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Abstract

Scaling down to nanometer size fluidic conduits has opened a new window into the
world of sensing and manipulation of nanoscale species. Thousands of publications and
hundreds of patents in this field are only a starting point for exploring and manipulating
at the small-scale. Even these starting studies have offered promising applications in
sensing and manipulation of molecules of different types such as DNAs, proteins and
viruses as well as small ions. The present thesis focuses on the study and control of the
ionic transport through nanometer-size channels, as one of the main applications of
nanofluidic features inspired from the protein ion channels present in cell membranes.
In the first part of this thesis, the latest developments in the field of nanofluidics are
surveyed and a particular attention is given to the methods allowing gating of nanoflu-
idic transport. Different methods of gating the nanofluidic transport are compared and
some possible directions for future developments are suggested.

Then, a pH-regulated multi-ion model for the electric conductance of nanochannels is
introduced. The electrical conductance measurement is a widely used technique for the
characterization of nanofluidic devices. Many research groups measured or modeled the
electric conductance of nanochannels. Theoretical analysis and experimental investiga-
tions imply that the nanochannel conductance does not follow the macro-scale models.
It is generally accepted that the conductance of nanochannels deviates from the bulk
and tends to a constant value at low ionic concentrations. a new model is presented,
which takes into account the surface chemistry of the nanochannel wall and describes
the nanochannel conductance at low ionic concentrations in a more realistic way.

The electrical conductivity of electrolytes is known to be dependent on temperature.
However, the similarity of the temperature sensitivity of the electrical conductivity for
bulk and nanochannels has not been validated. In order to examine this dependency, the
ionic transport inside the nanochannel was studied. The results from the experimental
measurements as well as the analytical modeling show the significant difference be-
tween the bulk and the nanoscale. The temperature sensitivity of the electrical conduct-
ance of nanochannels is higher at low ionic concentrations where the nanofluidic
transport is governed by the electrostatic effects from the wall. Neglecting this effect
can result in significant errors for high temperature measurements.

Based on the results from temperature sensitivity measurements of the electric conduct-
ance of nanochannels, a new nanofluidic gating mechanism is introduced that uses the
thermal effect for modulating the ionic transport inside nanofluidic channels. The ther-
mal gate controls the ionic transport more effectively than most other gating mecha-
nisms previously described in scientific literature. Gating in both bulk and overlapping
electric double layer regimes is obtained. The response time of the thermal gate is stud-



ied and compared with the one of other gating methods. The relatively short time re-
sponse of the opening and closing processes makes it a good candidate for manipulating
small molecules in micro- and nanoscale devices.
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Résumeé

Réduire les dimensions de canaux fluidiques jusqu’a I’échelle nanométrique a ouvert un
nouvel espace de possibilités pour la détection et la manipulation d’objets nanosco-
pique. Les milliers de publications et les centaines de brevets dans ce domaine ne sont
considérés que comme le commencement de 1’exploration et la manipulation du monde
nanoscopique. Ces études fondatrices ont offert de prometteuses applications dans la
détection et la manipulation de molécules telles que I’ADN, les protéines et les virus
ainsi que les ions. La présente thése doctorale se concentre sur I’étude et le contréle du
transport ionique a travers des canaux nanométriques : une des nombreuses applications
de la nanofluidique inspirée du transport de protéines dans les canaux membranaires.

La premiére partie de cette thése présente les derniers développements dans le domaine
de la nanofluidique et en particulier la modulation du transport nanofluidique. Diffé-
rentes méthodes de modulation du transport sont comparées et des possibilités de futurs
développements sont suggérées.

Ensuite, un modéle multi-ions et sensible au pH pour la conductance électrique des
nanocanaux est présenté. La mesure de la conductance électrique est une technique
répandue pour la caractérisation de systémes nanofluidiques. De nombreux groupes de
recherche ont mesuré et modélisé la conductance électrique de nanocanaux. Les consi-
dérations théoriques et les observations analytiques montrent que cette conductance ne
suit pas les modéles macroscopiques. Il est généralement reconnu que la conductance
des nanocanaux s’écarte de celle rencontrée dans le volume pour tendre vers une valeur
constante a faible concentration ionique. Le modéle présenté prend en compte la chimie
de surface des parois du nanocanal. Il montre que la conductance des nanocanaux n’est
pas constante a faible concentration ionique.

La conductivité électrique des électrolytes est généralement considérée dépendante de
la température. Toutefois, la similarité de la sensibilité en température de la conductivi-
té électrique entre le volume et le nanocanal n’a pas été validée. Dans le but d’examiner
cette dépendance, le transport ionique au sein du nanocanal a été étudié. Tant les me-
sures expérimentales que les modeéles analytiques montrent une différence significative
entre le volume et les régimes nanoscopiques. La sensibilité en température de la con-
ductance électrique des nanocanaux est supérieure a faible concentration ionique ou les
phénoménes de transports nanofluidiques sont gouvernés par les effets électrostatiques
dus aux parois. En ne considérant pas cet effet, on peut rencontrer des erreurs significa-
tives lors de mesures a haute température.

Basé sur ces résultats de sensibilité en température de la conductance électrique des
nanocanaux, un nouveau mécanisme de modulation du transport nanofluidique est pro-
posé qui utilise les effets thermiques pour moduler le transport ionique étudié. La mo-



dulation thermique contrdle le transport ionique plus efficacement que la plupart des
autres méthodes de modulation précédemment présente dans la littérature scientifique.
Une modulation est obtenue autant dans le régime « bulk » que dans le régime de su-
perposition des double couches électriques. Le temps de réponse de la modulation
thermique est étudié et comparé aux temps de réponse d’autres mécanismes de modula-
tion. Le temps de réponse rapide pour I’enclenchement et 1’arrét du transport nanoflui-
dique en fait un candidat de choix pour la manipulation de petites molécules dans les
micro et nano systemes.

Mots-clés

Nanofluidique, transport ionique, transport nanofluidique, sensibilité en température,
densité de charge de surface, potentiel de surface des parois, potentiel zeta, platforme
nanofluidique, couche sacrificielle, modele sensible au pH, modéele multi-ion, enthalpé
de reaction, modulation thermique, efficacité de la modulation, temps de réponse, con-
ductance electrique.
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Introduction

published every year. Different nanofluidic platforms and applications

have been reported. This first chapter introduces the latest develop-
ments and applications in the field of nanofluidic transport. Firstly, it describes
the nanofluidic transport, its history and the diversity of its applications. Then, the
word ‘‘gating’’ is defined which clarifies the title of this thesis. Later, four
nanofluidic platforms are presented and compared. After, the important reported
applications of nanofluidic are reviewed and finally, the objectives and structure
of the thesis are described.

I I undreds of scientific articles focusing on the field of nanofluidics are
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1.1.2

Nanofluidic transport

Definition

““Nanofluidics’ has been defined as the study of phenomena that involve fluid
flow inside conduits with less than 100 nm in at least one direction (Schoch et
al., 2008). In comparison to fluid flow at the macroscale, there are some major
differences mainly due to the higher surface to volume ratio at nanoscale. The
dominant surface forces and effects cause novel phenomenon at the nanoscale,
which are imperceptible at the macroscale. The body forces that have major ef-
fects at the macroscale are usually negligible at the nanoscale. On the other
hand, the forces that are normally neglected at the macroscale are sometimes
the dominant force at the nanoscale. For example, the inertial force is smaller
than the viscous terms and is not considered in fluid dynamic studies at the na-
noscale.

In addition, the term ‘‘nanofluidic transport’’ is a general term that is used to
express fluidic, molecular, ionic and particle transport inside nanoscale con-
duits. Accordingly, there will be some additional forces due to the electrostatic
field, fluctuation, solvation and Van der Waals force that influence the species
transport at the nanometer scale (Durand, 2010; Eijkel and Berg, 2005). The
strength of each of the mentioned forces depends on the distance and is compa-
rable in magnitude with viscous and gravitational force at nanometer scale.

The term ‘nanofluidic conduit’’ corresponds to a nanometer size conduit with
any geometrical shape, in which a liquid can flow. It can be a solid state na-
nochannel with rectangular cross section, a nanopore in a solid state membrane
or graphite sheet, a nanopipet, a solid state or carbon nanotube or even an ionic
channel in a cell membrane. The size of a nanofluidic conduit varies from less
than 10 nm up to 100 nm, which will generate different flow conditions accord-
ing to their size and material.

Why nanofluidics

Recent development of nanofluidics has mainly been driven by the following
three factors. According to the recent reviews (Duan et al., 2013; Sparreboom
et al., 2009), advances in micro/nanofabrication technologies and the possibility
of fabricating nanometer size features can be mentioned as the most important
factor that boosted the nanofluidic research. Standard photolithography that has
recently reached a resolution better than one micrometer and other high resolu-
tion nanolithography techniques like Focused ion beam (FIB) and electron
beam lithography (EBL) provide the possibility of manufacturing accurate
well-defined nano structures.

The curiosity of researchers looking for new phenomena at the nanometer scale
can be mentioned as the second factor. Speedy successes of microfluidic plat-
forms in multidisciplinary studies encouraged the research institutions to ex-
plore the smaller world for new phenomena. Moreover, incitements from the
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Figure 1-1. Evolution with time of the number of publications with the subject of “‘nanofluidics’’
and ‘‘nanopore’’ according to Elsevier Scopus. It shows that the number of publication in
nanofluidics decreases after its boost in 2008 while nanopore continued its progress with a uni-
form rate. The green bars correspond to a search for ‘ ‘Nanofluidics’’ without the terms ‘nanoflu-
id”’ and ‘* nanopore’’ while the red bars are the number of publications that have the term ‘“Na-
nopore’’ in their title, abstract or keywords.

funding agencies for multidisciplinary subjects acted like a catalyzer for the cu-
riosity of scientists.

Technology as a powerful impetus has motivated science to make use of new
phenomena. Nanofluidics was not an exception, but also attracted more atten-
tion due to its original characteristics. Developments in nanofluidics could open
new windows into unknowns in different fields and provide new concepts for
addressing technological problems.

Progress of nanofluidics

The presence of the term ‘‘nanofluidics’’ in academic studies dates back to the
late 1990s. Fabrication of nanofluidic media for DNA electrophoresis (Turner
and Craighead, 1998) and using the nanofluidic channels for trapping long
DNA (Han and Craighead, 1999) were among the first works that used na-
noscale channels. According to Elsevier Scopus (Figure 1-1), nanofluidics
could attract many attentions in less than a decade. In 2008, the number of pub-
lications exceeded 1000. After, the number of publications decreased and
stayed almost constant. The search was performed to find all publications that
have the term ‘‘Nanofluidics’’ in their title, abstract or keywords and does not
involve ‘‘Nanofluid’’ or ‘“Nanopore’’.

Analyzing the reasons behind this trend is out of the scope of this study. How-
ever, at first glance, two facts can be mentioned as the most influential causes.
Firstly, the inclination of research groups to explore the original fields on the
one hand and the excessive exhortative incitements from the funding agencies
in micro-nanofluidics on the other hand, generated a bubble in number of pub-
lications at 2008. A comparison to the results for the term ‘“Nanopore’” demon-
strates this bubble.
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Figure 1-2. The proportion of the number of scientific publications in in the field of nanofluidics
published since 2000. It shows that a considerable part of the studies has focused on the basic
study of fluid and species transport at the nanoscale. The results are based on Elsevier Scopus.

Secondly, a large number of review articles were published in 2008 pretending
that no room was left for original academic research in this field. About 30 per-
cent of all reviews in this field were published in 2008-2009. This fact might
have discouraged the funding agencies to take the risk of granting further pro-
jects in this field after 2009.

Nevertheless, the new findings and discovered potentials of nanofluidics in ma-
nipulation and sensing of tiny particles and small volumes will attract more at-
tention in the next few years. To date, a considerable proportion of the works in
nanofluidics have studied the basics and working principles of fluid and species
transport at the nanoscale. In comparison to an older field like microfluidics, it
is expected to have more application-based studies in the next few years, spe-
cially, in biochemistry and molecular biology. Figure 1-2 shows the pie dia-
gram of the proportion of different fields in nanofluidic research. It looks that
there is still a lot of room for real applications of nanofluidics at the small scale.

Gating phenomenon

Similar to its general application, the word ‘“Gating’’ can be defined as the
property of opening and closing in response to an external stimuli (Tian et al.,
2012). This property can be considered either as a binary status valve, that pro-
vides the possibility of opening and closing or as a continuous valve, which
manipulates the rate of entrance and exit.

For the case of nanofluidic transport, there has been considerable interest to de-
velop features that mimic the gating property of biological ionic channels. The
biological ion channels are composed of proteins and peptides, control the ionic
transport across lipid cellular membranes. Their three characteristics, selectivi-
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ty, rectification and gating (Hille, 1978), can potentially be implemented by
solid state nanofluidic features (Hou et al., 2011).

Apart from the interest in mimicking nature, various designated applications in
nanofluidics require the fluidic transport to be sensitive to external stimuli.
Temperature, pH and electrostatic field are some of the factors that can cause
the stimulation. The possibility of manipulation of fluid and species inside
nanofluidic apertures may lead to smart nano-devices that can be used in nano-
bio-sensing, remote controlled delivery, nano-tweezers, etc.

Nanofluidic platforms

Since the beginning of nanofluidic studies, different platforms have been intro-
duced by research groups, which are similar in terms of their nanoscale charac-
teristic lengths but different in terms of geometrical configuration. Nanopores,
nanochannels, nanocapilaries, nanotubes and nanoslits have been used and
characterized for different applications in nanofluidics. In this section, the
properties of these platforms are briefly introduced and compared.

Nanopores

The study of the ionic transport in nanoporous membranes has been the subject
of many studies in membrane and colloid science for decades. However, the
developments in Focused ion beam (FIB) and the improvement of resolution of
electron beam lithography (EBL) have made it possible to fabricate high preci-
sion, reproducible nanometer size pores and nanopore arrays. Different
nanofabrication techniques such as ion beam drilling (Ivanov et al., 2011), ion
beam sculpting (Li et al., 2001), selective ion track etching in thin membranes
(Sanz et al., 2006; Wu et al., 2012), heating Au particles on cermic substrate
(de Vreede et al., 2015), etc have been employed to fabricate nanopore mem-
branes. More recently, nanofabrication techniques were used to improve the
nanopore fabrication in terms of accuracy, reproducibility, production time and
smaller size of nanopores.

Simpler integration of nanopore membranes to the macroscale, its similar con-
figuration to the ion channels in cell membranes and a long-standing experience
of membrane science have guided the nanopore membrane to be one of the best
options in nanofluidic applications. This platform has been used in many
nanofluidic applications like rectification (Vlassiouk and Siwy, 2007), gating
(Jiang and Stein, 2011), DNA sensing and sequencing (lvanov et al., 2011), etc.
Figure 1-1 shows the increasing rate of use of nanopores whereas the subject
“‘nanofluidic’” without ‘‘nanopore’’ does not follow a similar trend.

Although the nanopore membrane is easy to fabricate and it can simply be inte-
grated to macroscale, it has the drawback of the limited length of the nanopore.
A lower nanopore length results in a lower nanofluidic electrostatic effect. Ad-
ditionally, the observation of fluidic transport inside nanopores is challenging.
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Nanochannels

One-dimensional solid-state nanochannels are one of the first platforms that
was used to investigate the ionic and molecular transport at the nanoscale (R.
Karnik et al., 2005; R. B. Schoch and Renaud, 2005). The possibility of optical
observations and measurements due to the in-plane configuration of the na-
nochannels makes it the best option for fundamental studies as well as bio-
molecular sensing. It might even be possible to observe a nanoscale chemical
reaction inside this kind of nano-apertures. The well-defined and controllable
size of nanochannels in all three dimensions due to simple and controllable
MEMS based nanofabrication processes is another advantage of this platform.
In contrast to the nanopore membranes, there is almost no limitation for the
length of the nanochannels.

Three main approaches have been introduced for the fabrication of one and
two-dimensional nanochannels. The ‘etching and bonding’’ method that uses a
controlled etching process to pattern the nanochannel shape on a substrate fol-
lowed by a bonding step to another substrate has been used in some of the
nanofluidic studies (Duan and Majumdar, 2010; R. B. Schoch and Renaud,
2005). The nanochannel can also be fabricated by defining the nanochannel
geometry using a sacrificial layer, that will be released at the end of fabrication
in order to open the nanochannel (R. Karnik et al., 2005; Stern et al., 1997).
This approach is called ‘‘Sacrificial layer releasing (SLR)’’. The third approach
that is called ‘‘Etching and deposition’’ replaces the bonding step of the first
approach by a deposition step that closes the channel (Wong et al., 2007). All
these approaches have been recently discussed and compared in a detailed re-
view article (Duan et al., 2013). Figure 1-3 shows the micrographs of some of
the fabricated nanochannels using the mentioned approaches.

The nanochannels have been used in a wide range of applications from funda-
mental studies of molecular and ionic transport at the nanoscale (R. Karnik et
al., 2005; R. B. Schoch and Renaud, 2005) to power generation (van der Hey-
den et al., 2007) and sensing biomolecules (Durand et al., 2008).

Nanotubes

Solid-state nanotubes and carbon nanotubes (CNT) as pathways in nanofluidic
transport have also attracted attention. They allow the possibility of studying
long singular two-dimensional nanochannels. We categorize them as a separate
platform due to their considerable difference from the nanochannels. Not only
their fabrication process is different from the nanochannels, but also their range
of nanochannel size, applications and possibilities are not similar to the ones of
the nanochannels. As an example, the possibility of fabricating gate-surrounded
features for the case of nanofluidic field effect transistors (FET) increases the
gating performance dramatically in comparison to one-dimensional nanochan-
nels (Fan et al., 2005).
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Figure 1-3. a) A 50 nm in height 2 pm in length nanochannel fabricated using ‘‘Etching and
bonding’’ method. Two Pyrex wafers were bonded together having an a-Si in between. Reprinted
from (Schoch, 2006). b) A 35 nm in height 120 pum in length nanochannel fabricated using SLR
method. The sacrificial layer was polysilicon. Reprinted with permission from (Karnik et al.
2005). Copyright American Chemical Society. ¢) A 35 nm channel fabricated using ‘‘Etching and
deposition’” method. Reprinted from (Wong et al., 2007) with permission.

The conventional way of fabricating solid state nanotubes is to oxidize the sur-
face of silicon nanowires (Figure 1-4.h) and then release the middle silicon part
(Figure 1-4.g) as it was introduced by Goldberger et al. (Goldberger et al.,
2006). Although the dimensions of the solid state nanotubes can be up to 100
nm, the inner diameter of carbon nanotubes is limited to less than 2 nm (Duan
et al., 2013) which can be an advantage while mimicking very tiny ion chan-
nels. lonic diffusion, gas and liquid transport through CNT membrane have
been studied and the effect of hydrophilicity on the slip regime have been in-
vestigated (Majumder et al., 2011). Single walled CNTs were reported to in-
crease the electrophoretic mobility of the ions passing through it. Figure 1-4.f
shows a transmission electron micrograph (TEM) of a single-walled CNT.

Nanocapillary/pipet

In contrast to the previous solid-state platforms, nanocapillaries are easy to
fabricate, cost effective and can be fabricated without using cleanroom facili-
ties. Nanocapillaries are made out of glass-like materials such as quartz or bo-
rosilicate glass. They can be fabricated using a laser pipette puller, which heats
the cylindrical hollow capillary and stretches it at the same time (Steinbock et
al., 2010). This causes the diameter of the capillary to decrease at the heated
spot and finally break into two conical tips. Controlling the pulling parameters
provides the possibility of tuning the diameter of the capillary. Diameters of 30
nm can be reached reliably using laser pullers. Moreover, it has been shown

7
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Figure 1-4. a) Scheme of the conical end of a nanocapillary. b) SEM in-lens image of a quartz
nanocapillary. ¢) Shrunken nanocapillary after 14 min of electron beam irradiation under con-
stant angle and beam parameters. Reprinted from (Steinbock et al., 2013). Copyright 2013 Amer-
ican Chemical Society. d and €) Ordered array of nanopores in an alumina membrane fabricated
using electron beam lithography (EBL). Reprinted from (Asoh et al., 2001) with permission. f)
TEM image of single-walled carbon nanotubes. Scale bar is 10 nm. Reprinted from (J. Wu et al.,
2012) with permission. g ) TEM image a silica nanotube made of silicon nanowire (h). Reprinted
with permission from (Goldberger et al., 2006). Copyright 2006 American Chemical Society.

that under scanning electron microscope (SEM), the diameter of the tip can be
shrunk more. The tip diameter can be tuned by thermal heating while exposed
to the electron beam from the SEM (L. J. Steinbock et al., 2013). Figure 1-4.a-
¢ demonstrate the nanocapilaries fabricated by this method.

In addition to the advantage of simple fabrication process, the nanocapillaries
can be integrated to normal lab pipettes, which allow more handy applications.
Decreasing the tip diameter using electron beam results in various applications
like in the resistive pulse technique, where small diameters increase the sensing
sensitivity (L. J. Steinbock et al., 2013).
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1.3.5 Platform selection

1.4

Table 1-1 compares the characteristics of different nanofluidic platforms. Every
nanofluidic platform has its own advantages and drawbacks. The objectives and
limitations of the applications will define which platform is suitable. For exam-
ple, nanopore membranes can be used in molecular sieving while the na-
nochannel is perfect for fundamental studies, optical observation and sensing of
particles. The advantages of nanocapillaries in their integration to normal pi-
pettes and their simple and cheap fabrication cause them to be an ideal platform
for controlled molecular dispensers and sensors.

In addition to the mentioned platforms, nanoporous membranes and specially,
emerging graphene membranes have attracted some attention in the past few
years. Although these types of platforms might be categorized in the membrane
science field of study, it has been studied by the people in nanofluidics since
the word ‘‘nanofluidics’’ appeared in academic research. For example, gra-
phene membranes were used for different nanofluidic applications like desali-
nation of water (Wang and Karnik, 2012), power generation (Guo et al., 2013),
DNA translocation detection (Traversi et al., 2013) and nanofiltration (O’Hern
et al., 2015) mainly by nanofluidic research groups.

Table 1-1. Comparison of different nanofluidic platforms

Nanopore Nanochannel  Nanotube Nanocapillary

Macroscale integra- v x v
tion

Optical observation x v x
Possible length x v v x
Fabrication Process v x v
Fabrication cost v
Reproducibility v

v" :Superior :Ordinary  *:Inferior

New availabilities at the nanoscale

The phenomena that occur at the nanometer scale provide new tools and possi-
bilities to manipulate, control and observe tiny species, which were impossible
before. Beside many studies that focused on discovering and interpreting fun-
damental phenomena at the nanoscale fluidic transport, some applications have
also been introduced in different fields. Biotechnology, point of care (POC) ap-
plications, lab on a chip (LOC) systems, nano electromechanical systems
(NEMS) and even membrane science have been reported to benefit from
nanofluidics. Here, some of the promising applications are briefly reviewed.
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1.4.1 Controlling the ionic and molecular transport

The term ‘‘nanofluidics’” was introduced for the first time by the possibility of
controlling the ionic and molecular transport. The electrostatic properties of
nanofluidic conduits beside their high surface to volume ratio result in a unique
phenomenon that allows controlling the ionic transport across them. In contrast
to the microscale, as it is depicted in Figure 1-5.a and b, the electric double lay-
er (EDL) due to the charged walls is as thick as the characteristic length of the
nanofluidic conduit. In this situation, the fluidic transport is strongly dependent
on the electrostatic effects of the walls.

Different configurations have been used to rectify the ionic current through
nanofluidic pores and channels. The pure electrostatic effect was utilized by
coating the two sides of the nanochannel wall with asymmetric charged mole-
cules in order to mimic the semiconductor diode configuration in nanofluidics
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Figure 1-5. Schematic of the ionic transport at a) microscale and b) nanoscale. The electric dou-
ble layer (EDL) may overlap in nanochannels and cause them to be selective to counter ions. c)
Schematic of a conical nanopore with patterns of surface charge that lead to formation of a
nanofluidic diode. d) microscope image (left) and schematic (right) of a nanofluidic diode com-
posed of aluminum oxide in one side and silicon dioxide on the other side in order to rectify the
current. The scale bar is 100 um. The result is shown in (e). The rectification factor is more than 2
orders of magnitude. The blue and red data points show the forward and reverse biased conduct-
ance of a nanochannel at different ionic concentrations. Reprinted from (Cheng and Guo, 2009).
Copyright 2009 American Chemical Society. f) SEM image of a two side gated nanofluidic di-
ode. The scale bar is 100um. applying asymmetric voltages to the gates results in a diode effect
that rectifies the ionic current as depicted in g. Reprinted from (Guan et al., 2011) with permis-
sion.
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1.4.2

(Karnik et al., 2007) . This approach was also followed by using different ox-
ides (Figure 1-5.d) (Cheng and Guo, 2009). Integrating two electrodes on top of
the nanochannel (Figure 1-5.f) was also studied in ionic transport rectification
and reported to reach a rectification degree of up to 100 (Guan et al., 2011).
The field effect modulated nanofluidic diode was also fabricated in nanoporous
membrane (Wu et al., 2013). Using a conical nanopipet as an asymmetric ge-
ometry can bring about a rectification property (Wei et al., 1997). The rectifica-
tion degree was reported to increase by surface modification (Vlassiouk and
Siwy, 2007). The surface were also modified by pH tunable polymer brushes in
order to provide the pH tunable rectifying characteristics (Yameen et al.,
2009a). Apart from the electrostatic rectification of the ionic transport, the elec-
troosmotic flow rectification was also reported recently (Laohakunakorn et al.,
2013).

In addition to making use of selectivity and rectifying properties, many studies
focused on controlling the nanofluidic transport. Different mechanisms for the
manipulation of nanofluidic transport such as using electrostatic field (Fan et
al., 2005; R. Karnik et al., 2005; Reto B. Schoch and Renaud, 2005), liquid re-
configuration (Powell et al., 2011; Smirnov et al., 2011) and steric volume ex-
clusion (Xia et al., 2008; Yameen et al., 2009b) have been introduced. Recent
advances related to the gating phenomenon will be discussed in detail in the
next chapter.

Single molecule sensing

Scaling down the dimension of a nanofluidic device to a size comparable to the
one of a particle provides the possibility of detecting the particle when it passes
through the device. The high sensitivity and resolution of the nanofluidic sen-
sors in addition to the possibility of extracting detailed particle properties such
as size, charge and shape (Kozak et al., 2012; Storm et al., 2005) have made
them undisputed sensors at the molecular level. Monitoring the DNA transloca-
tion across gated nanofluidic conduits have provided the possibility of ultrafast
DNA sequencing while using tunneling technique (lvanov et al., 2011). The
possibility of DNA sequencing using Graphene nanopores, as the next genera-
tion of DNA sequencing technique, were illustrated by means of molecular dy-
namics (MD) simulations (Wells et al., 2012). Graphene nano ribbons (GNRS)
were integrated to a nanoporous membrane as a single base pair DNA sensor
due to their small length (Traversi et al., 2013). It was also reported that DNA-
graphene interactions slow down the DNA translocation across the graphene
(Banerjee et al., 2015).

Different methods have been introduced for sensing small particles inside
nanofluidic channels. Resistive pulse sensing (RPS) is a widely used one. It
was first employed in nanofluidics to detect a 500 base pairs (bp) double-strand
DNA (dsDNA) in a 5 nm solid state nanopore (Li et al., 2001). Different
lengths and shapes of DNAs can be detected by inspecting the translocation
time and pulse type (Storm et al., 2005). Not only it reveals the important in-
formation about the particle geometry, but also it screens the wall-molecule in-
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teractions. These interactions have been used for detecting smaller molecules
like proteins (Freedman et al., 2011). Serial configurations of nanochannels
have been utilized to detect viruses via measuring their electrophoretic mobility
(Figure 1-6.b) (Harms et al., 2011). High resolution detection was reported that
was capable of detecting a single protein on a DNA molecule and its orientation
while translocating through the nanopore (Raillon et al., 2012). The RPS was
exploited in a GNR integrated nanoporous membrane to sense two different
DNA molecules in a solution (Figure 1-6.c) (Traversi et al., 2013).

Beside the resistive pulse sensing (RPS), other methods have been used for de-
tecting particles in nanofluidic apertures. Monitoring the 1-V curve to detect
proteins that have interaction with the surface binded counterparts (Siwy et al.,
2005) is one of the examples that utilized a different approach. Based on the
change in rectification degree of a nanofluidic diode, one can detect a molecule
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Figure 1-6. a) Identification of different molecules based on their specific conductance transloca-
tion signature. Reprinted from (Raillon et al., 2012). Copyright 2012 American Chemical Society.
b) Resistive pulse sensing of hepatitis B virus (HBV) capsids based on their electrophoretic mo-
bility which is defined by measuring pore to pore transit time. Reprinted from (Harms et al.,
2011). Copyright 2011 American Chemical Society. c) Scatter plot of the translocation of pNEB
DNA and ADNA through a solid state nanopore drilled in graphene integrated to silicon nitride

membrane. The inset shows a detected translocation event. Adapted from (Traversi et al., 2013)
with permission.
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1.4.3

144

of interest since the wall-molecule interactions varies the rectification degree
(Ali et al., 2010). A protein complex formation was detected based on the en-
hanced protein diffusion in nanofluidic channels (Durand et al., 2008). Recent-
ly, the impedance analyzing method was used to distinguish ssDNA and dsD-
NA in a nanoporous membrane (Wu et al., 2015).

It looks that progresses in nanofluidic sensing will revolutionize the developing
POC systems via changing the paradigms for diagnosing the diseases.

Miscellaneous applications

Apart from the two previously mentioned important applications, some other
applications have been presented in different fields such as POC systems, engi-
neering, molecular biology, etc. Power generation at the nanoscale using the
streaming current (van der Heyden et al., 2005) of a pressure driven flow inside
a nanochannels was reported to be efficient at EDL overlapped conditions (van
der Heyden et al., 2007). Making use of the concept of concentration polariza-
tion made it possible to desalinate water (Kim et al., 2010). Manipulation of
molecules inside the nanochannel was studied. Stretching a DNA using an elec-
tric field (Heng et al., 2005), controlling its translocation (Belkin et al., 2013)
or slowing down its motion while passing through a nanopore (Kowalczyk et
al., 2012) and trapping nanoscale particles (Eijkel and van den Berg, 2010)
were among the studies focused on the manipulation of species at the na-
noscale.

Many other applications have been presented and reviewed. Resistive pulse
sensing, separation and sieving, small volume delivery, electrospray ionization,
flow detection, pumping and energy conversion are the applications that have
been reviewed by some research groups (Eijkel and Berg, 2010; Haywood et
al., 2015; Schoch et al., 2008; Sparreboom et al., 2010). There are also some
reviews that focused on specified nanofluidics application such as POC systems
(Segerink and Eijkel, 2014), single DNA sequencing (Marie and Kristensen,
2012), sensing (Tian et al., 2012) and active and passive control of molecular
transport in nanopores (Keyser, 2011).

Future developments

The unique properties of nanometer-size conduits make them an ideal candidate
to facilitate the research in biotechnology and molecular biology. Additionally,
the incitements from funding agencies and impetus from technology have made
the multidisciplinary filed of bioengineering a hot topic in the past decade.
Many research groups have focused on these applications, as discussed in pre-
vious sections, and made considerable progresses. However, there is still a lot
of room in both academia and technology in order to produce the actual prod-
ucts.

Some characteristics of nanofluidic features such as nanofluidic sensing of bio-
logical molecules and ultrafast DNA sequencing are expected to have a main
role in not-too-far future of POC products. Some others like controlled drug de-
livery and genome analysis need more developments in both science and tech-
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1.5

nology. Specially, the ability of nanofluidics to control the ionic and molecular
transport needs more enhancements in order to be used in smart medicine.
Smart medicine can make use of the ability of controlling the fluidic transport
for controlled drug delivery inside the body.

Apart from the applications in biotechnology, there are still some unknowns,
which have been neglected in fundamental studies for the sake of simplicity.
The basic concepts of nanofluidic transport needs to be investigated more accu-
rately.

Moreover, focusing on biotechnological applications does not mean that it is
impossible to use the nanofluidic devices for other needs. The few applications
in engineering, like power generation and water desalination are the examples,
which emphasize that the nanofluidics can be useful in other fields as well.
There are also some known and less-attended subjects like nanofluidics for en-
ergy and nanofluidics for environment. Fuel cells performance increases by us-
ing ion selective membranes and can benefit from nanofluidics. Molecular de-
tection can also be used for improving the environmental sensors. Many new
applications can be designed base on the technological demands in different
fields. In one word, nanofluidic is still quite young.

Thesis objectives

As it was mentioned in the previous section, one of the important properties of
nanofluidics is the possibility of controlling the fluidic transport, which can
have important applications such as controlled drug delivery. According to the
state of the art discussed in 1.4.1, gating the nanofluidic transport is the right
paradigm for continuous bi-directional control of the ionic transport. The main
goal of the present thesis is to study the latest advances in gating the nanofluid-
ic transport and introduce methods and mechanisms to improve the perfor-
mance and effectiveness of the gating in nanofluidic transport.

To this aim, some intermediate objectives were defined and achieved during
my studies:

e To study the latest progresses in gating the nanofluidic transport.

e To select a proper fabrication method, design and fabricate the
nanofluidic devices accordingly.

e To characterize the nanofluidic devices and check the conformity
with the theory.

e To develop a theoretical model that is validated by the experiments.

e To study the influence of temperature on nanofluidic transport®.

! This objective was defined after | noticed the influence of temperature on electrical conductance of nanochannel
while studying the effect of electrostatic field.
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1.6

e Tointroduce and characterize a new gating mechanism, called
“‘thermal gating’’, based on the effects of temperature on nanofluidic

transport.

Thesis structure

The thesis has been organized in a way that the reader becomes familiar, step
by step, with the aspects of nanofluidic transport. Every chapter is written
based on the preceding information provided in the previous ones.

As the first chapter discussed the general aspects of the nanofluidic transport
such as nanofluidic platforms and applications, the second chapter, focuses on
the latest advances in gating the nanofluidic transport. Different gating mecha-
nisms are presented and compared.

Chapter 3 explains the materials and methods that are common in all the exper-
imental studies that will be discussed in future chapters. Design, fabrication
process and the integration of the fabricated nanofluidic devices to macroscale
are the subjects of the microfabrication discussions in this chapter. Additional-
ly, the procedure of measuring the electrical conductance of nanochannel using
the AC impedance measurements will be described in detail.

In Chapter 4, the analytical modeling of the nanochannel conductance is dis-
cussed; a new analytical modeling approach is introduced and finally, the mod-
el predictions are compared with the experimental measurements.

Based on the theoretical aspects of chapter 4, the influence of temperature on
the electric conductance of nanochannels is discussed in Chapter 5. Moreover,
the analytical predictions will be confronted with the results from the experi-
mental measurements. The temperature sensitivity of the electrical conductance
of nanochannel is higher at low ionic concentration where the nanofluidic
transport is governed by the electrostatic effects from the wall.

Finally, a new gating mechanism, called ‘thermal gate’’ that uses the thermal
effect for modulating the ionic transport inside nanofluidic channels is intro-
duced in Chapter 6. The ‘‘thermal gate’’ controls the ionic transport more ef-
fectively than most other gating mechanisms previously described in scientific
literature.

The thesis is summarized in Chapter 7 where an outlook on future possible
subjects of studies continuing this work is presented.
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Gating in nanofluidic transport

pening and closing the nanofluidic apertures has been among the subjects of

nanofluidic studies, as discussed in the previous chapter . In this chapter,

the state of the art of the gating phenomenon in nanofluidic transport is pre-
sented. Using the steric volume exclusion effect of macro-molecules to occlude the
channel, employing the effect of the electrostatic field to influence the fluidic
transport and modulating the surface wettability, have been reported as gating
mechanisms in nanofluidic studies. In addition to presenting these mechanisms, their
advantages and drawbacks are compared.

“Among their many functions, ion channels control the pace of the
heart, regulate the secretion of hormones into the bloodstream, and
generate the electrical impulses underlying information transfer in the
nervous system.”’

Prof. Roderick MacKinnon, Nobel Prize 2003



Chapter 2. Gating in nanofluidic transport

2.1

lon channel, the utmost ionic gate

The ionic and molecular transport is performed regularly through biological
membranes in all living organisms. Controlling the ionic and molecular transport
through any cell membrane is vital. Cells can actively control the inward and
outward transport of ions and molecules through special nanopores in their mem-
brane called ‘‘ion channels’’. There are hundreds of types of ion channels in a cell
membrane whose gating mechanism varies according to their gating role (Yellen,
2002). The pore can be opened or closed by different types of stimulations, such
as electric or chemical signal, temperature, etc. They can be selective to an ion of
interest like chloride, potassium, sodium, etc. The ion channels are made of pro-
teins of complex shapes with a diameter of around 1-2 nanometer. Using different
types of proteins allows the cells to define different functions for their ion chan-
nels.

Figure 2-1 shows a schematic of a potassium ion channel in open and close
mode. The channel uses a combination of electrostatic effect and steric exclusion
and maybe some other effects to perform the role of gating.

The realization that nature produces these kinds of nanopores that can selectively
gate the ionic transport, inspired the development of solid-state nano-confined
features of similar properties.

Moreover, fabrication of optically observable nanochannels, although their aspect
ratio and surface chemistry is different from the protein ion channels, allows the
investigation of biomolecular transport at nano-confined geometries. Additionally,
the electrical measurement, as a powerful label-free method, brings unique prop-
erties for both nanochannel characterization and particle detection. These proper-
ties offered by solid-state nanofluidic devices can give rise to new ways of ma-
nipulating and sensing single biomolecules.

(8) Customized oxygen cages
(4) Multiple ion occupancy

Figure 2-1. Schematic of a voltage-gated potassium channel in open (left) and close mode (right).
The purple spheres indicate the potassium ions. There is a water-filled cavity in the middle of the
membrane protein. The backbone oxygens of the selectivity filter (red spheres) provide a good
match to the hydration environment for the potassium ions. A trapped potassium ion is surround-
ed by eight water molecules (green spheres) in the water filled cavity in closed mode. Reprinted
from (Yellen, 2002) with permission.
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2.2.1

2.2.2

2.3

Will these features lead to similar human-made membranes containing several
types of controllable nanopores of different missions?

That is the question, which can be answered in a not-too-far future.
Gating

Definition

Controlling the ionic and molecular transport through nanoconduits was among
the first objectives of nanofluidic research since it has begun. As it was explained
in 1.4.1, the original properties of nanometer size conduits such as selectivity and
rectification made it possible to control the ionic transport (Tian et al., 2012).
However, continuous and active control of the ionic transport, so called ‘‘gating”’,
that is performed in cells by ion channels has to be reproduced in solid-state coun-
terparts.

Steric exclusion, field effect and liquid reconfiguration are the paradigms that
have been introduced for performing gating in nanoconduits. In the following sec-
tions, we discuss about the working principles of these methods and compare their
characteristics.

Gate effectiveness

The gate effectiveness is defined as the ratio of on- to off-state conductance
(Gon/Gogy) in order to compare the performance of the gating methods in differ-
ent conditions.

Steric effect

The steric effect originates from the definite volume that every particle naturally
occupies in space and cannot share with other particles. Two distinct particles can
not be in the same spatial position at a given moment.

This effect has been exploited to gate the nanofluidic transport. The keyword “‘bi-
oinspired’’ or ‘’biomimetic’’ in nanofluidics usually implies that this effect is
used in nanofluidic conduits. The steric effect gating of nanochannels is normally
performed by immobilizing macro-molecules on the walls of nanopores or na-
nochannels. The macro-molecules can be switched between two conformation
states by changing the temperature, pH or any other factor that can be used as an
external stimulus. The working principle of all the nanoconduits that use the steric
effect for gating is similar. They use the steric exclusion to physically open and
close the conduit.

For the first time, ssDNAs were immobilized in a conical nanopore and used to
rectify the fluidic transport (Harrell et al., 2004). The conformation change of the
DNA molecules in response to an electric field resulted into gating property of a
nanopore. The electrophoretic movement of the electrostatically charged DNA
molecules inward and outward the conical tip, called ‘‘mouth’’ of the nanopore,
resulted in closing and opening it (Figure 2-2.a). Although one end of the DNA
chain was immobilized, in an electrophoresis experiment, the anionic chain ex-
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tended linearly in the direction of the anode. Accordingly, it could occlude or un-
clog the nanopore, depending on the direction of the applied electric field.

Later, gating the nanopores using smart polymer brushes was reported by some
research groups. Using temperature sensitive polymers to gate the fluidic transport
inside nanopores (Yameen et al., 2009b) showed good results. The electrical con-
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Figure 2-2. a) Rectification of ionic current by immobilizing sSDNAs on a conical nanopore.
Black dots show the I-V curve before modification while the orange ones show the nanopore
coated with 45 mer DNA. The chain length of DNA defines the rectification degree. Reprinted
from (Harrell et al., 2004) with permission. b) A proton gated nanopore. The pH sensitive poly-
mers open and close the channel. reprinted from (Yameen et al., 2009b) with permission. ¢) Gat-
ing effectiveness of a zinc activated nanochannel. The graph shows the high sensitivity of the
channel to zinc ions relative to others which is due to coating the wall with zinc finger peptide
protein. The conformation of this protein is dependent on the presence of zinc ion. Reprinted
from (Tian et al., 2010) with permission .d) A double gated nanochannel that is sensitive to pH
and potassium ion. The channel is opened at high pH and high concentration of potassium. Re-
printed from (Liu et al., 2015) with permission.

20



2.4

24.1

ductance of a nanopore increased more than four times by a temperature rise of 17
°C. A similar approach was taken for pH sensitive polymer brushes (Yameen et
al., 2009c). The ratio of on-state to off-state conductance was about 4
(Figure 2-2.b).

More recently, using the polymers which are sensitive to a molecule of interest
have interesting applications in both sensing and gating. Some polymers have
been used which are sensitive to special ions like zinc (Tian et al., 2010), potassi-
um (Hou et al., 2009), mercury (Tian et al., 2013) or even proteins (Ali et al.,
2013).

A combination of two factors in a single nanopore has also been investigated. The
potassium and pH gated nanochannels (Liu et al., 2015) and the multiple pH- and
voltage-gated nanopore (Buchsbaum et al., 2014) are two examples of double-
gated nanopores. Using a combination of two or even more factors will enhance
the selectivity and resolution of gating. Figure 2-2.d shows a double gated na-
nochannel that is sensitive to pH and potassium ions. The channel is opened at
high pH and high concentration of potassium.

Using smart polymers for gating results in a versatile method for gating and sens-
ing. Specially, the combination of two or even more factors in a single nanopore
results in a finer control on the type, size and charge of ionic species subjected to
the gating effect, which is very promising for the fabrication of synthetic na-
nopores with the same roles as the ones of ion channels.

Overall, exploiting the smart polymers for gating is still in its infancy period. The
advances in polymer science will have a strong impact on this subject. Moving
toward multiple gating factors is another fact that can result in more nature-like
nanofluidic gates.

Field effect

Origin of the field effect gating in nanofluidics

Beside the inspiration from the biological ion channels, the field effect was first
used to modulated the ionic concentration inside a microfabricated nanometer size
channel (Gajar and Geis, 1992). The fabricated device was called ionic liquid-
channel field effect transistor (ILCFET) that was designed to resemble the metal
oxide field effect transistor (MOSFET) using conductive liquid channels. Later, as
described by (Daiguji et al., 2004), the experimental results that showed the mod-
ulation of ion transport in protein ion channels due to translocation of biomole-
cules (Kasianowicz et al., 1996) attracted attentions toward the ion transport in
nanoscale channels. Advances in microfabrication technologies allowed fabricat-
ing synthetic nanopores and studying of bimolecular transport through them (Li et
al., 2001).

A few years later, a numerical simulation was carried out to solve the equations
from theoretical modeling of ionic transport inside a nanochannel (Daiguji et al.,
2004). The modeling supported the idea of fabricating a unipolar ionic field-effect
transistor. Based on this, the same group introduced the nanofluidic field effect
transistor (FET) (R. Karnik et al., 2005). Using a combination of fluorescence and
electrical measurements, they demonstrated that the gate voltage modulated the
concentration of ions and molecules in the channel and controlled the ionic con-
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Figure 2-3. a) Schematic of the nanofluidic FET proposed by Karnik et al. and b) the evolution of
ionic conductance and fluorescent intensity versus gate voltage (The gate electrode was 500 nm
apart from the nanochannel wall. Reprinted from (R. Karnik et al., 2005) with permission. Copy-
right 2005 American Chemical Society. ¢) The effect of external gate (around 500 um apart from
the nanochannel) on the electric conductance of nanochannel at both nanochannel walls as
sketched in (d). e) Dependence of the electric conductance of nanochannel on its wall surface
charge. the wall surface charge varies by changing the pH of the solution. Reprinted from
(Schoch and Renaud, 2005) with permission.

ductance (Figure 2-3.a-b). They used a negatively charged dye in KCI solutions of
various concentrations to demonstrate the field effect. When the gate potential
was positive, the gated part of the nanochannels became positively charged and
induced an attractive force on the negatively charged dye and increased the con-
centration intensity of fluorescent dye in the nanochannel. When a negative gate
potential was applied, the nanochannels became more negatively charged, which
repelled negatively charged dyed molecules from the gated portion of the na-
nochannels, leading to a decrease in the concentration of the negatively charged
dye and fluorescence intensity. The nanofluidic FET was introduced as a building
block of integrated nanofluidic circuits for the manipulation of ions and molecules
at the small-scale. This application can occur even in non-overlapping EDL re-
gime. The numerical simulation proved that in overlapping EDL conditions, it is
possible to control the flow of only counter-ions through the nanochannel. Ac-
cordingly, the nanofluidic diode was introduced (Daiguji et al., 2005).

At the same time, other groups working on nanofluidics discovered the effect of
external electric field on the nanofluidic transport (R. B. Schoch and Renaud,
2005). As Figure 2-3.c represents, they also reported a considerable change of the
electrical conductance of nanochannels while varying the wall surface charge by
using solutions having different pH (Figure 2-3.d). Similar works were also re-
ported for controlling the electroosmotic flow in microchannels (Schasfoort et al.,
1999; van der Wouden et al., 2005).
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Changing the wall surface charge by immobilizing molecules of different charge
on the nanochannel wall was also studied (Rohit Karnik et al., 2005) and com-
bined with the gate electrode effect (Fan et al., 2005).

Nanofluidic platforms for FET

All the works mentioned in previous sections used nanochannel or nanotube plat-
forms. Nanopores, in spite of their geometrical similarity to ion channels, were
less successful in employing the FET concept mostly due to fabrication limita-
tions.

Some groups reported that they successfully tuned the ionic transport through
their FET configured nanopores (Jiang and Stein, 2010; Joshi et al., 2010; Kalman
et al., 2009; Nam et al., 2009). However, there are some limitations in fabricating
an ideal nanofluidic FET in a nanopore platform. The main challenging problem
is the limitations for the insulation of the gate electrode. An ideal nanofluidic FET
necessitates an insulating layer in order to prevent the current leakage from the
gate electrode into the conduit. For the case of nanopore, it is not simple to insu-
late the gate electrode. The reported insulating layers such as evaporated silicon
dioxide (Kalman et al., 2009) or atomic layer deposition (ALD) of titanium diox-
ide (Nam et al., 2009) or aluminum oxide (Jiang and Stein, 2010) are not very re-
sistive to the electric current when they are in contact with electrolyte. Firstly,
they are limited by the possible thickness of the dielectric layer. Secondly, the
quality of deposited insulator is not good enough to insulate the gate electrode.
The presented data in the mentioned works illustrates clearly their problem of cur-
rent leakage. Even for the case of deposited thermal oxide (Joshi et al., 2010) that
should have the best quality, the author discussed about the electric current leak-
age from the gate. The leakage was not preventable for the case of thermally oxi-
dation of tungsten (Wu et al., 2013), either. The current leakage problem limits
the applied gate voltage and consequently, the gating cannot be carried out effec-
tively.

For the case of nanopipet platform, fabrication of any gated feature has not been
reported yet. It is difficult to integrate an insulated gate to an unconventionally
fabricated device. Nevertheless, fabricating such a device can be impactful and
will have many applications due to the user-friendly properties of nanopipets.

Modeling the nanofluidic transport in presence of field effect

2.4.3.1 Analytical modeling

Since the beginning of nanofluidic studies, analytical modelings and numerical
simulations have been carried out. The first two publications from Daiguiji et al.
(Daiguiji et al., 2005, 2004), introduced the concept of the effect of the electrostat-
ic field on nanofluidic transport. The paper by Burgreen and Nakache (Burgreen
and Nakache, 1964) was likely the first work in the field, even if they didn’t use
the word ‘‘nanofluidic’’. Later, Levine et al. (Samuel Levine et al., 1975) devel-
oped an analytical model for the electrokinetic flow through a narrow parallel
plate channel. They reported that the classical Smoluchowski expression is re-
duced while the height to EDL thickness ratio tends to zero. They also modeled
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the electroosmotic flow at high zeta potential for small capillaries of the same ra-
dius as the EDL thickness (S Levine et al., 1975a).

Beside the gating phenomenon, some research groups focused on developing the
governing equation in electrokinetic flow inside nanochannels (Pennathur and
Santiago, 2005). Some others tried to justify their experimental results by means
of simple modeling (Smeets et al., 2006).

More recently, some more developed analytical modelings have been reported. A
full multi-ion model for analyzing the surface charge property and EOF in gated
nanofluidic devices by FET have recently been reported (Yeh et al., 2012). Trying
to model the surface reactions as well as their influence on the wall surface charge
is the advantage of this model.

There are two challenging points in all analytical models. Firstly, the surface
charge density of the nanochannel wall depends on the Kkinetics of the surface re-
actions. Secondly, some models in surface chemistry have been developed for
parallel plates. Applying these models to a cylindrical or rectangular nanochannel
may not be correct. In Chapter 4, the analytical modeling of the nanofluidic
transport is discussed in detail.

2.4.3.2 Numerical simulations

244

Numerical simulations, as a complementary method, has been conducted by some
research groups in order to clarify the nanofluidic transport in the presence of the
field effect. The more comprehensive the modeling is, more accurate solution is
obtained. As an example, the ionic transport in a nanofluidic FET was simulated
numerically by Singh et al. (Singh et al., 2011). They investigated that the effec-
tiveness of the ionic current control by the gate decreases with increasing the sur-
face charge density. They attributed this effect to a change in zeta-potential and
overall electro-neutrality condition. Nevertheless, this result was extracted from a
constant surface charge model while the effect of the activity of H* ions on the
wall surface charge was not considered. Although, these kinds of modeling can
explain some aspects of the physical phenomena, they are far from practical use.
The reason is that unlike the well-developed computational fluid dynamics (CFD),
the physical modeling still needs to be improved and validated for the case of
nanofluidic transport.

More recently, based on the latest findings in nanofluidics, Pardon and van der
Wijngaart modeled and simulated the electrostatically gated nanochannels (Par-
don and van der Wijngaart, 2013). In addition to basic governing equations used
in previous works, they modeled the surface reactions and considered the activity
of H™ ions in their simulation. They observed a higher gating effectiveness at the
pH values close to the point of zero charge (PZC) and at low ionic concentrations
where the EDLSs overlapped.

Limitations

2.4.4.1 Breakdown limit

As discussed briefly in 1.3.3, the performance of nanofluidic FETs are limited by
the current leakage from the gate. Not only nanopores, but nanochannels and
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nanotubes suffer from this limitation. The breakdown limit changes depending on
the quality of the insulating layer that depends on the method of deposition, thick-
ness and dielectric material.

Karnik et al. observed a dielectric breakdown in their nanofluidic transistor circuit
(Karnik et al., 2006). They attributes this breakdown to inadequate step coverage
of dielectric oxide layer or due to a breakdown caused by the sharp edge. Even
having a thermal oxide over the gate couldn’t prevent the current leakage from
gate (Oh et al., 2009). As mentioned before, a similar result was also reported in
nanopore platform (Joshi et al., 2010). As it is shown in Figure 2-4.a the leakage
current is relatively higher at negative gate voltages.

The dielectric layers that have been used in the nanofluidic FETs are normally
used in MEMS devices as insulating layers and works properly with an acceptable
breakdown limit. In nanofluidic FETSs, the non-perfect dielectric layer is in contact
with the electrolyte. The electrolyte can penetrate through the defects in the die-
lectric layer and the insulating role of the dielectric layer breaks down. Jiang and
Stein (Jiang and Stein, 2010) tried to investigate how surface chemistry influences
the breakdown limit for field-effect control over micro- and nanofluidic systems.
They measured the breakdown limit of silicon dioxide layers that was deposited
with different techniques (Figure 2-4.b-c). The thermal oxide had the best result
of about 0.6 V/nm. The result for ALD was one order of magnitude lower. Shin et
al. (Shin et al., 2012) claimed that their fabrication method was capable of fabri-
cating large-scale nanofluidic FET that had a competitive gating effectiveness. In
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Figure 2-4. a) The current leakage from a 60 nm thermally grown silicon dioxide to the SOI
substrate versus substrate bias at 10 pM hydrochloric acid. Adapted from (Joshi et al., 2010) with
permission. b) Schematic of the current leakage measurement setup for different types of insula-
tors. ¢ and d)The results show that thermally grown silicon dioxide has the best resistance to
current leakage while the breakdown limit for ALD layers is one order of magnitude lower.
Adapted from (Jiang and Stein, 2010) with permission.
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2.4.4.2

2.5

their work, they compared the current leakage from different types of dielectric
layers in order to demonstrate the better quality of their anodized aluminum layer.
The current leakage decreases the possible gating effectiveness by limiting the
applied gate voltage.

Configuration limit

This limitation concerns only the nanofluidic FETs fabricated in nanochannel
platform. The gated wall adjusts the wall electric potential only on one side while
the charge of the other side, which is tens of nanometers away, cannot be modu-
lated in the same way. Therefore, the gating will not be as effective as the gate-
surrounded nanotubes (Figure 2-5). The reported gating effectiveness for the na-
nochannel configuration is lower than the one of the nanotubes (R. Karnik et al.,
2005).
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Figure 2-5. Schematic illustration of the charge and electric potential distribution inside a one-
side-gated nanochannel. reprinted from (R. Karnik et al., 2005) with permission.

To overcome this limitation, one can design the nanofluidic FET with two gate
electrodes on top and bottom of the channel, which adds some fabrication cost
and time. Using the ‘‘etching and deposition’’ technique described in 1.3.2 sug-
gests a better possibility of having gate electrodes around the channel. A similar
approach was reported by Oh et al. (Oh et al., 2008).

Liquid reconfiguration

Utilizing wettability properties for gating purpose in nanochannels is one of the
novel and interesting methods that has been presented recently. Applying a trans-
membrane voltage to silicon nitride nanopores was reported to gate the nanochan-
nel via changing the wettability of the wall surface (Powell et al., 2011; Smirnov
et al., 2011). According to the published results, the peculiar behavior of water in
hydrophobic nanopores can lead to a gating system for aqueous solutions.

The idea of using liquid to reconfigure the pore has also been employed recently
for gating the multiphase fluidic transport in micropores (Hou et al., 2015). The
pore is firstly filled with a strongly wetting liquid. Then, based on the fact that an
immiscible fluid requires a certain level of pressure to deform the interface, the
pore will allow or prevent the fluid to pass through. This pressure threshold is dif-
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Figure 2-6. a) Modification of the surface leads to have hydrophobic clusters. Applying an elec-
tric field across the membrane results in an open-state for fluidic transport. b) The electric current
shows the open state when 5 V are applied across the membrane. Reprinted from (Powell et al.,
2011) with permission. ¢) Working principle of gating when the pore is filled with a strongly
wetting liquid (green). Pressure induced deformation of the gating liquid surface allows both
gases and liquids to flow through the pore. Reprinted from (Hou et al., 2015) with permission.

ferent for gas and liquid or even for two immiscible liquids. This method is capa-
ble of gating the fluidic transport in nanopores, too. The main difference is that
smaller pores necessitate higher pressure for opening.

Compare and contrast

Hundreds of types of ion channels in cell membranes benefit from various physi-
ochemical embedded architectures that enable gating. The biomimetic solid-state
nano size conduits should be designed to offer similar properties. To date, some
similar approaches have been taken in synthetic nanofluidic features as described
in previous sections. However, gating the nanofluidic transport is not limited to
these few methods. As discussed before, this field is now far from a well-
developed situation since it is still close to the start point.

In order to better explain the current situation of nanofluidic gating, Table 2-1
demonstrates some information extracted from the published results in the subject
of gating the nanofluidic transport.

Most of the works used the nanopore platform for gating purpose. The nanochan-
nel and nanotube platforms were only used in the field effect gating. The size of
the conduits varies from less than 10 nm up to 35 nm, which is much larger than
the 2-3 nm size of ion channels. Although much larger channels experience
transport regimes different from the ones in apertures of a few nanometers, their
application can also be different. For example, instead of sub-nanometer size ions,
they can be used for gating, sensing and manipulation of large molecules like
DNA, etc.
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2.7

One of the important but not always available information about the nanofluidic
gating is the time response of the gate. At the nanoscale, the traveling time of the
species goes down. Therefore, an efficient gate is necessary for performing the
manipulating commands. Only a few authors studied the response time of the
gates. The liquid reconfiguration method has shown a quick time response relative
to other methods. For the field effect, only one work (Fan et al., 2005) has studied
the transient time response and reported to be in order of hundreds of seconds.
The response time is limited by the time needed for the ions to diffuse into the na-
nochannel. For the steric effect, the time response is dependent on the type of the
smart polymer that is used for gating. Among the studied works, there is only one
reported response time which is very long (Xia et al., 2008).

In terms of gating effectiveness, although the reported devices can modulate the
ionic transport, the range of modulation is not broad enough to be able to open or
close the channel completely. This level of sensitivity allows the nanofluidic de-
vice to be used for sensing applications. Nevertheless, comparing to the ion chan-
nel, that allows only a specific ion of interest to pass, the solid-state counterparts
still need more enhancement. Apart from the liquid reconfiguration method, that
physically closes the channel; the reported values for gating effectiveness are
mostly less than one order of magnitude for the field effect and the steric effect.
To enhance the gating resolution and performance, different gating methods
should be combined. The advances in related technologies can lead to an increase
in gating effectiveness.

Diversity of types of stimuli used in steric effect gating makes it the most versatile
method used in both gating and sensing. Field effect, in spite of its ability to sieve
the particles of similar charge, has been only used in general fundamental studies.
Likewise, the few examples of using liquid reconfiguration have not had specific
applications yet.

Perspective

The future gating mechanisms in nanofluidic transport are expected to make use
of various gating methods in order to enhance the gating performance and selec-
tivity in a similar way as in the biological counterparts.

New gating methods might also be introduced as far as the fluid transport at the
nanoscale is better understood and the related technologies are developed.
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Table 2-1. The results of gating for different published research

Gate effectiveness®
(maximum reported)

Category  Pore size (nm) Platform Gating stimulus Time response

(best result)?

(Xia et al., 2008) Steric 20 nanopore pH Long 10
36-60ks

(Hou et al., 2009) Steric 18 nanopore Potassium ion - 1.3

(Yameen et al., 2009b) Steric tens of nm nanopore Temperature - 3.4

(Yameen et al., 2009c) Steric 15 Nanochannel pH - 4
membrane

(Tian et al., 2010) Steric 28 nanopore Zinc ion - 1.3

(Tian et al., 2013) Steric ~30 nanopore Mercury - 3.2

(Liu et al., 2015) Steric 21 Nanochannel pH and/or potassium - 2.3
membrane ion

(Powell et al., 2011) LR* 20 nanopore Transmembrane voltage Short Ideal gating

<ls
(Smirnov et al., 2011) LR 120 nanopore Transmembrane voltage Short Ideal gating
3 orders of magnitude
(Hou et al., 2015) LR 200-20000 micropore Pressure short Ideal
(Fan et al., 2005) FE® 40-50 nanotube Gate voltage Not short 2.9
400 s

(R. Karnik et al., 2005) FE ~35 Nanochannel Gate voltage - 1.3
nanotube 2.9

(R. B. Schoch and Re- FE 50 nm nanochannel Gate voltage - 1.6

naud, 2005)

(Nam et al., 2009) FE <10 nanopore Gate voltage - 9

(Joshi et al., 2010) FE 34 nanopore Gate voltage - 2.6

(Jiang and Stein, 2010) FE ~20 nanopore Gate voltage - 1.2

2 The size of nanoconduits that has the best result is reported here. for the case of conical nanopores, the tip size is reported.

® Gate effectiveness is defined as the ratio of on- to off-state conductance. For the case of field effect, the maximum and minimum achieved conductance is considered as open- and close-state, respec-

tively.
4 Liquid reconfiguration
® Field effect
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tudying the fluidic transport at the nanoscale necessitates to access or build

nanoscale features. The features not only should allow the fluid to flow at the

nanoscale, but they should provide the possibility of conducting small-scale
investigations such as optical observation, electrical characterization, etc. In this
chapter, the fabrication process of a versatile nanofluidic device is explained. More-
over, the procedure applied for measuring the electric conductance of the nanochan-
nels is discussed.
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3.1

Microfabrication process

3.1.1.1 Platform

3.1.2

3.1.3

As discussed in 1.3.5, the nanofluidic platform should be selected based on the
working objectives of the nanofluidic device. The nanochannel platform was se-
lected in this thesis since the aim was to study fundamental aspects of the nanoflu-
idic transport. The possibility of optical observation and the simpler integration of
sensors and electrodes are the main advantages of using the nanochannel plat-
form.

Fabrication method

The method ‘‘etching and bonding’’ had been used for the fabrication of one- and
two-dimensional nanochannels and nanoslits at the microsystem laboratory
(LMIS4) for about a decade. Based on this experience and according to the need
for integration of electrodes close to the nanochannel, the ‘‘sacrificial layer”’
method was selected. This method has been widely used in the fabrication of both
one- and two-dimensional nanochannels since the nanofluidic studies begun. In
this method, a sacrificial layer is patterned to form the planar shape of the na-
nochannel using standard photolithography techniques. Then, the patterned layer
is covered by a capping layer usually a transparent oxide. The capping layer is
then etched to provide access to the sacrificial layer and finally, the sacrificial
layer is removed and the nanochannel opens. The manufacturing process will be
explained in detail in 3.1.6.

The accuracy of this method relies on the selectivity of the final etching step be-
tween the sacrificial layer and the capping layer. In other words, the process for
releasing the sacrificial layer should not etch the capping layer since the thickness
of the sacrificial layer determines the height of the nanochannel.

Different materials have been used as a sacrificial layer. The amorphous- or pol-
ysilicon is a common sacrificial layer that is widely used in the fabrication of mi-
croelectromechanical systems (MEMS). It can be released by xenon difluoride
(XeF,) gas etching when the capping layer is selected to be silicon dioxide or sili-
con nitride. A very high selectivity to the mentioned oxide layers has been report-
ed. Apart from silicon, various types of materials and releasing process have been
used in the fabrication of nanochannels. The combination of silicon dioxide and
polymers was also utilized in the fabrication of nanochannels. Testing different
types of metals such as aluminum, chromium, platinum, etc. in the fabrication of
nanochannels has also been reported (Duan et al., 2012). Duan et al. reviewed in
detail the different materials reported as sacrificial layer for the fabrication of na-
nochannels.

Sacrificial layer

Two materials were evaluated for their use as a sacrificial layer in this thesis;

amorphous silicon (a-Si) and chromium. Similar patterns of 40 nm in thickness of

both materials were created on a float glass substrate and covered with a sputtered

silicon dioxide layer. After accessing to both sacrificial layer sides, they were re-
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3.1.4
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Figure 3-1. Optical microscope images of the nanochannel during the fabrication process. a)
Chromium etching of a 25um long nanochannel for 14 hours. A few micrometers of chromium
are still present inside the nanochannels. b) The chromium was released completely leaving the
wafer in the etchant for a longer time. ¢) After 10 minutes of DRIE, a-Si still is present in a 50pm

long, while it is completely released (d) in a 15 pm long nanochannels. The scale bars in all fig-
ures indicate S5um.

leased using specific etching recipes. The chromium was etched using a solution
((NHy),Ce(NO3)g + HCLO,). The etch rate of chromium in small openings of
nanochannels was slow. After 14 hours in the etchant, the chromium layer was re-
leased in the nanochannels of 15 um in length but not in longer channels. For eXx-
ample, 25 um nanochannels needed more etching time as shown in Figure 3-1-a
and b.

For the case of the a-Si layer, it was released using a dry fluorine-based (SF¢)
chemistry. The mentioned recipe was reported to have fast etch rate and high se-
lectivity to silicon dioxide sacrificial layer. Only ten minute of etching is enough
to release the a-Si in a nanochannel of 15 um in length. Figure 3-1-c and d show
the optical microscope photographs of the nanochannels of different length after
10 minutes of etching. Later, the etching process for a-Si release was changed to
XeF, chemistry, which was reported to have better selectivity to the oxide layer.
Finally, the a-Si was selected because:

e The etch rate is higher relative to the chromium.

e The selectivity to the oxide layer is higher, specially for the case of XeF,
etching.

e The problems caused by wet etching, like the channel collapse due to the final
drying or channel clogging because of contaminated etchant, are not present
in the mentioned methods for a-Si release.

e The Si-release is widely used in different MEMS fabrication.

Insulating layer

In this thesis, the integrated electrodes are used for both sensing and gating pur-
poses. It means that both circuits for nanofluidics and the integrated electrodes
should be isolated so that the potential difference between the gate and the ionic
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3.15

solution does not make a considerable electric current in the insulating layer. For
example, as discussed in 2.4.4.1, the insulating layer in nanofluidic FETs should
be resistive enough to prevent the current leakage from the gate. . The thinner the
insulator, the lower the potential difference it can withstand. On the other hand, a
thicker insulator is less effective in terms of sensing and fluidic transport stimula-
tion. Consequently, the minimum possible thickness of insulator should be select-
ed. Previous works have used dielectric thicknesses from tens of nanometers in
nanopores to hundreds of nanometers in nanochannel platforms. The quality of
the insulating layer is dependent on its thickness.

In this work, the quality of different thicknesses of sputtered and chemical vapor
deposited layers of silicon dioxide were examined. Finally, a 500 nm oxide layer
deposited using low temperature chemical vapor deposition (LPCVD) was con-
sidered as insulating layer. The LPCVD deposition was followed by an annealing
step to improve the quality of the layer. The results prove that there is no consid-
erable current leakage in our application.

Integration to microscale

Needless to say that the nanochannel should be integrated with the large-scale so
that it can be filled with the solutions. Two microscale channels were integrated
so that they can deliver the solution from large reservoirs to the entrance of the
nanochannel. The mechanism of nanoscale to macroscale integration is explained
in 3.2. In this section, the subject is the fabrication procedure that was carried out
for the fabrication of microchannel part.

Other reported works fabricated the microchannel on an additional substrate and
then bonded it to the nanochannel device (R. Karnik et al., 2005). This approach
prolongs the fabrication process and adds some uncertainties due to the often lim-
ited bonding quality. The bonding should prevent any nanoscale opening that has
similar effect as the nanochannels. Moreover, irreversible bonding is less conven-
ient since it makes the rinsing of the microchannel more complicated, when it is
necessary.

In this project, the goal was to fabricate both micro- and nanochannels on the
same wafer in order to avoid the mentioned challenges of the previous methods.
An epoxy based negative photoresist known as SU8 was utilized in order to fabri-
cate the microchannels in the same device as the ones that contain nanochannel.
This method did not work because of the difficulties in setting the exposure dose.
The design included reflective metal parts in the critical area of the patterns where
the largest aspect ratio of the SU8 structure should have been achieved. Further-
more, the auto-fluorescent properties of SU8 resulted in limitations in optical ob-
servations inside the nanochannel. The solution was to use a thin shadow layer be-
tween the SU8 and the nanochannel, which was not considered since it increased
the fabrication time and cost relative to the conventional methods.

A simpler and cost effective method was finally chosen. Getting access to the
openings of the nanochannels necessitated etching the oxide layer. In this case,
the microchannels were etched in the 7 pm thick oxide layer deposited in the pre-
vious steps (Figure 3-2.c and d). Capping the etched layer with a polydime-
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3.1.6

thylsiloxane (PDMS) rubber closed the microchannels. The PDMS part was not
irreversibly bonded to the device. It only stuck to the device by a pressure applied
from the screws in the mounting part (further explanation in 3.2.). The PDMS part
could also be patterned in the same way as the microchannels so that larger mi-
crochannels were created and the filling and rinsing process became easier
(Figure 3-2.1).

Process flow

Based on the key points mentioned in previous subsections, the fabrication pro-
cess was designed.

Fused silica wafer (thickness 525+25, @ 100+0.5 mm) was the only possible op-
tion due the desired objectives and design restrictions:

e The substrate should be transparent to provide the possibility of optical
observation.
e The substrate should not be conductive to allow the high resistance
electrical measurements.
e The wafer should withstand high temperature. It is a requirement for
deposition of high quality insulating layers.
The fabrication steps are as follows:
The wafer was rinsed in a 10:1 mixture of sulfuric acid (H,S0,) and hydrogen
peroxide (H,0,) known as Piranha solution to clean the residues.
Then, a thin layer of a-Si was sputtered on the substrate. The thickness of this lay-
er defined the height of the nanochannels. The thickness was selected between 30-
45 nm in different fabrication rounds and designs. This layer was patterned using
normal photolithography techniques followed by a deep reactive ion etching

(DRIE) step (Figure 3-2.a). The reasons supporting the choice of a-Si as for sacri-
ficial layer were described in 3.1.3. in brief:

e It can withstand high temperature.
e There is a well-known procedure for releasing a-Si layer with a perfect
selectivity to silicon dioxide.

e Its releasing rate is acceptable.

Another Piranha rinsing was performed to remove any organic residues on the
wafer. A 500 nm low temperature dioxide (LTO) layer was deposited using
LPCVD as for the insulating layer (Figure 3-2.b). This was followed by an an-
nealing step to improve the insulating property of the layer. Further details were
discussed in 3.1.4. In brief:

e The deposited layer by LPCVD has a better quality relative to other
deposition methods.

e Its breakdown limit increases by annealing at high temperature.
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Figure 3-2. Process Steps to fabricate the nanochannels. a) A thin a-Si layer is deposited on the
fused silica substrate. b) The layer is covered by an LTO layer followed by c) patterning elec-
trodes. d) The electrodes are insulated by another LTO layer. e) The LTO layers are etched and
the entrance of the nanochannels are accessible. f) The a-Si layer is released and the nanochannel
is opened. g) A patterned PDMS part caps the microchannels.

e Itis transparent.

Lift off technique was utilized to pattern a 20/200 nm titanium/platinum layer on
the LTO (Figure 3-2.c). This layer is used as the measurement and gate elec-
trodes. This material was selected because:

e Titanium works as an adhesion layer between platinum and silicon di-
oxide.

e Platinum is inert and is less likely to react relative to other metals.

e It has an acceptable selectivity in the following etching steps so that the
layer can survive while etching both silicon dioxide and sacrificial sili-

con.

36



3.1. Microfabrication process

The layer was then covered by a 6 um LTO layer (Figure 3-2.d). The thickness of
this layer defines the height of the microchannel. For the case of patterned PDMS
the height of this layer can be lower.

DRIE of LTO layers was then carried out in order to access the a-Si layer at the
bottom (Figure 3-2.€). The right recipe should be selected at this step in order to
provide an appropriate selectivity to platinum. A wrong recipe will lead to etching
of the metal parts. In order to have the best result, the presence of oxygen and hy-
drogen should be avoided. At this condition, there is no need to use a hard mask
for etching.

At this step, the opening of the nanochannel is available and the sacrificial layer
can be released (Figure 3-2.f). High selectivity of XeF, etching to silicon dioxide
makes it an appropriate option for releasing a-Si. The etch rate is strongly de-
pendent on the chamber pressure, the pulse time and the exposed area. In our case,
the net etching time for 110 pum in length and 40 nm in height nanochannels for a
full wafer was about 30 minutes while the etching pressure was set to 500 Pa. It is
worth noting that a short isotropic DRIE of SFg chemistry at the beginning can
help to have a uniform opening of the nanochannel and uniform etching in all re-
gions of the wafer.

Finally, the microchannels were capped by a patterned (or non-patterned) PDMS
part. The PDMS part can whether be bonded to the device or just seal it by apply-
ing pressure. The fabrication process was performed at the Center of MicroNano
Technology (CMI, EPFL).

Figure 3-3 shows SEM images of a fabricated device. The round pillars in the mi-
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Figure 3-3. SEM image of a fabricated device. a) Two microchannels including round pillars
(purple) and platinum electrodes (yellow). The entrance of a single nanochannel is marked by a
red rectangle. b) Zoomed in to the marked area in (a) that shows the entrance of a single na-
nochannel . ¢) 23 kX magnification of the entrance of the nanochannel. The tilt angle is 30 de-
grees. d) The marked area of (c) . 124 kX magnification of the entrance of the nanochannel.
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3.1.7

crochannels (colored in orange in Figure 3-3.a) were designed to avoid the upper
PDMS collapse into the microchannel. As mentioned before, it is possible to use a
non-patterned PDMS only for closing the microchannels and as an intermediate
tool for large-scale integration. The platinum electrodes (colored in yellow) were
embedded close to the entrance of the nanochannels in order to discard the addi-
tional effects of microchannels in the measurements. The entrance of a single na-
nochannel is marked with a red rectangle and its zoomed views are shown in Fig-
ure 3-3.b-d. The entrance of a 35 nm in height channel is shown in Figure 3-3.d.

Design of the device

Figure 3-4 demonstrates a schematic of the fabricated device. A set of forty na-
nochannels is present at the center of a 15 mm in 20 mm chip. The geometry of
nanochannel varies from chip to chip for different designs. The height of the na-
nochannel, which is defined by the thickness of the sacrificial layer, from 30 to 45
nm for different fabrications. The width of the nanochannels varies between 2 to 5
pm. The nanochannel lengths are in the range of 20 to 110 um.

Two microchannels bring the solution to the entrance of the nanochannels. The
width of the microchannels is 110 um. Theirs height varies from 7 to 120 pum ac-
cording to the thickness of the second LTO layer (process flow, Figure 3-2.e) and
the size of the additional channel in PDMS (process flow, Figure 3-2.9).

Close to the nanochannel entrances, two platinum electrodes are embedded in the
microchannels. These electrodes, indicated by a symbol Q in the Figure 3-4.a, are
utilized for the electrical measurements of the ionic transport through the na-
nochannels.

Some other electrodes are present in the microchannel. They are used for differ-
ent purposes such as sensing the ionic strength of the solution in every micro-
channel or checking the discontinuities due to bubbles presence. These electrodes
are marked by symbol I.

There is another electrode integrated over the nanochannel with the purpose of
sensing or gating (Figure 3-4.c). This platinum electrode is placed 500 nm above
the nanochannel and insulated by the LTO layer as described in Process . The
number of gate electrodes varies from 1 to 5 while their widths are in the range of
5 to 72 um. These electrodes are used in the experimental studies of the effect of
temperature on the nanofluidic transport that will be discussed in Chapter 5
and Chapter 6.
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a) microchannels

o Fluidic output
Fluidic input

Gate/Sensor

b)

nanochannels

Gate/Sensor

Figure 3-4. a) Schematic of a fabricated device. The two microchannels bring the solution to the
entrances of the nanochannels. The electrodes indicated by Q are designed to measure the imped-
ance of the nanochannel. The ones with the symbol | can measure the ionic strength of the solu-
tion by relating it to the conductivity. One or more electrodes are embedded over the nanochannel
with the purpose of sensing or/and gating. b) Microscope view of a fabricated device showing
both the measuring electrode and the gate/sensor one over the nanochannels. The scale bar indi-
cates 200um. c) Optical microscope view of a horizontal electrode over the vertical set of na-
nochannels. The scale bar represents 25 pm.

3.2 Integration to macroscale

3.2.1 Fluidics

Figure 3-5 displays the setup that was used to provide a fast and easy connection,
manipulation and investigation of the fluid flow toward and within the device.
Liquid delivery to the entrance of the nanochannel is carried out by integrating
micro- and mini-channels in a soft PDMS part and a polymethylmethacrylate
(PMMA) adaptor. The PDMS part plays the role of sealing and interconnecting
the microchannel to the outside mini-channels. The soft PDMS prevents the liquid
leakage while it is under pressure of the mounting screws. The PMMA adaptor al-
lows the liquid to pass through external tubes toward the reservoirs in the PDMS
part. The external tubes are in Polytetrafluoroethylene (PTFE) with the outer di-
ameter of 1.07 mm and inner diameter of 0.56 mm (Fisher Scienntifitc, W39241),
which are connected to syringes that contain the solutions. The liquid is pushed to
the device using a syringe pump (Harvard apparatus, PHD 2000).
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Nanofluidic CMW
Chip support

Figure 3-5. a) Exploded view of the mounting parts of the setup. The device is put on an alumi-
num support and is fastened to the PCB interface using screws. A PDMS interconnecting block
stays between the device and the PMMA adaptor that prevents liquid leakage while it is kept
under pressure. b) A photograph of a mounted setup. ¢) Simple design of the PCB.

3.2.2 Electric

3.3

The integrated electrodes are connected to the outside large-scale instrument by
means of a printed circuit board (PCB) interface. The small spring connectors on
the PCB interface provide good contacts with the electrodes while being kept un-
der pressure.

Solutions

In most of nanofluidic studies, potassium chloride (KCI) solutions in water have
been used as the main fluid in the system. The potassium chloride is highly solva-
ble in water and KCI solutions are widely used water-based solutions in different
fields of research. It is very stable which allows reproducible measurements. It is
used as the calibration solution for conductivity meters or as electrolyte filling so-
lution for silver/silver chloride reference electrodes. The presence of the potassi-
um ion in physiological medium is vital and many biological solutions contain
this ion. The potassium chloride solution is a symmetric electrolyte with monova-
lent ions, which implies that simpler analytical model can be used. Moreover,
both potassium and chloride ions have a similar ionic radius. The similarity of
their ionic radius leads to similar migration properties like the ionic mobility and
diffusion constant, which facilitates the analysis of experimental results.

Depending on the desired concentration, different amounts of potassium chloride
salt (Sigma, P9541) were solved in certain volumes (normally 100 mL) of deion-
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ized water (DI water 18 MQ.cm, supplied by the center of micro-nanotechnology
CMI, EPFL). The conductivity and pH value of the solution was measured
(METTLER TOLEDO, China) and recorded.

The solutions at acidic pH values were prepared by adding hydrochloric acid to
the solution. For preparing basic pH solutions, potassium hydroxide was added to
the solution. A high concentration potassium hydroxide solution was prepared fol-
lowing the same method as for the potassium chloride solution.

AC impedance measurements

The impedance spectroscopy has been widely used in different fields of study for
many years. The electrochemical impedance spectroscopy and the use of imped-
ance spectroscopy in the studies of biological cells and tissue are some of the ap-
plications. Particularly, the application of impedance spectroscopy in screening
the ion channel activities in the cell membrane illustrates how powerful this
method can be.

In nanofluidics, most of the reported measurements were performed using large
electrodes that applied direct current (DC). However, the AC electrical measure-
ment of nanochannel was done at LMIS4 since the nanofluidic studies begun.
Schoch (Schoch, 2006) reported the use of impedance spectroscopy in his thesis.
Wu et al. (Wu et al., 2015) used impedance spectroscopy to sense the immobiliza-
tion of single- and double-strand DNA molecules in alumina nanopores.

In the present study, the integrated microelectrodes at the entrance of nanochan-
nels were used for electrical measurements of the nanochannel. This way the
measurement benefits from the electrodes being placed very close to the na-
nochannel. Difficulties in integration of a reference electrodes close to the chan-
nel entrance and the electric potential limitations, in addition to overpotential of
non-reference electrodes (Girault, 2004) and their diffusion limited DC current
causes the AC measurements to be more beneficial for monitoring the electric
conductance of nanochannels. Moreover, the AC measurement of nanochannel
conductance does not suffer from the side effects of DC measurement such as the
transient effects (Fan et al., 2005; Schoch, 2006), time-dependent preconcentra-
tion of ions at the entrance of nanochannel (Schoch et al., 2006) and non-
preventable resistance of the microchannels, etc.

The resistor capacitor model for nanochannel

As an equivalent electric circuit, the nanochannel is modeled as a resistor. The
electrochemical properties of an electrode causes an EDL to be produced on the
polarizable electrodes, which leads to an equivalent capacitor in the circuit (Gi-
rault, 2004). Moreover, a small capacitance effect created by the device and the
experimental setup, exists in the circuit. It is called parasitic or stray capacitance
(Schoch, 2006). Figure 3-6.a shows the equivalent electric circuit of the na-
nochannel suggested by Schoch. Another equivalent circuit was also suggested by
Wu et al. for an alumina nanoporous membrane in order to enhance the precision
of modeling (Wu et al., 2015), which is depicted in Figure 3-6.b.
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Figure 3-6. a) The equivalent RC circuit suggested by Schoch (Schoch, 2006). Z.p the imped-
ance of the constant phase element modeling the EDL on the platinum electrodes b) The equiva-
lent RC circuit for a nanoporous membrane suggested by Wu et al. (Wu et al., 2015). ¢ and d)
Bode diagram and phase angle variation for the impedance of a resistor and a capacitor in series.
e and f) Bode diagram and phase angle variation for the impedance of a resistor and a capacitor
in parallel.

Having an equivalent resistor-capacitor (RC) circuit implies that only at specific
frequency range, the measured impedance corresponds to the DC resistance of the
channel. Figure 3-6.c-f show the Bode diagrams and phase angle variations of two
resistors and capacitors in series and parallel. The impedance of the circuit does
not emphasize the value of the resistance in a large frequency range. This implies
that the AC measurement should be performed in a specific frequency range so
that it can be related to the resistance of the resistor in the circuit.

Therefore, the AC measurement of nanochannel should be performed in the right
frequency that corresponds to the resistance of nanochannel. To this aim, an im-
pedance spectroscopy for a wide range of frequencies should be conducted.

Experimental procedure

Impedance spectroscopy

The impedance of the nanochannel was measured at a frequency range of 40 Hz
to 4 MHz using an impedance analyzer (Hewlett Packard Agilent 4294A precision
impedance analyzer). The impedance spectrum was then analyzed to find the right
frequency where the impedance corresponds to the nanochannel resistance. The
nanochannel resistance corresponds to the impedance where the phase is closest to
zero, according to the equivalent electric circuit of the nanochannel discussed in
the previous section.
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Figure 3-7. Schematic of the low frequency impedance measurement setup. A signal from func-
tion generator enters the nanochannel, then a low noise current preamplifier reads , amplifies and
converts it to a voltage to be read by DAQ.

3.4.2.2 AC electrical conductance measurement at fixed frequency

3.4.3

While the frequency of measurement was defined according to the results of im-
pedance spectroscopy, the measurements can be done at a fixed frequency. To this
aim, a simple measurement setup was designed and used.

A 50 mV sinusoidal signal was applied using a function generator (Agilent
33220A, Malaysia). A low noise current preamplifier (Stanford Research System
SR750, USA) was used to read the current, filter the noise and convert the current
to a voltage signal. The signal was then read by a data acquisition card (DAQ)
(National Instrument PCI-6251, USA).

This circuit was used not only for measuring the resistance of the nanochannels,
but for the microchannels as will be described in 4.7.2 and the integrated platinum
electrodes (temperature sensors) as will be described in 5.3.1.2. Figure 3-7 shows
the schematic of the measurement setup. A computer interface (LabVIEW, 2013)
was used to acquire and analyze the data and produce a control command for the
setup.

Low frequency impedance spectroscopy

In order to validate the suggested models for the fabricated nanochannels, the im-
pedance measurement was performed in a wide range of frequencies at different
ionic concentrations. For the frequencies below 100 Hz the setup presented
in 3.4.2.2 was utilized while for higher frequencies, the normal impedance ana-
lyzer mentioned in 3.4.2.1 was used. Figure 3-8 shows the Bode diagram and
phase angle variations for the impedance of a nanochannel set in a frequency
range of 50 mHz to 400 kHz. The measurements from the impedance analyzer are
not sufficient to validate the RC models for the nanochannel. Particularly, at low
ionic concentrations, the results from the impedance analyzer only indicate a par-
allel set of resistor and capacitor since it shows a behavior like the one shown in
Figure 3-6.e. The information about the electrochemical capacitance of the elec-
trode can only be observed if low frequency measurements are performed.
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Figure 3-8. Bode diagram and phase angle variation for the impedance of a set of nanochannels
(40% 35 nm in height 49 pum in length and 5 pm in width channels). The solid lines depict the
impedance analyzer data while the circles correspond to the low frequency measurement setup.
The dashed lines are only drawn to illustrate the trend. Without considering the results from low
frequency measurements, it is impossible to find the equivalent RC circuit.

3.5 Highlights
The microfabrication process was explained in detail:

e The method used is more cost- and time-effective relative to other re-
ported fabrication methods since it integrates the microchannels in the
same wafer as the nanochannel’s.

e a-Si was used as sacrificial layer since it can be released easily with a
very good selectivity to the insulating oxide layer.

e The best deposition method for the insulating layer is the one that offers
higher resistance to current leakage.

e AC impedance measurement was performed to characterize the na-
nochannel:

e The right frequency that corresponds to the resistance of nanochannel

should be selected in AC measurements.
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caling down the fluidic channels to nanometer regimes creates different con-
ditions for the fluidic transport. The theoretical analysis and experimental
investigations imply that the nanochannel conductance does not follow the
macro-scale models. It is generally accepted that the electric conductance of na-
nochannels deviates from the bulk and tends to a constant value at low ionic concen-
trations. In this chapter®, the analytical modeling of the nanochannel conductance is

discussed; a new analytical modeling approach is introduced and finally, the model
predictions are compared with the experimental measurements.
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4.1

4.2

Electrical measurements in nanofluidics

Optical observation of molecular transport, using fluorescent dye molecules, is of-
ten used in nanofluidic studies. However, the electrical characterization of
nanofluidic channels is indeed a very complementary method, which also offers
the possibility to perform label free measurements on such systems. Using the
electrical measurements in nanofluidic studies is so common that almost all the
experimental works benefit from it. Characterization of nanofluidic channels (R.
B. Schoch and Renaud, 2005; Stein et al., 2004; Taghipoor et al., 2015), single
molecule translocation (Lorenz J. Steinbock et al., 2013) and detection (Raillon et
al., 2012), characterization of nanofluidic field effect transistors (R. Karnik et al.,
2005; Wu et al., 2013) and diodes (Karnik et al., 2007; Wu et al., 2013) and esti-
mation of fluid temperature by electrical conductance measurement (Jonsson and
Dekker, 2013) are some of the reported works that used the electrical measure-
ments in nanofluidic studies.

Most of the research groups measured the electrical resistance of nanochannels.
Both AC and DC measurements were reported. The resistance of nanochannels
depends on the electric current carriers ie: ions, whose concentration is influenced
by the nanochannel wall. In the following sections, this phenomenon will be dis-
cussed.

Electrical conductivity of agueous solutions

In electrolytes, the electric current is carried by charged species (ions) traveling in
response to a bias electric potential. The response of ions to a unique electric po-
tential is different since their radii and charges are different. For example, the H™*
ion has been reported to have the highest response to electric field due to its very
small ionic radius, while larger ions like Nat migrate about 7 times slower.(Barry
and Lynch, 1991) The electric migration of ions in an electrolyte depends also on
the viscosity of the electrolyte, since friction is the only dominant resistive force
against the ionic migration, especially at low ionic concentrations. At high ionic
concentrations, ion-ion interactions take part and should be considered as a resis-
tive force. Furthermore, the degree of ionic dissociation also influences the total
resistivity of the solution. Lower dissociation constants result in a lower number
of ions and less electric conductivity.

In order to quantify the electric migration of different ions in electrolytes, the ion-
ic mobility x; ( m2V~1s~1) of an ion is defined as its traveling velocity in re-
sponse to a unit electric potential, which is expressed as

_ |z;|e

(4-1)

= 6mrn
where z; , e, r; and n are the charge number of ith ion, the electron charge, the
ionic radius (including water mantle) of ith ion, and the dynamic viscosity of the
electrolyte, respectively. The electrical conductivity of a solution can then be re-
lated to the mobility of the solvated ions.
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Moreover, a higher number of ions results in a higher number of current carriers
and consequently a higher electric conductivity. Therefore, the electrical conduc-
tivity is dependent on the concentration of ionic species c¢; (mol.L™1), too. The
electrical conductivity or specific conductance y (S.m~1) of an electrolyte con-
taining different ions depends on the concentration of ionic species and their ionic
mobility via

y =10°Nye Z 1iCi (4-2)
i
where N, (mol~1) is the Avogadro constant, and e (C ) is the electron charge.

Kohlrausch's Law

Since the conductivity of an electrolyte depends on its ionic concentration, the
term molar conductivity A, (S.M~*m™1) is defined as the electrical conductivity
of the electrolyte divided by its ionic concentration.

A =7 (4-3)

As mentioned before, although the conductivity of an electrolyte increases by in-
creasing the number of charge carriers, the increased electrostatic interactions
among the charged species causes a slight decrease in the net mobility of ions.
Kohlrausch's Law models this decrease for a strong electrolyte, which is dissoci-
ated completely in the solution.

Ay = A% — K+Jc (4-4)

where A;, is the limiting molar conductivity of the solution i.e. the limit of the infinite
dilution and K is an empirical constant. A;, is the summation of molar conductivities
of different ions inside the solution.

A% =) lzila, (4-5)
Ay, ; is the limiting molar conductivity of an ion i that is related to its mobility via

A = Nyep; (4-6)

What makes the nanochannel different?

At the nanometer scale, the fluidic transport behavior changes, mostly due to the
surface effects, which cannot be neglected anymore. Particularly, the electrostatic
charge of the nanochannel walls has a significant impact on the molecular
transport in nanometer size apertures. The charged walls attract counter-ions and
repel co-ions. This causes a charged layer to appear close to the charged wall. The
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layer is known as the electric double layer (EDL) as has been studied in colloid
and surface chemistry since decades (Helmholtz, 1853). At low ionic concentra-
tions, the thickness of the electrical double layer can be of the same order as the
nanochannel height or even more. Consequently, not only the concentration of
ions inside the nanochannel can be higher than the bulk, but also as it is sketched
in Figure 4-1, the selectivity of the nanochannel to certain types of ions makes the
condition completely different from bulk. Therefore, the conductivity of the solu-
tion inside the nanochannel does not follow the bulk one as the ionic concentra-
tion decreases. Many experimental investigations have confirmed a deviation
from bulk conductance for the case of nanometer size confinements.(R. B. Schoch
and Renaud, 2005; R. Karnik et al., 2005; Rohit Karnik et al., 2005; Wu et al.,
2012; Stein et al., 2004; Smeets et al., 2006; Siria et al., 2013; Nam et al., 2009)

In addition to the salt ions, there will always be a certain level of dissociated wa-
ter molecules inside the solution, which cannot be neglected since they take part
in electric current through the nanochannel. Specially, when their concentration is
of the same order as the salt ions one, they make the solution composition inside
the nanochannel different from one of the neutral bulk.

Moreover, the nanochannel surface charge is defined by the reactions occurring at
the surface, which are dependent on the concentration of ions inside the na-
nochannel. Particularly, the concentration of H* ion inside the nanochannel has a
significant influence on the nanochannel wall surface that influences the ionic
transport through the nanochannel.

Overall, considering the solution inside the nanochannel similar to the bulk is a
wrong assumption since the composition and concentration of ions inside the na-
nochannel is different.

In the following sections, we study the wall-ion interactions inside a nanofluidic
channel.

Nanochannel Bulk

0- OH 0 OH 0 0 OH

Figure 4-1. Comparison of the transport in the bulk and the nanochannel. The left drawing shows
the selectivity of nanochannel to counter-ions as well as their enrichment. There is a net elec-
troosmotic flow inside the nanochannel that pushes the small amount of co-ions present inside the
channel along the electric field. The red arrows show the migration direction of positive ions
while the blue arrows correspond to the negative ions.
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Wall-electrolyte interface

Theoretical modeling of the surface charge density of different kinds of metal ox-
ides has attracted attention in the field of colloid chemistry (ller, 1979; Yates et
al., 1974), geophysicist (Reppert and Morgan, 2003a; Scales et al., 1992) and
different chemical sensor studies (van Hal et al., 1996). Yate et al. (Yates et al.,
1974) developed a site-dissociation model describing the surface charge density at
the oxide-electrolyte interface (equation (4-17)) that has been used in different
fields of study. This model was utilized beside Grahame’s model (Grahame, 1947,
section4.4.4.1) to estimate the surface charge density and Stern layer potential in a
silicon dioxide porous media (Revil and Glover, 1997). The surface charge densi-
ty decreases while lowering the concentration (Davis et al., 1978; Revil and
Glover, 1997) which implies that the nanochannel conductance models that as-
sume the surface charge constant, need to be revised. Here, | present the the mod-
eling details for a silicon dioxide surface. However, the model is applicable for all
kinds of oxide surfaces.

Surface reactions at oxide-electrolyte interface

For a silicon dioxide surface, considering the surface of the wall covered by SiO-
H groups, H* and OH~ ions can be adsorbed to the surface by protonation and
deprotonation of surface silanol groups,

K_
SiOH < Si0~ + H§ (4-7)
K
SiOH + H} < SioH; (4-8)
Where K_ and K, are the equilibrium constants for these amphoteric reactions.
The first reaction tends to charge the oxide surface negatively, while the second

reaction charges the surface positively. Salt ions can also bind to the surface
(Stumm, 1987),

K
SiOH + K* <5 SiOK + H} (4-9)
K
SiOH + Cl™ <3 SiCl + OH~ (4-10)
Where Ki and K¢ are the intrinsic equilibrium constants of the adsorbtion reac-
tions (4-9) and (4-10). The salt adsorption reactions imply that the adsorption of

K* occurs mainly at high pH values while CI~ ions are adsorbed more likely in
acidic conditions i.e. low pH values.

Wall surface charge

According to the mentioned chemical reactions, there will be five different groups
on the surface, SiOH, SiO~, SiH3, SiOK and SiCl. The total surface site density
N, (site.nm™~2) can be defined as the summation of site densities of every single

group,

Ns = Nsion + Nsio= + Ngiu# + Nsiok + Nsicu (4-11)
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In our study, we do not consider the adsorption of potassium and chloride ions as
in other similar works in this field (Glover et al., 1994; Pardon and van der
Wijngaart, 2013; Reppert and Morgan, 2003a; Revil and Glover, 1997; Wildha-
ber, 2014; Windbacher, 2010; Yates et al., 1974). The salt ions in aqueous solu-
tion are shielded by water molecules and can not be close enough to the surface
and be adsorbed (Windbacher, 2010). Therefore, the binding site density of the
surface can be expressed as

Ns = Nsion + Nsio~ + Ngyp (4-12)

Moreover, using the same approach as the site binding model (Yates et al., 1974)
and writing the equilibrium conditions in terms of the equality of electrochemical
potentials for the mentioned reactions, the equilibrium constants of the reactions
can be written as

Cy+Nsio-
K = _H&Tsiom (4-13)
Nsion
Nsiny
Ky =—-—"— (4-14)
¥ CH;NSL'OH

Where Cy+ expresses the concentration of H™ right at the surface. Using the equa-
tions (4-12) to (4-14) the total binding site density is given as,

K_
Ns = Ngjop(1 + —+ K, Cy+) (4-15)
CH+ S

N

The net charge on the surface can be calculated by subtracting the number of posi-
tive and negative sites. Therefore, the surface charge density can be written as,

s = e(Ngipy — Nsio-) (4-16)

Using all the equations (4-12) to (4-16) leads to the site binding equation for the
charge density of the wall surface,

K_
K+Cfl+ - S
os =eN S
s = S
14 KocSh + 2= (4-17)
Cip+
lonic activity

The activity of any species in a solution is defined since the concentration of a re-
actant might differ in one area of the solution due to different factors. For our sub-
ject of study, the only dominant factor is the electrostatic charge of the wall sur-
face. The electrostatic potential of the wall due to its surface chage leads to a dif-
ferent concentration of the H* ion close to the wall where the chemical reactions
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occur. At this condition, it would be incorrect to use the bulk concentration of H*
ion in calculations. Instead, the definition of the activity of the H* ion is used to
explain the distribution of H* ion concentration in a solution by relating its con-
centration at the wall surface cfj+ and in the bulk cfy+. Assuming isothermal, iso-
baric, ideal and reversible system in equilibrium, the wall surface charge concen-
tration of H* ions can be expressed as:

—€Po
kol

cfl+ = cg+ exp( (4-18)

where kg, T and ¢, are the Boltzmann constant, absolute temperature and electric
potential of the Stern layer, respectively.

Wall electric potential

The surface charge density is obtained using equations (4-17) and (4-18).

B 5, _ K- -
Kicy+e¥0 ——p—e™%0

CH+
os = eNg — X
1+ K,cBiePo+ == e Po (4-19)
Cy+
With §, = —e@,/kgT, describes a dimensionless electric potential of the Stern

layer. The wall surface charge influences the ionic distribution and the electric po-
tential in the EDL. Conversely, the wall surface charge depends on the H* con-
centration distribution, which is a function of the electric potential according to
equation (4-18). This implies that more information is needed to calculate the
electric potential.

Grahame’s model

Grahame (Grahame, 1947) solved the Poisson-Boltzmann equation for a symmet-
ric electrolyte to estimate the charge density inside the diffuse layer. To this aim,
he assumed a constant permittivity of the electrolyte and applied the Gauss law to
the EDL. This model was used later by Yate et al. (Yates et al., 1974) in their site
binding model. Many other works in different fields also used Grahame’s model
in their analytical modelings (Reppert and Morgan, 2003a; Revil and Glover,
1997).

The Poisson-Boltzmann equation for a symmetric electrolyte is given as,

d’>p  2ecy

mh ey
dx? €€, Stn (kBT) (4-20)

Where €, €f, ¢, (M) and  are the dielectric constant of vacuum, the relative die-
lectric constant of the fluid, the concentration of salt ions in the bulk and the elec-
tric potential, respectively. Grahame could integrate equation (4-20) by introduc-
ing the identity (4-21),
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Figure 4-2. a) The boundary conditions used in Grahame’s model. b) Schematic of the overall
electroneutrality requirement.

d’¢ 1d do,
dx?2  2do (dx) (4-21)

Which after substituting into equation (4-20) and integration gives:

(d(p)z = w (cosh (ﬂ> -1

dx €€o kT (4-22)

The electric potential has been assumed zero in the bulk i.e.¢o =0 and
dg/dx = 0 Figure 4-2.a describes the boundary condition used for the integration
of the Poisson-Boltzmann equation.

Now, according to Gauss’ law, the slope of change of the electric potential at the
surface is proportional to the charge density in the diffuse layer o4,

= R

d§0> _ (of)]
s €€g (4-23)

The charge density o4 was described by Grahame as ‘‘The total charge in a col-
umn of liquid of unit cross section extending from the plane in question (the one to
which de/dx refers) on into the body of the solution where ¢ = 0 .”’(Grahame,
1947)

Combining equations (4-22) and (4-23) leads to a relation that is known as Gra-
hame’s model.

—e
Oq = /8606kaTn0 sinh > k;P; (4-24)

Here, we replaced the term concentration ¢, with the number density n, (m=3)of
every ion in order have the equation in a more compact form.

Modification for pH

Taking into account the electroneutrality requirement of free electrolyte (c,’§+ +

ch+ = cB- + cBy-) and using the definition of the Debye length, Revil and Glov-

er (Revil and Glover, 1997) improved equation (4-24) to be applicable in all pH
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values. Having a similar approach, the term n, in equation (4-24) was replaced
with the term 7, which is described as

fi = 103N, (co + 107PH 4 10PH-PKW
4 (o ) w2s)
Where pKw represent the dissociation constant of water and pH corresponds to
the pH value of the bulk.

Conservation of charge

Assuming that the surface charge of the wall should be neutralized by the oppo-
sitely charged ions, the summation of equations (4-19) and (4-24) should be zero
(Figure 4-2.b).

0q+o;=0 (4-26)

Altogether, the Stern layer electric potential ¢, can be calculated by solving the
system of equations (4-19), (4-24), (4-25) and (4-26).

The surface charge of a nanochannel wall

As discussed in section 4.4, the surface charge of different oxides was the subject
of several studies in different fields. Some analytical methods were utilized for es-
timating the surface charge of the oxide surfaces. Similar methods were later em-
ployed in some nanofluidic transport model (Baldessari and Santiago, 2009; Jen-
sen et al., 2011; Smeets et al., 2006; Yeh et al., 2012). They considered the sur-
face chemistry of the nanochannel wall and modeled the nanochannel conduct-
ance based on a non-constant wall surface charge. However, they used a variety of
models for the description of the surface charge and the wall electric potential.
The model discussed in the previous section was developed for a flat plat in con-
tact with a symmetric electrolyte. For the case of the nanochannel walls, the valid-
ity of the model needs to be examined. For the case of Grahame’s model (equa-
tion (4-24)), although the governing equations are similar, the boundary condi-
tions should be revised. For the case of site binding model, the only change is due
to the activity of the H* ion that can be different depending on the transport re-
gime.

Different nanofluidic transport regimes

Based on the number of unbalanced charges inside the enriched nanochannel at
different ionic concentrations two transport regimes are defined in nanofluidic
studies. At high ionic concentrations where the EDL thickness is very small
(Figure 4-3. a), the main part of the channel does not screen the electrostatic ef-
fects from the suface. Therefore, a neutral electro osmotic flow (EOF) will occur
in the main region of the nanochannel. The conductivity of the solution inside the
channel can be considered as the bulk’s since the EDL is very small. Decreasing
the ionic concentration will lead to thickening the EDL. As long as there is no
EDL overlap, the ions contained in the EDL screen the wall surface charge while
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Figure 4-3. Schematic view of the EDL in a nanochannel. (a) At high concentration, the EDL
thickness is very small and the conductance is mainly the bulk conductance. (b)When the EDL
thickness gets larger, both bulk and surface-effect conductance are important. (c) At low concen-
trations, the EDL of walls overlap and the nanochannel conductance is only influenced by the
wall surface charge

a neutral solution is present at the center of the nanochannel (Figure 4-3. b). De-
creasing further the ionic concentration results in overlapping EDL, where ions
whose charge is opposite to that of the walls (counter-ions) will fill the channel
(Figure 4-3. ¢). In this condition, the ionic and fluidic transport regime is com-
pletely different. The nanochannel is more conductive than the bulk in normal
nanofluidic devices where the wall electric potential is high enough to attract ions.

4.5.1.2 Wall surface charge of nanochannel at different transport regimes

Thin EDL guarantees the validity of the flat plate models since the nanochannel
walls do not have any influence on each other. They can be considered as two iso-
lated plates following the flat plate condition. Therefore, the developed model can
be used in non-overlapping EDL conditions.

When the EDL overlap, the distributions of the ions inside the nanochannel as
well as the boundary conditions are not similar to the case of flat plat. Analytical
model of the ionic transport for the case of overlapping EDL resulted in compli-
cated mathematical relationships. Levine et al. (S Levine et al., 1975b) solved the
governing equations for a narrow parallel plate channel and suggested a relation-
ship for the electric potential inside the channel. At that time, no one knew that
these analytical studies might be much more impactful in the next few decades.
Recently, a full multi-ion model was reported that solved the equations with the
boundary condition for the EDL overlapping regimes (Ma et al., 2015). They
studied the effect of taking into account the EDL overlapping condition. Their re-
sult showed that using the similar model for both the overlapped and non-
overlapped EDL could be acceptable. Specially, at neutral pH the results are very
close. Therefore, in this thesis, the non-overlapping EDL relations are utilized for
simplicity. However, some more modifications are applied that will be discussed
later.

4.5.1.3 Dependency on the pH and ionic concentration

The system of equations’ was solved for a potassium chloride solution in contact
with the silicon dioxide wall. For the silicon dioxide nanochannel surface, the sur-
face charge density increases with increasing concentrations whereas the magni-
tude of the electric potential of the Stern layer decreases (Figure 4-4). This de-

" Equations (4-19), (4-24), (4-25) and (4-26).
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Figure 4-4. Surface charge density and Stern layer potential versus electrolyte concentration for
different pH values for a silicon dioxide surface (pK_ = —6.3, N = 1.5 site.nm™2).The surface
charge density increases with increasing salt concentrations whereas the magnitude of the electric
potential of the Stern layer decreases.

crease of the magnitude of Stern layer potential is related to the fact that more
ions are present beside the wall. In other words, the concentration of ions close to
the wall increases and according to the Gauss law, the potential decreases. This
also happens in the case of a constant surface charge simulation (Alishahi et al.,
2015; Pardon and van der Wijngaart, 2013). The increase of magnitude of the zeta
potential at low ionic concentrations for silicon dioxide surfaces has been validat-
ed experimentally by various research teams (Scales et al., 1992; Siria et al.,
2013; Yates and Healy, 1975). The zeta potential is directly related to the stern
layer potential and they have similar trends at different ionic concentrations. This
implies that at lower ionic concentrations, silicon dioxide surfaces better attract
counter-ions due to their larger potential. However, the diffusion of counter-ions
due to the concentration gradient, limits the attraction toward the wall. Here, the
results are obtained for a silicon dioxide surface, at room temperature, with a den-
sity of binding sites of 1.5 sites.nm™2 and equilibrium constants pK, = —0.3
and pK_ = —6.3 (Revil and Glover, 1997).

Concerning the reason of the decrease in the surface charge by lowering the ionic
concentration, the logarithm of the ratio between the Stern layer and bulk H* con-
centration is depicted in Figure 4-5. At low salt concentrations, the H* concentra-
tion in the nanochannel is about three orders of magnitude higher than the one in
the bulk for pH=7, while at high salt concentrations, this difference is even less
than one order of magnitude. It means that for a negatively charged surface, the
increase of the H* concentration in the Stern layer is much higher at low ionic
concentrations than at high concentrations and consequently, the wall tends to be
less negatively charged according to equation (4-7). The more the wall attracts H*
ions, the more the number of negative SiO~ groups decreases due to surface reac-
tions and consequently the H™* attraction becomes weaker. Finally, there is a bal-
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Figure 4-5. Evolution of the logarithm of the Stern layer to bulk H* concentration ratio with the
ionic concentration and pH. It illustrates that for a negatively charged surface, the increase of the
H* concentration in the Stern layer is much higher at low concentrations than at high concentra-
tions

ance between H* ions attraction by the wall charge, and its surface charge densi-
ty, which means that the wall surface charge is not constant for all ionic concen-
trations.

Figure 4-6 shows the evolution of the surface charge density with the pH for dif-
ferent values of the ionic concentration. The model predicts a maximum possible
surface charge density when all the binding sites have a similar charge. Higher
ionic concentrations move the maximum surface charge density to lower values of
the pH. The point of zero charge (PZC) is defined as the pH where the surface
charge density and subsequently the electric potential is zero. Given o = 0 and
@ = 0in (4-19), the pH at the PZC is calculated as

pH(PZC) = — % log(K_/K,) (4-27)

For a silicon dioxide surface, the this value is estimated to be pH(PZC)=3, which
is inline with the reported values in the literature (Pardon and van der Wijngaart,
2013).

The magnitude of the electric potential at the Stern layer |¢,| increases at higher
pH values. As it is shown in Figure 4-7, lower ionic concentrations experience a
higher increase in the magnitude of the Stern layer potential. The electric potential
at the Stern layer does not increase after the maximum surface charge is achieved.
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Figure 4-6. Evolution of the Surface charge density versus pH at different ionic concentrations for a silicon diox-
ide surface (pK_ = —6.3, N, = 1.5 site.nm™2). The point of zero charge is at pH=3 and the maximum possible
charge density is -240 mC /m?.
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Figure 4-7. Evolution of the Stern layer potential ¢, versus the pH at different ionic concentrations for a silicon
dioxide surface (pK_ = —6.3, Ng = 1.5 site.nm™2). The electric potential does not increase anymore after the
maximum possible charge achieved.
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4.6

46.1

46.1.1

Electrical conductance of nanochannel - Analytical modeling

A reliable model for the nanochannel conductance is needed for predicting the
experimental results. It can also help to detect the probable defects in the fabricat-
ed nanochannels and experimental setup.

Since the beginning of nanofluidic studies, theoretical modeling of nanochannel
conductance has been done. There have been two main approaches in nanochan-
nel conductance calculations. The first approach uses the dependency of the elec-
trolyte conductivity on the ionic concentration to calculate the nanochannel con-
ductance (Rohit Karnik et al., 2005; Martins et al., 2013; R. B. Schoch and Re-
naud, 2005; Smeets et al., 2006). The second assumes a bias electric field and
calculates the ionic current due to the ionic migrations inside the nanochannel
(Baldessari and Santiago, 2009; R. Karnik et al., 2005; Stein et al., 2004). In
most of the cases, the charge density inside the nanochannel was considered con-
stant (R. Karnik et al., 2005; Rohit Karnik et al., 2005; R. B. Schoch and Renaud,
2005; Siria et al., 2013; Stein et al., 2004) whereas assuming a constant wall sur-
face charge density at all ionic concentrations is a simplification that does not cor-
respond to reality. Some studies in surface chemistry have shown that this as-
sumption was not correct (Davis et al., 1978; Revil and Glover, 1997; Scales et
al., 1992; Yates and Healy, 1975). Also, it leads to a constant nanochannel con-
ductance at low ionic concentrations which is not consistent with the experimental
results (Rohit Karnik et al., 2005; Smeets et al., 2006; Wu et al., 2012). Here, an
improved model is introduced by considering the dependence of the wall surface
charge on the ionic concentration based on the first approach.

Schoch and Renaud model

As mentioned before, the first approach in modeling the electric conductance of
nanochannels is based on the dependency of conductivity of the solution on the
concentration of ions ie: equation (4-2). Schoch and Renaud developed their mod-
el based on the fact that the variation of the EDL thickness with concentration re-
sults in different transport regimes (section4.5.1.1). For the bulk regime, the elec-
tric conductance can be estimated using equation (4-2) since the nanofluidic ef-
fects are negligible. For the EDL overlapping regime, they calculated the excess
concentration of counter-ions inside the nanochannel and developed an analytical
model for this regime.

The excess nanochannel charge

Assuming that the overall electroneutrality requirement is satisfied, Daiguji et al.
(Daiguji et al., 2004) estimated the difference in ionic density as a function of
wall surface charge. This estimation was later used by Schoch and Renaud to cal-
culate the excess mobile ion concentration c, inside the nanochannel. They as-
sumed that the charge of the nanochannel is completely equilibrated by the coun-
ter-ions inside the nanochannel.
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Figure 4-8. Schematic of a log-log diagram of the electric conductance of nanochannels versus

the ionic concentration. The effect of the surface charge density o, the width w, the length d, and
the height h of the nanochannels on its electric conductance is shown. Reprinted from (Schoch,

2006). For detailed explanation, please see the reference.

205

= 4-28
hN,e (4-28)

Ce

Where h is the height of the nanochannel and N, is the Avogadro number.

One relation for all regimes

Combining equations (4-2) and (4-26), they introduced two terms whose summa-
tion gives the nanochannel electric conductance. One term explained the bulk
conductance and the other estimated the influence of the wall surface charge on
the electric conductance. Their model of nanochannel conductance G for a KCI
solution is given as

G = 103Nye(ug+ + ,ucl—)CWTh + 2#K+O'S% (4-29)

Where w, h and [ (m) are the nanochannel width, height, length and the effective
wall surface charge density. The model predicts a linear bulk conductance de-
pendence to the concentration at high ionic concentrations while the conductance
reaches an offset (a plateau in log-log scale) at low ionic concentrations
(Figure 4-8). The figure shows the effect of different parameters on the electric
conductance of the nanochannel (Schoch, 2006)
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4.6.2 Modifications

4.6.2.1 Variation of wall surface charge

Although Schoch and Renaud’s model has the advantage of simplicity, there is
doubt as to the existence of a low concentration plateau, inspecting the experi-
mental and numerical results reported by different research groups (R. B. Schoch
and Renaud, 2005; R. Karnik et al., 2005; Rohit Karnik et al., 2005; Wu et al.,
2012; Smeets et al., 2006; Baldessari and Santiago, 2009; Pardon and van der
Wijngaart, 2013).

The assumption of a constant surface charge at all ionic concentrations results in a
constant electric conductance in the EDL overlapping regime. Different research
groups made similar assumptions in order to predict the electrical conductance of
nanofluidic devices, which led to a saturated conductance at low ionic concentra-
tions (Bocquet and Charlaix, 2010; R. Karnik et al., 2005; Siria et al., 2013; Stein
et al., 2004; Wu et al., 2012). As discussed in sections 4.44.5, the wall surface
charge depends on the ionic concentration and a pH of the solution, which should
be taken into account.

4.6.2.2 Dissociated H* and OH

As it can be figured out from Figure 4-5, the concentration of H* ions in the EDL
is different from the bulk. The considerable activity of the H* ion inside the na-
nochannel can affect the nanochannel conductance since its ionic mobility is
higher than the mobility of other salt ions. Except in a few works that studied the
problem for acidic conditions (Jensen et al., 2011; Martins et al., 2013), this effect
was neglected in previous models that assumed an effect of the bulk pH only on
the wall surface charge. Specially, when the salt concentration is of the same or-
der as the ones of H™ ions, the effect of H* ions is dominant. Similarly, the role of
OH™ should be considered for a positively charged wall.

For the case of a monovalent salt solution, it is possible to define an effective ion-
ic mobility as the concentration weighted average of participating ions’ mobility
values. Assuming a Boltzmann distribution of all ions, the proportion of each ion
concentration in the diffuse layer and in the bulk is the same. The effective ionic
mobility y; is then defined as:

u, = Y el
e 2 ClB
where y; and ¢? are the ionic mobility and concentration of counter-ions in the

bulk. For instance, for a negatively charged surface and a potassium chloride solu-
tion, the effective ionic mobility is

(4-30)

Ui+ Cr+ + U+ Che
— Bt Cir T M (4-31)
CK+ + CH+

e

Where cg+ and c+ are the bulk concentrations of K* and H* ions respectively.

60



4.6. Electrical conductance of nanochannel - Analytical modeling

4.6.3 The improved Model

Based on the dependency of the electric conductivity of the solution on the ionic
mobility and concentration, and applying the mentioned modifications, the im-
proved model is developed. It is composed of two terms. The bulk term that is de-
fined as:

Gp = 103NA3WThZ il (4-32)
i
And the surface term which is defined as:
Gs = 2/16,%05 (4-33)
The total conductance is the summation of both G and Gg.

G = GS + GB (4'34)

At high ionic concentrations, the surface term has a small influence on the total
conductance, the conductance is governed by channel geometry and a linear de-
pendency of conductance to the ionic concentration is observed. At low ionic con-
centrations, on the other hand, the bulk term is negligible relative to the surface
term and the total conductance is mainly the surface term. In fact, when decreas-
ing the ionic concentration, the nanochannel conductance does not follow the bulk
conductance nor does it reach a plateau of constant value, even if the latest case
may happen in some conditions. Figure 4-9 shows the calculated evolution of the
conductivity for different values of the pH as a function of ionic concentration.
The term ‘‘conductivity p *’ is defined here as the average conductivity of the so-
lution inside the nanochannel using the relation,

p=G— (4-35)
Using the average conductivity allows to discuss about the nanochannel conduct-
ance without being concerned about the geometry. When the H* or OH~ concen-
trations are higher than the electrolyte concentration, the ionic strength does not
change by diluting the solution any more. In this situation, the nanochannel con-
ductance remains constant and is not influenced by dilution. The conductance
may even increase in the case of lower pH, when H™ ions of higher ionic mobility
replace the K* ions inside the nanochannel. Moreover, it might be possible for the
case of high pH values that the electric potential rise is high enough to concentrate
more salt ions since in lack of H* ions the surface charge does not change as
much as at lower values of the pH. In this case, the nanochannel conductance
changes less at low concentrations.
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Figure 4-9. Conductivity versus concentration for a silica surface nanochannel. The nanochannel
length to width ratio is d/w = 10 and its height is h = 35 nm. A higher surface charge density
tends to a higher deviation from bulk.

In this improved model, the binding site density and the equilibrium constant are
the parameters that define the behavior of the nanochannel walls, and its surface
charge density. For the case of a silicon dioxide surface, the equilibrium constant
for the creation of negatively charged sites K_ (reaction (4-7)) is the only equilib-
rium constant to take into consideration since the reported K, values are extreme-
ly small. In the literature, the value of pK_ is reported to be between pK_ = 6 and
pK_ = 7.5 (Pardon and van der Wijngaart, 2013; Revil and Glover, 1997). The
number of binding sites has been reported to be between N, = 4 sites/nm? and
N, = 8 sites/nm? (ller, 1979; Pardon and van der Wijngaart, 2013; Reppert and
Morgan, 2003a) for silicon dioxide. The lower limit is reported to be N =
1.5 sites/nm? for a silicon dioxide surface (Revil and Glover, 1997). Figure 4-10
shows the evolution of conductance with concentration for various values of the
equilibrium constant and binding site densities. A higher number of binding sites
as well as higher values of equilibrium constant lead to a larger deviation from
bulk line. The red dashed line in Figure 4-10 corresponds to the values used in
this study while the blue lines indicate the extreme deviations in the reported
range of parameters. The yellow area indicates all possible results. For the range
of reported values, the variation of electrical conductivity is less than one order of
magnitude.
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Figure 4-10. Conductance at pH=7 for different surface parameters. The larger number of binding
sites and larger equilibrium constant leads to higher deviation from the bulk. The selected values
are taken from the maximum and minimum reported values in the literature. The yellow area
indicates the conductivity for all the possible values of surface parameters in the reported range.

Electrical conductance of nanochannel- Experimental validation

Comparison with the reported experimental results

In Figure 4-11, the model is compared with the data, previously published by oth-
er research groups (R. Karnik et al.,, 2005; R. B. Schoch and Renaud, 2005;
Smeets et al., 2006) at different pH values.

The model estimates a higher bulk conductance for the measurements at high ion-
ic concentrations. This looks reasonable since ion-ion interactions that happen at
high concentrations have been neglected. As discussed in 4.2.1, The ionic mobili-
ty reduces with the increase of concentration (William M. Haynes, 2014, pp. 5-
76). Neglecting this effect results in an overestimation of the nanochannel con-
ductance at high ionic concentrations. The experimental measurement of the bulk
conductivity (the blue circles) depicts the reduction of ionic mobility at high con-
centrations in Figure 4-11. The bulk values correspond to the measurements of the
conductivity of the bulk solution as measured by a standard conductivity meter
(METTLER TOLEDO, China).

The electroosmotic flow (EOF) can also induce a certain level of electrical con-
ductivity at high ionic concentration, which has been neglected in our model.
However, the model overestimates the electric conductance at high ionic concen-
tration.
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Figure 4-11. Comparison of our model with the data, published by other research groups (R.
Karnik et al., 2005; R. B. Schoch and Renaud, 2005; Smeets et al., 2006). Lines show the model
result for corresponding values of the pH. The modelling parameters are Ng = 15 sites/nm? and
pK_ = 6. The blue circles are the experimental measurements of the bulk conductivity while the
pink line is a guideline for its slope regardless of the ionic mobility decrease at high concentra-
tions.

On-site measurements

The improved model was compared with the results from controlled experiments
measuring the electrical conductance using AC impedance measurements®. As
explained in 3.1.7, two platinum electrodes were placed in the microchannels for
the bulk conductivity measurements. The bulk conductivity has a linear depend-
ency on the concentration. Hence, the two electrodes can be calibrated for meas-
uring the concentration of the solution according to a prior reference solution
measurement. Measurements were performed in a shielded cage and connections
to the measuring instruments used coaxial cable to avoid electromagnetic noise.
Figure 4-12 shows the measurements of the electrical conductance versus the ion-
ic concentration obtained for different designs of nanochannels (different number
of nanochannels, width, length but the same height) at pH=7 . Here, the number
of binding sites is 1.5 sites/nm™2 and pK_ = 6.3 (Revil and Glover, 1997).
There is a very good agreement between the model and the experiments. Different
symbols in the figure represent different devices.

® The procedure for AC measurement of the nanochannel conductance was described in 3.4.2.
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Figure 4-12. Nanochannel conductance versus concentration at pH =7 for a silica surface
(pK_ = —6.3,Ng = 1.5 site.nm™~2). The nanochannel length to width ratio is d/w = 10 and its
height is h = 35 nm. Different symbols represent different devices.

4.8 Highlights

The main messages from this chapter are:

e The surface charge of nanochannel depends on the ionic concentration
of the solution.

e Due to the wall surface charge, the concentration of ions inside the na-
nochannel is not similar to the bulk. The H* ions are not exceptions.

e The presence of a considerable amount of H™ ions in the nanochannel
changes the electric conductance by contributing to the surface reac-
tions and enhancing the net ionic migration.

e The electric conductance of the nanochannel is not constant for the
EDL overlapping regime. It decreases smoothly with diluting the solu-
tion.
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Temperature and Nanofluidic Transport

lectrical conductivity of electrolytes is known to be dependent on tempera-

ture. However, the similarity of the temperature sensitivity of the electrical

conductivity for bulk and nanochannels has not been validated. In this chap-
ter’, we present the results from experimental measurements as well as analytical
model that show the significant difference between bulk conditions and the na-
noscale. The temperature sensitivity of the electrical conductance of nanochannels is
higher at low ionic concentrations where the nanofluidic transport is governed by
the electrostatic effects from the wall. Neglecting this effect can result in significant
errors for high temperature measurements. Additionally, the temperature sensitivity
of the nanochannel conductance allows to measure the enthalpy change of surface
reactions at low ionic concentrations.

0~ QOH QH QH

Low temperature

High temperature
Low speed High speed
ionic migration ionic migration

° Based on: Taghipoor, M., Bertsch, A., Renaud, P., 2015. Temperature Sensitivity of Nanochannel Electrical Conduct-
ance. ACS Nano. doi:10.1021/acsnano.5b01196
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5.1

5.2

521

Motivation

The electrical conductivity of an electrolyte depends on its temperature since the
mobility of ions changes with temperature. Aqueous solutions show an increase in
electrical conductivity with temperature since the decrease of water viscosity
makes it easier for the ions to migrate. Different ions have different mobilities and
the sensitivity of their mobility to temperature change is different (Sluyters and
Sluyters-Rehbach, 2013), too. The evolution of the electrical conductivity of dif-
ferent solutions with temperature has been studied by many research groups and
reported to raise with temperature (William M. Haynes, 2014, pp. 5-74).
Moreover, the electrical conductance of nanochannels is known to differ from the
bulk due the distinctive effect of the nanochannel wall that is electrostatically
charged (R. Karnik et al., 2005; R. B. Schoch and Renaud, 2005; Stein et al.,
2004; Taghipoor et al., 2015; Wu et al., 2012). As discussed in the previous chap-
ter, the wall electrostatic field leads to overlapping EDL, where the concentration
of counter-ions is more than the bulk and this extra concentration makes the na-
nochannel more conductive. Despite many studies focused on modeling and test-
ing the influence of the wall effect on the electrical conductance (Baldessari and
Santiago, 2006; Pardon and van der Wijngaart, 2013; Yeh et al., 2012), less atten-
tion has been devoted to the study of the influence of temperature change on the
nanochannel conductance.

Failing to understand how the electrical conductance depends on temperature will
result in errors in all related applications. For example, sensing applications that
calibrate the measured conductance of nanochannels to estimate the temperature
(Jonsson and Dekker, 2013), need to validate if the temperature dependence of an
electrolyte in a nanochannel is similar to the one in bulk conditions. As another
example, the electrical measurements were exploited to illustrate the gating func-
tion of temperature sensitive polymers in nanopores (Yameen et al., 2009b). The
right estimation of the temperature dependency of the electrical current at the na-
noscale is necessary, in order to define the proportion of the gating effectiveness
due to the channel clogging by the polymers.

Is the temperature sensitivity of nanochannel conductance similar to the bulk?

That is the main question | try to answer in this chapter.
Analytical investigation

Temperature sensitivity of related physical parameters

Some of the physical parameters that participate in the analytical model of the
electrical conductance of nanochannels, presented in previous chapters, vary with
temperature. The temperature dependency of these variables defines the overall
temperature dependency of the electric conductance. In the following subsections,
these variables are introduced and their temperature sensitivity is discussed.
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5.2.1.1 Temperature sensitivity
First, an expression needs to be introduced. In this chapter, the term ‘‘temperature
sensitivity’” of a variable v is defined as its relative rate of change with respect to
temperature difference. In terms of mathematical expression:

_1ov 0ln(v)

M =L9T T T oT

(5-1)

5.2.1.2 Equilibrium constant

The rate of chemical reactions is significantly influenced by temperature varia-
tion. The nanochannel wall reactions are not exceptions. The equilibrium constant
K.q of a reaction is related to the standard Gibbs free energy of the reaction AG’
and absolute temperature T via

AG” = —RT InK,, (5-2)

Where R is the gas constant. For the surface reaction at constant pressure, differ-
entiation of K., with respect to temperature gives

dinK,,  1d(AG’/T)
dT R dT

(5-3)

The right term of the equation (5-3) is related to the standard reaction enthalpy us-
ing the Gibbs-Helholtz equation.

<]

d(AG"/T) _AH

T T2 &4

Now, combining both equations (5-3) and (5-4) leads to a relationship between
the enthalpy of reaction and its equilibrium constant called Van’t Hoff equation.

_dinK,q AH

_ _ (5-5)
eq = TqT RT?

In this equation, the enthalpy of the reaction is assumed constant, which is a cor-
rect approximation while the temperature dependence of the reaction enthalpy is
very weak in many cases (Atkins and de Paula, 2013), specially for small temper-
ature ranges.
As for many nanofluidic devices, the enthalpy change of reaction of a silica sur-
face has been reported to be in the range of AH® = —15k].mol™! to AH’ =
—90 k].mol~1 (Reppert and Morgan, 2003a). Hence, the temperature sensitivity
of the equilibrium constant at room temperature will be in the range of 0K =
2% 1o ag,, = 12%. This relatively high temperature sensitivity implies that the
temperature sensitivity of the electrical conductance of the nanochannel will be
different from the bulk when it is determined by the wall surface charge.
In order to calculate the value of the equilibrium constant at different tempera-
tures, equation (5-5) should be integrated. Given the value of AH® and K, at Ty,
K, at temperature T, is
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o

AH 1 1
InKy = InK; ——— (T—2 = T_l) (5-6)

Since the number of binding sites that contribute to the surface reactions depends
on the pH value, the enthalpies of surface reactions might be pH dependent, too.
Some groups (Kallay et al., 1999; Machevsky and Anderson, 1986) reported the
dependency of enthalpies of the surface reactions on the pH for different metal
oxides. Some others measured the enthalpy of surface reactions only at the PZC
(De Keizer et al., 1990) since the measurements outside the PZC region cannot
simply be justified by normal stoichiometric calculations. In fact, the enthalpy
change of surface reactions can be expressed as a summation of the standard and
the electrostatic contributions (Kallay et al., 1999). As far as the temperature vari-
ation can change the electrostatic properties of the surface, the enthalpy change of
the surface reactions might be dependent on temperature, too.

In this work, the enthalpy change of surface reactions of silicon dioxide was as-
sumed constant since the temperature range is small. However, different en-
thalpies can be utilized at different pH values.

5.2.1.3 lonic mobility

The only temperature dependent variable that can influence the conductivity of an
electrolyte is the ionic mobility. The ionic mobility, itself, is a function of water
viscosity according to equation (4-1). Since the viscosity of water decreases by
increasing the temperature, (William M. Haynes, 2014, pp. 6-—1) the ionic mobili-
ty of solvated ions and consequently the conductivity of water increases. The

temperature sensitivity of water dynamic viscosity is o, = —2.1% (William M.
Haynes, 2014) and subsequently, the temperature sensitivity of the ionic mobility
is ay,, = 2.1%.

The ionic mobility is used directly in the analytical modeling of the electrical
conductance of nanochannels as in equations (4-30), (4-32) and (4-33).

5.2.1.4 Electric permittivity

The electric permittivity of liquid water is known to decrease by increasing the
temperature (Kaatze, 1997; Malmberg and Maryott, 1956; William M. Haynes,
2014). The relationship suggested by Malmberg and Maryott (Malmberg and
Maryott, 1956) was used here to calculate the temperature sensitivity of the elec-
tric permittivity, which is given as

(5-
7)
where 6 is the temperature in degrees Celsius. The temperature sensitivity is
then a, = —0.45% at 25°C..

The electric permittivity of the solution is utilized for calculating the surface
charge and the wall electric potential as in equation (4-24).

€ = 87.740 — 0.400086 + 9.398(107%)6? — 1.410(107%)63
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5.2.1.5 Dissociation constant of water

Autoprotolysis of water and its dependence to the electric field was studied nu-
merically for a nanofluidic field effect transistor (Pardon and van der Wijngaart,
2013). Like any chemical reaction, the dissociation of water molecules is tempera-
ture dependent and should be considered in our study. At low ionic concentrations
where the salt concentration is of the same order as the ionized water molecule
concentration (i.e. H* and OH™ concentration) considering self-ionization of wa-
ter is necessary. Specially, in surface chemistry studies, as the surface charge is
strongly influenced by the pH, neglecting the self-ionization of water can result in
errors. Additionally, the ionization of water, like any other chemical reaction, is
temperature dependent and its dissociation constant pK,, decreases by increasing
the temperature (William M. Haynes, 2014). Although the temperature sensitivity
of pK,, is very small, its variation with temperature is taken into account in our
modeling since the wall surface charge is strongly dependent on the pH value of
the solution.

5.2.1.6 Thermal voltage

The thermal voltage is an expression of the thermal energy of ions in the solution
in terms of the electric potential. It is related to the absolute temperature T and the
electron charge e via

AL (59

e

where kg is the Boltzmann constant. It influences the ionic distribution toward the
wall and since it is explicitly related to the temperature, its variation with tem-
perature can influence the nanochannel electrical conductance. At room tempera-
ture, the thermal voltage is about V; =~ 26 mV which is in the same order of mag-
nitude as the wall electric potential for a silica surface in normal conditions. Its
temperature sensitivity is ay,. = 1/T , which is about 0.3% at room temperature.

5.2.1.7 Debye length

The Debye length is a characteristic length that depends on the thermal energy
and ionic strength of the solution and is independent of the wall electric field.

€r€gkgT
_ sk 1

= 5-9
Ap 2e?] (5-9)

where €, €, and I are the relative dielectric constant of electrolyte, dielectric con-
stant of vacuum and the ionic strength of the solution, respectively. Its tempera-
ture sensitivity can be expressed as a function of a. and ay... The relative rate of
change of the Debye length can then be expressed as

11 a(efT)_1<1 aef+1>

=26 T T 2 T

1
g or T1) Tzt @) (>-10)

T2
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Table 5-1. Temperature sensitivity of important physical parameters

Equilibrium constant K AG" = —RT InK,, 2-12

lonic mobility y; _ zle 2.1

M= 6mrin(T)
Dielectric constant € Eq. (5-7) -0.45
Thermal voltage Vy = kgT 0.3

= —
e
Debye length 4p a €r€okpT 1 -0.06
= (———)2
P 2e2]
According to the estimated values, its temperature sensitivity is o, = —0.06%,

which is relatively low. This means that temperature has a minor effect on the
screening length of the wall electric field.

5.2.1.8 Comparison

The mathematical relationships and temperature sensitivity of the studied parame-
ters are summarized in Table 5-1.

Figure 5-1 compares the normalized values of the mentioned parameters in a tem-
perature range of 10 to 70 degrees Celsius. All the values are normalized by divid-
ing by their value at T=10°C. As it is depicted, the increase of the equilibrium
constant K and the ionic mobility y; are dominant. It means that increasing the
temperature will increase the electrical conductance via the ionic mobility in-
crease. Likewise, increasing the temperature changes the electrical conductance
by changing the wall surface charge as discussed before.

Of course, having a high temperature sensitivity of a parameter does not neces-
sarily show a significant impact of that parameter on the temperature sensitivity of
the electrical conductance. On the other hand, a parameter with low temperature
sensitivity can have influential impact on the electric conductance. For example,
the dissociation constant of water has the lowest temperature sensitivity relative to
other mentioned parameters, but neglecting to consider its temperature dependen-
cy gives rise to a considerable error. Figure 5-2 compares the surface charge of
nanochannel wall at 80°C and pH=9 while the pKw is considered as a function of
temperature (solid line) or constant (dashed line). It shows up to 60% error at low
ionic concentration if pKw is considered constant.
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Figure 5-1. Normalized physical properties value versus temperature. The increase of the equilibrium con-
stant K (Black dash-dot line) and the ionic mobility y; (red dashed line) are more dominant than other proper-
ties. In equilibrium constant calculations, the enthalpy change of the reaction was assumed constant and equal
to AH® = —30 kJ.mol™1. The inset shows a zoomed view of the changes of Debye length A, (green dash-
dot), dissociation constant of self-ionization of water pKw (yellow dashed), thermal voltage V; (pink solid
line) and the relative permittivity of water &¢ (blue solid line).
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Figure 5-2. The impact of neglecting the temperature dependency of the dissociation constant of water on the
estimation of the surface charge density. Both lines correspond to the analytical modeling of the wall surface
charge at T=80°C and pH=9. The modeling parameters are pK_ = —6.3, Ny = 1.5 site.nm™2 and AH =
—40 kJ.mol~1. The dashed line shows a modeling that uses the value of pKw at T=25°C while the solid line
uses the pKw, which is a function of temperature.
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5.2.2 Temperature dependence of wall surface charge

Taking into account the temperature dependence of the mentioned variables, the
surface charge density of a silica nanochannel wall was calculated in a tempera-
ture range of 0 to 70 °C using the analytical modeling presented in the previous
chapter. Figure 5-3 shows the evolution of the calculated surface charge density
versus pH at different temperatures. A higher temperature of the electrolyte leads
to a higher magnitude of surface charge density. There is an exceptional case
when all the binding sites of the surface are charged. In this condition, the tem-
perature will not have any effect like the situation of the maximum surface charge
density at high pH values.

Additionally, the PZC may be shifted to higher or lower values of the pH, if the
values of enthalpy change of the surface reactions are different. Base on the equa-
tion equation (4-27), and considering the temperature dependence of the equilibri-
um constant, Eq.(5-5), the rate and direction of PZC shift can be estimated.

OpHpzc _
oT

The PZC shift with temperature change was observed previously and reported to
approach the neutral point with increasing the temperature for a TiO, surface (Bé-
rubé and de Bruyn, 1968).

As it is shown in the inset of Figure 5-4, the variation of the surface charge densi-
ty has a direct impact on the wall electric potential. Some studies in surface chem-
istry (Revil et al., 1999) and geophysics (Reppert and Morgan, 2003a, 2003b) and
recently in microfluidics (Hsu et al., 2012; Venditti et al., 2006) evaluated the ef-
fect of temperature change on the zeta potential for different surface types. Gener-
ally, the magnitude of the zeta potential has been reported to increase by increas-
ing the temperature for the case of a silica surface. In the present analytical mod-
eling, as Figure 5-4 illustrates, the magnitude of the wall electric potential in-
creases with temperature, too. It shows that the normalized surface charge density
o, and the Stern layer potential ¢, have positive slopes with respect to tempera-
ture increase.

The variation of surface charge density is not similar at all ionic concentrations.
At low ionic concentration, the surface charge density is more sensitive to tem-
perature change. Contrarily, the slopes of high ionic concentration curves are low-
er for the electric potential of the nanochannel wall. The dependency of
temperature sensitivity of both surface charge and electric potential to
concentration implies that the temperature sensitvity of the nanochannel electrical
conductance can also be related to the concentration

1
~5RT (AH® — AH?) (5-11)
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Figure 5-3. Evolution of modeled surface charge density versus pH for a silicon dioxide surface
(pK_ = —6.3,Ns = 1.5 site.nm™2, AH" = —30 kJ.mol™1) at 1 mM concentration of potassium
chloride. The red solid line (T = 70°C), the orange dashed line (T = 40°C), the green dash-dot
line (T = 25°C) and the blue dotted line (T = 10°C) show how the wall surface charge changes
at different temperatures. The higher temperature of electrolyte leads to a higher magnitude of
surface charge density.
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Figure 5-4. Change in normalized surface charge density o /0,5 and normalized wall electric
potential o/, (inset) versus temperature at 1uM (blue line), 10 uM (Green dotted),
100 uM (red solid line), 1 mM (cyan dash-dot), 10 mM (pink solid), 100 mM (orange solid) and
1 M (black dashed) potassium chloride concentrations at pH=7. The graph shows that the magni-
tude of surface charge and electric potential increase with increasing the temperature, despite
different slopes at different concentrations. The arrows show the increase of ionic concentration
direction.
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5.2.3 Temperature Sensitivity of the electrical conductance of nanochannels

As described in 4.5.1.1, two different regimes govern the nanofluidic transport ac-
cording to the ionic concentration of the solution. The analytical model presented
in 4.6, was composed of two terms that modeled the electric conductance of a na-
nochannel for these two regimes. Similarly, the temperature sensitivity of the na-
nochannel conductance should be inspected distinctively for both transport re-
gimes.

5.2.3.1 Bulk regime

For the case of the bulk regime, according to equation (4-32), at high ionic con-
centrations, Gg which was defined as the electric conductance of the nanochannel
for the bulk regime, is dominant and the only parameter that depends on
temperature is the ionic mobility. Therefore, for a symmetric electrolyte, the
temperature sensitivity of the electrical conductance og, at neutral pH can be
written as:

1 X

= 5-12
Y65 =S oT (12

As mentioned before, ag, is known thanks to several works on conductivity meter
calibrations. For instance, the temperature sensitivity of potassium chloride solu-
tions has been studied by many research groups and reported to raise between 1.8-
2 percent per degree Celsius at room temperature (William M. Haynes, 2014, pp.
5-74).

5.2.3.2 EDL overlapping regime

At low ionic concentrations where the surface effect is dominant and the EDLSs
are overlapping equation (4-33) is used to estimate the electric conductance of the
nanochannel. Differentiating this equation with respect to temperature will lead to
the temperature sensitivtiy of the electric conudctance for this regime.

_10u, 100
%6s = Ue 0T o, OT

=y, + g, (5-13)

The temperature sensitivity has an extra term a,_. This means that the temperature
sensitivity of the electrical conductance is different from the bulk. The extra term
a,, is directly related to the wall surface charge o, , which is an explicit function
of temperature according to the site binding model (equation (4-19)).

In the mentioned equation, the surface charge is a function of an unknown electric
potential and the system needs more equations to be determined. Subsequently,
some more temperature dependent parameters contribute to the determination of
the surface charge density. Moreover, the equilibrium constants as well as the
wall electric potential are functions of temperature, which makes the problem
more complicated.

The temperature dependent parameters that can play a role in the electrical con-
ductance of a nanochannel were introduced in section 5.2.1. The temperature de-
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Figure 5-5. Calculated conductivity change versus salt concentration for different temperatures.
The background color indicates different transport regimes. The blue color shows the bulk regime
while the white represents the EDL overlapping regime. The gradient of blue color demonstrates
the transient between these two regimes. It is obvious that the change of conductivity with tem-
perature is higher at low ionic concentrations where it is governed by the wall surface charge. At
high concentrations (blue region), a smaller effect is still observable since the conductivity of
water increases with temperature, too. The solution is considered to be at pH=7 and the na-
nochannel surface is silicon dioxide (pK_ = —6.3, Ny = 1.5 site.nm™2, AH" = —40 kJ.mol™1).

pendency of these parameters as well as the surface charge density (5.2.2) should
be considered in the calculation of the electrical conductance of the nanochannel
in the EDL overlapping regime.

Taking into account all the temperature dependent variables, the analytical model
was used to calculate the average electrical conductivity'® of the solution inside a
35 nm high nanochannel at different concentrations. As it is shown in Figure 5-5,
a temperature rise makes the nanochannel more conductive. That is due to the
known fact that solution conductivity increases by increasing the temperature
(blue color background), which is related to the change in the ionic mobility of the
salt ions. As expected, the nanochannel is more sensitive to the temperature
change at lower concentrations since the effect of wall surface charge variation
adds up to the bulk conductance variation. This is the key point that has not been
considered in previous nanofluidic studies. The conductance increases more than
one order of magnitude for a temperature rise of 80°C at ionic concentrations
lower than 1 mM. The conclusion is that the nanofluidic transport in EDL over-
lapping conditions is influenced by temperature in a different way, as it is depict-
ed in Figure 5-6. At low temperature, the silica surface of the nanochannel is less
charged and a smaller number of ions can pass. At high temperature, the surface
charge is higher, the concentration of counter-ions increases inside the channel,
the water is less viscous and consequently, the ionic transport occurs faster. This
results imply that for the case of thermally nanoactuated macromolecular gates

10 \What we call “‘nanochannel conductivity’’. See 4.6.3 for more information.
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5.3

5.3.1

5311

53.1.2
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Figure 5-6. Schematic explanation of the temperature effect on the electrical conductance of a
nanochannel. At low temperatures, the silica surface of the nanochannel is less charged and a
small number of ions can pass. At high temperature, the surface charge is higher, the concentra-
tion of counter-ions increases inside the channel, the water is less viscous and consequently, the
ionic transport occurs faster.

(Guo et al., 2010; Nasir et al., 2012; Yameen et al., 2009b), the temperature sensi-
tivity of the wall surface charge should be taken into account. Specially, for the
case of small pore diameter nano-conduits whose electrical conductance is gov-
erned by the wall surface charge, the role of wall surface charge is not negligible.
Additionally, this significant change of nanochannel conductivity, especially at
low concentrations, provides the possibility of modulating the nanofluidic
transport by means of temperature change.

Experimental validation

Apparatus

Design of the device

As explained in 3.1.7, two microelectrodes close to the entrances of the na-
nochannel were used to measure the electrical conductance of the nanochannel. A
thin platinum electrode that was calibrated and used as a nanochannel temperature
sensor was integrated just 500 nm from the nanochannel. Figure 5-7.a and
ure 5-7.b show the situation of the measurement electrodes and the temperature
sensor using a SEM image and a schematic of the device.

Measurement setup

The device was mounted on a temperature controlled mini cool/hot plate and the
electrical conductance of nanochannel was measured at different temperatures.
The measurement procedure was similar to what explained in 3.4.2. Figure 5-7.c
shows the measurement setup for the electrical conductance measurements as well
as the situation of other sensors.

The temperature of nanochannel was measured using a setup as sketched in Fig-
ure 5-7.d. A function generator applied a relatively low electric potential AC sig-
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Figure 5-7. a) SEM image of a fabricated device showing the position of measurement electrodes
as well as temperature sensors. b) Schematic of the device mounted on the temperature controlled
plate. The arrows show the possibility of heating and cooling the device. c) The experimental
setup. The temperature of the device is set by controlling the temperature of a mini cool/hot plate.
The nanochannel temperature is measured by a platinum electrode that is integrated 500 nm away
from the nanochannel wall. Two platinum electrodes are used for the nanochannel impedance
measurements. The nanochannel conductance and temperatures are calculated in a LabVIEW
interface using the data acquired by a data acquisition card (DAQ). d) Image of the temperature
controlled plate apparatus. The Peltier element transfers the heat flux out of the aluminum plate
using an aluminum finned sink. A fan produces a convective flow in order to increase the heat
transfer rate. Four magnets are used to enhance the physical contact between the device and the
plate.

nal to the temperature sensor in order to eliminate the Joule heating and electro-
static effects. A transimpedance amplifier was used to converted the current to
voltage so that it can be read by DAQ (National Instrument PCI1-6251, USA). The
resistance of the platinum electrode was then calculated at different temperatures
and calibrated for measuring the nanochannel temperature.

5.3.1.3 Temperature control

Figure 5-7.d shows how the setup was used to control the device temperature. A
Peltier element (3.9A, 37.9 W, Laird, Russia) was utilized and controlled by a
computer controlled DC power supply (Hewlett-Packard E3631A, USA) in order
to set the device temperature. The device was mounted on top of an aluminum
adaptor that was in contact with the Peltier and its temperature was controlled eas-
ily by controlling the current passing through the Peltier element. A thermally
conductive paste was used between the device and the plate in order to enhance
the heat transfer. The Peltier element transferred the heat flux out of the aluminum

79



Chapter 5. Temperature and Nanofluidic Transport

5.3.2

plate using an aluminum heat sink supported by a fan (1.08 W, Master Cooler,
China). The fan produced a convective flow in order to increase the heat transfer
rate. Four magnets were used to enhance the physical contact between the device
and the plate. A thermocouple was used to provide a temperature feedback, whose
data was collected by DAQ. A computer interface (LabVIEW?2013) was used to
acquire the data and produce a control command for the power supply.

Results

The electrical conductance of the nanochannel was measured at a temperature
range of 5 to 38 degrees Celsius. The variation of nanochannel conductance with
temperature was then observed at different ionic concentrations. Figure 5-8 de-
picts the variation of the normalized nanochannel electrical conductance versus
temperature at different ionic concentrations. The conductance was normalized to
its value at 10 degrees Celsius. The electrical conductance of nanochannel in-
creases about 3.4 times at 100 uM while its increase at 1M is only 1.5 times for
the same temperature change of 25 degrees Celsius.

The figure clearly describes the difference in temperature sensitivity of the na-
nochannel electric conductance at different ionic concentrations. The temperature
sensitivity of the electrical conductivity of aqueous solutions varies slightly with
the ionic concentration (Katayama, 1976). However, the difference that was ob-
served here cannot be justified only by the concentration difference. The conduc-
tivity meters use unique build-in functions to compensate the temperature at any
ionic concentration while the results in Figure 5-8 emphasize that for the case of a
nanochannel, every concentration follows its own modification formula.

In Figure 5-9, the experimental results are compared to analytical estimations. The
slope of the normalized conductance is higher at low concentrations and both ex-
perimental and analytical results are consistent. The enthalpy change of surface
reactions for a silicon dioxide surface was taken AH" = —40 kJ. mol~* in the ana-
lytical calculations.

This figure shows that because of the non-equal temperature sensitivity of the na-
nochannel conductance at different concentrations, different sensitivities should
be specified for the applications that use the electrical conductance measurement
to estimate the temperature inside the nanochannel. For instance, Jonsson and
Dekker (Jonsson and Dekker, 2013) estimated the temperature inside their na-
nopore by measuring its electric conductance while they used the normal bulk re-
lationships to correlate the temperature and the electric conductance.
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Figure 5-8. Evolution of normalized electrical conductance of a set of 45 nm high nanochannels
versus temperature at different concentrations. At low ionic concentration, the electric conduct-
ance of the nanochannel is more sensitive to temperature changes. The conductance is normalized
relative to its value at 10°C for all ionic concentrations.
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Figure 5-9. Evolution of the natural logarithm of the normalized conductance (In(G/G,s)) from
the measurements versus temperature at c= 1 M (Cyan circles), c= 100 mM (green circles),
c¢= 10 mM (blue circles) and c= 1 mM (red circles). The colored lines are the modeled conduct-
ance for a silicon dioxide surface (AH® = —40 kJ.mol~1). The slopes show the temperature
sensitivity of the electrical conductivity.
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5.4

54.1

54.2

Discussion

Temperature sensitivity

Figure 5-10 illustrates the temperature sensitivity of the nanochannel conductance
at different ionic concentrations. It compares the experimental results for two de-
vices of different geometries with the model. It clearly proves that when the sur-
face charge is the main factor in conductance calculation, the temperature sensi-
tivity of the conductance is higher. According to the measured temperature sensi-
tivity, an experimental measurement with only two degrees Celsius of temperature
difference will have more than 8 percent error at low concentrations, which
should be noticed in all of the nanofluidic applications that use the electrical
measurements for characterization, sensing or any other purposes.

The bulk temperature sensitivity was also evaluated using the same experimental
setup. The result is 1.9 percent, which is consistent with the known value from the
literature (William M. Haynes, 2014). In analytical modeling, the enthalpy change
value was selected to be AH® = —40 kJ.mol~? for silicon dioxide surface.

The effect of enthalpy

As mentioned before, the enthalpy change of silicon dioxide surface reaction has
been reported to be between -15 to -90 kJ.mol~* (Reppert and Morgan, 2003a).
The higher enthalpy change results in higher temperature sensitivity of the electri-
cal conductance at low ionic concentrations as it is shown in Figure 5-11. In this
figure, the modeled temperature sensitivity of the nanochannel electrical conduct-
ance for different enthalpy changes is compared with the measured data for two
different devices. According to the model, the temperature sensitivity is higher at
low ionic concentrations for all enthalpies.

ag (%)

0
0.1 mM 1mM 10 mM 100 mM 1M
Concentration

Figure 5-10. Comparison of temperature sensitivity of the measured electrical conductivity (red
and green bars show different devices) with analytical model (blue bars) and bulk value (cyan
dashed line) at room temperature. The measured temperature sensitivity is higher at low ionic
concentrations where the conductivity is governed by the wall surface charge.
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Figure 5-11. Comparison of the measured temperature sensitivity of the electrical conductivity
with the results from the model for values of reaction enthalpy. The higher enthalpy change of the
surface reaction leads to a higher temperature sensitivity at low ionic concentrations. Cyan
squares and magnetite diamonds represent the experimental data for two different devices. The
devices are of the same height but different width and length. The two devices are also different
in terms of surface properties that can be the result of processing uncertainties and different num-
ber and type of adsorbed ions on the nanochannel wall.
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Figure 5-12. Evolution of temperature sensitivity of the electrical conductance of a nanochannel
(35 nm in height) versus the ionic concentrations at different pH values. The inset shows the
temperature sensitivity of the activity of H* ions. The decrease of temperature sensitivity of H*
ions for high pH values (inset) justifies the increase of the temperature sensitivity of the na-
nochannel conductance at low ionic concentrations. The calculations were performed for a silicon
dioxide surface (pK_ = —6.3,Ng = 1.5 site.nm™2, AH = —40 kJ.mol™1) at room tempera-
ture.
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5.4.3

At high ionic concentrations, on the other hand, the values are lower, close to the
bulk values and independent from the enthalpy change, which confirms that the
temperature sensitivity is not dependent to the surface charge.

The electrical conductance of nanochannels have a temperature sensitivity at
higher pH values. As depicted in Figure 5-12, the temperature sensitivity of the
electrical conductance of nanochannels is higher for pH=8 and pH=9 for the
EDL overlapping transport regime. The reason is that the temperature sensitivity
of the wall surface charge is also higher at these pH values (see Figure 5-3). At
pH=7, the activity of H" ions is more sensitive to the temperature, which means
that the temperature sensitivity of the equilibrium constant moves the equilibrium
in a direction that more number of charge sites are produced on the surface. Nev-
ertheless, the higher temperature sensitivity of H" ions cancels a considerable part
of the overall temperature sensitivity.

Measuring the enthalpy of surface reactions

Comparing the experimental data and the model provides the possibility of meas-
uring the enthalpy change of surface reactions. Although calorimetry as the con-
ventional method is normally used to measure the enthalpy of surface reactions
(Kallay et al., 1999) this can also be introduced as a new method for measuring
the enthalpy change of metal oxide surface reactions at the solid-electrolyte inter-
face. According to Figure 5-13, the enthalpy change is a linear function of a; and
can be easily used for this purpose in nanofluidic studies as well as in other relat-
ed fields like geophysics. In Figure 5-13, the enthalpy change of surface reactions
is depicted versus the temperature sensitivity of the electrical conductance of na-
nochannels for a 1 mM potassium chloride solution at room temperature.
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Figure 5-13. The enthalpy change of surface reaction is a linear function of the temperature sensitivity of the
electric conductance of nanochannels. This linear dependency offers a new method to measure the enthalpy
change of surface reactions. The calculations were performed for a silicon dioxide surface (pK_ =
—6.3,N, = 1.5 site.nm™2, AH" = —40 kj.mol~1) at room temperature and for a 1 mM potassium chloride

solution.
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5.5

Highlights

In this chapter, the effect of temperature on the nanochannel electrical conduct-
ance was studied. According to the analytical model and experimental measure-
ments:

e The surface charge of nanochannel walls depends on temperature.

e The temperature sensitivity of the nanochannel conductance is different
from the bulk at low ionic concentration.

e Neglecting the nanoscale effects may result in a measurement error of

more than one order of magnitude at low ionic concentrations.

e The higher temperature sensitivity of ionic transport at the nanoscale
suggests a new method for gating the nanofluidic transport.

e Based on the mentioned experimental setup, a new method for measur-

ing the enthalpy change of surface reactions was introduced.
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Thermal Gating of Nanofluidic Transport

n this chapter’, a nanofluidic gating mechanism that uses the thermal effect for
modulating the ionic transport inside nanofluidic channels is introduced. The
thermal gate controls the ionic transport more effectively than most of other
gating mechanisms previously described in scientific literature. Gating in both bulk
and overlapping electric double layer regimes can be obtained. The relatively short
time response of opening and closing processes makes it a good candidate for ma-

nipulating small molecules in micro- and nanoscale devices.

Thermal Gate

N °
0~ OH QH QH

Close state Open state
Low surface High surface
charge

charge

! Based on: M. Taghipoor, A. Bertsch, and P. Renaud, “Thermal control of ionic transport and fluid flow in nanofluidic chan
nels”, Nanoscale, 2015, DOI: 10.1039/C5NR05409E



Chapter 6. Thermal Gating of Nanofluidic Transport

6.1

Introduction

As discussed Chapter 2, controlling the fluidic and ionic transport inside na-
nochannels is one of the important applications of nanofluidics. Different phe-
nomena were proposed and utilized in nanofluidic channels and pores to control
the ionic and molecular transport in nanometer scale conduits. Using the electro-
static field effect (Fan et al., 2005; R. Karnik et al., 2005; R. B. Schoch and Re-
naud, 2005), steric effect (Xia et al., 2008; Yameen et al., 2009b) and liquid re-
configuration (Powell et al., 2011; Smirnov et al., 2011) are the three most report-
ed phenomena.

According to theoretical and experimental results discussed in the previous chap-
ter, at the micro and nanoscale, the variation of temperature influences the ionic
transport. This temperature dependence of the ionic transport is due to some na-
noscale phenomena as well as well-known macroscale ones. Increasing the ionic
mobility enhances the ionic transport at both macro- and nanoscale whereas the
temperature dependency of the surface properties of the nanochannel walls leads
to a nanoscale effect on the ionic transport. The nanoscale effect appears only in
EDL overlapping regimes® where the ionic transport is influenced by the wall ef-
fects. As it was illustrated in Figure 5-5, the electric conductance of a nanofluidic
channel can be increased more than one order of magnitude by a temperature rise
of 60°C at low ionic concentration for a silica nanochannel. This modulation fac-
tor can provide the possibility of gating in nanoscale fluidic channels.

In this chapter, a new phenomenon for gating the ionic transport in nanoscale
channels is introduced.

To this aim, the nanofluidic device should be integrated with heaters that can in-
crease the nanochannel temperature. Moreover, the response time of the gate to
the external stimuli needs to be small enough, so that the channel opening and
closing occurs in an acceptable time scale, which implies that the heating and
cooling processes should be fast. Local heating of the nanochannel can decrease
the response time as well as the required heat flux to assess a certain temperature.
Joule heating of a thin layer of metal that is embedded close to the nanochannel or
using plasomnic hot spot (Braun and Cichos, 2013; Nicoli et al., 2014) can appro-
priately heat up the nanochannel locally.

The local heating will generate a large thermal gradient, which may cause ther-
mophoretic migrations (Belkin et al., 2014; Nicoli et al., 2014). The thermo-
phoretic migration of species inside an electrolyte depends on various factors such
as salinity and temperature of the solution, size, charge and hydration shell of the
solute as well as the interactions between different solutes (Belkin et al., 2014;
Braun and Cichos, 2013). The thermophoresis migration of species may cause a
reduction or an increase of the electric current inside the nanochannel depending
on the direction of migration.

1See 4.5.1.1.
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6.2

Experimental setup

The nanofluidic devices used integrated micro-heaters over the nanochannels in
order to control the fluidic transport. The micro-heaters are 72, 20 and 10 um in
width platinum electrodes placed over a 500 nm silicon dioxide layer on top of the
arrays of nanochannels with 110 pum in length, 3 pm in width and 40 nm in height
as described in 3.1.7.

The temperature controlled plate that was explained in 5.3.1.3 was used to keep
the external chip temperature at 3+1 °C. A thermally conductive paste was used
between the device and the plate in order to enhance the heat transfer. Working at
low temperature helps to better illustrate the thermal gating phenomenon by in-
creasing the working temperature range. The measurement circuit is also similar
to the one described in 5.3.1.2.

a) b)

1 ~Relay Switch

DAQ
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\
‘;}/ Thermal Gate /7]\ DX <+>
AC W < — s ) T
A — {>— DAQ [©
Nanochannel
= Thermometer A4
NPN Silicon Transistor
|:lj Peltier element
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Figure 6-1. Sketch of the measurement and gate circuits. a) The Peltier element is used to keep the
device temperature at 3+1°C. the measurement circuit is similar to the one used in the previous chap-
ter. There is a relay switch that allows applying short heat pulses to the thermal gate. b) The schemat-
ic of the switch circuit. An NPN type transistor is used to drive the relay. The transistor, itself, is
controlled by digital commands from DAQ.

The gate is in the off-state when the temperature is low and it turns to the on-state
by heating up the micro-heater and the nanochannel. A relay switch was used to
control the on-state pulse time in order to have a unique on-state time in all meas-
urements. Figure 6-1.a shows the schematic of the experimental setup. The switch
circuit, as depicted in Figure 6-1.b, uses an NPN silicon transistor (ST microelec-
tronics, BD241) to derive the 2-pole relay (Tianbo, HIR1-2C). the operating and
release time of the relay is 6 and 4 ms, which is in the right range while the mini-
mum measurable pulse time is 50ms. Antisymmetric voltages were applied to the
gate, so that the gate electric potential of the electrode over the nanochannel re-
gion was zero and no electrostatic gating effect appeared inside the nanochannel.
Moreover, the 2-pole relay switches to both positive and negative voltages to pre-
vent the transient electrostatic effects inside the nanochannel.
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6.3

The nanochannel was heated up by applying electric DC current to the thermal
gate. The resistance of the nanochannel was then measured by applying an AC
signal to the measuring electrodes.

Liquid temperature inside the nanochannel

The average temperature of the liquid inside the nanochannel was estimated by re-
lating the resistance of the nanochannel at 1 M to temperature. At high ionic con-
centration, the change of conductivity is dominated by the ionic mobility. As dis-
cussed in the previous chapter, the temperature dependence of the conductivity at
high salt concentrations is converging to the bulk value, which is o« =1.8 —
2 %°C~1 for a potassium chloride solution. Therefore, measuring the conductance
of the nanochannel at 1 M can be used to estimate the average temperature inside
the nanochannel.

The term ‘‘average temperature’’ is used here since there is a variation of temper-
ature from the hot region of the gate to the cold region of the reservoirs along the
nanochannel. The average temperature represents the average conductivity of the
nanochannel’. Figure 6-4.a-d depicts the temperature distribution inside the na-
nochannel while the gate temperature reaches 100 °C. The arithmetical average
temperature inside the nanochannel is 88 °C for a gate of 72 um in width while it
is 62 °C and 69 °C for 10 um and 20 um in width gates. The temperature distribu-
tion was calculated using a numerical simulation that was conducted with the
COMSOL finite elecment method software (COMSOL Multiphysics 4.4). The
normal time-dependent heat transfer equations in solids were solved for the device
geometry while its temperature at the bottom and top was kept at 5 °C and 25 °C,
respectively. The heat pulse was modeled as a heat source in the platinum part
over the nanochannel, just after the whole device reached the steady state in ab-
sence of the heat source. The water was assumed stationary in the whole device
and was modeled as the solid.

In order to estimate the average temperature of the liquid present in the nanochan-
nel experimentally, the temperature of the whole device was changed from 2 to
95°C with the temperature controlled Peltier element, ie the setup described in the
previous chapter. The electrical conductance of the nanochannel was calibrated
such that it can be used to estimate the average temperature inside the nanochan-
nel at different applied gate powers for a 1 M potassium chloride solution.
ure 6-4.e shows the evolution of average temperature versus the applied power to
the gate of 72 pm in width. The values of power correspond to the proportion of
power consumed in the nanochannel region of the gate electrode. Based on the da-
ta from numerical and experimental investigations of the nanochannel temperature
(Figure 6-4), the maximum temperature of the 72 um in width thermal gate is
about 100 °C when a power of 575 mW is applied to the gate. (V- = 8.0 V)

'The average conductivity was defined in 4.6, page 61.
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Figure 6-2. Simulation: The temperature distribution in the device 5 s after the thermal gate is
turned on. The gate width is 72 um (a) 20 pm (b) and 10 pm (c) while the nanochannel length is
110 um. The gate temperature is around 100°C. the scale bar indicates 50 um. d) Longitudinal
temperature distribution at the middle of nanochannel 5 s after the gate is turned on. The dotted
lines show the arithmetical average temperature. The wider the gate, the higher the average tem-
perature. Experiment: €) The evolution of average temperature of the nanochannel measured by
calibrating its electrical conductance versus the applied power.
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6.4

Effectiveness of the thermal gate

Figure 6-3 depicts the effectiveness® of the thermal gate at different ionic concen-
trations and for deionized water for the gate width of 72 um. Activating the the
thermal gate increases the ionic flux more than one order of magnitude at low ion-
ic concentrations. the electrostatic field caused by the wall surface charge influ-
ences the ionic transport since the electric double layer (EDL) overlaps at low ion-
ic concentration. As mentioned in the previous chapter, heating the nanochannel
will increase the surface charge density of the silica wall. More ions are attracted
toward the nanochannel and its electric conductance increases. Moreover, heating
up an aqueous solution increases the ionic mobility by decreasing its viscosity.
This occurs for both the bulk and the overlapping EDL regimes. Therefore, a
smaller relative change of the electric conductance happens at high ionic concen-
trations. Although the effectiveness is lower at high ionic concentration, modulat-
ing the ionic transport at high ionic concentrations is a clear advantage of the
thermal gating method over its electrostatic field effect counterpart. The electro-
static field cannot be used to modulate the ionic transport at high ionic concentra-
tions.
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Figure 6-3. a) The gate effectiveness for V. = 8.0 V (pink), Vpe = 6.0 V (black), Vpe = 4.0V
(green), Vp = 2.0 V (blue) at different ionic concentrations. The power applied to a 2.5 mm in
length gate electrode is 570 mW at AT=90°C. The gate effectiveness is higher at low ionic con-
centrations. The nanochannel length is 110 um while the width of the gate is only 72 um. b) The
gate effectiveness for a device with a gate of 20 um in width. The error bars show the 95% confi-
dence interval for 5 measurements.

The evolution of the gate effectiveness versus the average temperature is depicted
in Figure 6-4 at different ionic concentrations. First, it emphasizes that controlling
the temperature is a very powerful tool for modulating the ionic transport inside
the nanochannel. Second, the modulation is possible at high ionic concentration,
too. Third, in contrast to bulk regimes, the increase of the gate effectiveness is not
a linear function of the average temperature inside the nanochannel. This implies
that the surface charge is a polynomial function of the temperature that agrees

! The gate effectiveness was defined in 2.2.2
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Figure 6-4. Evolution of gate effectiveness versus the average temperature at different ionic
concentrations. The results clearly illustrate the major difference between low and high salinity.

with the variation of the equilibrium constant of the surface reactions depicted in
Figure 5-1.

In order to clarify the effect of the wall surface charge, the gating effectiveness of
1 mM potassium chloride solutions at two different pH values has been investi-
gated. As the point of zero charge (PZC) for a silicon dioxide surface is at pH=3",
the surface charge of the nanochannel wall is very low at pH=4, while a much
higher negative charge is expected at pH=7. Therefore, the dependence of the
conductance of the nanochannel on the wall surface charge should be lower at
pH=4. Consequently, at this pH, the sensitivity of the wall surface charge to tem-
perature is low and the increase of the electric conductance can only be related to
the bulk effects. Figure 6-5 illustrates the contribution of the enhancement of the
surface charge effect due to the temperature increase for both solutions. A 1 M
potassium chloride solution is used as a bulk control to demonstrate only the ionic
mobility dependence of the electric conductance to the temperature. As shown in
the Figure 6-5, the gate effectiveness of the solution at pH=4 is close to the bulk
while there is a major increase at pH=7. This difference emphasizes that the ef-
fectiveness of the thermal gate is mainly caused by the unique nanofluidic effect
due to the charged wall. However, the effectiveness at the bulk regime is still
comparable to the ones of other gating methods.

1 See 4.5.
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Figure 6-5. Effect of wall surface charge on the gate effectiveness. The figure compares the gate
effectiveness for a 1 mM potassium chloride solution at pH=7 (red) to a solution of the same
concentration at pH=4 (blue) while the solution at 1 M (green) shows the bulk behavior. At
pH=4, the wall surface charge is low and consequently the sensitivity of the conductance of the
nanochannel to temperature is low. At this condition, the increase of the nanochannel conduct-
ance is close to the one of the bulk. The nanochannel length is 110 pm while the width of the gate
is only 72 um. The error bars show the 95% confidence interval for 5 measurements.

Thermal gate versus other gating methods

Recalling Table 2-1 that compared the effectiveness of different gating method
helps to evaluate the thermal gate in terms of its effectiveness. The last column of
the table represented the values of the reported gate effectiveness for various
nanofluidic transport gating methods. The reported values were the maximum
achieved performances in the mentioned publications. For the case of the electro-
static gating, the ratio of maximum to minimum electric conductance was defined
as the gate effectiveness.

Figure 6-6 compares the effectiveness of the mentioned gating mechanisms with
the thermal gate. The gate effectiveness is less than 5 for most of the cases while
the thermal gate achieved an effectiveness of more than 13. A small value of the
gate effectiveness implies that the ionic transport can neither be stopped com-
pletely nor be enhanced considerably. The presented gating methods are only suc-
cessful to modulate the ionic transport.

For the thermal gate, the effectiveness of the gating method exceeds one order of
magnitude at low ionic concentrations while other gating methods have a consid-
erably lower effectiveness. Heating the nanochannel does not need complicated
microfabrication processing whereas other methods need complicated implemen-
tation. Moreover, the thermal gate does not suffer from the limitations in device
manufacturing such as dielectric breakdown limitations for the field effect gating
method. The thermal gate can easily be combined with other mechanisms in order
to enhance the gating resolution and effectiveness.
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Figure 6-6. Comparison of the effectiveness of thermal gate with other reported results. The
thermal gate is more effective than all the published works. The green bars used steric effect
while the blue bars employed the field effect in order for gating the nanofluidic transport.

The effect of the gate width

The effectiveness of the thermal gate can be increased by using wider electrodes
over the nanochannel. Using a wider electrode results in a uniform temperature
inside the nanochannel, which leads to a larger highly conductive region inside
the nanochannel and a higher gate effectiveness. Figure 6-7 demonstrates the
maximum achieved gate effectiveness for three gates of different widths at differ-
ent ionic concentrations. The wider gate has a higher effectiveness. At high ionic
concentrations, in absence of the wall effects, the gate effectiveness can represent
the average temperature inside the nanochannel. According to Figure 6-7, the av-
erage achieved temperature inside the nanochannel increases by increasing the
gate width, which is in line with the numerical simulation presented in
ure 6-2.d. Nevertheless, the trend is not similar at low ionic concentration where
the wall effects are dominant.

The effect of the thermophoretic migration of ions toward or away from the na-
nochannel may influence the ionic transport inside the nanochannel. At first
glance, the ionic concentration dependence of the thermophoresis can be suspect-
ed as the reason of considerable differences between nanofluidic and bulk regimes
at low and high ionic concentrations. However, inspecting the properties of ther-
mophoretic migration allows to reject this hypothesis. First, the thermophoretic
depletion on ions from the hot region is time dependent while the result shows a
negligible time dependency of the open-state electric conductance. Second, the
concentration change due to thermophoresis is negligible relative to the nanofluid-
ic effects present at low concentration.
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6.7

Gate effectiveness

DI Water 0.1mM 1mM 10 mM 100 mM iM
lonic concentration

Figure 6-7. Comparison of the gate effectiveness for 72 um (blue), 20um (red) and 10 um (green)
in width electrodes at different ionic concentrations. The wider the gate electrode, the higher the
gate effectiveness. Wider gate heats up a larger region of the nanochannel. The error bars show
the 95% confidence interval for 5 measurements.

Response time of the thermal gate

Figure 6-8 shows the temperature distribution inside the nanochannel at different
times after switching the gate on. The response time of the thermal gate to reach
its maximum effectiveness is less than a second. Nevertheless, it does not mean
that the gate is not working, before reaching this point. Moreover, considering that
the time constant for the diffusion of an H* ion into the nanochannel is more than
one second, which implies that the thermal gate is faster than other influential
physiochemical processes to modulate the nanofluidic transport.

The response time of thermal gate is determined, on one hand, by the thermal dif-
fusivity of the materials, which determines the dynamical temperature profile, and
on the other hand, by the ion diffusion and the reaction rate of surface reactions,

Temperature (°C)

30 [ [ [ r [ [ r [ [ [ [

length (um)

Figure 6-8. Temperature distribution inside the nanochannel at different time steps after truing on
the gate of 72 in width. In less than one second the nanochannel reaches its maximum tempera-
ture.
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Figure 6-9. a) Short time pulses can be applied for thermal gating. The signal shows five 200 ms
(left) and three 50 ms (right) on-state pulses at 1M ionic concentration. b) A zoomed view of a
200 ms pulse. Both opening and closing occur in a relatively short period of time. ¢) A single 5 s
pulse. The closing process is still quick, even if the gate is kept open for a longer time.

which determine the dynamical ion concentration profile in the case of change of
surface charge. In Figure 6-9, some examples of the applied thermal pulses are
depicted. 200 ms pulses (left side of Figure 6-9.a) have higher effectiveness than
50 ms pulses (right side), which is correct according to Figure 6-8. Figure 6-9.b
shows the opening and closing process of a single 200 ms pulse. The closing pro-
cess needs more time than the opening one. In our particular design, the typical
closing time is about 7. = 400 ms whereas the opening is much faster. The clos-
ing time is indicated by . in the figure. As depicted in Figure 6-9.c, for longer
pulses, we clearly see the thermal time constant on both opening and closing tran-
sitions.

For the case of pure thermal diffusion, the opening and closing time should be
equal when the temperature reaches its steady state level. Therefore, the differ-
ence in opening and closing times is caused by another factor such as thermo-
phoresis.

The pulses Figure 6-9.a-c correspond to a 1 M ionic concentration, which is con-
sidered as bulk regime ionic transport. Therefore, the result can represent the av-
erage temperature inside the nanochannel at any ionic concentration using the cal-
ibration that was performed before’. Alternatively, it can represent the proportion
of the ionic mobility in enhancement of the ionic transport. At lower ionic con-
centrations, the additional effect of the surface charge appears.

Figure 6-10 depicts 5 s pulses at different ionic concentrations. First, it emphasiz-
es the additional increase of the gate effectiveness at low ionic concentrations that
occurs only in the EDL overlapping regime. Secondly, it shows that the gating
dynamics at low ionic concentration is different from the one of the bulk regime.
As represented in Figure 6-10, the electric conductance does not settle down in-
stantly to its off-state value. By switching the gate off, the electric conductance
decreases to a value higher than the normal off-state. This decrease occurs in a
time in the order of .. Then, it decreases to the normal value of the off-state with

! See 6.3.
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Figure 6-10. Comparison of 5 s pulses at 1 M (dotted line), 1 mM (dashed line) ionic concentra-
tions and DI water (solid line). The vertical axis shows the ratio of on- to off-states conductance.
At low ionic concentration, the conductance needs an excess time to stabilize which results from
the dynamical ion concentration profile.

a slower rate. Thus, the slower rate of settling down cannot be justified by the
temperature. Beside, this effect appears only at low ionic concentrations where the
nanofluidic regime occurs. In other words, it is dependent on the surface charge of
the nanochannel.

Highlights

The most important properties of Thermal gate are as follows:

e Temperature can be exploited as an external stimulus to modulate the
ionic transport inside the nanochannel.

e The thermal gate has a higher effectiveness and requires less technolog-
ical implementations compared to other gating mechanisms

e The thermal gate can modulate the ionic transport in both the bulk and
EDL overlapping regime.

e The higher the gate width, the higher the achievable average tempera-

ture and gate effectiveness.

e The thermal gate is fast enough to be used for the manipulation of small
molecules inside nanofluidic channels.
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Conclusions and Outlook

controlled using an external stimulus. In the previous chapters, different

mechanisms for controlling the nanofluidic transport were studied, a new
mechanism was introduced and the theoretical background that supports the new
gating mechanism was discussed. This chapter summarizes the findings of the pre-
sent thesis and suggestions for future investigations and development.

N anofluidic transport through solid-state nanometer-size channels can be



Chapter 7. Conclusions and Outlook

7.1

7.2

7.3

State of the art

The recent advances in the fabrication of nanofluidic features, the nanofluidic ap-
ertures platforms and their applications were surveyed. Particularly, the possibility
of controlling the ionic and fluidic transport at the nanoscale was evaluated. Dif-
ferent reported gating mechanisms were investigated and their properties were
compared. Using the steric volume exclusion effect of macro-molecules to oc-
clude the channel, employing the effect of the electrostatic field to influence the
fluidic transport and modulating the surface wettability, have been reported as
gating mechanisms in nanofluidic studies.

Most of the research groups used the nanopore platform for gating studies. The
nanochannel and nanotube platforms were only used for field effect gating. The
size of the conduits varies from less than 10 nm up to 35 nm, which is much larg-
er than the 2-3 nm size of cell-membranes ion channels. In terms of gating effec-
tiveness, although the reported devices can modulate the ionic transport, the range
of modulation is not large enough to be able to open or close the channel com-
pletely. This level of sensitivity allows the nanofluidic devices to be used for
sensing applications. Nevertheless, compared to ion channels, that allows only a
specific ion of interest to pass, the solid-state counterparts still need improve-
ments.

It is expected to have combinations of different gating mechanisms in order to en-
hance the resolution and selectivity of the gating. New gating methods might also
be introduced as far as the fluid transport at the nanoscale is better understood and
the related technologies are developed. The thermal gate is an example of new
possible gating methods.

The integration of a highly effective gating mechanism to nanopipets will have a
great impact on the technological side of the nanofluidics. The unique characteris-
tics of nanopipets such as simple fabrication, cost effective and easy integration to
macroscale would make it an ideal platform for single molecule manipulation and
detection if gating could be implemented in such devices.

Microfabrication

Standard microfabrication techniques were utilized and nanofluidic channels of
30-45 nm in height, 2-5 pm in width and 20-110 pum in length were fabricated in
silicon dioxide using a ‘‘sacrificial layer’” method. Platinum electrodes were em-
bedded close to the entrance of the nanochannels for electrical measurements.
Some other electrodes were placed over the nanochannels for the purpose of sens-
ing and gating. The microfabrication process was simple since it didn’t need fur-
ther steps for microscale integration.

Analytical modeling

A new model was developed for the nanochannel electric conductance based on
the surface reactions and taking in account contribution of dissociated H* and
OH~ ions. In this model, the surface charge density cannot be considered constant
for all ionic concentrations. It decreases for more dilute solutions, which leads to a
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lower conductance of the nanochannel. However, considering the role of H* ions
in the nanochannel conductance results in an increase of electric conductance at
low ionic concentrations, due to the high ionic mobility of H™ ions.

The model was validated by the experimental measurements. The electrical con-
ductance of nanochannels was measured using an AC impedance analysis at dif-
ferent ionic concentrations. There was a good agreement between both analytical
and experimental results.

Our model is capable of estimating the nanochannel conductance for different
physiochemical conditions of symmetric electrolytes.

In terms of future developments, the model should be improved to consider the
EOF in the measurements. Moreover, improving the accuracy of the electric po-
tential distribution inside the nanochannel for the case of the EDL overlapping re-
gime is necessary.

Modifying the model to consider the unique properties of nanopores such as the
small length to diameter ratio, will result in a better tool for estimating the electri-
cal conductance in nanopores.

Measureing the electrical conductance of nanochannels with different surface
chemistry will be useful in order to validate the model.

The influence of temperature on nanofluidic transport

The effect of temperature on the nanochannel electrical conductance was studied.
The results showed that the response of the ionic transport at the nanoscale and in
the bulk to a temperature variation are not similar. At the nanoscale, the ionic
transport can be more sensitive to temperature.

The surface charge of the nanochannel walls depends on temperature, which
causes the temperature sensitivity of the nanochannel conductance to be different
from the bulk in the EDL overlapping regime. For a silicon dioxide nanochannel,
the temperature sensitivity of the electrical conductance is higher at low ionic
concentrations.

This implies that using the bulk values of the temperature sensitivity of the elec-
tric conductance in a nanochannel configuration leads to major errors at low ionic
concentrations. An error of 8 percent was measured for only 2°C temperature dif-
ference at low ionic concentrations in a silicon dioxide nanochannel filled with 1
mM potassium chloride solution. This implies that different experiments that use
the nanochannel electrical measurements should consider the temperature effect
correctly.

The error is more considerable for temperature changes of more than tens of de-
grees. At this condition, neglecting the nanoscale effects may result in a meas-
urement error of more than one order of magnitude at low ionic concentrations. In
this situation, using equations that are valid for the bulk should be avoided for
equivalent temperature estimations inside the nanochannel.

The analytical modeling predicted more than one order of magnitude increase in
nanochannel conductance compared to bulk values for a 60°C temperature rise.
This influence of temperature on nanochannel conductance suggests a new possi-
bility of nanofluidic transport modulation, that was introduced in the present the-
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sis with in the name ‘‘thermal gate’’. Furthermore, the temperature sensitivity of
nanochannels is a strong function of the enthalpy change of surface reactions at
low ionic concentrations, which leads to a new method for measuring the enthalpy
change of different surface reactions.

This study can be improved by experimental investigations of the temperature
sensitivity of the electrical conductance of the nanochannel at different pH values.
Moreover, measuring the enthalpy of different surface types is useful. Specially,
measuring the enthalpy of reactions of the functional groups of an immobilized
molecule can offer new and valuable information.

Thermal gate

The possibility of controlling the ionic transport in nanochannels using the ther-
mal gating was developed and introduced in this thesis for the first time. The
thermal gate modulates the ionic transport by heating up the nanochannel. It in-
creases the ionic transport via raising both the ionic mobility and the surface
charge of the nanochannel wall.

According to the two mentioned mechanisms of increasing the ionic flux with
temperature, summarized in the previous section, the effectiveness of the thermal
gate is dependent on the ionic concentration. At low ionic concentration, a high
effectiveness was achieved while it decreased by increasing the ionic concentra-
tion. In contrast to the field effect gating method, the thermal gating could still
modulate the ionic transport at bulk regimes.

The thermal gate effectiveness was compared to other gating mechanisms. The
thermal gate has a higher effectiveness and requires less technological restrictions
compared to other gating mechanisms.

The response time of the thermal gate was also investigated. The thermal gate is
fast enough to be used for the manipulation of small molecules inside nanofluidic
channels. A time response in the order of tens of milliseconds was observed for
the opening process. The closing process needed hundreds of milliseconds at the
maximum achieved effectiveness.

The thermal gate can be used in applications that require controlling the ionic or
fluidic transport at the small scale. The thermal gate has the possibility of being
stimulated remotely, which is an advantage over the field effect gating method. It
can remotely control the delivery process of sub-femtoliter volumes.

The thermal gate can be combined with other gating mechanisms in order to en-
hance the effectiveness of gating. For example, a combination of thermal gate and
immobilized temperature sensitive polymer is a good option for gating.

The integration of the thermal gate in a solid state nonporous membrane can illus-
trate its potential as a practical gating mechanism. The heating process can be car-
ried out either by joule heating or by plasmonic effects.

Optical observation of the fluid flow inside the thermally gated nanochannels us-
ing fluorescent nanoparticles like quantum dots can be used to investigate how the
thermal gate influences the ionic transport.

One of the specifications of the thermal gate is its possibility to generate a high
temperature gradient up to 5 °C.um™. This large temperature gradient can cause a
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considerable thermophoretic migration of the ions inside the nanochannel. This
property can be employed to create an ionic pump by using a small number of
electrodes working in a programmed manner.

A combination of the thermal effect and the electrostatic effect would lead to the
fabrication of effective devices for trapping a single DNA molecule and observing
a polymer chain reaction (PCR).
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