significantly modified when going down to 10~2 mbar.
Then a larger decrease is observed when reaching 10~ mbar.

No clear difference is seen between both CNTFETs, thus indicating that the CNT length has
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Figure 6.26: Water desorption as a function of the level of vacuum. Symbols are experimental data, horizontal
solid and vertical dashed lines are guided to the eye: (a) water desorption from CNTFET with different channel
lengths, (b) water desorption for the same channel length of CNT near to open sides and in the center

no impact on water desorption.

Indeed, there is no prior reason why the electron properties of the CNTFET should vary
according to the length of the tube being probed and the surface condition of the substrate,
which can be assumed to be homogeneous throughout the tube.

On the other hand, we could have imagined that the desorption of water confined within
the tube does not take place homogeneously and, consequently, that the response of the
CNTFET depends on the part being probed. This is clearly not the case. The most reasonable
hypothesis is that each time a water molecule is extracted from the channel, the remaining
ones reorganize themselves homogeneously.
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Figure 6.27: The schematic of measuring water desorption on different sections of a same CNTFET device

This observation is consistent with the instantaneous adsorption already observed which
suggests an important free enthalpy decrease in favor of water adsorption and consequently
a large free enthalpy step to be overcome during desorption; this entropy-driven process is a
reason for an easy re-homogenization after each desorption. In other words, a large barrier
exists for extracting from the CNT, but not for diffusion of molecules inside.

The data reported for the CNTFET made of the 25 pm long tube and measured at different
sections is also quite informative (Figure [6.26p) and consistent with results reported in Fig-
ure [6.26a. (nb: to make clear the different sections, a schematic representation is proposed
in Figure [6.27). It means that this long tube is impacted by the various type of adsorbed
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water in a rather homogenous way. As far as water is confined inside the tube is concerned,
the removal of a given quantity of water molecules causes a reorganization of those which
remain homogeneously distributed /structured throughout the length of the tube.

So based on what is reported in Figure the evolution observed in Figure can be
interpreted as follow:

1) Desorption of external physisorbed water at 10~! mbar (very small effect)

2) No further desorption at 1072 mbar (no more water to be desorbed)

3) Desorption of the water confined at 10~2 mbar

4) Dehydroxylation of the silanol groups under annealing.

The desorption of the water physisorbed and chemisorbed outside of the CNT is in line
with the literature, as Kim et al., reported that physisorbed water can be removed easily at
room temperature while chemisorbed water can be removed at 200 °C under vacuum[193].
However, it is quite well known that some types of silanol groups can be removed at 200
- 400 °C temperature ranges, while all different types of formed silanol groups can only be
removed completely in the temperature ranges 400-1200 °C[256]]. Our annealing process let
us fuse CNT in such high temperatures under vacuum to remove the silanol groups formed
around CNT.

6.5 Conclusion

The data reported in this chapter constitute a large part of my Ph.D. work. They have re-
quired a great deal of testing, as it is both time-consuming and difficult to manufacture
CNTFETs made from an isolated tube, and rare to obtain properly functioning ones made
only from an SWCNT. Whenever the CNTFET can be manufactured and responds satisfac-
torily, i.e. level of conductivity and shape of the I;; vs V5 curve, to an initial measurement in
air or in vacuum, the whole series of measurements must be first carried out without know-
ing whether the tube is a SWCNT or a MWCNT, or even a bundle. We have to check the
opening process to find out.

Nevertheless, we have been able to collect sufficient reproducible data on several CNTFETs
made of individual SWCNT and compare the results before and after opening the tubes.
Our main conclusions are:

1) It is impossible with the procedure used in our work to obtain reproducible and consistent
outcomes when the CNTFET is made of MWCNT or bundles. This proves that the impact
of water on the behavior of our FETs can only be analyzed when they are made up of in-
dividual SWCNT, which we can hope, given the synthesis method, are all of comparable
diameters. In other cases, the diversity of tubes and hence their properties is too large to
yield reliable conclusions.

2) Comparison of the behavior of CNTFETs with closed or open tubes leads to conclude, as
it has been already reported, that the filling of the tube is rather fast. This time is not mea-
surable using our protocol but it is for sure shorter than one minute or two.

3) Comparison of the behavior of CNTFETs with closed or open tubes leads to a clear dis-
tinction between the effect of the water chemisorbed on the surface of the substrate, most
probably in the form of silanols, in the tube external environment, and of the water confined
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in the internal channel of the tube. Results suggest that the impact of the silanol groups even
covers that of the confined water molecule.

4) Studying the desorption of water as a function of the vacuum applied shows that there is
a smaller effect of water physisorbed outside the tube, whilst it is not possible at this stage
to specify whether it is on the surface of the substrate or on the tube wall.

5) Studying the desorption of water as a function of vacuum, the SWCNT length and the sec-
tion of the tube indicate that the removing of the confined water molecules is more difficult
than their filling and that it proceeds homogeneously, i.e. as soon as some water molecules
leave the channel, they likely re-organize homogeneously throughout the length. This con-
clusion is fully in line with the principles of a filing process governed by entropy.
Positioning of the different water states (physisorbed, chemisorbed, confined) on the tube is
presented in Figure The process of water adsorption and desorption on the closed and
open tube is schematically presented in Figure[6.29]

Physisorbed (to be desorbed under Silanol or chemisorbed (to be desorbed under
vacuum at 10-! mbar at room temperature) 103 mbar at high-temperature (T ~ 1000 K))

Confined (to be desorbed under vacuum at
10-3 mbar at room temperature)

Figure 6.28: Scheme of different types of water forming
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Figure 6.29: The schematic of water adsorption/desorption process for the close and open CNT
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CHAPTER [

Prospectives and General conclusion

Being the main liquid of living organisms and being essential to daily human life, water
has been studied over years on macro and microscales. Various phenomena such as hy-
drodynamics (continuum flow) on the macroscale, capillary, cavitation, and condensation
on the microscale have been the subject of thousands of studies. However, investigating
the behavior of water on the nanoscale remains challenging. Thanks to the utmost recent
advances made in the field of nanotechnology, it is becoming increasingly feasible to build
micro or nanosystems which make it possible to access the response, for example, electrical
or optical, of isolated nanometric objects interacting with water and to deduce the behavior
of water at this scale. Such work has both fundamental and applied benefits and for those
reasons recently gained popularity, particularly in the field of nanofluidics. It was in this
context that the objectives of this thesis were set. Considering the expertise and the long-
term research projects developed in the team I joined, this work was defined around two
axes:

(i) to be able to produce a sealed y-device inside which it should be possible to inject liquid
water or control its partial vapor pressure;

(i) to study the effects of the presence of liquid or vapor water on a field-effect transistor
(FET) whose channel is made of an individual single-walled carbon nanotube.

The first is a technological project, the second a more fundamental research objective. The
u-device developed in axis 1 is the first step toward the fabrication of a sealed Lab-on-Chip
whose functioning is based on the nanofluidics properties of SWCNT under a controlled en-
vironment. The methodology developed must be versatile enough to be applied to several
types of Lab-on-Chips, in particular those that can be used for electrical or electromechanical
measurements. The material selected for such duties could thus be employed in different
conditions: liquid, partial gas pressures, and vacuum, and at various temperatures, more
particularly as low as a few Kelvins. In addition, its bonding process should not require a
too high temperature or the use of any chemical or plasma activation. Finally, it is essen-
tial that the selected material has sufficiently long durability so that the Lab-on-Chip can be
used to carry out as many measurements as possible. Therefore, most of the so-far devel-
oped bonding methods cannot meet all these requirements together.
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In the second part, we aimed at studying the interaction between water & a single SWCNT
based on the CNT’s electrical response. As we were especially interested in investigating
the impact of the water molecules confined inside the CNT on the electrical behavior of the
SWCNT, we needed to find a method to distinguish water adsorbed outside from that con-
tined inside. Even though some work about water adsorbed outside[193, 257] and water
confined inside[224] the CNT has already been published, more experimental data are re-
quested. Studying the interaction between water and CNT is quite challenging, and should
be explained from different points of view, such as if we have to deal with (i) an individual
CNT or ensemble of CNT and (ii) a single-wall (SW), a multi-wall (MW) or a bundle, (iii)
CNT with different metallicity, ie. metallic, semi-metallic or semiconductor as well as (iv)
the diameter of the CNT which we know from the theoretical work to be a key issue. All
these parameters need to be carefully considered .

The main results obtained can be summarized as follows :

In the case of our u-device, we selected an epoxy-assessed photoresist (SU-8). It allows us
to fabricate and assemble a tight device with the smallest possible thickness of 35 ym and
to quantify its performance. We show that micrometric walls made of SU-8 resin exhibit
liquid water pressure leak tightness from 1.5 bar up to 5.5 bar and no porosity even after 2
months of aging. We also found that the SU-8 wall can operate under a secondary vacuum
with neither degradation of the vacuum nor outgassing nor liquid water or gas permeabil-
ity. Moreover, the fabrication process we propose requires neither aggressive chemical nor
high temperature nor high energy plasma pre-treatment. It thus opens a new perspective to
seal y-device when sensitive surfaces or materials such as CNT are used.

In the case of our investigation on the interaction between water and CNT, we observed
that the electrical response of a FET in which the channel is a SWCNT is very sensitive to
water, and hence that such FETs can be an excellent tool to study all different processes of
water adsorption. We show that a clear distinction could be made between CNTFETs made
of individual SWCNT to those made of MWCNT or even bundles. We also perceived a
clear difference between these two types of CNTFET, since only the ones made of individual
SWCNT could yield reproducible and consistent outcomes. Using the breakdown current
protocol allowed us to open the tube and compare the response of the FET before and after
opening. Thanks to the reproducible data obtained in the case of FET made of an individual
SWCNT while it was subjected to various conditions (liquid water, air, vacuum, and current
annealing), we were able to clearly distinguish the effect of the water confined inside the
nanotube from that adsorbed outside. It can then be concluded:

1) water adsorption outside and inside the tube is spontaneous

2) there are 3 different water states: (i) chemisorbed on the surface of the substrate, i.e. likely
silanol groups, (ii) physisorbed on the external side of the tube wall or the substrate, and
(iii) confined inside the channel.

3) there is no impact of the CNT metallicity on water adsorption.

4) full water desorption under different vacuum at room temperature takes hours

5) desorption proceeds homogeneously i.e. as soon as some water molecules leave the chan-
nel, they re-organize homogeneously throughout the length.

6) our CNTFET made of MWCNT or bundles gave no consistent and reproducible data
since, most supposedly, in the case of DWCNT or MWCNT the response of the FET comes
from the electrical conductivity of the outermost wall which is not impacted by the water
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confined in the central channel. The situation is much more complex if the FET is made of
a bundle since some tubes can be open, some others not. This proves that the impact of
water on the behavior of our FETs could only be analyzed when they are made of individual
SWCNT. In other cases, the diversity of tubes and hence their properties are too large to
yield reliable conclusions.

Both assigned objectives have been achieved although, some stays to be reached in both
cases. One of the main steps regarding the application of the yu-device can be testing its per-
formance while sealing the nanomaterial and applying it to different conditions specially
Cryogenics.

In the case of the CNTFET, first and foremost, correlating the behavior of our CNTFETs with
the SWCNT diameters should be made possible, as it is well known (Chapter 2) that the
structuring of the confined water is highly dependent on it. Checking whether this struc-
ture can have a discriminating impact on the FET’s electrical behavior could be a major
step forward. It could also be envisioned more precise monitoring of desorption kinetics.
Likewise, the protocols developed in our work could also be followed by modifying the
temperature of the FET and precisely controlling the vapor pressure. Obtaining a whole set
of isothermal measurements should provide valuable information on the dynamics of con-
fined water and on phase transitions; and if any whether they have structural or dynamical
origins. Whatever they are, the results obtained should be quite useful for the development
of the electro-mechanical nano platform project which aims at investigating the dynamics
and structure of water confined inside a single-walled carbon nanotube.
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APPENDIX A

CNTFET device fabrication protocols

The CNTFET sample fabrication protocols are explained. These include the creating of the
optical marks, catalyst and metal contact deposition.

A.1 CNTFET sample fabrication

Protocol 1: Optical marks
Optical marks on SiO;/Si substrate: Lithography patterning and ICP etching;:

¢ S5i0O; (300 nm)/ Si 4-inch wafer is cleaved in the dimension of 2 cm x 2 cm

* Cleaning substrates: Sonication in acetone for 5 min, rinsed subsequently with iso-
propyl alcohol (IPA) and deionized (DI) water, then dried with Nj

¢ Dehydration of the substrates at 110 °C for 5 min
¢ Photoresist AZ5214 EU is poured on the hot sample directly placed on the spin coater
¢ Spin coating: 6000 rpm for 30 sec

* Prebake the substrate at 120 °C for 1 min (then wait for cooling down to room temper-
ature)

e UV exposure: Mask used to expose optical marks patterns. Substrates are exposed for
2 sec to a UV lamp with a power of 8mW /cm? (wavelength 365 nm)

* Post exposure bake (PEB): on the hot plate at 120 °C for 2 min (cool down to room
temperature)

* Flood exposure: UV exposed without mask
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¢ Development: sample developed in the beaker filled with AZ726MIF developer for 1
min, then rinse with DI water, N, flux drying. Check (with an optical microscope) if
optical marks are properly developed (Figure 6.1|first step).
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Protocol 2: Catalyst pattern deposition
Catalyst pattern deposition after preparing catalyst solution:

Each time the catalyst solution is sonicated for 10 min before using

The catalyst and S1818 photoresist mixture is prepared (in the volume ratio of Catalyst
(3)/51818 (20)) and mixed with an agitator at 2000 rpm for 1 min

Optical marks etched substrates dehydrated for 5 min at 120 °C
Catalyst mixture poured on the hot sample on the spin coater
Substrates spin coated at 2000 rpm for 20 sec

Substrates prebaked at 120 °C for 1 min

If needed edges are removed with using acetone on a cotton bud to obtain a better
contact during UV exposure

Substrates are exposed using the catalyst patterned mask for 2 sec to a UV lamp with
a power of 8mW /cm? (wavelength 365 nm)

Substrates are developed in the AZ726MIF photoresist developer for 1 min, followed
by DI water rising and N, flux drying
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Protocol 3: Patterns for metallic contact deposition

After doing the preliminary selection of the CNT and its location, the bilayer lithography
process is done to deposit the metal contacts onto the CNT.We deposited six metal contacts
with channel length 5 ym and contact length 5 ym to be able to measure the CNT resistance
versus channel length dependence and the contact resistance between metal and CNT.

* Substrates dehydrated for 5 min at 120 °C on the hotplate

¢ Lor5A poured on the hot samples on the spin coater

* Samples spin coated at 3500 rpm for 30 sec

¢ Samples prebaked at 180 °C for 1 min (then cooled down to room temperature)
¢ AZ5214EU poured on the cooled sample and spin-coated at 6000 rpm for 30 sec
¢ Samples prebaked at 120 °C for 1 min

 Samples exposed to UV lamps for 2 sec with a power of 8mW /cm? (wavelength 365
nm)

e PEB at 120 °C for 2 min
* Flood exposure without a mask for 40 sec

* Development in AZ762MIF for 60 sec (check with optical microscopy if patterns are
developed well)
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APPENDIX B

Small diameter CNTs synthesis via CVD

Here, our objective is to optimize the synthesis parameters required to obtain the CNTs with
a diameter below 1.4 nm. These dimensions are important in our project in order to study
the properties of water confined at the nanoscale.

In order to achieve our goal, we started from a previously developed growth process in the
team, the growth of aligned SWCNTs by so-called kite growth on Silicon wafers. This recipe
however synthesizes bigger diameter CNTs in the range of [1.5-2.5] nm. We then carried out
CVDs with different catalyst mixtures and CVD parameters to synthesize CNTs with the
required dimensions .

SEM is used to observe the growth density, length, and orientation of the CNTs grown from
the catalyst pattern. Raman and AFM are used to characterize the diameter distribution of
CNTs, both in the catalyst pattern and outside when possible.

B.1 Sample fabrication

The CNTs are synthesized on 90 nm SiO, on top of Si substrate. We choose this material
because it facilitates the characterization of the CNT by Raman scattering[258].

Firstly, optical marks are created on the substrate using photolithography and ICP etching
(as explained in Protocol 1 Appendix [A). Their role is to facilitate the characterization of
CNT by locating them on the surface. After etching the optical marks, the substrates are
strongly cleaned with sonication in an acetone bath, followed by dipping in RPG solution
at 80 °C for 1 h. This step is important in order to clean the substrate surface from resist
residue, thus preventing the growth from contamination and improving reliability.
Different catalyst solutions are prepared by mixing Fe, Ru, 5iO; in methanol. Methanol is
selected to dissolve the metallic salts to prepare a catalyst solution because of its polarity.
The methanol is selected in a controlled amount also because of its compatibility with the
photoresist without changing its properties such as viscosity. The catalyst solutions are later
mixed with S1818 photoresist and patterned by photolithography on the substrate (as ex-
plained in Protocol 2 (Appendix[A).
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The Chemical Vapor Deposition (CVD) method is used to synthesize of CNTs. The CVD
process starts with a decomposition of the ethanol (carbonaceous precursor) on the cata-
lyst particles. Ethanol is a widely used precursor because it employs different growth con-
ditions and controls water moisture in the furnace. Meanwhile, the water formed in the
ethanol decomposition process is in controlled amount which is necessary for encapsulating
the catalyst particle by carbon atoms to form the CNT. Compared to other precursors it is
more reproducible in the way of controlling water moisture in the CVD furnace. Then it is
transformed into the furnace by an inert gas (Argon) at a temperature of around 900 °C. The
CNTs then grow on the silicon substrate. The growth process is called "kite" growth[259].
This process happens in two steps: (i) based on the temperature gradient on the substrate
surface and inside the quartz tube in the furnace, which enhances the CNTs to grow ver-
tically and (ii) controlled gas flow is applied to keep laminar flow over the quartz tube to
direct CNTs horizontally onto the substrate.

CVD is a complex synthesis process with numerous input parameters and elements.

The components of the CVD equipment are:

* A three zones tubular furnace to ensure temperature homogeneity during synthesis.
This homogeneity is achieved by means of three resistors arranged around the furnace.

* A quartz tube to deposit our substrate.
* A magnetic arm for positioning of the sample in one of the zones of the furnace.
* A steam of ethanol gas, the carbon source for the synthesis.

* A flow of argon gas, which has two functions: it allows the ethanol to pass into the gas
phase in one of the valves, and it also decreases the flow of Carbonaceous gas while
keeping the total flux equal.

¢ A steam of hydrogen, which acts as a reductant for the catalyst oxidized during resin
calcination.

* Oy and H;O sensors are used to monitor the contents of the chamber prior to and dur-
ing the synthesis. The H,O sensor monitors the synthesis itself through the reaction:
C,H50H — — > 2C + H,O + 2H,

The main CVD parameters which are decisive for the synthesis of CNTs, in particular, their
diameters are temperature in the furnace, the gas flux, and humidity.

Before starting the synthesis the substrates are calcinated in the air at 700 °C for 5 min start-
ing from room temperature with a heating rate of 15 °C/min. This step burns the pho-
toresist, which is used to pattern the catalyst and removed as much as water possible from
the CVD furnace. The synthesis parameters are then entered, including gas flows, carbon
precursor, temperature, and synthesis time. Once the sample has been placed in the right
position, the oven is ramped up at 15 °C/min up to 900 °C and kept at 900 °C for 30 min.
Finally, once synthesis is complete, the furnace is left to cool down and gradually reduce the
gas flow to gently deposit the CNTs on the substrate, with an orientation perpendicular to
the catalyst patterns.
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B.2 Characterization of as-grown nanotubes

SEM and Raman are the two main tools used to characterize the CNTs. SEM is used to
observe the length, density, and orientation of the CNTs grown from the catalyst pattern and
the zone in which the CNTs have been grown. Raman spectroscopy is used to characterize
the diameter distribution, mainly in the catalyst pattern. AFM is also used to correlate the
diameter of the CNTs grown from the catalyst pattern with the diameter measured with
Raman in the catalyst pattern.

CNTs

catalyst

=

Figure B.1: SEM image of the CN'Is grown on the substrate from the catalyst pattern

SEM is used to characterize materials with high resolution and efficiency. The electron beam
emitted from the cathode tip is accelerated and focused by the anode and magnetic lens. The
beam scans the sample and the secondary electrodes are produced by the electron bombard-
ment and collected by the secondary detector (SE)[260]. The grayscale image is produced
by collecting SE signals. SEM images contain the surface topography of the material and
local surface charges. The acceleration voltage, dwell time, and magnification are the main
factors that significantly affect SE emission. It was observed based on the contrast arising
from different conductivity or band-gaps of the SWCNT placed on the substrate, it can be
observed in SEM. The substrate plays a role in evaluating the physical properties of CNT
such as metallic or semi-conducting[261}, 262]. It is challenging to image the smaller diame-
ter CNTs below 1 nm, owing to the finite size of the beam. This technique does not reveal if
the CNT is SW, MW, or even if bundle.

AFM is a widely used technique to measure the surface morphology of nanomaterials with
subnanometer accuracy[263]. It has been used to measure CNT and to approximate their
diameter[264]. It can give information about the vertical dimension of the object, however,
the measured height is often different from the actual height due to the interaction of the
AFM tip with the sample. This method does not as well allow us to identify if the CNT is
SW, MW, or bundle. Figure [B.2| presents the AFM image of the CNT grown from the Fe &
Ru catalyst and its diameter is extracted from the measured height.

When a sample is illuminated with intense monochromatic incoming photons are either
transmitted, adsorbed, or scattered. Raman spectroscopy focuses on the scattering of pho-
tons. Raman scattering is an inelastic scattering, which means the energy of the scattered
photons differs from that of the incident photons. Due to the vibrational mode of the probed
material. The frequency modification is called the Raman shift:

111



37
= Profile 1

y [nm]

-

=

TTrrrrrrrr | TTrrrrrrrr | TTrrrriorT | TTTrrrrrrr
0.00 0.05 0.10 0.15 0.20
x [um]

Figure B.2: Diameter approximation of CNT grown from catalyst pattern: (a) the AFM observation of the CNT
grown from Fe & Ru catalyst, (b)the extracted diameter of the CNT from AFM picture

Vs = Vo — Vyip

Vgs = Vo + Vyip

Here, vs and v, are frequency corresponding for stokes and anti-stokes scattering, vy fre-
quency of photons, and v, is the frequency related to vibrational mode.
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Figure B.3: Kataura plot (From [265])

In this study, we will be using resonant Raman scattering, which is a special case that occurs
when the wavelength of the exciting radiation is close to that of an electronic transition in
the material under study. The resonance condition greatly enhance the measured signal,
which is necessary for the study of material with low cross-section such as CNT.

Each nanotube structure (e.g. chirality) has a given set of electronic (thus excitonic) tran-
sitions, allowing to link optical resonance to a nanotube diameter. This is the basic of the
so-called Kataura plot (Figure B.3). Regarding the conductive or semi-conductive nature of
CNTs, the Kataura diagram illustrates the usefulness of using lasers with different wave-
lengths to excite them. The diagram shows each laser has energy that can observe a limited
portion of the CNT, depending on its diameter. This explains the use of three different lasers
(5632 nm, 633 nm, 785 nm) each with different energy, to observe CNTs of different diameters.
As a result, this spectroscopy can observe a sufficiently wide range of CNTs with different
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diameters without discontinuity.

In the Raman spectra measure experimentally, we can identify the following vibrational
modes of SWCNTs. RBM mode, G and D band. Radial breathing mode (RBM) is the
most characteristic band for SWCNT, this band corresponds to a vibration mode similar
to a CNT “breathes”. From the frequency of this band, the diameter distribution can be
calculated[246, 247].

G band is the vibrational mode of C — C sp, bonds. It is used to determine nanotube
purity[246] 247]. D band comes from the mode of vibration of the hexagon. This band is
associated with the defects in the structure of a CNT[246],247].

* The peak between 100 and 300 cm™ : corresponding to Radial breathing mode or RBM
peak. This peak is used to determine the diameter of the CNT (in this work we mainly
focused on this peak)

* Peak at 520 cm™! corresponds to the SiO, Raman peak, presents because of the sub-
strate.

* Peak at approximation 1300 cm™ corresponds to peak D, a C — C sp3 Raman band

corresponding to defects in the CNT.

e Peak at around 1600 cm™ corresponds to the G peak, the Raman band of graphene and
therefore of the C — C sp, bond[266].

* Peak at around 2650 cm™! corresponds to the G’ band, also known as the 2D band.

Raman analysis is carried out with Renishaw via a confocal Raman microscope. The spec-
trometer is used with a confocal microscope and spectrum analysis software, WIRE4.1. We
used three different laser wavelengths: 532 nm, 633 nm, and 785 nm. These three lasers
enable us to observe all CNTs within an analysis perimeter of around 1 nm diameters.

Table B.1: Raman spectroscopy parameters for each laser type

Wavelength (nm) 532 633 785
Analysis frequency range (cm™) | 100-1750 | 100-1750 | 100-1750
Diffraction grating (ligne/mm) | 2400 1200 1200
Exposure time (s) 0.2 1 1

Laser power (%) 100 100 100
Accumulation 2 2 2

After calibration of all of the lasers corresponding to the Si peak with a frequency of 520.4
cm™, we moved to our sample and choose the area pre-observed in SEM, using optical
marks. We carried out line measurements on the center of the catalyst pattern with the high-
est magnification (x 100) yielding a beam size of ~ 1 ym. The starting point was selected
and set then all three lasers run exactly on the same path over the catalyst pattern. The pa-
rameters used for different lasers are shown in Table The baseline is subtracted from
the measurement spectra to see the peaks corresponding to the CNT. The spectra show var-
ious peaks of varying interest for our study (Figure [B.4). Here we mainly focused on the
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RBM peak and its corresponding frequency to calculate the diameter of the CNT using the
following equation[267] 246] this is an empirical law for CNT on quartz.

217.8
d= w—15.7 (B.1)

Here d is the diameter of the CNT in nm, w is frequency in cm™.

The D and G peaks confirm the presence of CNT, where the G/D ratio shows the purity and
the presence or absence of defects in our CNT. The higher this ratio the fewer defects in our
CNT.
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Figure B.4: Raman spectra of CNT: (a) Subtraction of the spectra corresponding to CNT, (b) CNTs Raman
spectra

B.3 Results

We tested the impact of catalyst compositions, the concentration of the nanoparticles in the
catalyst mixture, CVD flux, and initial moisture concentration in the CVD furnace on the
CNTs synthesis

B.3.1 Theimpact of different catalysts compositions

The catalyst is the most important element in the synthesis of CNTs, and strongly controlling
their diameters. We compared the catalyst mixture of Iron (Fe) and Ruthenium (Ru)[268]
with Cobalt (Co) and Molybdenum (Mo)[269], which are the most commonly used mixtures
to synthesis small diameter CNTs. Figure |B.5[shows the diameter distribution of the CNTs
growing from two different catalyst mixtures as measured thanks to Raman spectroscopy.
It is obvious that the diameter of the CNTs growing from Co & Mo is bigger than the CNTs
synthesized from Fe & Ru with an average diameter of 1.5 nm and 1.2 nm, respectively.

The number of RBM peaks are nearly 5 times higher in the case of Fe & Ru which can
be related to CNT density. For the same dimension catalyst patterns and with the same
measurement steps we observed 164 RBM peaks for Fe & Ru, however 33 peaks for Co &
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Mo.

It is also useful to evaluate the percentage of CNTs with a diameter less than or equal to 1.4
nm. In the case of Fe & Ru catalyst the value (77%) is higher than Co & Mo (30%).

Thus, we observed that in the case of using Fe & Ru mixture as a catalyst, the density of the
CNTs is higher and the average diameter is smaller compared to Co & Mo.
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Figure B.5: The diameter distribution of the CNTs synthesized from the different catalysts measured with
Raman spectroscopy on the pattern: (a) the diameter distribution of CNTs grown from Co & Mo, (b) the
distribution of CNTs grown from Fe & Ru

The observed difference in the CNTs synthesis while using these two catalyst mixtures is
unpredictable. Probably by optimizing the growth one can synthesize CNTs with the same
dimensions as Fe & Ru from Co & Mo mixture. However, this test allows us to select our
direction. Therefore, we selected Fe & Ru catalyst mixture and in the next step, we tested
different concentrations of nanoparticles in this catalyst mixture.

B.3.2 Theimpact of iron concentration on CNT synthesis

The impact of the nanoparticles concentration in the catalyst mixture such as Iron (Fe),
Ruthenium (Ru), and also the concentration ratio of Fe to Ru in the mixture is reported. The
mixture is prepared from FeCl3 (15 mM), Ru 15 mM, and SiO; whose role is to act as chemi-
cally inert support to enhance the dilution and to provide a large specific surface area for the
catalyst particles. This can provide stability to the particles and prevent their agglomeration
during the growth process. However, the concentration of Fe and Ru is modified several
times in order to observe their impact on the size of the CNTs” diameters obtained.

We tested different concentrations of Fe in the catalyst on the CNT synthesis. The catalyst
solutions are prepared with Fe concentrations of 1.66 mM, 2.5 mM, 5 mM, and 15mM while
keeping Ru concentration 15 mM.

In Figure B.6a, we observed that the higher the iron concentration, the greater the average
diameters of the synthesized CNT. This trend is confirmed when we look at the occurrence
of the CNTs with diameters less than or equal to 1.4 nm for different Fe concentrations. It
shows that the diameters tend to be larger as [Fe] increases. However, we also observed
that the number of RBMs in the case of very small Fe concentration is lower than once the
Fe concentration is more than 5 mM (tested for 16 samples). In other words, the density of
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growing CNTs is increasing with increasing Fe concentration in the catalyst solution.
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Figure B.6: The impact of iron concentration in the catalyst on the CNTs synthesis: (a) the average diameter of
the CNTs for different Fe concentrations, (b) the percentage of the CNTs with diameter less than or equal to 1.4
nm dependence versus Fe concentration in the catalyst

Fe is the main element in the CNT growth, and the increase of the diameter with increasing
[Fe] can be related to the process of coalescence of nanoparticles which leads to synthesis
bigger diameter CNTs. The increased CNT density means the number of RBM with increas-
ing Fe concentration is related to having more metal particles forming CNT.

B.3.3 Theimpact of ruthenium concentration on CNT synthesis

The impact of the presence of Ruthenium (Ru) and its concentration on CNT synthesis is
tested.
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Figure B.7: The impact of the Ru on the CNT diameter distribution: (a) the catalyst without Ru, (b) the catalyst
with Ru (15 mM)

Figure shows the diameter distribution of the CNTs calculated from the RBM band for
the case of catalyst without Ru (Figure[B.7a) and the catalyst with 15 mM Ru (Figure[B.7p). It
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appears that the introduction of Ru yields smaller diameter CNTs. The average tube diame-
ter drops from 1.43 nm to 1.26 nm. Similarly, when we look at the occurrence of a diameter
less than or equal to 1.4 nm the presence of Ru significantly increases the proportion from
nearly 49% up to 75%.

This observation wit the presence of Ru and SiO, can be explained as follows: (i) Both, Ru
and SiO; enhance catalyst dilution and prevent Fe nanoparticles agglomeration or (ii) SiO;
enhance dilution while Ru can be more active chemically and form on the surface of Fe
which leads to getting smaller diameter CNTs.

B.3.4 Theimpact of the concentration ratio of Fe to Ru on the CNT synthesis

The impact of the different Fe to Ru concentration ratios can be also tested to find if there
is any possible correlation. The average diameter distribution of the CNT synthesis from
catalyst solution with a different concentration ratio of Fe to Ru is presented in Figure [B.8a.
The percentage of the CNTs with diameters less than or equal to 1.4 nm is also presented in

Figure [B.8p.
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Figure B.8: The impact of Fe to Ru concentration ratio on the CNT synthesis: (a) the average diameter of the
CNTs5, (b) the percentage of the CNTs with diameter less than or equal to 1.4 nm

In this test, our aim was to observe if it is possible to find the [Fe] to [Ru] ratio, where we can
get small diameter CNTs(thanks Ru) while increasing the density of the CNT (thanks Fe).
We do not observe any clear trend while increasing [Fe]/[Ru] from 0.15 to 1. Summarizing
the impact of the nanoparticles concentration in the catalyst mixture on the CNT synthesis,
we conclude that FeClz — Ru — SiO, with the concentration of Fe 5 mM, the concentration
of Ru 15 mM is the best catalyst mixture to synthesize CNT with a smaller diameter.

B.3.5 Flow NF or HF

We also tested the impact of some CVD parameters on the CNT synthesis, the first one being
the flux of gases such as Hy, Ar/EtOH, and Ar are used in the CNT synthesis in the CVD
furnace. We deposited the selected catalyst and CVD is done in two different flux conditions,
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which are called "Normal flow (NF)" and "High flow (HF)".

In the case of NF (tested for 4 samples) the flux of gases are H, 190 sccm, Ar/EtOH 33.33
sccm, Ar 890 sccm. The flux is three times higher in the case of HE. Thus, the gases flow
values in the case of HF (tested for 11 samples) are H, 570 sccm, Ar/EtOH 99.99 sccm, and
Ar 2670 sccm.

Even though we have very similar results for both of the flux rates, we can see that in the
case of HF, we have a bit smaller diameter CNTs (1.27 nm) compared to NF (1.25 nm), and
the density of the CNTs with a diameter below 1.4 nm was higher in the case of high flow,
75.7% compare to 71.5%.

The flow in the CVD furnace is intended to align CNTs onto the substrate. Even in both flow
conditions, we synthesized CNTs with the same dimensions, it can possible that the flow
can increase the concentration of the carbon atoms on the nanoparticle’s surface and lead to
the synthesis of different amorphous structures.

B.3.6 Theimpact of moisture volume concentrationinthe furnace onthe CNTs
synthesis

Finally, we also tested the effect of the moisture volume concentration in the CVD furnace
on the CNT synthesis. Moisture is formed by water adsorption on the lines in the CVD
setup when the sample is loading. It is necessary to control the amount of moisture at the
beginning of the CV process, thus it is removed by heating the lines and purging with Ar to
get a controlled amount of moisture in the furnace. We selected a low moisture concentration
of 5 ppm and high moisture concentration of 50 ppm. We observed that increasing the
moisture concentration results in decreasing the average diameter of the CNTs from 1.28 nm
down to 1.18 nm and increasing the percentage of the CNTs with a diameter lower than 1.4
nm, from 73% up to 81%.

B.4 Conclusion

The CVD method is one of the most popular CNT synthesis methods. However, controlling
the diameter of the CNTs synthesized with this method is challenging. Here, we tested
different catalyst concentrations and CVD parameters to obtain the CNT with the required
dimensions to study the confinement of molecules, e.g. less than or equal to 1.4nm. We
observed that Iron (Fe) is one of the main elements to synthesize CNTs, and mixing the Iron
with Ruthenium decreases the diameter of the CNT. From CVD parameters the gas flux and
moisture volume concentration in the furnace play also an important role to get smaller
diameter CNTs.

The list of the samples used in this CVD optimization process are presented in the table
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Table B.2: The list of samples used for CVD optimization to get small diameter CNT5

Samples Catalyst CVD Moisture Average Percentage
flux concentra- diameter of (%) with
tion (ppm) CNTs (nm) d<14
nm
#1 Co 5mM; Mo 5mM HF 5 1.52 33.3
#2 Fe 5 mM; Ru 15 mM HF 5 1.27 70.9
#3 Co 5mM; Mo 5mM HF 5 1.52 27.8
#4 Fe 5 mM; Ru 15 mM HF 5 1.27 75
#5 Co 5mM; Mo 5mM HF 50 1.45 40
#6 Fe 5 mM; Ru 15 mM HF 50 1.13 87.2
#7 Co 5mM; Mo 5mM HF 50 1.53 21.2
#8 Fe 5 mM; Ru 15 mM HF 50 1.24 75
#9 Fe 5 mM; Ru 15 mM NF 5 1.3 66.3
#10 Fe 1.66 mM; Ru 15 mM NF 5 1.27 69.7
#11 Fe 5 mM; Ru 15 mM NF 5 1.21 82.97
#12 Fe 5 mM; Ru 15 mM NF 5 1.21 79.2
#13 Fe 5 mM; Ru 15 mM NF 5 1.39 58.5
#14 Fe 5 mM; Ru 15 mM HF 5 1.14 87.5
#15 Fe 2.5 mM; Ru 15 mM HF 5 1.29 78.9
#16 Fe 5 mM; Ru 15 mM HF 5 1.19 85.7
#17 Fe 2.5 mM; Ru 15 mM HF 5 1.12 93.7
#18 Fe 15 mM HF 5 1.5 38.2
#19 Fe 5 mM; Ru 15 mM HF 5 1.48 45.3
#20 Fe 15 mM; Ru 15mM HF 5 1.31 75.6
#21 Fe 15 mM HF 5 1.36 60.3
#22 Fe 5 mM; Ru 15 mM HF 5 1.23 73.5
#23 Fe 3 mM; Ru 15 mM HF 5 1.15 75
#24 Fe 5 mM; Ru 15 mM HF 5 1.27 70.4
#25 Fe 5 mM; Ru 30 mM HF 5 1.24 79.2
#26 Fe 5 mM; Ru 15 mM HF 5 1.49 37.5
#27 Fe 3 mM; Ru 15 mM HF 5 1.54 30.2
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Résumé

Bien que I’eau soit un des éléments les plus répandu a la surface de la terre et directement
impliqué dans un grand nombre de phénomeénes, qu’ils soient naturels ou artificiels; et
bien que sa molécule ne soit constituée que de 3 atomes, elle recele encore de nombreux
de mysteres. Toutes ses propriétés physiques et chimiques ne sont pas encore bien com-
prises, notamment lorsqu’elle se trouve confinée dans des espaces nanométriques. Elle fait
donc toujours l'objet d’études fondamentales approfondies. Cependant, les nombreuses
difficultés techniques rencontrées lorsque I'on veut travailler a 1’échelle nanométrique font
qu’aujourd’hui, I'essentiel des études publiées sont théoriques et non expérimentales. Il est
donc indispensable de recueillir des données expérimentales sur ce sujet, en étudiant tout
particulierement des systemes constitués d’un objet nanométrique unique.

C’est dans ce contexte tres général que s’inscrivent les recherches expérimentales rapportées
dans cette these. Les travaux menés sont séparés en deux parties distinctes mais qui visent
a apporter, de facons différentes, leur contribution a I’étude de I’eau en milieu confiné. La
premiére partie consiste en la mise au point d"un protocole expérimental destiné a fabriquer
des microsystémes étanches a 1’eau liquide, a la vapeur d’eau et au vide. La fabrication de
ces microsystemes repose sur les techniques de micro photolithographie et sur 1'utilisation
de la résine SU-8. Nous montrons qu’il est possible de réaliser des microsystemes imper-
méables a 'eau et étanches au vide dont les parois de SU-8 ne sont pas plus épaisses que
35 um. Le protocole proposé s’avere donc tout a fait adapté a la réalisation de Lab-on-
Chip/microplateformes de nanofluidique dédiées a I'étude de 1'eau confinée et circulant
dans un nanopore.

La deuxieme partie rapporte toute une étude sur I'impact de I’eau sur le comportement élec-
trique de p-transistors a effet de champ dont le canal est constitué d’un unique nanotube de
carbone (CNTFET). La réalisation de cette étude a nécessité de concevoir puis fabriquer par
des techniques relevant de la microélectronique un p-dispositif constitué de plusieurs mi-
croélectrodes au contact d’un seul nanotube; ces électrodes permettant soit d’effectuer des
mesures électriques, soit par effet joule d’ouvrir le nanotube a des endroits bien précis, ou
encore de le porter a des températures suffisamment élevées pour éliminer toute trace d’eau
de son environnement. La réponse électrique du CNTFET en fonction de 1’environnement
autour du nanotube, i.e. eau liquide, air ambiant, vide, est analysée. Une comparaison est
faite entre les réponses obtenues lorsque le nanotube est fermé ou ouvert. 1l est ainsi possible
de proposer un modele qualitatif simplifié d'interaction avec I'eau et de distinguer 1'impact
créé par I'eau adsorbée a I'extérieur du tube de celui associé a I’eau confiné dans le tube. Ce
travail pionnier ouvre de nombreuses perspectives dans les domaines de la nanofluidique
de l'eau et des études fondamentales sur sa structure et la dynamique de ses molécules
en milieu confiné. En tout premier lieu, il servira au développement d"une p-plateforme de
mesures fondés sur les caractéristiques électromécaniques d"un nanotube de carbone unique
en présence d’eau solide, liquide ou vapeur.
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Summary

Although water is one of the most widespread material on the earth’s surface and the most
directly involved in a large number of phenomena, both natural and man-made; and al-
though its molecule is made up of just 3 atoms, it still conceals many mysteries. Not all its
physical and chemical properties are yet fully understood, especially when it is confined to
nanometric spaces. It is therefore still the subject of in-depth fundamental studies. However,
the many technical difficulties encountered when working at the nanometric scale mean that
today, most published studies are theoretical rather than experimental. The need to collect
experimental data is therefore essential, particularly from systems constituted of individual
nano-objects. This is the general framework for the experimental research reported in this
thesis. The work carried out can be divided into two distinct parts, each of which aims to
contribute to the current and future experimental studies which will be carried out on water
confined in a single nanopore.

The first part of the project involves the development of an experimental protocol for fabri-
cating micro-platforms that are impervious to liquid water, water vapor and vacuum. The
fabrication of these microsystems is based on micro photolithography techniques and the
use of SU-8 resin. We show that it is possible to produce waterproof and vacuum-tight
microsystems with SU-8 walls no thicker than 35 pym. The proposed protocol is therefore
perfectly suited to the realization of Lab-on-Chip/nanofluidic micro-platforms dedicated to
the study of water confined in a nanopore and to water nanofluidic.

The second part reports on a study of the impact of water on the electron transport of p-
tield-effect transistors made of an individual single-walled carbon nanotube (SWCNT-FET).
Microelectronics techniques to design and manufacture a p-platform consisting of several
microelectrodes in contact with a single nanotube are used. These electrodes made it possi-
ble either to carry out electrical measurements or to use the Joule effect to open the nanotube
at specific points and also to heat it to temperatures high enough to eliminate all traces of
water from its environment. The electron transport response of the SWCNT-FET as a func-
tion of the environment around the nanotube, i.e. liquid water, ambient air, and vacuum
is analyzed. A comparison is made between the responses obtained when the nanotube is
closed or open. It is thus possible to propose a simplified qualitative model of interaction
with water and to distinguish the impact created by water adsorbed outside the tube from
that associated with water confined within the tube. This pioneering work opens up many
new prospects on water in the fields of nanofluidic and fundamental studies about its struc-
ture and the dynamics of its molecules in a confined environment. First and foremost, it will
be used to develop a p-measurement platform based on the electromechanical characteris-
tics of a single carbon nanotube in the presence of water either solid, liquid or vapour.
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