Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1890

Solid-state nanopores

fabrication and applications

SHUANGSHUANG ZENG

ACTA
UNIVERSITATIS
ISSN 1651-6214
UI;?%%I/]SE EIS ISBN 978-91-513-0838-8

2020 urn:nbn:se:uu:diva-399726




Dissertation presented at Uppsala University to be publicly examined in Polhemsalen,
Angstromlaboratoriet, Ligerhyddsvigen 1, Uppsala, Friday, 21 February 2020 at 09:15 for
the degree of Doctor of Philosophy. The examination will be conducted in English. Faculty
examiner: Professor Amit Meller (Technion Israel Institute of Technology).

Abstract
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Nanopores are of great interest in study of DNA sequencing, protein profiling and power
generation. Among them, solid-state nanopores show obvious advantages over their biological
counterparts in terms of high chemical stability and reusability as well as compatibility with the
existing CMOS fabrication techniques. Nanopore sensing is most frequently based on measuring
ionic current through a nanopore while applying a voltage across it. When an analyte passes
through the pore, the ionic current temporarily changes, providing information of the analyte
such as its size, shape and surface charge. Although many magnificent reports on using solid-
state nanopores have appeared in the literature, several challenges still remain for their wider
applications, which include improvement of fabrication reproducibility for mass production
of ultra-small nanopores and minimization of measurement instability as well as control of
translocation speed and reduction of background noise. This thesis work explores different
techniques to achieve robust and high throughput fabrication of sub-10 nm nanopores for
different applications.

The thesis starts with presenting various fabrication techniques explored during my PhD
studies. Focused ion beam method was firstly employed to drill nanopores in free-standing
SiN, membranes. Sub-10 nm nanopores could be obtained with a focused helium ion beam.
But the fabrication throughput was limited with this technique. A new fabrication process
combing electron beam lithography (EBL) with reactive ion etching/ion beam etching, which
is compatible with the existing CMOS fabrication technology, was developed to realize a high
throughput, mass production of nanopores in free-standing SiN, membranes. However, the
smallest size that could be controllably achieved with this process was around 40 nm, which is
still far from sub-10 nm in size required for, e.g., DNA sequencing. Finally, by using anisotropic
etching of single-crystal silicon in KOH solution, sub-5 nm truncated pyramidal nanopores
were mass produced with good process controllability in a silicon-on-insulator (SOI) substrate.
In addition, nanopore arrays were also successfully fabricated using a modified EBL based
fabrication process.

Then, several sensing application examples using either single nanopores or nanopore
arrays were investigated. Translocation of nanoparticles, DNA and proteins were demonstrated
using the fabricated single nanopores or nanopore arrays in a single freestanding membrane.
Moreover, the kinetics and mechanism of the lipid bilayer formation in nanopore array, aiming
to prevent non-specific adsorption, were studied using ionic current measurements. In addition,
individual addressability of a solid-state nanopore array on separated freestanding membranes
was realized by integrating microfluidics and a customized multiplexer.
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Abbreviations

2D Two-dimensional

AeL Aerolysin

ALD Atomic layer deposition

BOX Buried oxide

BSE Backscattered electron

CDB Controlled dielectric breakdown
ClyA Cytolysin A

DNA Deoxyribonucleic Acid

DRIE Deep reactive ion etching

EBICD Electron beam induced carbon deposition
EBL Electron beam lithography

EDL Electrical double layer

EDP Ethylenediamine pyrocatechol
EDX Energy dispersive X-ray spectroscopy
EOF Electroosmotic flow

FIB Focused ion beam

FTE Frequency of translocation event
GOy Glucose oxidase

HGP Human Genome Project

HIM Helium ion microscope

IPA 2-propanol

I-v Current-voltage

KCl Potassium chloride

KOH Potassium hydroxide

LPCVD Low pressure vapor deposition
MspA Mycobacterium smegmatis porin A
OmpG Outer membrane protein G

PDMS Polydimethylsiloxane

PBS Phosphate buffered saline

PE Primary electron

pl Point of isoelectric

PM Precision Medicine

POPC 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
PSD Power spectral density

PzC Potential of zero charge

RIE Reactive ion etching
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Ribonucleic acid

Secondary electron

Scanning electron microscope

Low stress silicon nitride

Silicon dioxide

Silicon on insulator

Standard deviation

Transmission electron microscope
Tetramethylammonium hydroxide
Truncated pyramidal nanopore

a-hemolysin

side length of the bottom base of a TPP
normalized noise power defined as 4=0/N.
capacitance of the dielectric materials composing the
membrane and support structure

total capacitance

diameter of the pore

dielectric loss

equivalent voltage noise at the op-amp input
electric field

frequency

conductance of the nanopore

ionic current

average current through a multiple pore system
ionic current at equilibrium

open pore current

ionic current at time t

rate constant

opening size in the top of a TPP

effective transport length

Boltzmann constant

mol/L

number of pores in a multi-pore system
number of charge carriers

number of size reduced pores

events (i.e. current drops) within the first 50 s over the
whole 500 s timespan

radius of the charged species

resistance of the nanopore

minimum cross section area in the nanopore
hydrodynamic radius

PSD of total current noise

PSD of capacitance noise

PSD of dielectric noise

PSD of flicker noise
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thickness of the nanopore

absolute temperature in degrees Kelvin
electrophoretic velocity

EOF velocity

Hooge parameter,

exponent in flicker noise

amplitude of blockage caused by the translocation
permittivity of the fluid

surface potential of the charged surface
dynamic (shear) viscosity of the fluid
wedge angle of the nanopore
electrophoretic mobility
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1. Introduction

Although the Egyptian Imhotep described the diagnosis and treatment of 200
diseases in 2600 BC and the Greek Hippocrates established the scientific study
of medicine in 460 BC [1], they lacked a deep understanding of disease biol-
ogy. After the Industrial Revolution in the 18" century, people made tremen-
dous scientific discoveries and inventions together with the rapid economic
and industrial growth. Since then significant progress has been made in un-
derstanding the function of microorganisms and identifying the origins of ill-
ness. Vaccines have been developed to prevent diseases including measles,
polio, influenza and cervical cancer. In 1990, the Human Genome Project
(HGP) was formally launched. The goal was to sequence and understand all
the genes of human beings. HGP was declared complete in April 2003 at a
cost of around US$3 billion [2]. After more than a decade, the sequencing cost
has been decreasing dramatically with the advancement of modern technology,
as shown in Figure 1.1. Many genomes can now be sequenced in a day for
around $1,000 each [3]. Until now, most medical treatments have been de-
signed in a ‘one-size-fits-all’ approach. However, the treatments can only be
successful for some patients rather than for all of them. Genetic insights can
help doctors take their patients’ uniqueness into account when prescribing
treatments. This is actually transforming the way of diseases treatment. For
example, molecular tests are routinely performed to get the genetic infor-
mation of the patients with breast or lung cancers, which provides an oppor-
tunity to achieve precise personalized patient care [4] thus facilitating preci-
sion medicine (PM). The individualized nature of PM requires personalized
diagnostics and the technologies needed to perform such diagnostics have
been rapidly evolving. Biosensors, which combine electronics, photonics, ad-
vanced materials, microfluidics and chemistry, offer great promises for rapid,
portable and easy-to-use diagnosis [5].
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Figure 1.1. Sequencing cost per genome [3].

1.1 Biosensors

Biosensors generally consist of three parts: a recognition component that can
interact with the analyte and produce a signal, a transducer that can transform
one signal into another one in a physicochemical way, and a readout device
that can amplify and process the transformed signal. Biosensors can be clas-
sified based on the type of biorecognition element, or on the mode of trans-
duction. With the former classification, biosensors can be mainly divided into
enzymatic, aptamer-based, nucleic acid-based, antibody-based and whole-cell
based biosensors. With the latter classification, biosensors can be mainly di-
vided into electrochemical, optical, thermal, piezoelectric and electrical bio-
sensors [6]- [9]. A comparison of different types of biosensors is given in the
the table below. In this thesis, a kind of electrical biosensors named nanopore
sensors, which are based on the ionic current measurement, is presented.

Table 1.1. Comparison of different types of biosensors classified by the transduction
mode.

Transduction
Types Pros Cons
mode
Potentiometric
Amperometric Label- free, simple, easy Possible drift of the signal, lack of
Electrochemical
Impedimeric automation, low cost, fast specificity
Conductometric
Fluorescence
Real-time measurement, Costly equipment, not portable,
Optical Chemiluminascence
high sample throughput labeling required
Surface Plasmon Resonance
Thermal Micro Calorimetry Label- free, rapid High cost, possible fouling
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Surface Acoustic Wave High sensitivity, fast, label-
Lack of specificity and sensitive
Piezoelectric free, simple, chemically in-
Quartz Crystal Microbalance to external disturbances
ert

Field Effect Transistor
Electrical Label- free, simple Low specificity
Nanopore

1.2 Nanopore sensors

Nanopore sensors provide a newly emerging technique for the detection of
biomolecules such as DNA, RNA and polypeptides. Nanopore based sensing
is a simple and label-free single molecule recognition approach. It requires
very low sample volumes without sample amplifications. Nanopores can be
broadly classified into three categories: biological pores embedded in a lipid
bilayer, solid-state pores fabricated in thin solid films and hybrid of biological
and synthetic pores [10], [11].

In the 1990s, it was proposed that nucleic acid sequence could be determined
with nanopore detection if single nucleotide resolution could be achieved [12].
In 1996, Kasianowicz and co-workers demonstrated that single stranded DNA
was electrophoretically driven through a biological pore a-hemolysin (a-HL)
and generated ionic current drops during the translocation [13]. This is the first
report of using nanopore for nucleic acid sensing. Since this landmark demon-
stration of nucleic acid detection with a-HL, a wide variety of biological na-
nopores with various characteristics including OmpG [14], MspA [15], AeL
[16] and ClyA [17] have been discovered and used for sensing applications
[18], [19]. So far, Oxford Nanopore Technologies has released the commer-
cialized nanopore based DNA/RNA sequencers: MinlON, GridION and Pro-
methION, enabling ultra-long reads, rapid, direct and real-time data analysis
[20]. Although one of the main driving forces behind the nanopore sensing is
its potential to sequence DNA rapidly and inexpensively, numerous efforts
have also been attempted in many other fields such as detection of proteins
[21], [22], small molecules [23], [24] as well as metal ions [25].

Stepping into the 21* century, solid-state nanopores are developed to comple-
ment the limitations of their biological counterparts including fixed pore size,
mechanical and chemical instabilities. They can be fabricated in different ma-
terials such as silicon nitride [26], [27], silicon oxide [28], aluminum oxide
[29], graphene [30], and molybdenum disulfide [31]. Various techniques in-
cluding ion beam sculpting, focused electron beam drilling, controlled dielec-
tric breakdown, combination of electron beam lithography (EBL) and reactive
ion etching (RIE) and directed laser drilling have been reported for nanopore
fabrication [32].
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1.3 Challenges in solid-state nanopore sensing

For solid-state nanopores, although lots of fascinating work has been per-
formed [33]- [35], several challenges remain for their wider applications.
Firstly, achieving an optimal translocation speed is highly desired for na-
nopore sensing. It has been reported that the translocation speed of DNA
through nanopores is >10 nt/us for solid-state pores and >1 nt/ps in a-HL and
MspA pores [36]. The mean protein translocation times are around 1 ps [37].
Signal bandwidth exceeding 1 MHz will be required to have sufficient tem-
poral resolution to perform the task, which is not available for most of the
commercialized amplifiers [38]. Moreover, background noise will also in-
crease as the bandwidth increases. Therefore, additional measures need to be
taken to slow down the translocation of the analyte. With the introduction of
enzymes, DNA translocation could be slowed down to 2.5—70 nt/sec [39], [40].
Secondly, reducing the noise in solid-state nanopores is crucial to achieve a
high signal to noise ratio. Various efforts have been made to reduce the noise:
passivating the nanopore with PDMS [41] or photoresist [42] to reduce the
exposed area to the electrolyte solution; inserting a thick oxide layer under-
neath the nanopore membrane [38], [43]; using different substrates as a re-
placement of silicon [44], [45]. Thirdly, minimizing the sensing region is re-
quired to reach a high spatial resolution. Thickness of the pore membrane
greatly influences the size of the sensing region. Two-dimensional (2D) ma-
terials such as graphene [46] and molybdenum disulfide [31] with their atomic
thickness provide a good solution addressing this issue. Fourthly, addressing
the instability issue of the measurements is key to achieving reliable and pre-
cise sensing results. Various sources can lead to the instability of the measure-
ments. For example, the size of nanopore can grow slowly over time [47].
Non-specific adsorption of the analyte on the nanopore also causes the varia-
tion of the measurement [48]. It is noteworthy that pore to pore variations exist
even though nanopores have the identical conductance and similar geometry
[49]. Attentions need to be paid to have a well-controlled surface of the na-
nopores. Last but not least, mass production of solid-state nanopores with high
size uniformity is also very important for potential commercialization.

1.4 Outline of this thesis

This thesis presents my efforts in the development of nanopore sensors. The
main focus is to explore different techniques for fabricating sub-10 nm sizes
nanopores with mass production potential. Underlying mechanisms of certain
techniques are discussed. Several nanopore sensing applications are demon-
strated. Following the general introduction in this chapter, the rest of the thesis
is organized as follows:
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Chapter 2 introduces the basic theory of nanopore sensing, including the sens-
ing principle, noise sources, conductance model and basic physics of the driv-
ing forces of the analyte movement through a nanopore.

Chapter 3 summarizes the various techniques I have explored to fabricate na-
nopores on either silicon nitride or silicon membranes.

Chapter 4 presents several sensing applications with single nanopores fabri-
cated by different techniques.

Chapter 5 describes the attempts of nanopore array fabrication and applica-
tions.

Chapter 6 will conclude this work and give a brief outlook of the future works.
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2. Basic theory of solid-state nanopore sensing

To date, most of the nanopore sensing studies are based on resistive pulse
sensing technique using electrical signals for molecule detection and identifi-
cation. The precedent of resistive pulse sensing is the Coulter counter, which
was developed in the 1950s for counting particles suspended in a fluid through
a micrometer-sized hole [50]. Reducing the aperture size down to the na-
noscale led to the birth of modern nanopore sensors. In this chapter, we will
firstly illustrate the working principle of solid-state nanopore sensors based
on resistive-pulse sensing. Then we will discuss the dominant sources of cur-
rent noise in different frequency regimes, which greatly limits the sensitivity
of nanopore sensors. We will also introduce the conductance model and equa-
tions to determine the nanopore size based on the measured conductance. Fi-
nally, we will brief the basic physics of electrical double layer, electrophoresis
and electroosmosis, which are needed to understand the driving forces in na-
nopore sensing.

2.1 Working principle of solid-state nanopore sensors

A complete measurement setup is schematically illustrated in Figure 2.1. The
nanopore chip is mounted on a custom-made flow cell and sealed using two
O-rings on the two sides. Two reservoirs are then filled with electrolyte and
separated by the chip. An Ag/AgCl electrode is immersed on each side of the
membrane to apply a bias voltage across the nanopore. The resulting ionic
current through the nanopore is measured using a dedicated low noise ampli-
fier. The flow cell is embedded in a tight metallic enclosure (primary Faraday
cage) to shield electromagnetic interference. A secondary Faraday cage is
used to provide an additional electromagnetic shielding. The whole setup is
positioned on an anti-vibration table to minimize the noise induced by me-
chanical vibrations. The analog signals from the current amplifier are digitized
with a data acquisition card. When molecules to be detected pass through the
pore, obstructions of the pore by the molecules result in decreases of the ionic
current. The amplitude, duration, and frequency of these transient current
changes can be used to determine the detected molecules’ characteristics such
as size, surface charge, geometry as well as their interactions with the pores.
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Figure 2.1. Schematic diagram of a complete nanopore measurement setup.

2.2 Noise spectrum

Both noise and bandwidth of ionic current recordings need to be taken special
care of to obtain high a signal-to-noise ratio and sufficient temporal resolution
using nanopore sensors. Different noise sources have distinct frequency de-
pendences (see Figure 2.2) and the total current noise power spectral density
(PSD) can therefore be broken down into components by fitting PSD to a pol-
ynomial form [51], [52]:

S(f) :SIF +S1T +SID +S[C

2
_ ijlﬁ + ‘”‘TT +87KTDC,,,, f +Q27fC, ) e,

where f'is the frequency, Sir, Sit, Sip and Sjc represent the contributions from
the flicker, thermal, dielectric, and capacitance noises, respectively; 4 is the
normalized noise power defined as 4=0/N, in the Hooge model [53], [54], N.
denotes the number of charge carriers, and a the Hooge parameter, which
quantifies the level of flicker noise, the exponent [ is typically unity, but has
been observed to vary [41], [52]; k is Boltzmann constant, 7 is absolute tem-
perature in degrees Kelvin, R is the resistance of the nanopore; D is the die-
lectric loss, Cep is the capacitance of the dielectric materials composing the
membrane and support structure; Cio 1S the total capacitance, and e, is the
equivalent voltage noise at the op-amp input.

2.1)
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Figure 2.2. Dominant sources of current noise power spectral density, illustrated as
a function of frequency.

2.3 Nanopore conductance and size determination

A solid-state nanopore can be considered to consist of three sensing regions:
The interior of the nanopore itself and an access region on either side [55].
Therefore, the conductance of a cylindrical nanopore can be described as [56]:

-1
G=(4pt +£j 2.2)
rd® d
where p is the resistivity of the electrolyte, ¢ is the thickness of the membrane
and d is the diameter of the pore. The first term in the parentheses describes
the resistance in the interior volume of the pore and the second term represents
the access resistance of the access region [57]. However, for nanopores with
other shapes such as hour-glass, cone and truncated pyramid, the description
of the conductance requires sophisticated mathematical calculation. Wen et a/
introduced a new conductance model based on the concept of effective
transport length L.y [58]. L.y originates from the electric field (£) distribution
in a nanopore and is defined to be the sum of the distances from the center of
the nanopore, where the electric field intensity is at its maximum (E4x), to the
two points along the nanopore axis in both upward and downward direction,
where the electric field intensity falls to e” of its maximum. The conductance

can be described as:

S
G=—— 23
pL, (2.3)

where S is the minimum cross section area in the nanopore.
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For instance, the diameter of the nanopore can be calculated to be:

Leff =1t+0.92d (2.4)

_1.84Gp++/339G*p* +4mGp

T
for cylindrical pores (Figure 2.3(a)), which can be used for determining na-
nopore diameter of our fabricated SiNy nanopores.

d 2.5)

For truncated pyramidal nanopores: When the upper part of concentrated elec-
tric field region (E > Eq/e) lies in the nanopores (Figure 2.3(b)),

1
L.=0525q1+,— 2.6
off ( ”l—siné) (2.6)

1
a =0.525(1+—‘ Gp (2.7)
V1-sin@
When the upper part of concentrated electric field region (£ > E,../e) extends
outside of the nanopores (Figure 2.3(c)),

L, =1.05a+t(1-~1-sin6) (2.8)
4o 1.05G,0+\/1.1025G2p2 +4(1-+1-sin@)Gp 2.9)
2

where a is the side length of the bottom base of truncated pyramidal nanopores,
6 is the wedge angle of the nanopore. These two equations can be used to
determine the size (i.e. the bottom base) of our silicon based, truncated py-
ramidal nanopore, where 0 = 54.7°.

-40 -2 ] 0 a0 nm

Figure 2.3. Simulation results of the electric field distribution in a nanopore with
150 mM KCL solution at -200 mV (a) A cylindrical nanopore with d=40 nm in 25
nm thick SiNy, (b) A truncated pyramidal nanopore with a=10 nm in 55 nm thick Si,
(c) A truncated pyramidal nanopore with a=100 nm in 55 nm thick Si. The dashed
line with two arrows denotes the Ley region in each figure.
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2.4 Electrical double layer

When immersing a solid surface in an electrolyte solution, the surface be-
comes charged. The excess charge on the surface attracts the ions of opposite
polarity (counterions) in the solution to reach local charge neutrality and result
in an accumulation of ions with opposite polarity near it. lons with same po-
larity as the surface charge (co-ions) are depleted in this region due to the
effects of entropy and Coulomb repulsion [59]. The cumulative result is
known in electrochemistry as the electrical double layer (EDL). According to
the Gouy-Chapman-Stern model [60], the EDL consists of a layer of adsorbed
ions, named the Stern layer, and a layer of mobile ions, called the diffuse layer.
The slip plane is an imaginary plane separating ions that are immobile at the
surface from those that are mobile in solution [61]. The { potential at this plane
can be experimentally determined and be used to estimate the surface potential.
The { potential is dependent on the pH and ionic strength of the solution [62].
At a specific pH value of the solution, the solid surface bears no net charge,
known as the point of zero charge (PZC). PZC for silicon nitride and silicon
oxide is 4.1 [63] and 2.8 [64], respectively. At the physiological pH of 7.4,
silicon nitride is negatively charged. Figure 2.4 shows a schematic diagram of
the charge distribution at the SiNy/electrolyte interface at pH=7.4. Another
important characteristic parameter of the EDL is the Debye length and it cor-
responds to the thickness of the EDL. The Debye length increases as the elec-
trolyte concentration decreases. In 1 M KCl and 1 mM KClI solution, the De-
bye length is around 0.3 nm and 10 nm, respectively [61].

For a nanopore sensor, EDL is formed not only on the sidewalls of nanopore,
but also surrounding the analytes to be detected including DNA, proteins and
nanoparticles. Electrostatic forces are created as a result of surface charge and
play an important role for long-range interactions between molecules and na-
nopore surfaces.
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Figure 2.4. Schematic diagram of the EDL at the SiNy/electrolyte interface at
pH=74.

2.5 Electrophoresis

Electrophoresis is a common technique used to migrate and separate charged
species (ions or particles) under an electric field. The electrophoretic mobility
of a charged species, (., is defined as the proportionality factor between the
electrophoretic velocity, v.,, and the electric field, £ [65]:

Vep = Mo E (2.10)

Under an electric field, charged species suspended in the electrolyte solution
undergo forces resulting from Coulombic interaction, viscous drag, polariza-
tion, inertia, and random thermal motion [66]. Depending on the thickness of
the EDL compared to the size of charged species, the electrophoretic mobility
can be divided into two categories. For ions and some small proteins, which
can be identified as point charge, the EDL thickness is comparable to their
size. The electrophoretic mobility can be expressed as [67]:

q
6xnr

where ¢ is the charge carried by the species, # is the dynamic (shear) viscosity
of the fluid and r is the radius of the charged species. If the EDL thickness is

U, = (2.11)
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much smaller than the size of the charged species, the electrophoretic mobility
is given by [61]:
_&

n

where ¢ is the permittivity of the fluid, {'is the { potential of the charged sur-
face, and 7 is the dynamic (shear) viscosity of the fluid.

4, (2.12)

DNA is widely adopted in nanopore sensing field with the initial goal of using
nanopores for DNA sequencing. Phosphate groups making up each nucleotide
along the backbone of DNA are negatively charged in an aqueous solution of
physiological pH of 7.4. Therefore, DNA molecules are highly negatively
charged and electrophoresis is the dominant force for DNA translocation
through nanopores [13]. However, these charged groups are partially screened
by concentrated counter-ions in the vicinity of DNA [68], the effective charge
per base pair is found experimentally to be around 0.06 elementary charge
[69].
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2.6 Electroosmosis

If an electric field is applied tangential to a solid-state surface with fixed
charge to drive the motion of the ions in the liquid, the mobile ions with the
opposite polarity in the EDL will move and draw the liquid adjacent to the
surface due to the viscous interactions. This is known as electroosmosis. The
resulting flow is termed electroosmotic flow (EOF). If the Debye length is
much smaller than the pore size, the velocity of the EOF in the nanopore can
be approximately as [61]:
& E
Veop =———— 2.13
EOF 7 (2.13)

where ¢ is the permittivity of the fluid, { is the { potential of the charged sur-
face, E is the electric field, and # is the dynamic (shear) viscosity of the fluid.
For moderately or neutrally charged nanoparticles such as certain proteins,
EOF instead of electrophoresis plays a dominant role on their translocation
through the nanopores [70]-[72].
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3. Fabrication and characterization of solid-
state nanopores

Currently, there are many techniques to fabricate solid-state nanopores. Alt-
hough the first controllable fabrication of solid-state nanopores was achieved
by ion beam sculpting in 2001 [26], the most popular method nowadays is to
use focused high energy electron beam in a transmission microscope (TEM)
to directly drill the nanopores in a commercially available SiNy TEM window
[27]. Focused ion beam (FIB) has also been employed to drill nanopores in
various membranes [73], [74]. Nonetheless, both methods suffer from big lim-
itations on their fabrication throughput and cost efficiency. Controlled dielec-
tric breakdown (CDB) provides a simple and cost-effective method by apply-
ing a high electric field across the dielectric membrane to perforate the mem-
brane [75]. But the position of the nanopore fabricated using this method is
difficult to control owing to the stochastic nature of the breakdown process
[76]. Wet chemical etching [77], ion track etching [78], and combination of
electron beam lithography (EBL) and reactive ion etching (RIE) [28], [79]
have also been explored to pursue mass production of nanopores. Apart from
the aforementioned direct nanopore fabrication techniques, there are also
many other techniques employed to reduce the size of pre-fabricated na-
nopores such as atomic layer deposition [80], electron beam evaporation [81]
and oxidation [28], [82]. The table below gives a comparison among different
fabrication techniques. During my PhD studies, I started to use FIB to drill
nanopores in SiNy free-standing membranes (Paper I). TEM was not used due
to the complicated operation and limited sample size. Then I switched to use
EBL and RIE to fabricate nanopores aiming at high throughput and mass pro-
duction. Both silicon nitride (Paper II) and silicon (Paper III) membranes
have been used to fabricate nanopores. Additional methods including
electron beam induced carbon deposition (Paper IV) and lipid bilayer
coating (Paper V) to further reduce the size of pre-fabricated nanopores
have also been ex-plored.
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Table 3.2. Comparison among different techniques for solid-state nanopore fabrica-

tion
Fabrication . Membrane Pore
. Advantages Disadvantages . Reference
technique material geometry
shrinking or enlarging
pore by fine-tuning the
Ion beam . . low throughput; . .
. ion beam exposure time o Si3Ny, SiO,  bowl shape [26], [83]
sculpting sophisticated
and temperature; feed-
back control.
direct visual feedback;  low throughput; SisNy, ALOs,
o o hour-glass  [27], [31],
TEM nanometer precision; sample size limita-  HfO,, metal,
- . . shape [84]-[86]
good repeatability tion; laborious MoS,
difficult to reach . )
Sl3N4, SIC,
. . sub-10 nm; . hour-glass  [73], [87],
FIB universal; efficient . Si, graphene,
re-deposition of shape [88]
_ h-BN
sputtered material
. difficult to control
fast; simple; sub-nm . .
CDB . the position of the ~ SiN,, MoS,  unknown  [75], [89]
precision; low cost
pore
. . single crystal truncated
Wet chemical . difficult to reach . .
. high throughput; simple Si of (100) pyramidal  [77], [90]
etching sub-10 nm o
direction shape
olyethylene
pore shape adjustable; . POLyery )
. thick membrane; terephthalate, conical or
Ton track ease of surface modifi- . o [781, [91]-
) . heavy ion accelera- polycar- cylindrical
etching cation; sub-10 nm . [93]
) tors required bonate, shape
achievable L
polyimide
high throughput; . . . L
o . difficult to reach SiN,, SiO,, cylindrical [79], [94],
EBL and RIE compatibility with .
sub-20 nm Si shape [95]
CMOS process;
low throughput; . .
Glass o ] borosilicate, conical
. ease of fabrication difficult to reach [96]-[98]
nanocapillary quartz shape

sub-10 nm
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3.1 Nanopore fabrication by FIB milling

The fabrication of solid-state nanopores generally consists of two major steps:
free-standing membrane formation and nanopore creation. The fabrication
with FIB milling started with a 300 um thick double side polished (100) ori-
entation silicon wafer. The wafer was then oxidized to grow a 50 nm thick
Si0O; layer and a 20 nm thick low-stress SiNy was deposited by means of low-
pressure vapor deposition (LPCVD). Subsequently, a 425 pm x 425 um square
window was opened on the rear side of the wafer by photolithography and
RIE. The bulk silicon substrate was then wet etched in KOH (30 wt%, 80 °C,
5 h), followed by oxide stripping in buffered HF (40 s). These process steps
made the 20 nm thick SiNy on the front side a free-standing membrane. Finally,
the nanopores were drilled with a focused gallium (Ga) ion beam on a FIB
system (FIB, Strata DB235, FEI Company) with an operation voltage of 30
kV, or with a focused helium ion beam (He FIB) on a Helium Ion Microscope
(HIM, Zeiss Orion). Nanopores with different sizes were fabricated by chang-
ing the exposure time and/or beam current. Fabrication process flow is sche-
matically illustrated in Figure 3.1.

a. Thermal Oxidation d. KOH etching
b. Nitride Deposition e. Oxide strip
c. Backside window opening f. FIB drilling

Si SiO, SiN,
Figure 3. 1. Schematic illustration of the fabrication process for SiN, nanopores by

FIB drilling.

Figure 3.2(a) shows a FIB image of a 200 nm SiNy drilled by the Ga FIB. As
can be clearly seen, the pore has a crater shape, which was caused by the re-
deposition of sputtered membrane material during Ga FIB drilling. However,
the smallest size of such FIB drilled pores I have achieved is around 40 nm
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and it is difficult to further reduce due to the limitations of the fine focus of
the ion beam in a low beam current, beam diameter, beam shape, re-deposition
as well as relatively thick membranes [73]. Compared with the Ga FIB, He
FIB has some clear advantages such as reduced momentum transfer from the
ion beam to the target material stemming from the lower mass of He relative
to Ga [74], atomically small tip [75], and higher resolution. In collaboration
with a research group in Finland where He FIB is accessible, a few attempts
were made to drill sub-10 nm nanopores in SiNy. Figure 3.2(b) shows a TEM
image of a 7.2 nm SiNy pore drilled by HIM.

Figure 3. 2. FIB image of a 200 nm SiN; pore drilled by FIB (a) and TEM image of
a 7.2 nm SiN; pore drilled by HIM.

3.2 Nanopore fabrication by the combination of EBL
and RIE

The fabrication throughput of FIB drilling is greatly limited. Aiming at high
throughput and mass production of solid-state nanopores, a new CMOS tech-
nology compatible fabrication process by combining EBL with RIE was ex-
plored. EBL and RIE were employed to fabricate nanopores with tunable and
controllable sizes in SiNy membranes. Figure 3.3 shows the detailed fabrica-
tion process flow. In brief, starting from a 300 pm (100) double side polished
wafer with 50 nm SiO; and 20 nm SiNy on both sides, nanoholes were pat-
terned in the e-beam resisit on the front side with EBL and then transferred
into the underlying SiNy layer by RIE. Next, a 150 um window was opened
on the rear side with alignment to the nanopores on the front side using pho-
tolithography and RIE. It is noteworthy that a protective coating layer can be
optionally put on the front side during the following KOH etching to minimize
the enlargement of predefined SiNy pore since SiNy is attacked by KOH at a
rate of around 1 nm/hour. Finally, deep reactive ion etching (DRIE) and KOH
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etching was carried out to etch away the bulk silicon and buffered HF was
used to strip the SiO, on the front side. A combination of DRIE and KOH
etching was used here, instead of the previous KOH etching to shorten the wet
etching time (1.5 h vs 5 h) and meanwhile maintain relatively small free-stand-
ing membrane area. If only DRIE was used, etching rate was limited at a high
aspect ratio and it was difficult to obtain a small free-standing membrane.

a. Thermal Oxidation

b. Nitride Deposition ¢. E-beam litho. d. RIE of SiNx
e. Backside window opening f. Protective coating g. KOH etching and Oxide strip
(Optional) Py i ting .
(Optional)

E O [ .
Si  SiO, SiN, Resist Coating

Figure 3. 3. Schematic illustration of the fabrication process for SiN, nanopores by
combination of EBL and RIE.

Figure 3.4 presents a set of SEM images of fabricated SiNx nanopores ranging
from 20 nm to 80 nm. To obtain a high contrast of the SEM image, the bulk
silicon is not removed here. However, nanopores with the diameter of 20 nm
or 30 nm are not highly reproducible owing to the resolution of the E-beam
resist and enlargement during RIE. The nanopores in free-standing SiNx with
diameters >40 nm can be fabricated with very good reproducibility.
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Figure 3. 4. SEM images of fabricated nanopores ranging from 20 nm to 80 nm.

3.3 Nanopore fabrication by combination of EBL and
ion beam etching (IBE)

RIE is essentially a combination of highly selective chemical reaction and
highly directional ion bombardment. High etching rate, high selectivity and
high directionality can be obtained with RIE. However, it is often difficult to
etch a specific material when there is no chemical etchant available. IBE, a
physical etching process with almost no selectivity, is a good alternative for
such tasks. IBE uses a stream of highly energetic Ar" ions to bombard and
erode the sample surface (similar to the conventional sputtering). An attempt
was made to etch EBL patterned nanopores in a SiNy layer and the results are
shown in Figure 3.5. IBE opens up the possibilities to fabricate nanopores in
other materials such as metal layers (e.g. Au) or dielectric layers (e.g. Al,O3),
which are difficult to realize with chemical etching methods. However, the
available ion beam etcher in our cleanroom has a uniform etching area around
2 cm in diameter, which is much smaller than a 4 inch wafer. Therefore, IBE
was not widely adopted for our nanopore fabrication.
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Figure 3. 5. SEM images of SiNy nanopore array with diameter
around 30 nm fabricated by ion beam milling.

3.4 Nanopore fabrication by wet chemical etching

Process parameters of pore exposure with EBL as well as etching directional-
ity and selectivity of RIE can be further optimized to reproducibly obtain na-
nopores with diameters below 20 nm [81], [95]. But it will require a lot of
tedious work and even so, sub-10 nm nanopores will be difficult to reach ow-
ing to the resolution of e-beam resist. Fortunately, nanopore size can be further
reduced from the size defined by EBL by the anisotropic etching of single-
crystal Si in Si wet etching solution. The wet etching solution can be KOH or
other aqueous alkaline solutions such as tetramethylammonium hydroxide
(TMAH) and ethylenediamine pyrocatechol water (EDP or EPW). The wet
etching rate is highly dependent on the orientation of the crystallographic
plane of the Si substrate [100], [101]. In all kinds of alkaline solutions, (111)
plane is the slowest etching planes, while (110), (100) and other high index
planes are the fast etching planes. Therefore, in the case of (100) silicon waters,
stable etched profiles are shaped by the slowest etch rate planes (i.e. (111))
[102] and V-grooves are formed by the exposed (111) plane oriented at an
angle of 54.7° to the wafer surface during the etching process. As depicted in
Figure 3.6(a), the opening size a in the bottom is determined as a linear rela-
tion: a = L —+/2¢, where L is the opening size in the top and # is the membrane
thickness. By varying L, a will change correspondingly.

The overall reaction for the KOH etching process can be summarized by the
following equation [100]:

Si+20H™ +2H,0— SiO,(OH),” +2H, T (3.1

The driving force for the overall reaction is given by the larger Si-O binding
energy of 193 kcal/mol as compared to a Si-Si binding energy of only 78
kcal/mol [103]. No significant influence of the cations can be found and thus
cations do not appear in the reaction equations. The etch rate is strongly de-
pendent on the KOH concentration and temperature, and the maximal etch rate
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occurs at a KOH concentration of 10-15 wt% [100]. Moreover, the etch rate
is significantly affected by the impurities of the substrate and additives in the
etchant. Etch rate decreases dramatically for silicon substrate heavily doped
with boron (above 2x10' cm™) [101]. Additions of 2-propanol (IPA) or sur-
factant in the etchant also ensure a significant reduction in the etch rate [104].

KOH etching of Si is highly selective to other materials and various materials
including SiO», SiNy and Cr can be used as hard mask layer. In our work, SiNj
is chosen owing to its extremely slow etching rate in KOH (1 nm/h in 30 wt%
KOH at 80 °C). On a (100) Si wafer, significant undercut takes place at the
edges that are not aligned along <110> direction owing to the appearance of
(111) planes, as shown in Figure 3.6(b). Therefore, the final dimensions of the
etched pattern can be much larger than desired. For EBL patterned nanoholes
in the mask layer, the circular shape of the pattern doesn’t require to be aligned
with the <110> directions to minimize the undercut (Figure 3.6(c)). In this
way, the final dimensions of the nanopores formed in silicon can be easily
controlled.

Figure 3. 6. Anisotropic etching of silicon. (a). A schematic drawing of anisotropic
etching of (100) silicon from a side view. (b) Etched profile (dashed line) using a
square mask not aligned with <110> direction on a (100) Si wafer from a top view.
(c) Etched profile (dashed line) using a circular mask on a (100) Si wafer from a top
view.

By making use of the KOH etching of silicon, truncated pyramidal nanopores
(TPPs) were fabricated. Figure 3.7 presents the process flow of TPP fabrica-
tion. Different from previously fabricated SiNx nanopores in a standard Si wa-
fer, TPP fabrication started with a double side polished silicon on insulator
(SOI) wafer consisting of a 55 nm thick p-type Si layer and a 145 nm thick
buried oxide (BOX) layer on a 300 um thick silicon substrate. A 40 nm thick
SiNy layer was deposited on both sides of the SOI wafer by means of LPCVD.
Circular nanoholes were then opened in SiNx on the front side by combining
EBL with RIE. After this, large cavities were etched on the rear side of the
wafer with alignment to the nanoholes on the front side using photolithogra-
phy in combination with DRIE and 30 wt% KOH etching in 80 °C. During the
hot KOH etching, the front side of the wafer can be protected by the combi-
nation of a wet processing chuck and a protective coating layer (AR-PC 503,
Allresist Gmbh), as seen in Figure 3.8. The BOX serves as an excellent etch
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stop layer (KOH etch rate of SiO,: Si=1:200). Compared with the etch rate of
silicon in 30 wt% KOH at 80 °C around 1 pm/min along <100> direction, the
etch rate of silicon in 30 wt% KOH at 30 °C is around 30 nm/min along <100>
direction. Therefore, 30 wt% KOH at 30 °C was then used to etch the top
silicon in the SiNy pore with a much more controllable manner. The protective
coating layer can be stripped by a piranha cleaning (H.SO4:H>O, = 3:1 vol.).
After removal of the BOX in the large cavities, TPPs in free-standing silicon
membranes were obtained.

a. Nitride deposition b. E-beam litho. and RIE of SiNx c. Backside window opening
d. KOH etching of backside €. KOH etching of top silicon f. Oxide strip
Il T .
Si  Si0, SiN,

Figure 3.7. Schematic illustration of the fabrication process of TPP
by wet chemical etching.

Figure 3. 8. Protection of the front side of the wafer by combination of a wet
processing chuck and a protective coating layer
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The cross-section of the fabricated TPPs provides a direct observation of the
size as well as the geometry of the TPPs. In order to obtain a good cross-
section of the TPPs, a specially designed pattern with ultrahigh pore density
of various sizes was prepared in the SiNy mask layer, as shown in Figure 3.9.
A set of cross-sectional SEM images of the fabricated TPPs with various sizes
ranging from sub-5 nm to 60 nm are shown in Figure 3.10. These images were
acquired with the bulk silicon substrate and BOX intact.

= i St o
= rgen

Figure 3.9. SEM images of specially designed pattern with ultra high pore densities
of various sizes for cross-section evaluation.

[“S b

4.7 nm 15.6 nm 26.4 nm

34.5 nm 45.3 nm 57.5nm

Figure 3. 10. Cross-sectional SEM images of TPP ranging from 4.7 nm to 57.5 nm.

Figure 3.11 shows a set of TEM images of the fabricated TPPs with various
sizes from 15 nm to 80 nm. Rectangular shape of the TPP instead of square is
caused by the elliptical shape of the SiNx mask patterned by EBL as a result
of the deflection of the electron beam from the optical axis during writing the
pattern. It is noteworthy to mention that the edges of TPPs are not as straight
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as expected. A plausible explanation is that native oxide formed irregularly
when the silicon becomes extremely thin and etched during BOX removal in
BHF solution. With optimized experimental conditions, square shaped TPPs
can be obtained, as shown in Figure 3.12. In Figure 3.12(a), the masking SiNy
layer was partially removed to contrast the silicon membrane with the TPP.
By means of image greyscale analysis, the size of this TPP was measured to
be 8 nm. Figure 3.12(b) shows a TEM image of an 8 nm TPP with high reso-
lution. It can be seen that the pore tends to be circular shape. From Figure
3.12(c), undercut of the (111) planes can be clearly seen and this results in
larger TPP size than desired dimension. Though there is very good selectivity
between silicon (111) plane and (100) plane, KOH etching time of the top
silicon layer also needs to be well controlled to reduce the (111) plane etching.

Figure 3. 11. TEM images of TPPs ranging from 15 nm to 80 nm. The dashed
rectangle denotes the opened area of the pore. The insets in the top three images
show close-up views of the rough edges of the corresponding images.
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Figure 3. 12. (a) SEM image of an 8 nm TPP. (b) TEM image of an 8§ nm TPP.
(c) STEM image of an 30 nm TPP.

Before performing ionic current measurements, the electrical characteristics of the
TPPs were firstly studied by numerical COMSOL simulations and our previously pro-
posed physical model [58]. As seen in Figure 3.13(a), for a 20 nm conical shaped
nanopore in a 55 nm-thick membrane with the angle of 54.7°, which is analogous to
our fabricated TPPs, the electric field is most concentrated around the pore opening.
The high electric filed region (i.e. the effective length L.y) is much shorter than the
physical thickness of the membrane. Smaller L. implies a shorter region that is more
sensitive to the obstruction by the analytes to be detected. Further on, the effective
thickness of the conventional square column nanopores and SOI nanopores with dif-
ferent side length a and membrane thickness /# were simulated and plotted in Figure
3.13(b). For conventional square column nanopores, L.yincreases linearly versus pore
side length at different membrane thickness. However, for TPPs, L. shows a turning
point where L equals to membrane thickness but overall is much smaller than that
of conventional pores. They show obvious advantages over conventional nanopores
with high sensitivity.
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Figure 3. 13. (a) The electric field distribution of a conical shape nanopore simulated
by COMSOL. The white lines represent electrical lines. The diameter of pore is 20 nm
in a 55 nm-thick membrane with the angle of 54.7° and -0.02 C/m’ surface charge.
The simulation is taken in 100 mM KCI electrolyte at 0.2 V bias voltage. (b) Compar-
ison of the effective length of traditional square column shape nanopores and TPPs
with different side length a and membrane thickness t. The solid lines are for SOI
nanopores, while the dotted lines are for square column shape nanopores.

3.5 Nanopore size reduction by electron beam induced
carbon deposition (EBICD)

EBICD is often considered detrimental during SEM or TEM imaging since
the deposited carbon can affect the resolution and contrast of an image [105],
[106]. But EBICD process can also be used in many applications, such as act-
ing as a mask for ion milling [107], welding nanostructures together [108],
building complex nanostructures [109], as well as reducing the size of pre-
fabricated nanopores [110]-[112]. We have explored a controllable method,
using the EBICD process in a SEM, for the size reduction of pre-fabricated
nanopores in free-standing SiNx membranes. Successive size reduction of a
nanopore of initial diameter 130 nm was monitored in real time during the first
15 min exposed to the electron beam at 5 kV and imaged with 200 Kx mag-
nification (Figure 3.14(a)). The exact composition of the shrink layer (i.e.
newly formed layer under the irradiation of electron beam) was confirmed by
energy dispersive x-ray spectroscopy (EDX) mapping for a 130 nm SiNy pore
at its initial, partially closed and fully closed state, as shown in Figure 3.14(b).
It was found that the shrink layer was predominantly composed of carbon with
trace amount of oxygen.
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Figure 3. 14. Real time SEM images of the size reduction process as well as STEM
dark field images and EDX mapping images. (a) Continuous size reduction of a 100
nm in the SiNx membrane under the SEM from 0 min to 15 min with an increment
of 3 min. (b) STEM dark field images along with EDX mapping images of an (1) ini-
tial, (1l) partially size reduced and (I1l) fully closed 130 nm SiN, pore. Adapted with
permission from [113]. Copyright (2019) IOP Publishing Ltd.

There are several sources of hydrocarbon compounds present in the SEM sys-
tem for EBICD: Organic contamination in the SEM chamber, adsorbed mole-
cules on the sample surface and conductive carbon tabs used for stabilizing
the sample on the SEM stub. By performing a control experiment without and
with carbon tabs (Figure 3.15(a, b)), hydrocarbon molecules evaporated from
the carbon tab (mainly acrylic acid) under the irradiation of electron beam
transmitted through the SiNy membrane was found to provide a stable source
for EBICD. Acrylic acid, which is the adhesive in carbon tabs, has indeed been
reported in the literature as a carbon precursor for the deposition of carbon
[114]. A schematic illustration of the pore size reduction in SEM with the chip
mounted on an adhesive carbon tab is presented in Figure 3.15(c), which can
be explained as follows. As the electron beam irradiated the sample, most of
the electrons would transmit through the thin SiNy membrane and hit the con-
ductive carbon tab, leading to the evaporation of hydrocarbon molecules.
Some hydrocarbon molecules deposited and then dissociated around the na-
nopore under electron beam irradiation. The deposited carbon in turn reduced
the size of original nanopores.
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Figure 3. 15. Optical images of the SEM stubs without (a) and with (b) carbon tab
as well as (c) schematic illustration of the pore size reduction in SEM with the chip
mounted on an adhesive carbon tab.

More evidence to determine the dominant hydrocarbon source is provided in
Figure 3.16 where the SEM cross section image shows a much thicker depos-
ited carbon on the bottom part of the membrane than on the top. It is a natural
outcome of hydrocarbon molecules being only evaporated from the carbon
tabs below the pore. The deposited carbon near the nanopore is found to be
thicker than the rest of the surface, which will be discussed in the following
text.
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Figure 3. 16. SEM image of the cross section of a SiNy nanopore after size reduction
from 430 to 300 nm. The image is taken at a titled angle of 52°.

Besides, different experimental parameters including electron beam parame-
ters and membrane compositions were observed to affect the size reduction,
as shown in Figure 3.17. For pores of initial diameter ranging from 130 to 800
nm under the electron beam irradiation at 5 kV and 200 KX, the size reduction
rate stayed constant at 0.090 + 0.022 nm s™'. The rate was also found to linearly
increase as the imaging magnification increased, since higher magnification
implies higher electron flux. Moreover, the beam accelerating voltage played
an important role of EBICD process. As seen in Figure 3.17(c), the pore size
kept almost no change at 2 kV (i.e. 0.0072 nm s™') and the rate jumped to 0.16
nm s at 5 kV. But as the beam voltage increased to 10 kV and 15 kV, the rate
fell slightly back to 0.14 nm s™. Figure 3.17(d) shows that the rate of size
reduction is sensitive to the choice of membrane material. For the samples
with the SiNy layer coated with TiN, TiO, and Al,Os by atomic layer deposi-
tion (ALD), the rate behaved differently compared with the rate for the pore
in SiNy membrane. The rate dependence on accelerating voltage and material
composition will be discussed in the following text.

43



—_—
]
—
—_—
(=2
—

® 800nm e 410nm
e | ‘*-\Ji‘;l_im _120¢
E E
£ 600f £ ot
- E]
S 8 Is
@ 400+ N 7] 60-5
= § 1%
R20F A —— | 0 30-?
Mﬂ . gl , . ) ,
05200 400 600 800 1000 0 200 _400 600 800 1000
Time (s) Time (s)
(c) (d)
0 " SN, ® TiN « TiO, ® ALO,
120 7 i
E » 2KVe 5KV s
c 4 10KV v 15KV c
= o0} 300}
< o]
T ol 200
E =
@ .®
O sof Q 100
L]
ol : : : : ol
0 150 300 450 600 750 0 200 400 600 800 1000

Time (s) Time (s)
Figure 3. 17. Dependence of pore size reduction rate on (a) initial pore size, (b) im-
aging magnification, (c) electron beam accelerating voltage and (d) ALD coating

materials on the SiN, layer. Adapted with permission from [113]. Copyright (2019)
IOP Publishing Ltd.

The size reduction of pores is caused by carbon growth as a result of dissoci-
ation of adsorbed hydrocarbon molecules under electron beam irradiation. The
growth rate R of the carbon layer follows the relationship below [115]:

R=vnof (3.2)

where v [cm?] is volume per dissociated molecule, n [cm™] surface concentra-
tion of adsorbates, o [cm?] dissociation cross section of the adsorbed mole-
cules under electron irradiation, depending on the beam energy and chemical
composition of the adsorbate, and £ [cm™.sec’'] electron flux, including pri-
mary, backscattered and secondary electrons (PE, BSE and SE, respectively).
So the pore size reduction rate is also influenced by these parameters: n, o and
f, and the results shown in Figure 3.17 can be explained in what follows.
Firstly, the size reduction rate should be independent of the initial pore size,
which is not included in Equation (3.2). Secondly, » can be regarded constant
at each spot on the sample surface to be scanned over by the primary electron
beam. This assumption is justified by the fact that the time duration for the
irradiation of each spot was only less than 10 pus whereas the total time of the
exposure cycle was 732 ms. The adsorbate concentration can restore to the
same level by the continuously arrived adsorbates on the surface. Thirdly, both
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o and f are highly dependent on electron energy. Although all electrons in-
cluding PE; BSE and SE contribute to the carbon growth, SE of energy below
50 eV are considered to be dominant in this process because hydrocarbon mol-
ecules have much larger ¢ for electrons of lower energy [116]. Since each
point along the original SiNx pore rim should contribute to the total flux to the
central plane and any point of that plane should on average receive the same
amount of SE, the constant flux of SE implies the constant growth rate of the
carbon layer. Higher flux of SE in the pore than the rest of the surface leads
to thicker deposited carbon in the pore area. From the discussion above, the
results shown in Figure 3.17(c-d) can be explained by SE flux change at vari-
ous conditions. To verify the assumption, Monte Carlo simulations were per-
formed using the CASINO modeling software to study the SE yield [117]. As
shown in Figure 3.18, the trends of SE yield in different (a) accelerating volt-
age and (b) material compositions are consistent with those for the size reduc-
tion in Figure 3.17(c-d).
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Figure 3.18. Casino Monte Carlo simulation of SE yield and size reduction rate at
different accelerating voltage (a) and in different materials (b). Adapted with permis-
sion from [113]. Copyright (2019) IOP Publishing Ltd.

3.6 Nanopore size reduction by lipid bilayer coating

A well-controlled nanopore surface chemistry can not only improve sensing
selectivity but also affect the non-specific interactions of analytes with the
pores. Lipid bilayers, which are self-assemble dynamic biomimetic structures,
provide a biologically relevant and well-defined coating of the nanopore sur-
face [118]. Besides, the diameter of the nanopores can also be reduced by the
lipid bilayer coating. Lipid bilayer thickness can be fine-tuned by the acyl-
chain length and number of double bonds of the hydrocarbon tails of the lipids
[48], [119]. The thickness of a POPC lipid bilayer is around 3.9 nm [120], and
in addition an interstitial water layer of the thickness of 1.2 nm [48] is trapped
between the bilayer and the support. As a consequence of lipid bilayer coating,
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the nanopore size can be reduced by around 10 nm. An example of /-V char-
acteristics of an 18 nm TPP before and after POPC lipid bilayer coating is
shown in Figure 3.19(a). The diameter of the TPP after lipid bilayer coating is
calculated to be 7.2 nm based on Equation (2.4) and (2.5), which matches the
aforementioned discussion. It is noteworthy that a strong rectifying behavior
is seen for the -V characteristics of the bare TPP and the rectifying behavior
is weakened after lipid bilayer coating. The weakened rectifying behavior is
due to the almost neutrally charged condition of the POPC lipid bilayer. Figure
3.19(b) gives a comparison the noise PSD at various applied biases before and
after lipid bilayer coating. It was claimed in the literature that the noise of a
lipid bilayer coated SiNy nanopore at low frequencies (<2 kHz) increases due
to the dynamic motions with a supported lipid bilayer formed inside the na-
nopores [48], [121]. However, after lipid bilayer coating, the nanopore size is
reduced and ionic current is also lower, which can result in lower PSD in the
low frequency regime (see Equation (2.1) that PSD is a function of F* for
flicker noise). So the overall PSD is a combined effect of both dynamic mo-
tions of lipid bilayer and reduction of ionic current. It can be clearly seen from
our results that in the low frequency range, the PSD of the lipid bilayer coated
TPP is overall lower than that of a bare TPP. This can possibly arise from the
different pore material (SiNy vs Si) as well.
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Figure 3. 19. I-V characteristics of an 18 nm TPP before and after POPC lipid bilayer
coating (a) and a comparison of the noise PSD at various applied bias before and
after lipid bilayer coating (b).
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4. Sensing applications with single nanopores

In this chapter, I will present several sensing applications developed within
this thesis framework using single solid-state nanopores. Both size reduced
(by EBICD) SiNy nanopores and Si TPPs are adopted to perform such tasks.
Successful translocation of nanoparticles (Paper I and I'V), DNA and protein
(Paper III) is demonstrated. Besides, TPPs have also been used to provide a
platform of studying the enzymatic reaction.

4.1 Nanoparticle translocation through a SiNx nanopore
with its size reduced by EBICD

After reducing the size of a SiNx pore from 230 nm to 25 nm, its sensing ca-
pability was demonstrated with the electric detection of translocation of 20 nm
silica nanoparticles. Firstly, the I-V characteristic in the open pore condition
was measured by applying voltage from -1000 to 1000 mV in steps of 100 mV
in a 100 mM KCl solution, as shown in Figure 4.1(a). Distinct conductance at
positive and negative voltage range can be seen. The slight rectifying behavior
could be caused by the asymmetric shape of the pore (see Figure 3.15) and/or
non-uniform charge distribution along the sidewall of the pore. Although de-
posited carbon is considered to be hydrophobic, a treatment of piranha clean-
ing and oxygen plasma can activate the surface, make it hydrophilic and allow
for conducting current-voltage measurements in electrolytes. Figure 4.1(b) de-
picts the representative ionic current traces of the translocation of silica nano-
particles through the size reduced pore. Several examples of the translocation
events are given in Figure 4.1(c). There are mainly three types of blockade
events found in the current traces. The long duration of type I event can be
caused by a cluster of agglomerated nanoparticles. Type III represents the sin-
gle-nanoparticle translocation event. The widened spikes in type II can possi-
bly be caused by a weak interaction between the nanoparticle and the surface
of the nanopore. Similar results are also found in Ref [122].
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Figure 4.1. Electrical detection of 20 nm silica nanoparticle translocation through
the nanopore. (a) I-V characteristic with 100 mM KCI solution. (b) Continuous cur-

rent trace of blockage events. (c) Several examples of the detailed translocation
events.

Statistical analysis of the translocation events was further performed. Figure
4.2(a) shows the distribution of the average amplitude and duration of all the
translocation events along with the histograms for these two parameters. To
further characterize the nanoparticle translocation, various biases ranging
from 50 mV to 200 mV were applied. It can be seen in Figure 4.2(b, c) that
the blockage amplitude increases and the duration time decreases as the ap-
plied bias increases. But for the translocation event frequency shown in Figure
4.2(d), it starts to increase from 50 mV to 100 mV and then becomes un-
changed at 200 mV. The reason for this can be that the low pass filter is set at
1 kHz for this study and the translocation events are too fast to be detected at
the high applied voltage. Overall, these results indicate that the size reduced
nanopores by EBICD are comparable to their counterparts fabricated by other
techniques [123], [124] in terms of sensing nanoparticle translocation.
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Figure 4.2. Statistical analysis of translocation events at different applied voltage.(a)
Frequency distribution of the duration and amplitude of the observed current block-
age. (b) Box plot of translocation event amplitude at 50 mV, 100 mV and 150 mV,
respectively. (c) Box plot of translocation event duration at 50 mV, 100 mV and 150
mV, respectively. (d) Box plot of translocation event frequency at 50 mV, 100 mV and
150 mV, respectively.

4.2 DNA translocation through TPPs

A-DNA translocation experiments were firstly performed to demonstrate the
sensing capability of the fabricated TPPs. A-DNA is in duplex structure and
contains 48,502 base pairs. It is around 16 um in length, but it takes a randomly
coiled conformation in the electrolyte and the radius of gyration is estimated
to be around 550 nm [125]. An 8 nm TPP was used for the experiment and A-
DNA was dispersed in a 10 mM Tris-HCI and 1 mM EDTA buffer (pH = 8.0)
with a concentration of 78 pM. Figure 4.3(a) shows the typical ionic current
trace of the translocation events. Figure 4.3(b, ¢) presents the box plots of both
amplitude and frequency of translocation event at various bias from 300 mV
to 800 mV with a step of 100 mV, respectively. As can be clearly seen, both
the amplitude and frequency increase as the applied bias increases.
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Figure 4.3. (a) lonic current traces of A-DNA translocation through an 8 nm TPP and
statistical analysis of translocation events at different applied voltage. (b) Box plot of
translocation event amplitude at various bias from 300 mV to 800 mV with a step of
100 mV, respectively. (c) Box plot of translocation event frequency at various bias
from 300 mV to 800 mV with a step of 100 mV, respectively.

4.3 Protein translocation through TPPs

Apart from A-DNA, proteins have also been used for demonstration of the
sensing functionality of the TPPs. Two representative proteins were chosen:
disc-like IgG; of 15 nm in diameter and 8 nm in thickness and sphere-like
streptavidin of diameter 6 nm [33]. By only adding streptavidin to the upper
side of the TPP, the translocation of streptavidin through the TPP only oc-
curred at a positive bias, as shown in Figure 4.4. The point of isoelectric (pl)
is around 5 for streptavidin. Therefore, streptavidin is negatively charged at
pH = 7.4. However, the translocation direction is opposite to that of the elec-
trophoretic force. As discussed in Chapter 2, EOF mainly provides the driving
force for streptavidin translocation. The dependency of mean frequency of
translocation event (FTE) is shown in Figure 4.5(a, b) when a TPP of a=18
nm and a TPP of ¢=10 nm used for translocating streptavidin, respectively.
For the TPP of =18 nm FTE is higher and its increase with applied bias is
steeper at positive bias in comparison to that at negative bias. But for the TPP
of =10 nm and FTE is low at positive bias, while it stays higher at negative
bias. Similar trends are also found for the translocation of IgG; through a TPP
of a=73 nm and a TPP of ¢=18 nm, respectively. The rectification in mean
FTE is highlighted by summarizing the FTE ratio defined by
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Mean FTE

Ratio = negativebias —in Figure 4.5(d) for all four cases. Size match
Mean FTE

positivebias

between protein and pore dimension appears to play a decisive role.

.
ag. 84 nM Streptavidinat 400 mV, pH=7.4 ’ ’ ;
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. .

Figure 4.4. lonic current traces of streptavidin translocation through an 18 nm TPP
at pH=7.4 by applying a bias of 400 mV and -400 mV, respectively. The inset shows

the schematic of the measurement setup and streptavidin was only added to the upper
side of the TPP.

51



a ; ; : ; ; b , ; .
= Positive bi 2o 3 s .
3 & Remene 8 T | o Costebies coman
§ 2 a= 18 nm Front view Side vi B T 3 E = 10 nm Front view Side view)
- =5 i N =
= o
g I A I T, SO
1t B . o E i <o) I [
E - - u- 1 N -
g of R
- L s L i i 0 L L i L "
! 200 250 300 350 400 200 250 300 350 400
C Voltage [mV] d Voltage [mV]
& SR 9 " —a— Streptavidin 10 nm—e—gG, 18 nm-
~ o Negative bias '9¢* b ) 1 —v— Streptavidin 18 nm —8—IgG, 73 nm
10k
:IC:D 1 l a= ?3 nm Front view SDU—BEI - | o
o E=]
= it S >€ 7 —
= _rzenale = i 100
e Pl 0]
i of i ~
o -3 L
o
107}
4 200 250 300 350 400 200 250 300 350 400
Voltage [mV] Voltage [mV]

Figure 4.5. Mean FTE for streptavidin and IgG, in TPPs of different a. (a) Streptavi-
din in a TPP of a=18 nm. The insets show the three-dimensional conformation of
streptavidin with atomic resolution from the Protein Data Bank. (b) Streptavidin in a
smaller TPP of a=10 nm. (c) IgG; in a larger TPP of a=73 nm. The insets show the
three-dimensional conformation of IgG, with atomic resolution from the Protein Data
Bank. The error bars in (a-c) indicate the spreads of the distribution of corresponding
statistic variables. (d) Ratio of mean FTE at negative bias to that at positive bias
versus applied voltage. Size match between protein and pore dimension appears to
play a decisive role.

From numerical simulations by employing COMSOL Multiphysics, an elec-
troosmotic vortex is found to form inside the TPP, as shown in Figure 4.6(a).
The vortex is easily visualized by mapping the electroosmotic flow velocity
in Figure 5b for a positive bias at +200 mV and a negative bias at -200 mV.
The vortex formation is due to the geometrical asymmetry of the nanopore
and the charge distribution along the sidewalls of the nanopore. The flow di-
rection inside the vortex is opposite that of the flow outside. It is obvious that
the vortex is smaller and the gap between the vortex and the nanopore sidewall
is larger when the nanopore is negatively biased (left halves in Figure 4.6(a)).
Similar results of a reversed electroosmotic flow were also found for a pore in
a SiNy membrane under viscosity gradients [126]. Figure 4.6(b) shows that at
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positive bias voltages, the electroosmotic flow is faster than that at the corre-
sponding negative bias voltages.

Therefore, for cases where the size of the translocating molecules is compara-
ble to or larger than the narrowest gap between the vortex and the nanopore
sidewall of TPP, i.e., IgG; translocation in the TPP of ¢=18 nm and streptavi-
din translocation in the TPP of a=10 nm, the vortex appears to act as a piston
whose size and position can be controlled by applied voltage and surface
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Figure 4.6. COMSOL simulations for a truncated conical nanopore, 20 nm in diame-
ter of the bottom base, 55 nm in membrane thickness, and 54.7° for the sloped sidewall,
in 100 mM KCI and with 6=-0.02 C/m?. (a) Electroosmotic flow velocity distribution
at -200 mV (left half) respective 200 mV (right half), left, and a close-up view of the
narrowest gap region, right. Warm colours (red and yellow) indicate downward flows,
while cold colours (blue and green) present upward flows. The small black arrows
indicate the direction of the flow, from which a vortex is clearly visible in the centre
of the pore. The smallest gap between the vortex and the nanopore sidewall is indi-
cated by the short white lines. (b) Dependence of the average velocity of the electroos-
motic flow in the narrowest gap on applied voltage.

4.4 Enzymatic reaction monitoring with TPPs

By making use of the asymmetric shape of the TPPs, a special experiment was
designed to monitor the enzymatic reaction with TPP. Enzymes are loaded
into a TPP and not able to translocate through the TPP due to size restriction.
A local pH change generated by the enzymatic products is expected to modify
the surface charge density of the sidewalls of TPP and thereby modulate the
ionic current. Glucose oxidase (GOXx) is chosen in the experiment. The enzy-
matic reactions of GOx in glucose solution can be listed below [127]:

B—D - glucose + O, —%“— D — glucono — § — lactone+ H,0, (4.1)

D — gluconolactone + H,O —— D — gluconic acid (4.2)
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As shown in Equation (4.1) and (4.2), a certain pH change of local environ-
ment is expected by the enzymatic oxidation of glucose to gluconic acid cata-
lyzed by GOx in glucose solution. The native GOx size is around 8 nm [128],
which requires an ultra small TPP with its size much smaller than 8 nm to be
able to prevent the translocation of GOx through TPP. Therefore, GOx
nanocapsules are prepared by forming a polymer network around GOx to in-
crease their sizes to be around 23 nm. This has reduced the difficulty of TPP
fabrication and 10 nm TPPs can be utilized for such a study. Figure 4.7 gives
a schematic illustration of the measurement configuration for enzymatic reac-
tion monitoring with a 10 nm TPP. GOx nanocapsules are added to the upper
side of the TPP and glucose is then added to the lower side of the TPP.
Nanocapsules are negatively charged and a bias can therefore be applied to
load the nanocapsules into the TPP. The interior of TPP is the only position
where GOx can be in contact with glucose and the enzymatic reaction occurs.

- Glucose @ GOx nanocapsule
Figure 4.7. Schematic of measurement configuration for enzymatic reaction monitor-
ing with a TPP. The glucose oxidase nanocapsules with the diameter around 23 nm
are added into the upper side of the TPP and glucose is added into the lower side of
the TPP. Therefore, the enzymatic reaction can only happen in the TPP where glucose
oxidase meets the glucose.

As shown in Figure 4.8(a), the open pore current is firstly measured with both
sides of TPP filled by 1x PBS buffer solution at different applied bias from -
400 mV to 400 mV with a step of 100 mV. Then the nanocapsules are added
to the upper side of TPP and a positive bias is applied. TPP is blocked by the
nanocapsule. The ionic current is measured again at different applied bias
from -400 mV to 400 mV and a clear rectifying behavior can be seen. Glucose
with a concentration of 0.005 M is added to the lower side of the TPP to initi-
ate the enzymatic reaction. This is followed by another two experiments at
glucose concentrations of 0.05 M and 0.2 M, respectively. By counting the
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ratio of absolute value of the monitored ionic current at positive bias to that at
negative bias versus applied voltage, as shown in Figure 4.8(b), different rec-
tifying behaviors are obtained in different glucose concentrations. The ratio is
around 1 for bare PBS solutions and becomes around 0.5 after adding GOx
nanocapsules. As the glucose concentration increases, the enzymatic reaction
rate also increases and more acidic products are produced, leading to an in-
crease in the rectifying ratio. But this trend doesn’t fully apply at high applied
bias, the cause of which is unknown and further investigation needs to be per-
formed.
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Figure 4.8. Electrical monitoring of enzymatic reaction with a 10 nm TPP at different
glucose concentrations. (a) I-V characteristics in bare PBS, after adding enzyme and
at different glucose concentrations. (b) Ratio of absolute value of the monitored ionic
current at positive bias to that at negative bias versus applied voltage.
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5. Sensing applications of nanopore array

Compared with single nanopores in sensing applications, nanopore arrays or
multiple nanopores have the advantages of high throughput and parallelized
sensing capability in measurement. In this chapter, several attempts with ei-
ther nanopore array fabricated in a single free-standing membrane (Paper 11
and V) or multiple free-standing membranes with single nanopore on each
(Paper VI) have been made for different applications.

5.1 Single free-standing membrane with multiple
nanopores

5.1.1 SiNy nanopore array for nanoparticle translocation

Nanopore arrays with different sizes and spacing between two adjacent pores
can be easily defined and massively produced by making use of EBL and RIE.
Figure 5.1 shows a set of SEM images of 400 nm pores in free-standing SiNx
membrane with various amounts from 1, 10, 30 to 100.

e [ - - Siw

T = 1 [ i |
Figure 5.1. SEM images of 400 nm pores in free-standing SiN, membrane with various
amounts from 1, 10, 30 to 100.
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For multiple pores in a free-standing membrane, the output ionic current is a
superposition of the ionic currents from all the pores in the membrane simul-

taneously. In this study, the translocation of 30 nM silica nanoparticles of 160

nm in diameter through 400 nm SiNy pores with various amounts N was per-

formed. The number of pores on a device was increased successively from 1

to 10 for this set of experiments. As shown in Figure 5.2(a), current spikes

induced by the translocation of silica nanoparticles become increasingly diffi-

cult to distinguish as the number of pores increases. In order to show the de-

tails of the waveform of the current traces, respective average current values

are subtracted for the traces displayed in Figure 5.2(a). The PSD of these cur-

rent traces were calculated and shown in Figure 5.2(b). From the PSD curves,

it can be obviously seen that the current fluctuations increase with an increase
in the pore amounts. Clear trends in average of the ionic current (Zu.) and its
standard deviation (STD) versus the number of pores are also observed, as
shown in Figure 5.2(c, d). /.. increases linearly with the number of pores,

which is a straightforward result of the summation of the ionic current of each
individual pore, and STD follows a square root law versus the number of pores,
which can be explained as follows. The randomly generated blockage spikes
of the ionic current caused by the translocation of nanoparticles through a sin-
gle pore resemble those of random telegraph noise (RTN) [129]. The PSD of
the translocation waveform can thereby be written as:

S(f)= 1Al

(€, +7,) [1+1] +Qrf) (-1
T T

o b

where A4/ is the amplitude of blockage caused by the translocation, 7, and 7,
are mean dwell time of open pore state and blockage stage, respectively, and
fis frequency.

For multiple pores, the total PSD is the summation of the PSD of each indi-
vidual pore assuming that the translocation events at different pores are inde-
pendent:

Sy()=28(f) (5.2)

Therefore, STD of the total current can be obtained by integrating the PSD
over the entire frequency range:

. AL/
STD =[5, (/)df = # (5.3)

o b

Lave can be calculated straightforwardly by averaging the current:
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Figure 5.2. Experimental results of silica nanoparticle translocation by varying the
numbers of nanopores in the free-standing SiN, membrane. (a) lonic current traces of
160 nm silica nanoparticles translocating through nanopores by increasing the pore
amount from 1 to 10 at 200 mV. The inset shows optical micrographs of five devices
with different amounts of pores. (b) PSD of ionic current for nanoparticle transloca-
tion through nanopores with different amounts. (c) Variation of L. as a function of
pore amounts. (d) Variation of STD as a function of pore amounts. The error in (c, d)
is standard deviation of six 1 s- current segments. Adapted with permission from [130].
Copyright (2019) American chemical Society.

The variations of /... and STD as a function of the concentration of nanoparti-
cles at various applied biases are shown in Figure 5.3(a, b). It can be seen that
L. increases with the increase of applied bias but decreases as the concentra-
tion of nanoparticles increases. STD behaves in a complex trend and a maxi-
mum shows up at a certain concentration. The maximum appears at lower
concentrations at higher applied bias, indicating synergistic effects of applied
bias and concentration. Both applied bias and concentration can affect the cap-
ture rate of nanoparticles and dwell time of translocation, thereby affecting 7,
and 7. Therefore, by analyzing the details of /... and STD, the concentration
of nanoparticles can be inferred. Larger amounts of nanopores promise faster
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measurements at lower concentrations of nanoparticles, as a result of larger
capture cross sections for the target nanoparticles.
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Figure 5.3. Experimental results using a five-pore device. (a) Variation of 1. with a
concentration of nanoparticles at different bias voltages. (b) Variation of STD with a
concentration of nanoparticles at different bias voltages. Adapted with permission
from [130]. Copyright (2019) American chemical Society.

5.1.2 TPP array for lipid bilayer formation

In this work, we used TPP arrays as the substrate for lipid bilayer formation.
Figure 5.4(a) shows SEM images of a 5 x 5 TPP array with a pore spacing of
1 um and the insets depict a higher magnification image of one of the pores
as well as a cross-sectional view of the pore. Vesicles were added to both res-
ervoirs sandwiching the TPP chip and a bias was then applied through the
Ag/AgCl electrodes connected with the custom-made flow cell. Figure 5.4(b)
presents a typical example of the monitored ionic current trace after adding
vesicles with a hydrodynamic radius (Rg) of 92 nm at 50 mV. It can be clearly
seen that the ionic current started to decrease step by step as the voltage was
applied. The decrease was rapid in the beginning, then became slower and
finally tended to level off. All the vesicles used were larger than the TPP and
no vesicle translocations were expected.
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Figure 5.4. SEM images of a TPP array (a) and the measured ionic current trace
through the TPP array at 50 mV after adding vesicles (Ry = 92 nm) (b).
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Various parameters including applied bias, vesicle size and concentration
were investigated how the monitored ionic current traces are affected. Assum-
ing that the lipid bilayer is fully and uniformly formed inside the TPP thus
reducing the TPP size by 10 nm, the ionic current drop per pore is calculated
to be 0.27 nA at 20 mV, 0.71 nA at 50 mV and 1.30 nA at 100 mV. Taking
this as unity at respective bias, the number of size reduced pores (Nsgp) can be
calculated as current drops divided by unity, which can be used to normalize
the current drops obtained in different experimental conditions. Nszp can be
used to characterize to which extent the interior of TPPs is covered by the lipid
bilayer and non-integers can appear. If a TPP is fully blocked by the lipid
bilayer, the resulting Nszp should be much more than 1. Figure 5.5 shows the
results of statistical analysis of current steps of the recorded ionic current trace
in different conditions. As seen in Figure 5.5(a), current drop events appear
intensely within the first 50 s after the bias was applied from 20 mV to 100
mV. The percentage of the events (i.e. current drops) within the first 50 s over
the whole 500 s timespan (Pss) increased from 41% to 68% when the bias was
increased from 20 mV to 100 mV, as summarized in Table 5.1. This implies
that higher bias accelerated the process leading to more rapid current drops.
However, at different bias, Nszp exhibited a similar distribution although the
frequency (i.e. the ratio of the number of events for a certain Nsgzp to the total
number of events) was slightly different (see Figure 5.5(b)). Nszp appeared
most frequently at around 0.5, indicating that lipid bilayer only partially cov-
ered the interior of a TPP. Thus, the variations in Ngp can be attributed to
different partial coverages of the formed lipid bilayer in the TPPs. Only a
small fraction of events show a large Nszp value around 4. These events can
be caused either by the blockage of TPPs or by the simultaneous formation of
lipid bilayer in multiple pores. Figure 5.5(b) shows that the majority of events
resulted in a Nsgp close to, or below 1, that is where we are mainly focused on.
The value of Nsgzp in the horizontal axis represents the extent that lipid bilayer
covers the interior of TPP and the frequency in different conditions is not com-
pared here.

Figure 5.5(c-d) shows the obtained results with vesicles of different sizes.
Both Psgs and Nsgp increase as the vesicle size increases. Larger vesicles have
higher capture cross section to adsorb in the TPPs, leading to a high Ps,, and
larger surface area, resulting in a large Nszp. As presented in Figure 5.5(e-f),
an increase of Psp, was also seen as the vesicle concentration was increased
from 0.04 nM to 0.4 nM. However, Nszp appeared at almost the same position
regardless of the lipid concentration owing to the fact that the vesicle size (Ry
=92 nm) was identical for all the concentrations.
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Figure 5.5. Statistical analysis of current steps of the recorded ionic current trace of
5 x 5 nanopore arrays at 50 mV by adding different sized vesicles. (a) Nsgp versus
time at different applied bias. (b) Relative frequency of Nsrp at different applied bias.
(c) Nsrp versus occurred time with vesicles of different sizes. (d) Frequency of Nsrp
with vesicles of different sizes. (e) Nsgp versus occurred time with vesicles (Ry = 92
nm) at different concentrations. (f) Frequency of Nsgp with 92 nm vesicles at different

concentrations.
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Table 5.1. Percentage of events within first 50 s over the whole time span (Pss) at
different conditions.

Concentration  Vesicle radius  Applied bias  Psos

(nM) (nm) mv) (%)
20 41

0.4 92 50 63
100 68

74 45

0.4 92 50 63
128 76

0.4 63
0.13 92 50 51
0.04 44

From the findings described above, the process of lipid bilayer formation in
the TPPs can be inferred as follows: Vesicles diffuse to the TPPs, adsorb in
the opening of the TPPs and rupture instantaneously to form the bilayer. Once
a vesicle is in contact with a solid support, vesicle-solid contact creates a new
interface and at the same time eliminates the original solid-liquid interface and
vesicle-liquid interface. This new interface energy yvs can be lower than the
sum of solid-liquid interface energy yst and vesicle-liquid interface energy yvr.
Therefore, the energy minimization caused by the new vesicle-solid interface
formation can be the driving force for the vesicles’ adsorption on the support
surface. But the new vesicle-solid interface also causes some deformation of
the vesicles, which can in turn increase the surface tension of vesicles. In the
presence of TPPs, the truncated pyramidal shape of a TPP creates a larger
vesicle-solid contact area than that of vesicle on a planar support. Increased
contact area further deforms the vesicle which leads to an even higher surface
tension. When the surface tension reaches a critical value, vesicles rupture to
lipid bilayer. This could be a plausible explanation of the instant rupture of the
vesicles in the TPPs.

TPPs act as active surface sites which can be adsorbed by vesicles and mean-
while visualized via ionic current monitoring. Vesicles can also adsorb on the
rest of the surface other than TPPs and remain intact until they are in contact
with the active edge of formed lipid bilayer or reaching a critical coverage,
but this process cannot be monitored by ionic current. Current drops are
caused by vesicle adsorption and subsequent rupture in TPPs. The overall
trend of the current decrease can reflect the rate of vesicle adsorption on the
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whole surface. The quicker vesicles absorb on the surface, the faster the cur-
rent decreases. Therefore, the rate of the overall current decrease can be de-
scribed as follows:

dl
—=k(I-1 .
kU=l (55)

After integration and applying boundary conditions, equation 5.5 becomes:
(7 _ —kt
It —(10 Ie)e +Ie (5.6)

where I, and I, are the ionic current at equilibrium and at time ¢, I, is the open
pore current, and k is the rate constant, which is related to vesicle size and
concentration. However, the recorded time when lipid bilayer started is not
exactly ¢ = 0. Therefore, fitted values of /. and /; can deviate from the actual
values, but the rate constant & remains unchanged no matter when the ionic
current is recorded. Table 5.2 summarizes the extracted rate constant k from
fitting the experimental results at different conditions. The dependence of k£
on the applied bias can be related to the increased EOF velocity at higher bias
since POPC vesicles is electrically neutral in the solution and more vesicles
will be taken to the vicinity of TPPs by EOF. Basically, EOF flow velocity
increases as the applied bias increases, as discussed in our previous work [72].
The dependence of k on vesicle size can be explained in the same way as that
of Ps, that larger vesicle has higher capture cross section to adsorb in the TPPs.
The dependence of kon vesicle concentration is in consistency with the fact
that more vesicles can reach the surface at higher concentration.

Table 5.2. Rate constant at different conditions with the ionic current trace
fitted with Equation 5.2.

Concentra-  Vesicle ra- Applied Rate con- Goodness of

tion dius bias stant k& fit

(nM) (nm) (mV) ™) (R?)

20 0.0089 0.95

0.4 92 50 0.042 0.94

100 0.24 0.96

74 0.020 0.96

0.4 92 50 0.042 0.94

128 0.10 0.95

0.4 92 50 0.042 0.94
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0.13 0.034 0.95

0.04 0.015 0.96

Besides, live observation of translocation experiment of rolling cycle amplifi-
cation (RCA) products through 10x10 22 nm TPPs before and after lipid bi-
layer coating was implemented. The results can be found both in Figure 5.6.
In the absence of lipid bilayer, the TPP array became clogged very quickly
after adding RCA products and applying a 500 mV bias, due to the non-spe-
cific adsorption of RCA products on the TPP sidewall. In contrast, it is possi-
ble to detect the RCA translocation through each individual TPP for a few
minutes without any pore clogging. This confirms that lipid bilayer can intro-
duce non-fouling properties to the TPPs, which is crucial for real sensing ap-
plications.

Without lipid bilayer

Figure 5.6. Live observation of rolling cycle amplification (RCA) products transloca-
tion experiment through 10x10 22 nm TPPs before and after lipid bilayer coating at
500 mV. Without lipid bilayer coating, the TPP array became clogged very quickly
after adding RCA products and applying 500 mV bias. With the lipid bilayer coating,
the TPPs are not clogged for a few minutes.
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5.2 Multiple free-standing membranes with single
nanopore on each

Although useful information can be extracted from the translocation events of
numerous nanoparticles through multiple nanopores in a free-standing mem-
brane simultaneously and randomly, individual addressability of each na-
nopore can further widen the applications of this technique. We have made an
attempt of a novel design to integrate a solid-state nanopore array with micro-
fluidics and a multiplexer, to enable individual addressability with fluidic and/
or electrical control.

Nanopore arrays with 8x8 nanopores in free-standing SiNy membranes were
fabricated using our previous established fabrication process, as illustrated in
Figure 5.7. Similar to the fabrication process presented in Chapter 3.2, arrayed
nanopores were patterned by EBL and transferred to SiNy by RIE. Arrayed
150 um windows on the backside were opened with alignment to the na-
nopores on the front side. After etching through the silicon substrate and strip-
ping the oxide on the front side, arrays of free-standing membranes were
formed with single nanopores on each of the free-standing membranes. The
chips containing nanopore arrays were coated with a 10 nm thick SiO, grown
by means of ALD to avoid current leakage from pore to pore through the bulk
silicon substrate during ionic current measurement. PDMS slab with casted
fluid channels were aligned and bonded on both sides of the silicon chip in an
orthogonal configuration.

= 2 = u

Si WSO, W SiN, [ Resist EPDMS
Figure 5.7. Schematic illustration of the fabrication process for nanopore array and
PDMS bonding.

Figure 5.8(a) shows the optical images of both sides of the PDMS bonded
chips. The rows and columns are orthogonally arranged to facilitate the indi-
vidual addressability. Within each fluid channel, 8 free-standing membranes
are located with only one nanopore on each membrane, as seen in Figure 5.8(b,

5.8(b). Ag/AgCl electrodes are embedded in each of the fluid outlet lines.
Hence, measurement of any selected nanopore can be realized individually
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either fluidically, by filling one channel on the top side (e.g. R1) and one chan-
nel on the bottom side (e.g. C2), or electrically, by applying bias on one chan-
nel on the top (e.g. R1) and grounding one channel on the bottom (e.g. C2) if
all the fluid channels are filled with electrolytes. However, severe cross talk
may arise when all the fluid channels are filled with electrolytes. Because all
the nanopores are virtually connected through the fluid channels and an equiv-
alent circuit comprising a 4x4 planar resistor network is illustrated Figure
5.9(a). For example, if R1 is selected by applying a bias, the current can also
go through R2, R3 and R4. Overall, the total resistance between the two elec-
trodes is R¢pror = Rp [(§ + % + %) l 1] = éRo assuming all the resistors
have the same resistance Ry. The total resistance is less than half of the re-
sistance of R1. In order to resolve this issue, the potential of the unselected
rows and columns should be controlled when sampling the voltage on the se-
lected row and column, as shown in figure 5.9(b). For instance, when R1C1 is
selected by applying a bias to C1 and grounding R1, the same bias should be
applied to C2, C3 and C4 by a follower, and R2, R3 and R4 should be
grounded,

Fluid inlet

Trans

Figure 5.8. Optical images of a nanopore array chip bonded with PDMS (a) and fluid
connections with embedded Ag/AgCl electrodes (b).
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Figure 5.9. (a) Equivalent resistor network of a nanopore array with all the fluid
channels filled with electrolyte, each resistor representing a nanopore. The resistance
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contributed from the bulk electrolyte is neglected. (b) Potential control of the unse-
lected columns and rows in the resistor network when applying a bias to the first row
and first column.

Figure 5.10(a) shows the ionic current measurement results of four randomly
chosen pores by fluidical selection. The four chosen pores display similar
ionic current behaviors when switching on and off an applied 200 mV bias
twice. Figure 5.10(b) shows the obtained conductance for 11 conductive na-
nopores from a 4x4 nanopore array with the same pore size by electrical se-
lection. R1C2, R2C2, and R3C2 poorly conduct and R1C1 and R2C1 partially
conduct, therefore not shown. The average conductance is calculated to be
14.4 + 2.8 nS. According to Equation (2.3), the effective pore diameter is cal-
culated as 85.3nm. The poor wettability of nanopore surface in electrolyte can
cause air bubbles residing inside the nanopores and result in non-full conduc-
tion of the ionic solution [131], [132]. Pore wettability can be improved by a
treatment of oxygen plasma and piranha solution cleaning. Besides, flushing
mixture of ethanol and water several times can also help the pore wetting.

Q

—RICA RCE

g 5
-
e (nS)
= N
1 I =]
==

Current (nA)
8 o

=
o
(=]

E) ] 15 0 L] ] "0 ] E] F:1

o e
—R2C2 —RIC1

. L
¥ 0"5!- | RPN TP . ) I TP |
e e % R S RO O

" ]
Time (s) R i Q:\ Q-\ Q.q' Q:} Q:’ Q'}J @"5 LLE .

5 "o

Conductanc
W
o

Current (nA)

£ 8

Figure 5.9. (a) Current trace of 4 different nanopores without and with applying a
200 mV bias by fluidical selection. The applied voltage is switched on and off twice
for demonstration of reproducibility. (b) Conductance for 11 conductive nanopores
of a 4%4 nanopore array by electrical selection.

Overall, a versatile platform to realize individually addressable solid-state na-
nopore array has been developed and demonstrated. Integration of microflu-
idics and custom-made multiplexer is key to this realization. Our fabrication
and integration method can be easily scaled up by taking advantage of micro-
electronics and microfluidic technologies.
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6.

Summary and outlook

The work presented in this thesis concerns an exploration of various ap-
proaches to fabricating solid-state nanopores and subsequently exploring dif-
ferent applications of the fabricated nanopores. From the fabrication point of
view, the main achievements in this thesis are:

68

e He FIB technique was employed to fabricate sub-10 nm nanopores in
SiNy membrane. He FIB was used instead of TEM due to its flexibility
with different sample sizes. Although this fabrication technique cannot
massively produce nanopores, it did provide us with the first sub-10 nm
nanopore to enable our low-frequency noise studies of solid-state na-
nopores.

¢ A combination of EBL and RIE was used to achieve mass production of
solid-state nanopores. These processes are compatible with the existing
CMOS technology and the nanopores can be fabricated at the 4 inch wa-
fer scale. The smallest diameter of nanopores reproducibly obtained with
this technique is around 40 nm.

¢ [on beam etching was also attempted to open up the possibilities of fab-
ricating nanopores in other materials than those that are difficult to etch
chemically.

¢ Anisotropic etching of silicon was successfully applied to controllably
and reproducibly produce sub-10 nm nanopores in ultra-thin single-crys-
tal silicon membranes. The anisotropic wet etching property of single
crystal silicon helped to achieve much smaller actual pore size than the
EBL defined size.

e EBICD was used to controllably reduce the size of pre-fabricated na-
nopores. Although deposited carbon is considered to be hydrophobic, a
treatment of piranha cleaning and oxygen plasma can activate the surface,
make it hydrophilic and allow for conducting current-voltage measure-
ments in electrolytes.

e Lipid bilayer was studied to coat the TPPs in order to obtain a biologi-
cally relevant and well-defined surface of the nanopores. The anti-fouling
property of the lipid bilayer was demonstrated to prevent non-specific
adsorption of biomolecular analytes during translocation. Meanwhile, the
size of the pores was also reduced by around 10 nm because of the thick-
ness of the lipid bilayer and an interstitial water layer trapped between
the bilayer and the support.



From the sensing application point of view, the main findings in this thesis are:

e Silica nanoparticles translocating a SiNx nanopore with its size reduced

by EBICD were demonstrated. The size reduced nanopores were found

to be able to perform the translocation tests as smoothly as their sister
SiNy nanopores.

e DNA and protein translocation through TPPs were demonstrated. DNA
translocation was found to be driven by electrophoretical force while pro-
tein translocation was driven by EOF. Numerical simulations revealed
the formation of an electroosmotic vortex inside the TPPs and the vortex-
protein interaction was found to play a decisive role in rectifying the
translocation particularly in terms of translocation frequency

e TPPs were used to monitor enzymatic reaction by taking advantage of
the truncated pyramidal shape of TPPs to localize an enzyme inside a TPP.
Change of rectifying behavior of the ionic current through the TPP was
observed as a result of surface charge density change caused by the local
enzymatic reaction in the TPP.

e Multiple nanopores fabricated in a single free-standing membrane were
used to study the group translocation behavior of nanoparticles and lipid
bilayer formation. Although this method lacks individual addressability,
useful information such as nanoparticle concentrations and kinetics of li-
pid bilayer formation can still be extracted from analysis of the ionic cur-
rent traces.

e A novel design, enabling individual addressability with fluidic and/ or
electrical control, was demonstrated by integrating a solid-state nanopore
array with microfluidics and a multiplexer.

As discussed in the Introduction part, there are several challenges encoun-
tered in the nanopore field. The work presented in this thesis mainly con-
cerns the fabrication aspect. More efforts can be made in the future to ad-
vance the wider applications of nanopore sensors, suggested as follows:

e Background noise of the ionic current measurements needs to be sup-
pressed to pursue a high temporal resolution. Compared with biological
nanopores, solid-state nanopores present a much higher background noise.
A full understanding of the underlying mechanism of the noise is needed
to control and reduce the noise generation.

e Functionalization of the nanopores can be performed to realize a high
sensing selectivity of the analytes to be detected. For example, specific
ligands can be tethered to the sidewall of the nanopore to enhance the
interaction between the nanopore and analytes, thereby increasing selec-
tivity and extending dwell time.

¢ 2D materials can be potentially combined to increase the spatial resolu-
tion of detection.
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Sammanfattning pa Svenska

Nanoporer dr av stort intresse for studier av DNA-sekvensering, proteinprofi-
lering, molekylseparation, jonselektiv filtrering, elkraftproduktion sévél som
nano-monstring. Nanoporer i fasta material har uppenbara fordelar jamfort
med deras biologiska motsvarigheter nir det géller hog kemisk stabilitet och
ateranvéndbarhet, kontrollerbarhet av geometri sdvil som kompatibilitet med
de befintliga teknikerna for halvledare och mikrofluidproduktion. Nanopor-
detektering ar oftast baserad pa att méita jonstrdom genom en nanopor medan
man applicerar en spénning 6ver den. Nir en analyt passerar genom poren
fordndras jonstrommen tillfalligt vilket ger information om analyten sdsom
dess storlek, form och ytladdning. Aven om ménga storslagna rapporter om
anvéndning av nanoporer i fasta material har dykt upp 1 litteraturen, kvarstar
fortfarande flera utmaningar for deras bredare tillimpningar. Dessa utma-
ningar inkluderar forbattring av reproducerbarheten vid tillverkning fér mass-
produktion av ultra-smé nanoporer och minimering av métinstabiliteten samt
kontroll av translokationshastighet och lagre bakgrundsljud.

Arbetet som presenteras i denna avhandling avser utforskande av olika tillva-
gagangssatt for att tillverka nanoporer i fasta material och direfter undersoka
olika tillimpningar av de tillverkade nanoporerna. Ur tillverkningssynpunkt
ar de viktigaste resultaten i denna avhandling:

e He FIB-teknik anvéndes for att tillverka sub-10 nm nanoporer i SiNy-
membran. He FIB anvindes istéllet for TEM pa grund av dess flexibilitet
med olika tillverkningsstorlekar. Aven om denna tillverkningsteknik inte
kan massproducera nanoporer, gav den oss den forsta sub-10 nm nano-
poren for att mojliggora véra studier av lagfrekvent brus hos nanoporer i
fasta material.

¢ En kombination av EBL och RIE anvindes for att uppnd massproduktion
av nanoporer i fasta material. Dessa processer dr kompatibla med den ex-
isterande CMOS-tekniken och nanoporerna kan tillverkas pa 4-tums ski-
vor. Den minsta diametern pa nanoporer som kan reproduceras med
denna teknik &r cirka 40 nm.

¢ Etsning av jonstralar provades ocksa for att dppna upp mojligheterna att
tillverka nanoporer i andra material &n de som &r svara att etsa kemiskt.

¢ Anisotropisk etsning av kisel anvéndes framgéngsrikt for att kontroller-
bart och reproducerbart producera sub-10 nm nanoporer i ultratunna en-
kristallina kiselmembran. Den anisotropa egenskapen for vétetsning av
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enkristallint kisel hjilpte att produera mycket mindre faktiska porstorlek
dn den EBL-definierade storleken.

e EBICD anvindes for att kontrollerbart minska storleken pé fortillverkade
nanoporer. Aven om deponerat kol anses vara hydrofobt, kan en behand-
ling av piranha-rengéring och syrgasplasma aktivera ytan, gora den hyd-
rofil och mojliggdra strom-spanningsmétningar i elektrolyter.

¢ Dubbelskikt av lipider studerades for att beldgga TPP:erna for att erhélla
en biologiskt relevant och véldefinierad yta pa nanoporerna. Anti-beldgg-
ningsegenskapen hos lipid-dubbelskiktet demonstrerades for att for-
hindra icke-specifik adsorption av biomolekylédra analyter under translo-
kation. Under tiden minskades porernas storlek ocksd med cirka 10 nm
pa grund av tjockleken hos lipid-dubbelskiktet och ett mellanliggande
vattenskikt instdngt mellan dubbelskiktet och bararen.

Fran detekterande applikationsaspekt ér de viktigaste resultaten i denna av-
handling:

e Kiseldioxidnanopartiklar som translokerar en SiNx-nanopor med dess
storlek reducerad med EBICD demonstrerades. De storleksminskade
nanoporerna visade sig kunna utfora translokationstesterna lika smidigt
som deras nérbeslidktade SiNy-nanoporer.

e DNA och proteintranslokation genom TPP:er demonstrerades. DNA-
translokation visade sig drivas av elektroforetisk kraft medan pro-
teintranslokation drivs av EOF. Numeriska simuleringar avsldjar bildan-
det av en elektroosmotisk virvel inuti TPP:erna och virvel-proteininter-
aktionen har visat sig spela en avgorande roll for att korrigera translokat-
ionen, sérskilt nar det giller translokationsfrekvens

e TPP:er anvéndes for att 6vervaka enzymatisk reaktion genom att utnyttja
den trunkerade pyramidformen hos TPP:er for att lokalisera ett enzym
inuti ett TPP. Fordndring av korrigerande beteende hos jonstrommen ge-
nom TPP observerades som ett resultat av fordndring av ytladdningsden-
sitet orsakad av den lokala enzymatiska reaktionen i TPP.

e Flera nanoporer tillverkade i ett enda fristdiende membran anvindes for
att studera grupptranslokationsbeteendet hos nanopartiklar och bildandet
av lipid-dubbelskikt. Aven om denna metod saknar individuell adresser-
barhet, kan anvindbar information sdsom nanopartikelkoncentrationer
och kinetiken vid bildandet av lipid-dubbelskikt fortfarande extraheras
frén analys av jonstrdmmen.

¢ En ny design, som mdjliggdr individuell adresserbarhet med fluidisk
och/eller elektrisk styrning, demonstrerades genom att integrera en upp-
sdttning med nanoporer i fasta material med mikrofluidik och en multi-
plexer.
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Som diskuterats tidigare finns det flera utmaningar inom omrédet nanoporer.
Det arbete som presenteras i denna avhandling avser framst tillverkningsa-
spekten. Fler anstrdngningar kan goras i framtiden for att frimja de bredare
tillampningarna av nanoporsensorer, dir foljande foreslas:
e Bakgrundsbrus fran jonstrommaétningarna maste undertryckas for att fa
en hog tidsupplosning. Jimfort med biologiska nanoporer ger nanoporer
i fasta material ett mycket hogre bakgrundsbrus. En fullstidndig forstielse
av den underliggande mekanismen for brus behovs for att kontrollera och
minska brusgenereringen.
¢ Funktionalisering av nanoporerna kan utféras for att uppna en hog de-
tektionssselektivitet hos de analyter som ska detekteras. Exempelvis kan
specifika ligander knytas till nanoporens sidovégg for att forbattra inter-
aktionen mellan nanoporen och analyterna, varigenom selektiviteten okar
och vistelsetiden forléngs.
e 2D-material kan potentiellt kombineras for att 6ka den rumsliga detekt-
ionsupplosningen.
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