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Abstract

Nanopore biomolecule sensing and sequencing has emerged as a simple but
powerful tool for single molecule studies over the past two decades. By elec-
trophoretically driving single molecules through a nanometer-sized pore, often
sitting in an insulating membrane that separates two buffer solutions, ionic
current blockades can be detected to reveal rich information of the molecules,
such as DNA length, protein size and conformation, even nucleic acid se-
quence. Biological protein pores, as well as solid-state nanopores have been
used, but both suffer from relatively low throughput due to the lack of abil-
ity to scale up to a large array. In this thesis, we tackled the throughput
issue from the fabrication aspect as well as from the detection aspect, aim-
ing at a parallel optical single molecule sensing on an array of well-separated
nanopores.

From the fabrication aspect, several lithography-based self-regulating meth-
ods were tested to obtain nanopore arrays in silicon membranes, including
anisotropic KOH etching, thermal oxidation-induced pore shrinkage, metal-
assisted etching and electrochemical etching. Among those, the most success-
ful method was the electrochemical etching of silicon. By electron-beam or
photo lithography, the positions of the pores were defined on a silicon mem-
brane. Followed by anisotropic KOH etching, inverted pyramids were formed
as etching pits. The nanopores were then formed by anodic etching of silicon
in HF. Using this concept, the size of the pores does not depend on the lithog-
raphy step; only the positions of pores were defined by lithography. In this
way, an array of ∼ 900 pores with an average entrance diameter of 18 ± 4 nm
was fabricated on a 120 µm × 120 µm membrane.

From the detection aspect, parallel readout of fluorescence signals from the
labelled DNA molecules while translocating through an array of nanopores
was performed using a wide-field microscope with a relatively fast CMOS
camera recording at 1 KHz frame rate. Statistics of duration and frequency
of the translocation events were extracted and studied. It was found that
the event duration decreases with rising excitation laser power. This can be
attributed to a laser-induced heating effect. Simulation suggested that a sig-
nificant thermal gradient was generated at the pore vicinity by the excitation
laser due to photon absorption by the silicon membrane. Such temperature
rise affects all mass transport in a solution via a viscosity change. The ther-
mal effect has also been proven by that conductance of an array of nanopores
scales with the laser power. The thermal effect on the translocation frequency
has been studied systematically as well. Due to thermophoresis of DNA in
a thermal gradient, the thermophoretic force serves as a repulsion force, op-
posing the electrophoretic force at the pore vicinity, depleting molecules away
from the pore. Because of the molecule-size-dependent thermal depletion, a
size-dependent translocation frequency was observed. This can be potentially
used for a high throughput molecule sorting by adjusting the balance between
the thermophoretic force and the electrophoretic force.

Keywords: nanopore, array, electrochemical etching, DNA, optics,
thermophoresis
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Sammanfattning

Detektion av biomolekyler med hjälp av nanoporer har under de senaste
två decennierna vuxit fram som ett enkelt men kraftfullt verktyg för studi-
er av enstaka molekyler. Genom att driva molekyerna elektroforetiskt (med
elektriskt fält) genom en nanometer-stor por, som ofta sitter i ett isoleran-
de membran som separerar två buffertlösningar, kan molekylerna detekteras
genom att jonströmmen genom membranet delvis blockeras. Detta kan ge
detaljerad information om de detekterade molekylerna, såsom t ex ett pro-
teins storlek, längden på en DNA-sekvens, och även sekvensen på ingående
nukleinsyror. Naturliga, biologiska protein-baserade porer, liksom nanoporer
gjorda i fasta material har använts, men båda lider av relativt låg effektivitet
på grund av svårigheten att skala upp tekniken till stora matriser av nano-
porer. I denna avhandling, tacklas denna fråga från både tillverknings-sidan
såväl som från detektions-sidan genom att använda en matris av nanoporer för
parallell optisk detektering av enskilda molekyler vilket resulterar i en hög ge-
nomströmningshastighet. Detta möjliggörs genom att nanoporerna separeras
optiskt, dvs med några mikrometers mellanrum.

För att tillverka matriser av nanoporer i kisel-membran har flera olika
självreglerande metoder undersökts experimentellt, bland annat anisotrop
KOH etsning för att minska porstorleken, termisk oxidation för att krym-
pa porer, metall-inducerad etsning samt elektrokemisk etsning. Bland dessa
befanns den elektrokemiska metoden ge bäst resultat. För att bestämma posi-
tionen av porerna på membranet användes optisk litografi eller elektronstråle-
litografi varefter KOH etsning resulterade i pyramid-formade gropar. Dessa
initierade sedan etsningen av nanoporer genom membranet i den efterföljan-
de elektrokemiska etsprocessen. Genom detta förfarande bestäms inte stor-
leken (diametern) på porerna av litografi-processen utan endast deras lägen
på membranet. På detta sätt kunde 900 porer med en medel-diameter på
18 ± 4 nm tillverkas på ett membran av storleken 120 µm × 120µm.

Detektering av de fluorescens-inmärkta DNA-molekylerna utfördes paral-
lellt genom avläsning av fluorescenssignaler när de passerade genom matrisen
av nanoporor med hjälp av ett mikroskop med en relativt snabb CMOS-
kamera med video-sekvenser på upp till 1 KHz. Statistiken över tiden för
passage genom membranet av enskilda molekyler och frekvens av händelser-
na extraherades och studerades. Det visade sig att tiden för passage mins-
kade med ökande laser excitation. Detta kan hänföras till en laser-inducerad
uppvärmnings-effekt. Uppskattning av denna effekt genom dator-simulering
visade att en termisk gradient bildas i närheten av porerna på grund av upp-
värmning av kisel-membranet genom absorption av laser-strålen. En sådan
temperaturhöjning påverkar all mass-transport i en lösning via ändringar av
viskositeten. Den termiska effekten bevisas också av att konduktansen genom
matrisen av nanoporer ökar linjärt med lasereffekten. Den termiska effekten
på frekvensen av molekyl-passager har också studerats systematiskt. På grund
av termofores av DNA i en termisk gradient, verkar den termoforetiska kraf-
ten som en repulserande kraft som motsätter sig den elektroforetiska kraften
i porområdet. På grund av att utarmningen av molekyler vid porerna beror
på storleken observerades en storleks-beroende passage-frekvens. Detta skulle
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potentiellt kunna användas för molekylsortering med hög genomströmnings-
hastighet genom att justera balansen mellan den termoforetiska kraften och
den elektroforetiska kraften.
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Chapter 1

Introduction

1.1 “Plenty of room at the bottom”

In Richard Feynman’s famous 1959 lecture Plenty of Room at the Bottom, he
invited people to a new field of physics based on miniaturization of materials,
which is referred to as Nanotechnology today. Back in those days, when
the deoxyribonucleic acid (DNA) double-helix structure was resolved only
6 years ago and years before the first scanning electron microscope (SEM),
he described this emerging field as:

“I would like to describe a field, in which little has been done, but in which
an enormous amount can be done in principle. This field is not quite the
same as the others in that it will not tell us much of fundamental physics (in
the sense of, ‘What are the strange particles?’) but it is more like solid-state
physics in the sense that it might tell us much of great interest about the
strange phenomena that occur in complex situations. Furthermore, a point
that is most important is that it would have an enormous number of technical
applications.” [1]

Indeed, miniaturization of solid-state materials, especially on silicon,
into the micro-scale (typically 10−4 − 10−6 m) and further into the nano-
scale (typically 10−9 − 10−7 m) leads to two major technical developments
that have revolutionarily changed our life - information technology and bio-
medical applications. Using chips made from process technologies of ever-
decreasing node size (currently 10 nm), we are able to get access to a vast
network of information instantaneously. Information is available not only
about things happening in the world, but also about our own existence.
Very recently, a personal genotyping test is commercially available for less
than 200 US dollars. By looking at variations at specific locations of one’s

1
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DNA, health risks, ancestry and traits can be known. It seems, in the near
future, even whole genome sequencing is no longer a technical issue, but
rather one’s own ethic decision.

Let us briefly look through the development history of DNA sequenc-
ing that was fueled by the miniaturization of materials. Since firstly being
demonstrated in 1977, the Sanger method for DNA sequencing took a great
leap from the bulky gel plates to semi-automated, parallel detection in 96 or
384 capillaries, which inner diameters are typically 10 - 100 µm [2]. Still it
took a 13-year global effort by this method to complete the first sequencing
of a human genome which contains about 3 billions basepairs (bp) [3]. The
cost for the whole genome sequence was about 100 million US dollars in
the early 2000s [4]. The time and the cost for sequencing a human-sized
genome has been reduced drastically in the new millennium, powered by
new sequencing schemes, which are known as “sequence-by-synthesis”, and
down-scaling of the sequencing unit for greatly improved throughput. These
methods are often referred to as the “Next Generation Sequencing” (NGS).
For example, on one of the most predominant sequencing platforms commer-
cialized by Illumina, simultaneous readout of the sequences is performed on
100 - 200 million DNA clusters in nanowells placed in close proximity (di-
ameter of one µm or less) [5]. The plenty of room at the bottom seems
also to be true for the cost. The great improvement in throughput as a
result of miniaturization led to a free-fall of the cost for DNA seqeuncing,
as can be seen in Fig. 1.1. Very recently i.e., 2017, to sequence the whole
human genome costs only about $1000 and finishes in one day in the best
case [4]. This means that large scale genomic studies and personal genetic
services are now possible and affordable, which will have huge impacts on
our understanding of genomics as well as for clinical applications.

Despite the substantial improvement of the DNA sequencing technol-
ogy, there are still limits and drawbacks in the current technology. In most
NGS methods, the read of each base relies on simultaneous optical signals
coming from more than 1000 identical DNA fragments. Thus, synchroniza-
tion issues limit the read length of DNA to be no more than 400 bp [5].
This means extra effort in pre-amplification of DNA and post-stitching of
the short sequences is unavoidable. What if we could directly read the
sequence of a genome end-to-end at single molecule level? In 1996, sci-
entists at Harvard University came up with a solution: John Kasianowicz
et al. successfully threaded and linearized a single-stranded DNA through
a nano-meter-sized pore (often referred to as a nanopore) in a membrane
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Figure 1.1: The cost for sequencing a human-sized genome. [4]

protein and detected the translocation event simply by the blockade of the
ionic current through the pore [6]. In this paper, John Kasianowicz argued
that with further development, single bases can be read out directly one-
by-one on a single ssDNA potentially without limitation in DNA length.
Only about twenty years later, in 2014, Oxford Nanopore launched the pre-
released single-molecule sequencer, MinIon, based on this principle with up
to 200 Kbp read length [7].

We are now truly at the bottom, down to the nano-scale, yet there is
still plenty of room to go further. The commercialized nanopore sequencer
is based on protein pores, which have perfectly uniform size. However, there
are two major inherent limitations: one is that the pore size is not tunable;
the other is that positioning of the protein pores is by random insertion, thus
the yield of the functional reading units is only ∼ 30%. On the other hand,
man-made nanopore arrays with full dimension control seems an attractive
alternative, not only for DNA sequencing, but also for a variety of single-
molecule studies in many different applications. And that is what we try to
explore in this thesis.
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1.2 Objectives of the thesis

This thesis work aims to develop a nanopore array platform for high through-
put single molecule sensing. It can be divided into two parts: fabrica-
tion and detection. For the fabrication part, the objective is to develop
a lithography-based fabrication technique to form nanopores in a large ar-
ray. The critical point is to decouple the size variation induced by the pore
positioning step (lithography, etching, etc.) from the pore formation step.
For the detection part, the objective is to use parallel optical approach for
high throughput single DNA translocation detection through an array of
nanopores. In addition, it is also important to understand the physics of
the DNA transcloation process in a complex system, where electrohydrody-
namics (electrophoresis, electroosmosis), photon-induced thermal effects are
involved.

1.3 Outlines of this thesis

Following the introduction, the rest of the thesis is structured as follows.
Chapter 2 introduces the basic principles of nanopore sensing and reviews

recent advances in the nanopore research related to biological and solid-state
nanopores.

Chapter 3 illustrates basic physics at the solid/electrolyte interface and
in the electrolyte, that is related to the nanopore sensing system.

Chapter 4 summarizes the various fabrication approaches we have ex-
plored to obtain nanopore arrays on a large scale based on the silicon tech-
nology.

Chapter 5 presents parallel optical detection of DNA molecules through
the above-mentioned nanopore array platform. Influences of the applied
bias and laser power are systematically investigated and discussed in this
chapter.

Chapter 6 concludes this work and gives a brief outlook of potential
future works.



Chapter 2

Nanopores: the tool to observe
single molecules

Nanopore based single-molecule sensing is an emerging field that combines
nano-fabrication technology and bionanotechnology. Nanometer-sized pores,
made of solid-state materials or biological materials, are used in translocat-
ing single molecules in a buffer solution. In this chapter, we first illustrate
the working principles of nanopore sensing with electric and optical read-
out. Applications in single molecule studies, even DNA sequencing, are
selectively summarized. Then, we review the biological nanopores and the
current fabrication techniques to obtain solid-state nanopores. Advantages
and disadvantages of biological nanopores versus solid-state pores are also
discussed.

2.1 Principles of nanopore sensing and sequencing

A nanopore is a tiny channel with diameter in the nano-meters scale sit-
ting in an isolating membrane that separates two buffer solutions. It can
be a transmembrane protein sitting in a lipid bilayer or a man-made hole
in a solid-state membrane, which we will discuss later. When a bias is es-
tablished across the nanopore, the molecules with sizes that are similar to
the nanopore, are driven through the nanopore one-by-one, because of the
physical limitation of the nanopore. A specific case is of particular interest,
that is when the diameter of a nanopore is close to the width of a single-
stranded (ss) DNA which is 1.5 nm, the DNA will thread through the pore
linearly base by base. This offers an opportunity to “read” the DNA se-
quence directly. Such temporary and spatial isolation of single molecules

5
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MOLECULES

Figure 2.1: Schematics of nanopore sensing based on single molecule transloca-
tion. (a) Molecules are detected by ionic current blockades due to the presence
of a molecule inside a nanopore. (b) Molecules are detected by the inplane cur-
rent change of a graphene nanopore on a nanoribbon structure. (c) Molecules are
detected by the fluorescent signals from the labeling fluorophores attached to a
molecule. (d) Label-free optical detection. Photons are emitted continuously at a
nanopore, where separated Ca2+ and fluo-8 meet. Fluo-8 is a Ca2+ indicating dye.
Passage of the label-free molecules can then be detected by the blocking the Ca2+

flow, hence the decrease of photoluminescence intensity at the nanopore. The red
strip represents a negatively charged molecule.

by a nanopore is the essence of the nanopore being a platform for single
molecule studies.

The characterization of the passing single molecules can be generally
divided into two categories: electrical approach and optical approach. The
former is prevalent owing to its simple setup and label-free detection. By
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applying an electric potential across the membrane, an ionic current flows
steadily through the nanopore. When a charged molecule driven by the
Coulomb force is passing through the nanopore, it physically occupies a
large portion of the volume of the pore, thereby partially blocking the ion
flow, resulting in a decrease in the ionic current. A schematic is shown
in Fig. 2.1(a). By analyzing amplitude, duration and frequency of the ionic
current blockade events, properties of the molecule can be sensed at a single-
molecule level. To name a few, successful detections of DNA length [8–
10], protein size and conformation [11–13], protein binding with DNA [14,
15], even single nucleotide of DNA [7, 16–18] were demonstrated. It is
fascinating to see that such a simple detection scheme can provide such rich
information at a single-molecule level! In recent years, alternative electric
detection schemes have been proposed to measure the in-plane or tunneling
current through a graphene nanoribbon with a nanopore or nano gap to
probe single nucleotides (see in Fig. 2.1(b)) [19, 20]. Due to the unique
properties of graphene – atomic thickness, mechanical robustness and high
electric conductivity, the in-plane nanopore sensing can potentially achieve
ultimate spatial resolution. The detection scheme has been proven feasible
in a very recent paper by Heerema et al. [21].

To achieve high-throughput single molecule detection, electrical nanopore
measurement requires isolation of single pores, individual electrodes and am-
plifiers. Therefore, the upscaling of electric nanopore detection is likely to
be difficult. In addition, the low frequency noise [22] and cross-talk between
the nanopore and nanoribbon [23] have hindered the advance of the elec-
trical measurement on solid-state nanopores. As an alternative, the optical
approach has advantages in scaling up and noise control. Moreover, versa-
tile molecule fluorescent labeling strategies can even realize multi-channel
detection in a broad range of emission wavelengths [24].

The optical approach of nanopore sensing is based on fluorescence mi-
croscopy. The molecules translocate through a nanopore in the same manner
as in the electrical approach. However, the molecules are labeled with flu-
orophores, thereby emitting photons when being excited by a laser beam
which is focused at the nanopore, as shown in Fig. 2.1(c). Total internal re-
flection fluorescence (TIRF) [25] and confocal microscopy [26] are often used
to minimize the depth of field in order to achieve a high spatial resolution.
Parallel detection have been realized by imaging an array of nanopores si-
multaneously with an EMCCD or scientific CMOS camera [27, 28]. Versatile
labeling strategies further extend the sensing ability of the nanopore plat-
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form. Pioneered by Amit Meller’s group, a two-color barcode to digitize the
DNA sequence [27, 29] and quantification of unmethylated cytosine-guanine
dinucleotides [30] have been demonstrated. Very recently, even a label-free
optical sensing technique has been demonstrated by several groups [31–33].
Buffers containing Ca2+ and fluo-8, which is a Ca2+ indicating dye, are sep-
arated by the membrane. The fluorescent signal is only detected at the
nanopore, where fluo-8 is switched on by Ca2+. When the nanopore is
blocked by a molecule, the fluorescent intensity decreases consequently. In
this way, the ionic current blockade is converted into optical signals. A
schematic of the label-free optical detection is shown in Fig. 2.1(d).

Optical nanopore sensing also faces challenges. One of the main chal-
lenges is to improve the temporal resolution to resolve the fast molecule
translocation, which is typically in the µs to ms range [9, 34]. In contrast
to the MHz bandwidth of the electrical sensing, the relatively slow frame
rate (kHz) of the current imaging technology is the bottle-neck to realize a
true large scale parallel sensing. Single-pixel detectors of high time resolu-
tion, such as avalanche photodiode (APD), are often used instead to capture
the fine dynamics of the molecule translocation on a single pore [29, 35].
Alternatively, methods have been developed to slow down the transloca-
tion [18, 36–38]. The other challenge is to improve the signal-to-noise (S/N)
ratio to allow single molecule detection. Simply, there are two aspects to
improve the S/N ratio: background photoluminescence (PL) suppression
and signal intensity amplification. As an example of the former, it has
been demonstrated that PL emission from SiN membranes in the detection
wavelength range can be suppressed by electron- or He+-beam irradiation
to remove the radiative-recombination related defects [28, 29] or by deposi-
tion of a material with a low radiative-recombination rate, such as TiO2 on
the SiN membrane [39]. To enhance the emission from the fluorophores, ef-
fort has been made to integrate metallic nanostructures with corresponding
plasmon resonance frequency in close proximity to the nanopore [35, 40, 41].

The temporal and spatial resolutions of nanopore sensing, both electrical
and optical, highly rely on the nanopore dimension and its surface. The
diameter of the nanopore not only restricts the number of molecules that
it accommodates at once, but also sets physical interaction to the pass-
ing molecule, that slows down the translocation [42, 43]. The depth of
the nanopore is also critical. Reducing the pore depth leads to a smaller
nanopore volume, in other words, increasing the volume ratio between molecule
and pore, thereby increasing the spatial resolution [44]. The depth of the
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pore is especially critical in the application of DNA sequencing, where the
adjacent nucleotides are just apart by 0.68 nm on a ssDNA [45]. Surface
charges on a nanopore can impose electrostatic interactions with charged
molecules, thereby affecting the translocation process [26, 46]. Moreover,
aiming at a high-throughput real-life biosensing device, nanopore’s robust-
ness and its ability to scale up to an array are also crucial. Especially for
parallel optical sensing, the pitch distance between nanopores in an array
needs to be set larger than the microscope’s diffraction limited resolution
(∼ µm). In the next section, we shall briefly discuss the physical properties
of various types of nanopores, their fabrication methods and the advan-
tages/disadvantages.

2.2 Nanopore: biological vs. solid-state pores

How do we obtain such tiny holes in a free-standing membrane? Generally,
a nanopore device can be obtained in two ways: by a self-assembly approach
(bottom-up) or by a lithography based process (top-down).

The bottom-up approach is based on the self-assembling of biological
molecules. In fact, it was found that many bacteria secrete transmem-
brane channels formed by large protein complexes that can be self-inserted
in lipid bilayer membranes (to kill the host’s cells, such as red blood cells
in a human) [49]. These transmembrane channels can be inserted in a sus-
pended lipid membrane and be utilized to thread DNA strands or proteins
through to perform single-molecule studies. They are usually referred to
as the protein pores or the biological nanopores. Protein pores have pre-
cise diameters with negligible size variation. The most widely used protein
pores for the application of DNA sequencing are mutated α-hemolysin and
Mycobacterium smegmatis porin A (MspA), with diameters of 1.4 nm and
1.2 nm at the narrowest part, respectively, matching well with the width
of ssDNA [50]. As shown in Fig 2.2, MspA has a sensing region (effective
pore depth) of only 0.6 nm, which is even slightly less than the distance
between bases. Compared to the wild-type α-hemolysin, MspA has a much
shorter sensing region, therefore a higher spatial resolution to distinguish
single nucleotides. However, the protein pores are versatile to be mutated
by genetic engineering to change surface chemical sites that can affect the
DNA translocation [46, 48, 51]. By binding small proteins inside the pore,
mutated α-hemolysin with shortened sensing region has been proven to be
able to distinguish single nucleotides [52]. In addition, by using DNA poly-
merases (e.g., Phi29) as molecule motors, the translocation velocity of DNA
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Figure 2.2: Transmembrane protein pores: MspA and α-hemolysin. Protein struc-
ture images from the RCSB PDB (www.rcsb.org) of PDB ID 1UUN [47] and
3M4D [48], respectively.

were slowed down to 2.5-40 nucleotide per second, which improves the elec-
tric signal-to-noise ratio greatly such that single nucleotides were able to be
resolved by ionic current blockade [53]. So far, the DNA sequencing with
ultra long-reads (> 800 kilobase [54]) has only been realized on biological
pores.

The Top-down approach is based on man-made solid-state materials. In
contrast to biological nanopores, the solid-state nanopores have advantages
in mechanical robustness, chemical inertness, and the flexibility in dimen-
sion. Membranes of various solid-state materials, such as SiO2, SiN, HfO2,
graphene, MoS2, WS2, etc., are released from Si or glass [55] substrates
by etching trenches in the supporting material. Pores are then opened up
on the thin membranes either by bombardment by high energy particles
in a vacuum chamber (Fig. 2.3(a)), such as by Ar+ ion sculpturing [56],
by He+ bombartment using an ion microscope [57, 58], by focused electron

www.rcsb.org
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Figure 2.3: Fabrication methods of solid-state nanopores: (a) TEM drilling, (b)
pore formation by electric breakdown.

beam drilling using a transmission electron microscope (TEM) [59–63]; or
by electrochemical reactions in a fluidic double cell (Fig. 2.3(b)) [64–67].
The former processes purely rely on a physical knock-off of atoms, there-
fore can be applied to all materials mentioned above. On the other hand,
the pore formation mechanism of electrochemical reactions depends on the
membrane materials. So far, it has been demonstrated on SiN by dielectric
breakdown [64] and on MoS2 by oxidation of the material [65]. Depending
on the drilling time, typical diameters of solid-state nanopores range from
3 nm - 20 nm. Especially with the nanopore formations using TEM drilling
or electrochemical reaction, atomic precision has been claimed. Besides, fab-
rication methods not based on membrane structures, such as nanocapillaries
fabricated using a laser pipettete puller, also show interesting results [11, 68–
70]. However, these methods form nanopore one-by-one in a serial manner.
Although an array of up to 20-by-20 nanopores have been demonstrated by
He+ drilling [28], and smaller arrays by TEM drilling [60] or by dielectric
breakdown with a micro-liquid-contact [71], it is less likely that large arrays
of nanopores would be obtained by serial fabrication methods due to the
high time consumption. So far, parallel fabrication of nanopores has only
been demonstrated by using cutting-edge e-beam lithography and reactive
ion etching (RIE) to obtain pores of diameter∼ 20 nm at large scales [72, 73].
However, e-beam lithography itself is a rather expensive and slow process
due to the serial pattern writing scheme.

For the purpose of DNA sequencing, the temporal and spatial resolution
of solid-state nanopores still need more effort to reach the performance of
the biological pores. The translocation velocity of dsDNA through a solid-
state nanopore (with diameter less than 5 nm) is typically ∼ 0.4 µs per
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basepair [43], that is 5 orders of magnitude higher than the value obtained
from MspA pores combined with Phi29 [53]! Moreover, the effective pore
depth of solid-state pores of bulk materials (SiN, SiO2, etc.) is typically tens
of nanometer, which is too coarse to distinguish single nucleotides. With the
emerging 2D materials (graphene, MoS2), the spatial resolution of solid-state
nanopores are expected to be improved to almost the atomic level. On the
other hand, the solid-state nanopore is a versatile platform to carry out
many other interesting single-molecule studies, e.g., protein detection [12,
13], formation of biomimetic pores [74], single-molecule interactions with
multi-pores [75] and molecule sorting [76].



Chapter 3

Solid meets fluid: theoretical
background

As introduced in the previous chapter, molecule sensing by a nanopore is
carried out in buffer solutions. Therefore, basic physics in fluid and at
the solid/electrolyte interface are needed for understanding the molecule
interaction with the nanopore. In this chapter, electrostatic interaction at
the solid/electrolyte interface is briefly introduced in 3.1; basic polymer
physics describes DNA molecules in 3.2; the electrolyte conductance and
basics of electrodes in electrolyte are brought up in 3.3. These provide the
theoretical background for the later discussions of the characterization of
nanopore arrays and the DNA sensing in a buffer solution in chapter 4 and
chapter 5, respectively.

3.1 Electrostatic interaction at the solid/electrolyte
interface

3.1.1 Space charge region and electrical double layer

Nearly all surfaces, whether a DNA molecule or a silicon nanopore wall,
bear charges when in contact with a liquid. Surface charges form at the
solid/liquid interface mainly via three mechanisms depending on the na-
ture of the solid and the liquid: dissolution of an ionic solid, dissociation
of acidic and basic sites, and adsorption of charged species. For example,
the SiO2 surface becomes negatively charged via deprotonation of silanol
groups (−SiO−) when the pH is higher than the point of zero charge. Al-
though the system is electrically neutral, the counterions in the solution are
attracted to (co-ions repelled from) the surface by the electrostatic force.

13
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Figure 3.1: A schematic of the charge distribution and potential profile at an
n-type semiconductor/electrolyte interface at a pH above the point of zero charge.
Negative surface charges are formed at the semiconductor surface. An electrical
double layer and a space-charge region are formed at the liquid side and the solid
side, respectively. The EDL is illustrated using the Gouy-Chapman-Stern model.
ζ denotes the zeta potential at the slip plane; λD denotes the Debye length; Φs
denotes the potential at the interface between the Stern layer and the diffuse layer.

Therefore, a so-called electric double layer (EDL) containing net charges
opposite to the surface charge is formed. According to the Gouy-Chapman-
Stern model, the EDL is composed of a layer of adsorbed ions, usually called
the Stern layer and a layer of mobile ions, usually called the diffuse layer.
The distribution of the ions in the diffuse layer is determined by the lo-
cal potential via the Boltzmann distribution. Moreover, the charge density,
in turn, affects the local potential via the Poisson equation. Solving the
Poisson-Boltzmann equation by using linearization treatment due to Debye
and Hückel, the potential decreases exponentially from the surface towards
the solution, φ(z) = φse

−z/λD . The decay constant λD describes the length
scale of screening, thus it is considered as the effective thickness of the EDL,
which is referred to as theDebye length. Detailed derivations can be found
in the books Physical of Chemistry of Surfaces by Adamson and Gast [77]
and Micro-and nanoscale fluid mechanics: transport in microfluidic devices
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by Kirby [78]. For the mono-valent ions, e.g. KCl, the Debye length is
expressed as

λD =
√

KBTε

2NAe2Ic
, (3.1)

whereKBT is the thermal energy, ε the electrical permittivity of the solution,
e the unit charge, NA Avogadro’s number and Ic the molar ion concentration.
For 1 M KCl solution, λD ' 0.3 nm. Another important characteristic
parameter of the EDL is the zeta potential ζ, which is defined as the
potential at the slip plane. ζ is considered as the apparent surface potential
in the study of relative motions between the solid and the liquid phase,
which will be discussed in the following sections.

Similar to EDL, inside the semiconductor, a charged layer is formed
near the surface because of the potential difference established at the in-
terface (see in Fig. 3.1). In case of n-type silicon, the energy bands bend
upwards (in a energy band diagram, not shown here) for the Fermi level to
be constant through the semiconductor to the electrolyte at thermal equi-
librium. The electrons in the conduction band of the semiconductor as the
mobile majority charge carriers are thereby depleted from the surface. A
space charge region (SCR) is then formed with the remaining immobile
donor elements, being electrostatically positive. The thickness of the space
charge region depends on the doping density and the bias across the inter-
face, similarly like in a pn-junction or a Schottky diode. Qualitatively, a
high doping density leads to a small SCR. The width of the SCR increases
with increasing reverse bias (anodic for n-type, cathodic for p-type) and vice
verse with forward bias.

3.1.2 Electrophoresis of charged particles

When a potential gradient is established in the solution, a relative mo-
tion between a charged object and the fluid is observed in the electric
field (schematic in Fig. 3.2). When the fluid is held motionless due to the
viscous force, the phenomenon of electrically driven moving objects is called
electrophoresis and the Coulomb force induced velocity can be generally
written as

~vep = µep ~E, (3.2)

where µep is the electrophoretic mobility, ~E is the electric field. Depending
on the size of the charged objects, electrophoresis can be modelled in differ-
ent ways. For ions and some small proteins, the size is so small that they
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can be assumed as point charges without a fully developed EDL. Then, the
mobility is determined by the Coulomb force and the viscous drag through
the number of charges (Z), the particle radius (a) and the viscosity of the
fluid (η) written as µep = Ze/6πηa. For large particles, the charges are
partially shielded by the EDL. When the particle size is much larger than
the Debye length, a � λD, we can consider the EDL as an equivalent of a
parallel plate capacitor. In this case, the electrophoretic mobility is propor-
tional to the zeta potential of the particle surface and independent of the
particle size, µep = εζ/η.

Figure 3.2: A schematic of electrophoresis of a negatively charged particle in a chan-
nel with a potential gradient. An electroosmotic flow is generated in the channel
due to the Coulomb force on the excessive positive charges in the EDL (sec. 3.1.3).

3.1.3 Electroosmotic flow

Electroosmosis refers to the motion of a fluid with respect to a motionless
solid surface, often a mirofluidic channel, when an electric field is established
tangential to the surface, as illustrated in Fig. 3.2. The same electrostatic
force analysis as in the electeophoresis, applies here with the only difference
that the solid is fixed in this case. The excess of counterions in the diffuse
layer of the EDL migrate in the electric field, in doing so they drag water
along with them, which results in an electroosmotic flow. Similarly to the
electrophoretic velocity, the electroosmotic flow velocity is written as

~vos = µos ~E, (3.3)
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where µos is electroosmotic mobility, which depends on the zeta-potential of
the solid surface, µos = −εζ/η.

3.1.4 Thermophoresis in a liquid

It has long been observed that in addition to a random Brownian motion,
molecules exhibit a steady drift along a temperature gradient, resulting in
depletion or accumulation from the position of a locally enhanced tempera-
ture. This phenomenon is often referred to as thermophoresis or the Soret
effect. For diluted particle concentrations, the thermophoretic velocity is
generally assumed to be linearly dependent on the temperature gradient,
written as ~vth = DT∇T . DT is the thermal diffusion coefficient, which is
rather an analogue to the electrophoretic mobility µep in electrophoresis [79].
Therefore, the mass flux in a thermal gradient can be written as

j = −D∇c− cDT∇T, (3.4)

where c the molecule concentration, D is the translational diffusion co-
efficient. When j = 0, the system reaches a steady concentration pro-
file that is exponentially dependent on the temperature difference, c/co =
exp[−(DT/D)(T−To)], where co is the concentration at the boundary where
T = To. The Soret coefficient is defined as ST = DT/D. ST > 0 leads to
a depletion from the hot side, ST < 0 leads to an accumulation at the hot
side. A schematic of a particle migration in a thermal gradient is shown in
Fig. 3.3

Figure 3.3: A schematic of thermophoresis of a charged particle. The particle
migrates from the hot to the cold region when ST > 0 .
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The exact origin of thermophoresis is still under debate. However, experi-
ments show the value of ST is subtly related to the particle/solvent interface,
including multiple parameters such as Debye length, solvent salt type, tem-
perature, particle surface charge, size, etc. Different theoretical models have
been proposed to predict ST, depending on the magnitude of the tempera-
ture gradient. In general, when the ∇T < aS−1

T , a local thermal dynamic
equilibrium can be assumed, the thermophoresis can then be analyzed from
an energy perspective [80]. Thus, the probability of finding a particle at a
certain position obeys the Boltzmann distribution depending on the Gibbs
free-enthalpy (GE) at the particle/solvent interface. In the thin EDL limit,
GE can be modelled as the energy stored in a parallel plate capacitor, writ-
ten as GE = Q2

effλD/2εA, where Qeff denotes the effective surface charge, A
the surface area of the particle [81]. In the above equation, both ε and λD
are temperature dependent. The Soret coefficient can then be derived as,

ST = A

KBT
(−shyd + βQ2

effλD
4εA2T

), (3.5)

in which shyd is the hydration entropy per particle surface, β = 1−(Tε ) ∂ε∂T [81].
This leads to ST ∝ a2 and DT ∝ a. However, this conclusion was questioned
in Ref. [82], which argued that DT is only related to the surface properties
and experimentally showed a size-independent DT of particles with surface
control. When ∇T > aS−1

T , the thermal drift is so strong that the thermal
drift cannot be balanced by diffusion, therefore local thermal equilibrium
cannot hold. In this case, the ST has to be analyzed by a hydrodynamic
approach, in which DT is predicted as being independent of the particle
size [83].

3.2 Polymer physics of DNA

3.2.1 Physical aspect of DNA

The double helix structure of double-stranded DNA is one of the most well-
known images, even symbolic for biology in the modern times ever since
its discovery by Watson and Crick in the 1950s [84]. DNA also exists in a
single-stranded form. But in this section, we focus on the physical aspects
of double-stranded DNA, referred as dsDNA or DNA, unless otherwise spec-
ified.

DNA is composed of two strands of sugar-phosphate backbones with
pairing nitrogenous bases in between stacked in a shape similar to a spiral
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staircase. The phosphate groups become negatively charged in an aque-
ous solution. Therefore, a DNA molecule with Nbp of basepairs, carrying
2Nbp of negative charges. However, these charges are partially screened by
tightly associated counter-ions, according to Manning’s counter-ion conden-
sation theory [85–87]. The effective charge per phosphate is therefore found
experimentally from 0.05 e/bp to 0.3 e/bp [88].

The distance between adjacent stacking bases (La) is only 0.34 nm in the
double helix structure. However, the number of basepairs in a genome is
huge. For example, there are over 3 billion basepairs in the human genome.
That is over a meter long if DNA is stretched straight. The end-to-end
length of a stretched DNA is defined as the contour length (Lc), which
simply equals to the product of the number of basepairs and the distance
between bases, Lc = NbpLa. The DNA is obviously flexible so that it can
be packed into a cell nucleus which is only several µm large in diameter.
The flexibility or the rigidity of a polymer is described by the correlation
of the orientation between two points on the polymer. This correlation
decreases exponentially with the increasing distance between the two points.
By definition, the characteristic length of this decay is called the persistence
length (Lp). Below Lp, the DNA can be considered as a rigid rod. The Lp
is approximately 50 nm for dsDNA when the buffer concentration is greater
than 10 mM at room temperature [89], whereas Lp for a ssDNA is only
about 2.2 nm [45]!

The natural form of a single DNA molecule with Lc � Lp in a solution
is a random coil, like a cooked spaghetti. The contour length and the per-
sistence length are the main parameters that determine the spatial extent of
the DNA in solution, which is characterized by a radius of gyration < rg >.
Assuming that the DNA molecule is a semiflexible chain, the Kratky-Porod
model (also known as the wormlike chain model) predicts

< rg >=

√
LcLp

3 . (3.6)

If we further take the self-avoidance of the polymer (i.e., the polymer chain
has a certain width and cannot go through itself) into consideration, then
by the Flory theory, the radius of gyration for DNA is [90]

< rg >= (wLp)1/5L
3/5
c , (3.7)

where w denotes the effective width of the DNA strand, which is often
estimated as the sum of the actual width of DNA (2 nm) and twice the
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Debye length. Note that < rg > scales with L
3/5
c in the Flory theory, thus it

is slight larger than the one calculated from the wormlike chain model. It
is the outcome of the self-avoidance assumption of the polymer chain. It is
found experimentally that < rg > ∝ L0.58

c [91].

3.2.2 DNA transport in a bulk solution

In section 3.1, we discussed about the “phoresis” phenomena for particles.
Does a DNA molecule migrate like a particle in a bulk solution under a
certain potential gradient? Before answering this question, let us first look
at a simpler case, diffusion.

The diffusion coefficient of a particle can be derived from the Einstein-
Smoluchowski relation,

µ = D

KBT
, (3.8)

where µ is the viscous mobility. For a spherical particle of radius a in a Stokes
flow, the viscous mobility is given by µ = 1/6πηa. Therefore, the diffusion
coefficient is reciprocally proportional to the particle radius, D ∝ 1/a. If
the DNA can be modelled as a solid sphere, the diffusion coefficient of DNA
should scale reciprocally with its radius of gyration. That is D ∝ L

−1/2
c or

L
−3/5
c . It is found to be remarkably close to the experimental measurement,

which yields D ∝ L−0.57
c [93]. In fact, the experiments suggest that a DNA

diffuses as a solid particle with a radius of < rg > /3 [91]. Therefore, the
DNA diffusion coefficient can be estimated approximately as

D = KBT

2πη < rg >
. (3.9)

However, the Einstein-Smoluchowski relation is found not valid for elec-
trophoresis of DNA. The experimentally determined µep of DNA is observed
to be in the range of 2−5×10−8 m2/Vs, independent of the contour length,
for Nbp > 400 [92–94]. Such behavior is similar to the electrophoresis of
large particles in a high salt solution.

The difference between the size-dependent diffusion and the size indepen-
dent electrophoresis comes from the microscopic structure of the DNA coil.
In polymer physics, DNA can be modelled as a series of beads connected
by springs. The dynamics of each bead can be then calculated by Newton’s
second law (~F = m∂~v

∂t ) and are linked by a mobility matrix. In the Rouse
regime, we neglect the hydrodynamic interactions between the beads (val-
ues only exist along the diagonal in the mobility matrix [91]), so that the
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beads are moving according to the local force, independent from motions of
each other [95]. This is exactly the case for DNA electrophoresis. As the
electric field is established in the solution, negatively charged DNA and the
counter-ions in between the DNA coil moves in opposite directions. The
“free-draining” of the counter-ions cancels the hydrodynamic interactions
between the parts of the DNA. Therefore, DNA can be viewed as a bunch of
charged beads, each subjected to identical viscous drag and Coulomb force,
regardless of the number of the beads, all moving in the same direction in
close proximity. On the contrary, the beads are coupled together by the
hydrodynamic interactions in the Zimm regime (off-diagonal values appear
in the mobility matrix) [96]. This is the case for DNA diffusion. Water in
between the DNA coil is considered as moving together with DNA, so that
the molecule can be viewed as a solid sphere with an effective diameter.

Thermophoresis of DNA is found reasonably well described by the planar
capacitor model using equation 3.5 by assuming DNAs are spheres with
diameters of < rg > ∝ L0.75

c [81]. Note that the scaling factor deviates
slightly from the one predicted by other diffusion measurements (∼ 0.6).
Nevertheless, from experimental data ST is found increasing with the square
root of the DNA contour length [81],

ST ∝
√
Lc ∝

√
Nbp. (3.10)

Since ST = DT/D, the thermophoretic diffusion coefficient DT can be ex-
tracted when D is a known value. As discussed above, D ∝ L−0.6

c or L−0.75
c .

Therefore, DT only has a weak dependence on the DNA length, if any.

3.3 Conductance in an electrolyte and basics of electrodes

When a bias is applied in the solution via electrodes, there are many elec-
trochemical processes happening at the electrode/electrolyte interface. It is
important to understand the electrochemical processes at the electrodes, so
that a desired bias and current can be applied or measured in an electro-
chemical cell.

The conductance of an electrolyte relies on the transport of cations and
anions in a solvent. When it is measured in an electrochemical cell with
two electrodes (see in Fig. 3.4 (a)), the conductance between electrodes also
depends on the cell geometry and can be written as

G = (S/Le)e(I+
c Z

+µ+ + I−c Z
−µ−) , (3.11)
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where S is the electrode surface area, Le the distance between electrodes;
(I+

c Z
+µ+ + I−c Z

−µ−) is essentially the conductivity of the electrolyte with
Z the the amount of charge carried per ion , Ic the ion concentration, µ the
ion mobility, + and - denote the cation and anion, respectively.

Figure 3.4: (a) A schematic of an electrolytic cell. Equivalent circuits of the
electrolytic cell are shown with (b) ideal non-polarizable electrodes or (c) polarizable
electrodes.

When a nanopore is presented in the eletrochemical cell, the conduc-
tance is then determined mainly by the volume of the pore. By assuming a
cylindrical shape of the pore, the ionic conductance of a single pore can be
described by

Gp = σ( 4l
πd2 + 1

d
)−1, (3.12)

where σ is the electrolyte conductivity, l is the pore depth, and d is the
pore diameter [97]. The first term in the parentheses simply describes the
resistance of a cylindrical pore. The second term, often referred to as the
access resistance, reflects the resistance outside the pore [98]. The pore
volume resistance and the access resistance are in serial.

When an electric bias is applied in an electrolytic cell, electric current
flows through the circuit. The electric current can be either originated from
the charge transfer from ions to free electrons across the interface as a result
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of redox reactions (usually referred to as faradaic process), or comes from
the movement of the ions (e.g., adsorption, desorption) at the interface, re-
sulting in a displacement current (referred as non-faradaic process). Which
process dominates at the interface is dependent on the potential difference
at the electrode/electrolyte interface. Although, electrolytic cells primar-
ily work at a potential range that favors the faradaic process, non-faradaic
processes are unavoidable in real experiments. A comprehensive introduc-
tion of the electrode processes is given in the book Electrochemical Methods:
Fundamentals and Applications by Bard and Faulkner [99].

Without going into complex details of the electrochemical kinetics at the
interface, the interface can be simplified as an equivalent circuit consisting
of RC components of linear interfacial faradaic resistance (Rf) and non-
linear resistances (Rw) and capacitances (Cw) related to non-faradaic pro-
cess, which depends on the current density in DC mode [100]. A schematic of
an electrolytic cell and the equivalent circuits corresponding to pure faradaic
or non-faradaic process are shown in Fig. 3.4. If an electrode runs only
faradaic current, it is called an ideal non-polarizable electrode. The elec-
trode/electrolyte interface can be considered as ohmic contact. A typical
electrode in this category are Ag/AgCl electrodes. If an electrode runs only
non-faradaic current, it is called an ideal polarizable electrode. In this case,
non-linear RC components must be considered in the equivalent circuit.
Transient current then appear in response to a sudden change of bias in the
circuit. A typical polarizable electrode is made of Pt.





Chapter 4

Fabrication and characterization of
silicon nanopore arrays

Aiming at a high throughput single molecule sensing, much effort of this the-
sis has been put on developing fabrication techniques to obtain nanopores
in a regular array. To take advantage of silicon processing technology, as
well as of the lack of PL emission in the visible spectrum range of silicon,
all pore formations in this work initiate from a silicon substrate. To man-
ufacture very small pores in a regular array, the first approach would have
been to use the best lithography tool available: electron-beam (e-beam)
lithography. At best, it would be possible to reach down to ∼ 10 nm for
patterning of the resist. This would, however, require a lot of work to op-
timize such process requiring special resist layers and also to optimize the
plasma etching process. Even so, one cannot reach few nanometer pore
sizes. Thus, our approach was to use lithography to position pores and then
try to use self-regulating etching processes to reach sub-10 nm nanopores.
The schematics of the self-regulating processes used for pore formation are
illustrated in Fig. 4.1, including anisotropic KOH etching, pore shrinkage
by thermal oxidation, metal-assisted etching, and electrochemical etching.
Depending on the desired size of the initial structure, e-beam lithography
or photolithography were used.

In this chapter, process flows to obtain silicon membranes with pore
initiating structures are described in section 4.1. Pore formations and char-
acterizations are discussed in the following sections: 4.2 for the electro-
chemically etched pores, 4.3 for KOH etched pores, 4.4 for pore shrinkage
by self-limiting oxidation, and 4.5 for other attempted approaches, such as
metal-assisted etching.

25
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Figure 4.1: Tested fabrication approaches: (a) KOH etching, (b) pore shrinkage by
thermal oxidation, (c) metal-assisted etching, (d) electrochemical etching.

4.1 Fabrication process of patterned silicon membranes

Silicon membranes with inverted pyramidal structures serve as the base for
formation of nanopore arrays. Such structured membranes are fabricated
on silicon-on-insulator (SOI) wafers using standard cleanroom silicon pro-
cessing, including a backside process to obtain membranes and a front-side
process to structure the membranes. We start the fabrication from either
the backside membrane formation or the frontside structure patterning, de-
pending on the front-side lithography method used. Detailed process flows
are shown in Fig. 4.2 and Fig. 4.3, respectively.

In the membrane formation process (Fig. 4.2(f-j) and Fig. 4.3(c-f)), the
backside of the wafer was patterned with 100× 100 µm2 openings in a thick
photoresist (AZ 9260, 10 µm) by photolithography. Followed by inductively-
coupled-plasma (ICP) etching using the Bosch process [101], an etching
profile with high aspect ratio was achieved, which can be seen in Fig. 4.4(a).
Here, the buried-oxide-layer in SOI serves as an etch stop layer, because
of the high etching selectivity between silicon and silicon dioxide in an SF6
etchant (5:1).

In the front-side process, a 100 nm thick dioxide layer was thermally
grown on top of the Si as a hard mask. Arrays of square openings were
defined in the photoresist by lithography and then transferred into the hard
mask by reactive ion etching (RIE). Such process can be done either by pho-
tolithography on a wafer scale before the backside process (Fig. 4.2(b-e))
or by e-beam lithography on individual chips after the membrane forma-
tion (Fig. 4.3(g-i)).
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Figure 4.2: Schematic of the fabrication process of membranes with etching pits
defined by photolithography. The process starts with an SOI wafer (a), followed by
photolithography to define the position of etching pits (b)-(e). Then the openings
for membrane etching are defined by photolithography on the backside of the wafer
(f)-(h) and etching is performed using ICP with the Bosch process (i). After resist
strip-off (j), the silicon membranes are anisotropically etched in KOH to form the
inverted pyramids (k). Finally, the buried oxide layer and the thermal oxide are
removed in HF.
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Figure 4.3: Schematic of the membrane fabrication process with etching pits de-
fined by e-beam lithography. The process starts with an SOI wafer (a), followed
by photolithography to define the opening area of the membranes (b)-(e). Then
membranes are obtained by ICP etching using the Bosch process (f). The wafer is
then broken into 15 × 15 mm2 chips for e-beam lithography to define etching pits
(g)-(i). After resist strip-off (j), the silicon membranes are anisotropically etched
in KOH to form the inverted pyramids (k). Lastly, the buried oxide layer and the
thermal oxide are removed in HF.
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Further, inverted pyramids were formed by anisotropic KOH etching of
silicon. The etch rate for the (100) facet of silicon is about two orders of
magnitude higher than that for the (111) crystal plane [102], thus perfect
inverted pyramidal structures can be formed with the remaining (111) facets
of single-crystal silicon, as can be seen in Fig. 4.4(b) and (c). Such inverted
pyramids will serve as etching pits in the next step of nanopore formation,
i.e., electrochemical etching of silicon in HF, which is discussed later in
Sec. 4.2.

Figure 4.4: SEM images of membranes with inverted pyramidal structures: (a)
bird’s eye view of a cross-section of a chip containing a thin membrane at the
bottom; (b) a close look of the cross-section of a∼ 3 µm thick membrane. Structures
are defined by photolithography; (c) top view of a membrane of thickness 300 nm
with structures defined by e-beam lithography. A zoomed-in image of one inverted
pyramid is inserted. The scale bar is 100 nm.
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4.2 Formation of nanopore arrays by electrochemical
etching

Silicon can be electrochemically etched through different approaches in HF
to form porous structures or, at high currents, be electropolished. Depend-
ing on multiple etching parameters, random porous structures with differ-
ent pore sizes (dp) are achieved and are commonly classified as micropores
(dp < 2 nm), mesopores (2 nm < dp < 50 nm) and macropores (dp > 50 nm).
In 1993, Volker Lehmann demonstrated formation of regular arrays of macro-
pores on pre-structured n-type silicon using backside-illumination during the
electrochemical etching [103]. Ever since, attempts have been undertaken to
reduce the pore diameter in regular pore formation. Pores with diameters
as small as 30 nm formed on 8 µm thick membranes by electric breakdown
etching were reported [104]. In this section, we summarize our results in an
attempt to transfer this technique to etch nanopore arrays on thin silicon
membranes.

4.2.1 Anodic etching of pre-structured silicon in HF

In HF solution, the electrochemical dissolution of silicon takes place under
anodic potentials. Depending on the current density (J), the dissolution
reaction has two possible pathways [105] :

(i) the divalent reaction, when J is less than a critical current den-
sity (Jps), porous silicon is formed in this regime;

Si + 2F– + 2h+ SiF2 SiF2 + 2HF SiF4 + H2
(ii) the tetravalent reaction, when J ≥ Jps, electropolishing of silicon is

obtained in this regime.
Si + 2H2O + 4h+ SiO2 + 4H+

SiO2 + 2HF –
2 + 2HF SiF 2–

6 + 2H2O
In both pathways, positive charge carriers or holes (h+) in the semicon-

ductor electrode are critical to enable the reaction. The reaction occurs
therefore readily at the surface for p-type silicon under forward bias (posi-
tive). However, if we can control the generation and the access of the holes
(to the surface) in silicon, we can define the etching area and control etch
rate, pore morphology, etc. For the purpose of forming regular pore arrays,
it is therefore natural to choose n-type silicon wafers, for the reason that
holes as the minority charge carriers are less abundant, but can be gener-
ated externally in a controlled way by illumination or by electric breakdown.
Electrons can be excited from the valence band to the conduction band by
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Figure 4.5: Schematic drawings of anodic etching of pre-structured silicon in HF
mediated (a) by backside illumination or (b) by electric breakdown.

absorbing photons with energy greater than the band gap, leaving holes in
the valence band. By setting a light source at the backside of the wafer,
electron-hole pairs are generated within the absorption depth of the light.
Most of the electron-hole pairs recombine within the diffusion length (de-
pending on the dopant density) and lose the energy in terms of heat. But a
small portion reaches the space charge region (SCR); holes are then driven
towards the surface by the electric field, participating in the chemical re-
action to remove the silicon atoms. On the silicon surface with inverted
pyramidal structures, the SCR is thinner at the tips and the electric field is
stronger compared to the planar part due to the high curvature. Therefore,
holes preferably are directed towards the tips. Especially, when the pitch
distance between pores is less than twice the width of SCR, the pore walls
are completely isolated from holes by the SCR (Fig. 4.5(a)). Regular arrays
of macropores with smooth walls can be obtained.

Holes can also be generated by electric breakdown (Fig. 4.5(b)). Two
types of breakdown may occur in a semiconductor at high field: Zener
breakdown or avalanche breakdown. For silicon of doping density in excess
of 1018 cm−3, the width of the SCR at a strong reverse bias (correspond-
ing field strength 106 V/cm) becomes so thin and the energy bands are
bent so much that the electrons in the valence band can tunnel through the
band gap to the conduction band. This band to band tunneling is know as
the Zener breakdown. On the other hand, avalanche breakdown dominates
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in moderate- or low-doped silicon when the electric field strength reaches
3 × 105 V/cm. The free carriers in the SCR are accelerated by the high
electric field and collide with the crystal lattice thereby freeing the bound
electrons. However, the reaction rate, i.e., current density, is then limited by
the mass transport of the electrolyte. On a structured silicon surface, the
field strength increases with the structure curvature, thus the breakdown
field strength can be selectively reached at the pore tip at a relatively low
bias compared to a planar surface.

In addition, the anisotropy of the etching rate plays an important role
in formation of straight pores. Based on the study of the dissolution va-
lence (the ratio of the number of the consumed holes to the removed sil-
icon atoms), it is assumed that the tetravalent reaction happens at the
pore tip, thus the pore tip current density equals to the critical current
density Jps [103]. Jps is highest along the <100> directions of the silicon
crystal, thus the pores tend to grow along the [001] direction. However, as
a side-effect, orthogonal spiking pores along other directions in the family
of <100> directions are also observed along the main pores during break-
down etching.

4.2.2 Electrochemical etching setup and parameters

A schematic sketch of an elecrochemical etching cell consisting of two flu-
idic chambers is shown in Fig. 4.6. Both chambers are made of polyte-
trafluoroethylene (PTFE), which is resistant to HF. Unless specified, the
frontside-chamber is filled with HF, while the backside-chamber is filled with
conductive NaCl solution for the electrical contact on the backside of the
membranes. A peristaltic pump (Ismatec) connects a HF tank (not shown)
with the frontside-chamber, circulating the etchant, which is kept at a con-
stant temperature by a thermostat-controlled circulating water bath (not
shown). Platinum electrodes are immersed in the electrolyte, serving as the
working, counter and reference electrodes. The bias is applied by a potentio-
stat (VersaSTAT 4, Princeton Applied Research). In experiments of etching
mediated by backside-illumination, a white light LED source was mounted
behind the backside-chamber. Under breakdown etching, the etching cell
was kept in an opaque box to avoid ambient light. The etching outcome de-
pends on a large number of parameters, including the dopant type, doping
density, pitch distance of the inverted pyramids, HF concentration, current
density, bias, etc. However, systematically exploration among all possible
combinations of etching parameters is not the purpose of this thesis. Based



4.2. FORMATION OF NANOPORE ARRAYS BY ELECTROCHEMICAL
ETCHING 33

Figure 4.6: A schematic drawing of an electrochemical etching cell. The working
electrode is denoted by WE, the counter electrode by CE and the reference electrode
by RE.

on previous experiences and literatures [106–108], the HF concentration was
chosen to be 5.4 wt.% (HF [50%]:H2O:C2H5OH = 17:135:45); NaCl solution
is 9 mg/ml. Moderate-doped silicon substrates were used for the reason that
low-doped silicon requires much higher bias to trigger breakdown, whereas
on highly-doped silicon, the SCR is so thin that tunneling can happen all
over the surface under a low bias, instead of exclusively at the pore tip.
Other parameters are specified for each etching result in the following sec-
tions.

4.2.3 High aspect ratio nanopores formed in bulk silicon

To find the etching parameters to form nanopores in Si membranes, electro-
chemical etching of pre-structured bulk Si was first conducted. It is not only
a consideration of cost, in terms of money and time, but also an interesting
side project to find out how narrow and deep the pores can be formed by this
technique. The results summarized here were obtained on moderate-doped
silicon with resistivity of 20-40 Ωcm (doping density ∼ 2× 1014 cm−3).

High aspect ratio pores are formed on bulk silicon substrates by applying
a bias that is greater than 10 V to initiate etching, as shown in Fig. 4.7(a).
By a calculation of the breakdown bias for a spherical structure (as the
pore tip) [106], avalanche breakdown dominants when the pore diameter is
larger than 500 nm, corresponding to a bias above 10 V. Therefore we expect
that avalanche breakdown is the dominant mechanism during initial etching.
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However, as pores start to grow at the apex of the inverted pyramids, the
pore tip radius decreases, for example to about 50 nm at 10 V. The energy
band bending is then strong enough at the pore tip to allow tunneling, even
at a lower bias. The pore is then etched by Zener breakdown below 10 V.
As shown in Fig. 4.7(b), an abrupt change in pore diameter is observed
where bias is stepped from 10 V to 5 V. Sub-20 nm pores are achieved by
Zener breakdown. It is also noticeable that the spiking pores along with the
etch rate are reduced at a lower bias due to the decreasing number of holes.
However, it is observed that to lower the bias below 5 V does not provide
sufficient hole generation rate to allow further pore growth.

Figure 4.7: Cross-sectional views of pores etched by breakdown: (a) pores with
depths of ∼ 17µm etched at 50 V, 10 V and 5 V sequentially; (b) a zoomed-in
image at the bias transition area. Sample parameters: n-type, 20-40 Ωcm, etched
at room temperature.

We use backside-illumination to provide photon-induced holes to inves-
tigate electrochemical etching below 5 V. The current is thereby decoupled
from the bias. In this experiment, the backside-chamber is replaced by a
direct ohmic contact to the backside of the substrates using InGa eutectic.
The etchant was kept at 5 ◦C for the reason that Jps scales with temperature,
therefore a lower temperature allows etching at a lower current density, in
turn generating narrower pores. As shown in Fig. 4.8, pores are etched with
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Figure 4.8: Top and cross-sectional views of pores etched by backside-illumination
at (a) 127 µAcm−2 and (b) 23 µAcm−2, respectively. Bias changed sequentially
from 5 V to 0.5 V. Sample parameters: n-type, 20-40 Ωcm, etched at 5 ◦C. Figure
adapted from Ref. [109] with permission. © 2014 by the American Institute of
Physics.

sequentially decreased bias from 5 V to 0.5 V, while current is kept constant
by regulating the light intensity. The spiking pores and the roughness of
pore walls are reduced as the bias is reduced, yet, a too low bias leads to a
widening of the pore (Fig. 4.8(a)). Similar to macropore formation, pore size
scales with current density. However, when the pore diameter is reduced to
a certain value, the tunneling breakdown seems unavoidable. Spiking pores
are not fully eliminated from pores with diameter of 35 nm, as shown in
Fig. 4.8(b). Nevertheless, with backside-illumination, etching at extremely
low current and low bias yields high aspect ratio pores (> 300) with reduced
spiking.

4.2.4 Nanopore arrays formed on silicon membranes

In this section, etching results on pre-structured silicon membranes are dis-
cussed. SOI wafers with moderate-doped device layer are used. The cor-
responding space charge region is about a couple of micro-meters, beyond
the thickness of the membranes. Therefore, photon-induced carriers will be
generated within the SCR, thereby no preferential etching at the pore tip.
For this reason, electrochemical etching of membranes are performed in the
breakdown regime.

By applying 10-15 V it is enough to initiate breakdown etching at the
membranes. The etching time is then dependent on the membrane thickness.
On 300 nm thick membranes with ∼ 300 nm wide inverted pyramids as
etching pits, several 10 s is needed to etch through the remaining ∼ 80 nm
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silicon. Once etched through, the pore diameter enlarges rapidly due to the
fast mass transport of the electrolyte. An abrupt increase in the current was
also observed, for the ionic current through the open pore array is often an
order of magnitude higher than the etching current. Etching was terminated
immediately after the etch-through regime was achieved. In the best case,
nanopores with average entrance diameter of 11 nm are formed in about
20% of the etching pits, as shown in Fig. 4.9. The yield is limited by the
variations in the depth of the remaining silicon, being introduced by the
previous fabrication steps.

Figure 4.9: (a) Histogram of open-pore diameters on a 300 nm thick silicon mem-
brane. (b) Top-view of one nanopore with a diameter of 11 nm. Sample parameters:
p-type, 10 - 20 Ωcm, etched at 5 ◦C.) Figure adapted from Ref. [110] with permis-
sion. © 2015 by the Institute of Physics.

To overcome the fabrication variation, the insulating BOX layer was kept
during the electrochemical etching to prevent etch through. Current is most
likely conducted through the edge of the chip, where the device layer and
the handle layer are in contact. The formation of pores is examined by SEM
on the backside of the silicon membrane after BOX layer removal following
the electrochemical etching. For 1.1 µm remaining silicon at the pore tips,
nanopores are etched through after 180 s etching at 10 V with 100% yield.
The average pore entrance diameter is 18± 4 nm, as shown in Fig. 4.10.

The profile of the high aspect ratio pores are further characterized by
TEM. Figure 4.11 shows a cross-sectional view of a nanopore formed at
the bottom of an inverted pyramid. A straight pore is formed in the [001]
direction with a diameter of ∼ 46 nm. The entrance of the pore, however, is
often more narrow than the body of the pore, matching the size distribution
from the top view. Spiking pores are unavoidably formed by breakdown,
although they only grow tens of nm in other <100> directions.

The ionic conductance of the pores further confirm the diameter of the
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Figure 4.10: (a) Top view on the backside of a membrane with an array of pores
etched through. Inset is a zoomed-in image of a pore. (b) Histogram of pore
entrance diameters. Etching parameters: n-type, 1-5 Ωcm, 10 V, 180 s, at room
temperature. Figure adapted from Ref. [111] with permission. © 2018 by the
American Chemical Society.

Figure 4.11: Cross-sectional view of a etching pit with a nanopore etched through
the membrane. Insets are zoomed-in images along the pore. The scale bars in the
inset images are 50 nm. Etching parameters: n-type, 10 V, 1-5 Ωcm, 180 s, at room
temperature.
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body of the pores. A four-probe system measured the I-V curves on arrays
of 31-by-31 pores in a 1 M KCl solution. As being introduced in Chapter
3, single pore conductance can be described as Gp = σ( 4l

πd2 + 1
d)−1. Since

pore conductances are in parallel, the total conductance of a pore array is
G = nGp, where n is the number of pores. We extract the pore array
conductance G by linear fitting of the I-V curves measured on arrays of
nanopores in a 1 M KCl solution, as shown in Fig. 4.12. Using the num-
ber of pores, their length (n = 31 × 31, l = 1.1 µm) and σ as taken from
Ref. [112], the average pore diameter can be further extracted. After I-V
measurements, the diameters of the pores were measured by SEM and com-
pared with the ones derived from the conductance. The values are close and
can be seen in the inset table in Fig. 4.12. It has been noticed that the
nanopores gradually enlarge in the salt solution, which can be attributed to
the dissolution of silicon into silicic acid [113]. It is a rather slow process.
With the laser illumination and applied bias across the pores in the DNA
translocation experiments (discussed later in Chapter 5), the pore enlarge-
ment rate is about 2 nm/hr. However, because of the erosion, the pore
entrances enlarged so that the diameters of the pore body can be examined
directly by SEM.

Figure 4.12: Ionic conductance of arrays of 31-by-31 pores with different average
pore diameter. The inset chart lists the average pore diameters derived from con-
ductance and the ones from SEM images. Figure reprinted from Ref. [111] with
permission. © 2018 by the American Chemical Society.
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4.3 Formation of nanopore arrays by KOH etching

The anisotropical removal of silicon in KOH solutions has led to a simple
approach to open up a small hole in the membrane by an optimized com-
bination of the top opening size and the membrane thickness. As shown in
Fig. 4.13(a), the opening size d at the bottom is determined as d = L−

√
2t,

where L is the top opening size and t the membrane thickness. By varying
L or t, squared openings with different sizes on membranes can be easily
fabricated on a wafer scale (Fig. 4.13(b)). Using such self-limited process,
we have even achieved pore size as small as 6 nm (Fig. 4.13(c)).

The process variation induced by KOH etching is negligible. However,
the process variation on the top opening (L), introduced from previous litho-
graphic step and the mask transfer step, are unavoidably transferred to the
bottom opening (d). Figure 4.14 shows the size distributions of square open-
ings which were initially defined by e-beam lithography. Standard deviation
of the opening sizes in the X and the Y directions are 11 nm and 14 nm,
respectively. We also characterized the standard deviation of pores defined
by photolithography as ∼ 15 nm. This means if we want to obtain pores
no larger than 7.5 nm, we get only one out of one hundred, or if we want
to obtain pores with diameter 5 ± 5 nm, for the best case we get 24% of
the pores fall into this range, the rest would be either closed or larger. This
substantially hinders the yield of nanopores by this approach.

Figure 4.13: (a) A schematic drawing of anisotropic KOH etching of <100> silicon
membrane. (b) By adjusting the initial defined opening, pores with different sizes
are obtained. (c) Even a sub-10 nm pore formed by direct KOH etching was
observed.

4.4 Self-limiting oxidation of silicon nanopores

Thermal oxidation of monocrystalline silicon is widely used in silicon de-
vice technology to form SiO2 as gate oxides, masking oxides, or field oxides.
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Figure 4.14: Histograms of the KOH etched square opening sizes: (a) in the X
direction and (b) in the Y direction. The etching squares were initially defined by
e-beam lithography

During oxidation, silicon atoms react with oxygen or H2O and form Si O
tetrahedrons. This leads to a volume expansion of 2.25 times. In a concave
structure, such volume expansion can be used to shrink the structure feature
size. Under the same oxidation conditions, the oxidation rate is dependent
on the crystal orientation and the impurities in silicon. More interestingly,
on nonplanar structures the oxidation rate is retarded or self-limited due to
the geometry induced stress built up in the oxide that hinders the diffusion
of the oxidant through the oxide and the reaction rate at the Si/SiO2 in-
terface [114, 115]. Taking advantage of this phenomenon, sub-5 nm silicon
nanowires, single silicon quantum dots and single electron transistors were
fabricated [116–120].

We applied thermal oxidation on arrays of inverted pyramidal pores of
different sizes in dry oxygen at 850 ◦C. After each oxidation step, pore
widths were measured with an SEM. To obtain good statistics, each data
point was obtained from 100 pores fabricated from an identical mask. The
results are shown in Fig. 4.15. Although with different initial sizes, all pores
exhibit the same shrinkage behavior: a saturation after 4 hours oxidation.
In the saturation regime, the shrinkage rate is within ± 2 nm/h. Circular
pores with an average diameter of 32 nm were obtained from shrinking
square-shaped pores with an initial width of 78 nm. One pore with initial
width of 58 nm is shrunk to 8 nm as the record smallest pore achieved by
this approach. If we compare the total shrinkage dimension after 4 h of
oxidation among pores with different initial sizes, the larger pores tend to
have a higher shrinkage rate than the smaller pores.
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Figure 4.15: (a) Shrinkage of the pore width as a function of oxidation time. A, B,
C, and D are four groups of pores with different initial pore sizes. One pore with
initial width of 58 nm is shrunk to 8 nm (green points). The error bars represent the
standard deviation of the pore widths of 100 investigated pores. (b) Average pore
width shrinkage versus initial pore width after 4 h of oxidation. Figure reprinted
from Ref. [121] with permission. © 2014 by the Institute of Physics.

Figure 4.16: (a) Top view and (b) cross-sectional view of oxidized pores obtained
by TEM after a 10 h oxidation. The dashed line indicates the initial all silicon
structure. The solid lines illustrate the remaining silicon core in black and the oxide
based on the volume expansion. The dashed red line shows the oxide deformation
at the bottleneck of the pores based on the volume conservation. The scale bar is
5 nm in (a) and 100 nm in (b), respectively. Figure adapted from Ref. [121] with
permission. © 2014 by the Institute of Physics.

The thermal oxidation shrinkage behavior of the inverted pyramidal pores
can be explained by the geometric effect. A close look at the oxidized pores in
TEM reveals that the thermally grown oxide forms perfect circular shape in
small dimensions, as shown in Fig. 4.16(a). Although the oxidation temper-
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ature 850 ◦C is well below the glass transition temperature 965 ◦C for SiO2,
it has been reported that the high stress in the oxide on nonplanar struc-
tures decreases the oxide viscosity to allow oxide to flow at a temperature
below 965 ◦C in order to obtain the lowest surface energy. A cross-sectional
view of an oxidized inverted pyramidal structure shown in Fig. 4.16(b) re-
veals the remaining Si core and the oxide grown after 10 h of oxidation. It
is clearly shown that the shrinkage rate is not directly related to the oxide
growth rate, but is also dependent on the deformation of oxide at the bottom
edge of the pore. Less oxide flows to point O as the oxidation goes longer,
which leads to a saturation of the shrinkage. The shape of the remaining
Si core implies no retardation in oxidation at the point O’. But the oxide
growth on the (111) plane (X1) is less than expected, considering the oxi-
dation rate on (111) planes is usually 1.68 times higher than on the (100)
planes. In our case, on the other hand, the oxide on the (111) plane is even
sightly less than the oxide on (100) plane (X0). This can be explained by
the compressive stress which builds up in the inner pore walls, i.e., (111)
planes. Such compressive stress increases inversely with the opening size.
Pores with smaller initial sizes accumulate higher stress, hence the oxidation
rate is lower. This leads to a pore-size-dependent shrinkage rate as shown
in Fig. 4.15(b). However, such geometric effect only narrows the pore size
distribution slightly (see the error bars in Fig. 4.15(a)), and does not seem
to be a viable route towards extremely small pore diameters.

4.5 Other attempted approaches

4.5.1 Nanopore surface modification by ALD

Atomic layer deposition (ALD) on silicon nanopores serves two purposes:
to further reduce the pore size and to change the surface potential and the
hydrophobicity. The silicon surface has a zeta potential of -30 mV at pH 7.
This may create an osmotic flow in the nanopore under bias. Whether
this effect is positive or negative, it depends on the application. However,
the bare silicon surface is also highly hydrophobic, which is not ideal for
bio-sensing applications which often work at a solid/water interface. In
contrast, an oxidized silicon surface (SiO2) is highly wettable (hydrophilic).
The hydroxyl groups at the oxide may also be introduced to the silicon
surface by oxygen plasma to increase the wettability. However, hydroxyl
groups are not stable at the silicon surface.

Two types of metal oxides, TiO2 (anatase) and Al2O3, were deposited on
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the KOH etched silicon nanopores at a nominal thickness of 5 nm, respec-
tively. As a result, the pore diameter is reduced precisely according to the
layer thickness (Fig. 4.17 ). The Al2O3 deposited surface is smooth, whereas
on the TiO2 deposited surface grains of nanometer-size were observed. On
both substrates, by a rough estimation of the contact angle, the surfaces
turned hydrophilic because of the oxide hydroxyl groups.

Figure 4.17: Top view SEM images of a KOH-etched pores: (a) before and (b)
after 5 nm TiO2 were deposited by ALD. The width and the length of the rectangle
shaped pore are reduced by 10 nm, respectively. The scale bars are 20 nm.

4.5.2 Electron-beam induced deposition on silicon nanopores

Electron-beam induced carbon deposition is often observed during SEM
imaging as a side-effect. The hydrocarbon contamination introduced by
the pumping system serves as a precursor that dissociates into a solid form
carbon on the specimen surface and volatile byproducts [122]. However,
such side-effect can potentially be used to shrink the silicon nanopores in
a controlled manner [123]. We have also observed the pore shrinkage in-
duced by carbon deposition in an SEM. Figure 4.18 shows a progressive
shrinkage of an inverted pyramidal silicon pore during continuous electron
beam scanning restricted to the pore area. Sub-10 nm opening size has been
achieved.

Although this method is highly controllable and with direct visual feed-
back, the deposited carbon on the silicon surface is not robust and can be
easily removed in an oxygen plasma or a mixed H2SO4 and H2O2 solution (a
standard cleaning procedure for silicon). Thus, so far it has not been re-
ported that DNA translocation experiments are performed on solely carbon
deposited nanopores. Interestingly, shrinkage has been also observed during
SEM imaging of Si3N4 nanopores and glass nano-pipettes, however due to
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actual material flow induced by the eletron bombartment [124, 125]. DNA
translocation has been measured on such shrunk nanopores.

Figure 4.18: Pore shrinkage by electron-induced carbon deposition. The scale bars
are 20 nm in (a) and (d); 10 nm in (b) and (c).

4.5.3 Metal-assisted etching of silicon

As an alternative method to form nanopores in a large array, metal-assisted
etching was also investigated. The silicon is etched in a mixture of HF and
H2O2 with noble metal particles deposited on the surface as a catalyst, with-
out an external electric bias. The etching mechanism is generally proposed
as: (1) Holes are generated by the oxidant reduction at the noble metal. (2)
The holes diffuse through the noble metal and are injected into silicon. (3)
Silicon being oxidized by the injected holes and dissolved by HF [126]. The
etching rate is higher at the Si/metal interface, thus for noble metal struc-
tures that are in the micrometer range, the direction of etching is defined by
the gravitational force. Straight pores or pillars can be formed. However,
for noble metal particles in nanoscale dimension, the diffusion of the reac-
tion byproducts, e.g., H2 gas, often pushes the noble metal particles away
from their original positions, thereby forming random snake-like pores, see
Fig. 4.19(b).

An attempt to make a regular array of pores by metal-aasisted etching
is noted here. An array of Au nano-discs with a diameter of ∼ 100 nm was
fabricated on a silicon substrate (n-type, 20-40 Ω cm) by e-beam lithography,
Au deposition and lift-off, as shown in Fig. 4.19 (a). After submerging in the
etchant (HF [50%]: H2O2 [30%]:H2O=1:2:7) for 1 hour, snake-like pores with
diameter similar to the noble metal particles are formed and a micro-porous
surface is also formed.

However, forming random pores with high porosity was successful by this
method. A systematic study is summarized in Ref. [127].
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Figure 4.19: (a) Top view SEM image of a silicon surface with an array of Au
nano-discs. (b) SEM image of the same area after metal-assisted etching.

Summary

Several etching techniques to form nanopore arrays in silicon in a parallel
way have been explored in this chapter, including electrochemical etching,
KOH etching, and metal assisted etching. From our studies, electrochemical
etching seems the most suitable technique in the sense that by this etching
method the size variation in the pore position-defining process steps does not
transfer to the pore size distribution. Nanopores with entrance diameters
of 18 ± 4 nm in a 31-by-31 array on a membrane have been achieved. On
the other hand, when forming arrays of pores, whose sizes are much larger
than the fabrication variation (∼ 15 nm), KOH etching is preferred because
of its simplicity. Metal-assisted etching is a cost-effective method to form a
random porous layer with high porosity.

Efforts have also been made to further shrink the pore size of an ini-
tially fabricated array of pores. Investigated methods in the thesis were
thermal oxidation, ALD and e-beam-induced deposition. All show control-
lable shrinkage rate, but did not result in a homogeneous size distribution
of pores at the few nanometer scale. In addition, oxide surfaces improve the
wettability of pores. In short, for the purpose of optical single-molecule de-
tection, electrochemically etched nanopore arrays were used because of the
relative homogeneous pore sizes, resulting from the electrochemical etching
mechanism tuneable to the 10-20 nm size regime.





Chapter 5

Parallel optical detection of DNA
translocations

In this chapter, we focus on the optical detection of single DNA molecules
passing through an array of silicon nanopores. First, a fluidic system holding
the nanopore chip, connected to the electrical system and optical detection
setups are described in 5.1. The PL background noise in the fluidic system
is discussed in 5.2. The fluorescent labeling of the DNA and a two-color-
fluorophore detection method using a single excitation source and detec-
tion camera are described in 5.3. Furthermore, a systematic study of DNA
translocation through an array of nanopores is summarized in 5.4.

5.1 Detection system

5.1.1 Fluidic cell

To conduct DNA translocation through an array of nanopores, a fluidic
cell holding the nanopore chip with both electrical and optical access was
designed. The cell includes two compartments (namely upper and lower),
serving as the trans- and cis-chamber, as can be seen in Fig. 5.1. Both
compartments are made from polyether ether ketone (PEEK) because of
its high mechanical and chemical resistance. Holes with threads compati-
ble with standard microfluidic components are designed for easy access to
electrodes and microlfuidic pumps, if applicable. The main challenge in the
cell design was to achieve optical access at the bottom of the lower com-
partment with wide optical aperture. To avoid image distortion induced by
the refraction at the water/glass interface, the nanopore chip has to be as
close as possible to the cover glass. This leads to very limited space in the
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lower chamber. Therefore, instead of pressing orings on both sides of the
nanopore chip to separate the two chambers, the chip is sealed to the upper
chamber by adhesion, using a double-sided tape and a PDMS sheet with a
vertical channel that is aligned to the membrane. The chip was then pushed
into the lower compartment towards the cover glass. The distance between
the chip and cover glass is normally 20-50 µm, controlled by the thread of
the two compartments.

Figure 5.1: A cross-sectional drawing of the fluidic cell.

5.1.2 Electrical system

To drive DNA into a nanopore and to measure the ionic conductance of the
pore array, a desired electric bias needs to be applied across the membrane.
Four electrodes are immersed into the buffer solution, two at each side of
the membrane. The circuit is closed by connecting all electrodes to a Poten-
tiostat. As shown in Fig. 5.2, two Pt electrodes are serving as working and
counter electrodes to supply current, while two Ag/AgCl electrodes (Harvard
Apparatus, 69-0053) work as sensing and reference electrodes, respectively,
to monitor the cross-membrane bias.

There are several reasons to use a 4-probe method rather than a 2-probe
method, the latter being commonly used with Ag/AgCl electrodes in single
nanopore detection. First, as the number of pores (n) in parallel increases,
the resistance of an array of pores decreases as 1/n (assuming all pores are
identical). In our experiments, the resistance of nanopores in a 31-by-31
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array is only few tens of kΩ. Under a typical bias for DNA translocation,
e.g., 1 V, the ionic current through the circuit is ∼ 10 µA. To supply such
high current in a 2-probe method, the AgCl layer on the bare Ag/AgCl
electrode will be consumed very soon. Therefore, polarizable Pt electrodes
are used instead to supply the high current. Second, the contact resistance
of Pt electrodes is of the same order of magnitude that of the nanopore array
and it is current density dependent. Therefore, to measure the exact bias
drop across the nanopore, two Ag/AgCl reference electrodes are added to
the system.

Figure 5.2: A schematic of the optical setup for single molecule fluorescence detec-
tion. A fluidic cell that contains a nanopore chip is placed on top of the inverted
microscope. A 4-probe electric system supplies voltage bias across the membrane
to drive negatively charged DNA molecules through the nanopores.

5.1.3 Optical system

To measure fluorophore-labelled single molecules translocating through an
array of nanopores is challenging, in particular for DNA translocation occur-
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ing on a very short time scale (ms to µs). Three criteria need to be fulfilled:
(i) The signal-to-noise ratio needs to be high enough to distinguish single
molecules. (ii) The time resolution needs to be high enough to record the
dynamics of single molecules’ motion. (iii) The field of view needs to be large
enough to cover as many as possible pores. Such criteria are often a trade-off
between each other. Confocal or total internal reflection fluorescence micro-
scopes (TIRFs) are commonly used to improve the signal-to-noise ratio by
reducing the detection volume. But they suffer from small field of view or
difficulties in matching the refractive index of the medium. Detectors such as
avalanche photodiodes (APDs) or photomultiplier tubes (PMTs) have high
time resolution, but also suffer from a small field of view and can only be used
for single pore studies. For the purpose of parallel detection, a conventional
epi-fluorescence microscope with digital image sensors (a CMOS camera and
an EMCCD camera) was employed in our experiments. Compared to APDs
and PMTs, whose frame rate can reach 10 MHz, digital image sensors have
lower time resolution due to a slower read-out scheme, but a much larger
field of view and a higher quantum efficiency. For the scientific CMOS cam-
era used in our setup, we could record at 1 KHz in cropped mode (128 ×
128 pixels). The imaged area includes 5× 5 nanopores using our fabricated
samples. The frame rate can be further increased to ∼ 10 KHz by using the
minimal imaging area (8× 2048 pixels). This is good enough to record sin-
gle molecule translocation on an epi-fluorescence microscope, whose depth
of field (DOF) is about 1 µm in our case, defined by the numerical aperture
of the objective lens. Such detection volume is rather large in comparison
with confocal microscopes or TIRFs. Indeed, this causes a high level of the
background PL signal, therefore a low signal-to-noise ratio. However, by
choosing carefully the combination of excitation wavelength and detection
wavelength ranges, background can be suppressed. This issue is addressed
in details later in Sec. 5.2.

A schematic of optical paths for the fluorescence detection is illustrated
in Fig. 5.2. A laser with a wavelength of 514 nm (Omicron Phoxx diode
laser), matching the absorption band of the fluorophores, is employed. The
excitation light is filtered with a notch filter to ensure monochromaticity and
then reflected by a dichroic mirror to the sample through a 63× objective
lens with window correction (NA 0.75). Emitted light from the fluorophores
at longer wavelengths is collected by the same objective lens and passes
through dichroic mirror and an emission filter to be recorded by a digital
image sensor (Andor iXon-X3 888 EMCCD or Hamamastu ORCA-Flash4.0



5.2. CHARACTERIZATION OF BACKGROUND SOURCES 51

V2 Digital CMOS camera). In case of multiple-wavelength detection of two
types of fluorophores, a beam splitter (OptoSplit II, CAIRN RESEARCH)
is added before the camera. The dichroic mirror in the beam splitter splits
the emission light of the two fluorophores according to the wavelength. The
two beams are then filtered with band pass filters and directed to adjacent
areas on the same image sensor, thus providing two side-by-side images from
the same area but at different emission wavelengths. In addition, the PL
spectrum can also be measured, simply by redirecting the emission light to
the imaging spectrometer (Andor Shamrock 500i). Light passes through a
narrow entrance slit and is then reflected to a grating. The grating disperses
the input light into a spectrum, which is then measured by the EMCCD
camera.

5.2 Characterization of background sources

To detect fluorescence from a single molecule, it is critical to suppress the
background signal in the fluorophore emission spectrum range. During opti-
cal sensing on nanopores, the membrane and the surrounding buffer solution
in the detection volume are unavoidably under excitation. Thus, it is neces-
sary to characterize the PL behavior of membranes and Raman scattering by
the surrounding solution, in order to choose the right material and optical
components to minimize the background signal.

5.2.1 Membranes: Si and SiN

PL spectra were measured respectively, under the excitation of a 514 nm
laser, on a 300 nm thick Si membrane and a 15 nm commercially-available
SiN membrane. The latter is a widely used material to form nanopores for
electrical single molecule detection using the ionic current blockade method.
As shown in Fig. 5.3(a), the SiN membrane has a relatively intense and broad
PL emission from 580 nm to 850 nm, while the Si membrane reveal negligible
PL in the same wavelength range. This is due to the indirect energy band
structure of silicon and a small energy bandgap (1.11 eV at 300 K) [128].
Photoluminescence excitation (PLE) measurements of the membranes were
also conducted. The PL intensity in the emission range from 580 nm to 1 µm
is monitored, while the excitation wavelength scans from 440 nm to 560 nm.
As shown in Fig. 5.3(b), throughout the excitation wavelength range, the
Si membrane has negligible emission, whereas the SiN membrane has 5 to
10 folds higher emission in comparison to the Si membrane, although the
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thickness of the SiN membrane is 20 times less than the Si membrane. Such
low PL emission property of Si opens up a wide spectrum range for optical
nanopore sensing.

Figure 5.3: PL spectra (a) and semi-log PLE spectra (b) of a 300 nm thick Si mem-
brane and a 15 nm thick SiN membrane respectively. The excitation wavelength in
PL measurements is 514 nm. The emission range in PLE measurements is collected
from 561 nm to 1 µm in wavelength. Figure adapted from Ref. [129, 130] with
permission. ©2015 by the Institute of Physics. © 2015 by SPIE.

5.2.2 Water Raman scattering and other background sources

Biological samples are most likely in an aqueous environment. Therefore,
the inelastic scattering of the excitation photons (Raman scattering) by the
water molecules is often a strong background luminescence source. The
energy losses caused by the vibrations and rotations of the O-H bonds are
quantised and independent of the excitation photon energy. Therefore, the
Raman scattering peak can be tuned by changing the excitation wavelength.
In Fig. 5.4, the Raman peak is intentionally positioned at 625 nm with a
full width half maximum of 20 nm by using a 514 nm excitation laser beam.
This Raman spectrum is excluded from the two-fluorophore detection by two
emission band pass filters (f1 and f2 in Fig. 5.4). Therefore, in the wavelength
ranges of 532 - 608 nm and beyond 640 nm, we have a low PL background
window to detect single fluorophore emissions. In addition, a leakage of
the luminescence light from the excitation laser and and the PL from non-
bridging oxygen defects [131] from the glass window of the detection cell
were attributed as background sources in the detection wavelength ranges
of interest. These background sources were removed by using a notch filter
(514 ± 1 nm) to clean up the laser emission and by substituting a quartz
window for the glass one.
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Figure 5.4: Background spectrum at the vicinity of a silicon nanopore array in the
detection fluid cell with SSC buffer solution. Raman scattering from water appears
around 622 nm. The inset graph is a spectrum showing the Raman scattering
peak from water. Dashed red lines indicate the wavelength window of band pass
filters. The excitation wavelength is 514 nm. Figure reprinted from Ref. [130] with
permission. © 2015 by SPIE.

5.3 Two-color fluorophore detection

Rich information of molecules can be obtained by using a versatile multi-
wavelength fluorescent labeling strategy. This requires multi-wavelength
channel detection of fluorophores with well separated emission peaks. As a
proof of concept, we demonstrated two-color fluorophore detection using a
single excitation source and an EMCCD camera. Here, ATTO-532 (ATTO
Technology, INC.) and DY-521XL (Dyomics GmgH) are selected based on
their emission peaks. In addition, due to the large Stoke’s shift of DY-521XL,
the absorption peaks of the two chosen fluorophores are relative close, so that
we could excite both fluorophores by the same laser (514 nm). The spectrum
of the fluorophores are shown in Fig. 5.5. Bandpass filters at 571/72 nm
and 675/67 nm are used as emission filters for ATTO-532 and DY-521XL,
respectively. The PL background in these two emission spectrum ranges was
suppressed in various ways as discussed in Sec. 5.2. Using the beam splitter
described in Sec. 5.1.3, Brownian motion of mixed DNA molecules labelled
by either one of the two fluorophores were imaged simultaneously, as can be
seen in Fig. 5.6. The left image shows the PL signals from the ATTO-532
fluorophores, while the right image shows the emissions from DY-521-XL.
The blurred image is due to the slow frame rate of the EMCCD camera, not
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the background PL. Unfortunately, the quantum yield for the DY-521-XL
fluorophore is much lower than for the ATTO-532 fluorophore, making the
brightness low and limiting its use for single fluorophore/molecule detection.

Figure 5.5: Absorption and emission spectrum of fluorophores ATTO-532 and DY-
520XL. The wavelength ranges of excitation laser and bandpass filters (f1, f2) are
also indicated. Figure reprinted with permission from Ref. [130].© 2015 by SPIE.

Figure 5.6: A single frame of the recorded PL movie of a 1:1 mix of DNA molecules
labelled with ATTO-532 and DY-521-XL, respectively. By using an optosplit, the
PL images in the wavelength ranges of 571/72 nm (right) and 675/67 nm (left)
are displayed side-by-side simultaneously. Figure adapted from Ref. [130] with
permission. © 2015 by SPIE.

5.4 DNA translocation through nanopore arrays

DNA molecules are negatively charged along the backbones in a buffer so-
lution. Therefore, they can be driven through the nanopores if a potential
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gradient is established across the pore. Statistics of the frequency and the
duration of the translocation event depict the dynamics of the translocation
process, revealing information of the molecules and the local environment.

In this section, we discuss DNA translocation dynamics based on results
from a set of experiments, where dsDNA of different lengths, labelled with
ATTO-532 at 5’ ends, were translocated through an array of nanopores with
a depth of 1.1 µm and an average diameter ranging from 50 nm to 130 nm.

5.4.1 Determination of the DNA translocation events

The DNA translocation events were determined by the fluorescent signals of
the molecules and by the conductance change of the array of pores. As shown
in Fig. 5.7, an electric potential is applied across the membrane to drive neg-
atively charged DNA moving towards and passing through the pores. When
a DNA molecule travels through the depth of field (DOF), which approxi-
mately overlaps with the depth of the pore, the attached fluorophores are
excited and the photon bursts are detected by the camera. The resulted in-
termittent fluorescent signals at each pore positions are then extracted and
analyzed to count the DNA capture rate and event duration. In addition,
the DNA translocation is confirmed by the change of the conductance of the
pore array or equivalently of the ionic current. Although, it is not possible
to detect events on single pores by the ionic current blockade without elec-
trical isolation between pores. The pore array conductance reflects the total
occupation of the pores by molecules in the whole array. A clear correlation
between the decrease of ionic current and the appearing of the intermittent
photon bursts was observed, as shown in Fig. 5.7. This confirms that the
optically detected events are DNA translocation events (not DNA detected
within the DOF at the pore entrance).

5.4.2 Translocation statistics

PL intensity time traces at individual pore positions are extracted from
recorded movies of DNA translocation on an array of pores, by using a home-
built Java plug-in on the ImageJ software. The traces are then analyzed in
MATLAB to obtain the translocation statistics. Briefly, to determine events,
a threshold is set for each trace as Nσ above the background level, where
N is a constant (often defined as 5) and σ the standard deviation of the
background intensity distribution. The on-time (event duration) is defined
as the time when the PL intensity is above the threshold, while the off-time
(interval time between events) below the threshold.
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Figure 5.7: Opto-electrical determination of DNA translocations. Top: a schematic
of DNA translocation detection. Labelled DNA molecules are detected in the DOF
which approximately overlaps with the pore, when the laser beam (in green) is fo-
cused at the pore entrance. The schematic is based on pores with depth of ∼ 1 µm.
Bottom left: a white light image shows the position of pores; a PL image integrated
from 50K frames shows the fluorescent signals at the pore positions. Pitch distance
is ∼ 4 µm Bottom right: a trace of ionic current of the pore array (green line) and
a PL trace extracted from a single pore (blue line) are obtained simultaneously,
revealing a clear correlation.

The on- and off-time distributions were found to approximately follow
the double-exponential functions, having a fast and a slow processes, as
can be seen in Fig. 5.8. Let us first discuss the on-time distribution. The-
oretically, the probability of a charged particle passing through a certain
distance for a given time under bias can be derived by solving the Fokker-
Plank equation in a 1D drift-diffusion model [132]. The derived probability
density function (PDF) has a shape similar to a normal distribution but
with an asymmetric extended tail towards longer time. However, due to
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the limited temporal resolution of the CMOS camera used in our setup, the
peak of the on-time distribution was not clearly resolved. The faster pro-
cess in the on-time distribution is likely the right half of the theoretically
derived PDF. The slow process, however, extends into a much longer time
scale, that cannot be described by the 1D drift-diffusion model. In fact, it
has been reported that the long tail in the on-time distribution might be
attributed to the interactions between different parts of the DNA strand [9].
For the off-time distribution, DNA molecules are considered diffusing freely
outside the pore and only being randomly captured by the electrical attrac-
tion into a pore. A pure random process yields a PDF of event interval time
as a single exponential distribution. The origin of the double exponential
distribution shown in our data is unclear. Our hypothesis is that the fast
process is related to the translocating attempts of the molecules, bouncing
back-and-forth at the pore entrance, while the slow process reflects the true
interval time between arriving molecules. Further experiments and analyt-
ical models are needed in order to reveal the detailed behavior at the pore
entrance.

Figure 5.8: (a) Typical on-time (event duration) distribution. (b) Typical off-time
(interval time between events) distribution. Both distributions were fitted with
double-exponential functions. Data was extracted from 450 bp DNA translocation
experiments.

5.4.3 Laser-induced thermal effect

The excitation laser, focused at the membrane surface to excite the fluo-
rophores, was found to introduce a thermal effect at the vicinity of the pores,
which plays an important role in DNA translocation. At 514 nm (photoen-
ergy 2.41 eV), silicon has strong absorption through interband transitions
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due to the relatively small energy bandgap (1.11 eV at 300 K). For silicon
membranes thicker than 1 µm, almost 100 % of the photons are absorbed
by the material according to the Beer-Lambert law. This absorbed energy
generates carriers (electron-hole pairs) which thermalize to the band edges
and then recombine providing heat in the thin silicon membrane. As shown
in Fig. 5.9(a), a temperature gradient is created around the laser spot be-
cause of the heat transfer. The maximum temperature at the membrane
surface reaches as high as 83 ◦C under 60 mW laser excitation. An indirect
observation of the laser-induced thermal effect is the linear increase of the
conductance of the pore array (∆G) with increasing laser power, as can be
seen in Fig. 5.9(b). This is induced by the temperature dependent ionic
conductivity. Moreover, the response of the pore array conductance to the
laser power (∆G/P) is proportional to the volume of the pores (∝ d2). It
implies the conductance change mainly comes from the bulk solution in-
side the pore (thus a thermal effect) rather than being a surface related
effect. The temperature change induces a change in the solution viscosity.
This fundamentally affects all the mass transport processes in the solution,
including DNA translocation dynamics, which will be discussed in the fol-
lowing sections.

Figure 5.9: (a) A cross-sectional view of the temperature distribution around a
silicon membrane illuminated by a 514 nm laser with a power of 60 mW. The
dotted line indicates a membrane with thickness of 2.3 µm. (b) The conductance
of the pore array increases linearly with increasing laser power. The increasing rate
(∆G/P) is proportional to the square of the average pore diameter (d2). Figure
adapted from [111] with permission. © 2018 by the American Chemical Society.
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5.4.4 Event duration

As we determine the event duration (on-time) from the optical signals ob-
tained with a relatively large DOF (∼ 1µm), it is worth to discuss first
about what translocation steps are included in the recorded on-time. As
illustrated in Fig. 5.7, the focal plane is placed as close as possible to the
pore entrance, thereby about half of the DOF is outside the pore. Hence,
the recorded event duration includes two steps: the time a molecule ap-
proaching the pore at the pore vicinity (tout) spends within the DOF and
the time a molecule passing through the pore (tpass) spends in the DOF.
Since the electric field drops rapidly outside the pore (at a rate of 1/r,
where r is the radial distance from the pore entrance), it is reasonable to
assume that tout is considerable longer than tpass. Thus, the event duration
in our experiments is mainly determined by tout. Using an electrophoretic
model of molecules in bulk solution, for the given distance, the event du-
ration is inversely proportional to the product of the electric field outside
the pore and the DNA electrophoretic mobility, tout ∝ 1/ ~Eoutµep. Under
a given bias, we have observed that the event duration for molecules with
different lengths varies insignificantly. This can be attributed to the DNA-
length-independent µ. The experimental data also shows that the change
in event duration versus the applied bias is within the error bar. This is
probably because that the detection is still limited by the relatively low
temporal resolution of the camera. However, it was observed that the on-
time significantly depends on the laser power, as shown in Fig. 5.10. The
on-time decreases with the increasing laser power. The trend coincides with
the temperature dependence of the water viscosity (η). This implies that
the decreasing viscosity of water caused by the laser thermal effect plays a
decisive role for the increasing velocity of molecules in the solution. Indeed,
the electrophoretic mobility of DNA is approximately proportional to the
reciprocal of the solution viscosity. Therefore, tout ∝ η.

5.4.5 Event frequency

Interestingly, the event frequency (capture rate) at a particular bias was
found to decrease with increasing molecular length, as shown in Fig. 5.11. A
threshold bias for initiating translocation events was also observed increasing
with increasing DNA length. Such experimental observation can be well
explained by the thermophoresis of molecules in a thermal gradient at the
pore vicinity induced by the laser illumination (see in Fig. 5.9(a)).
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Figure 5.10: Event duration of the fast process decreases with the increasing laser
power. The values of water viscosity relative to that at 20 ◦C is overlaid on top (blue
continuous line). Figure reproduced from ACS publication [111] with permission.
© 2018 by the American Chemical Society.

As being discussed in Chapter 3, the molecules are known to migrate in
a thermal gradient via thermophoresis. The degree of depletion of the DNA
molecules from the hot region is characterized by the Soret coefficient, ST.
A previous study has shown that the Soret coefficient is proportional to the
square root of the DNA length, ST ∝

√
Nbp [81]. This means the longer

molecules are more depleted from the heated membrane, thereby longer
molecules are captured into the pores with lower probability. To overcome
this diffusive effect away from the pores, longer DNA need a higher bias, as
indicated by the data of Fig. 5.11.

An analytical model was derived to describe the capture rate of the
molecules on a nanopore including a potential and a thermal gradient. If we
consider DNA molecules as charged particles, the particle flow density (j)
in our system is governed by diffusion, electrophoresis and thermophoresis,
which is determined by the gradients of particle concentration c, potential
V and temperature T , respectively,

j = −D(T )∇c+ µep(T )c∇V −DT(T )c∇T. (5.1)

Since the potential and the temperature profiles at the pore vicinity are
approximately spherically symmetric, for simplicity we solve the differential
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equation 5.1 in spherical symmetry. Thus, the overall molecule flow (capture
rate) into a pore is I = 2πr2j(r). We adopted the approach outlined in [133]
and derived the capture rate R =| I | as

R = 2πD(T0)c∫∞
r0

ηrelative(r′)
r′2 exp[−µep(T0)

D(T0) V (r′) + ST
(
T (r′)− T0

)
]dr′

, (5.2)

where r0 is the absorbing radius where the absorption boundary condi-
tion c(r0) = 0 is applied; T0 is the ambient temperature, and ηrelative =
η(T )/η(T0). Using rate equation 5.2 to extract the only variable ST from the
experimental data, we obtained values in a reasonable range (∼ 10−1K−1)
as compared with literature [81, 134]. The magnitude of ST for different
DNA lengths were found to be approximately in accordance to the square
root relation, ST ∝

√
Nbp.

Figure 5.11: Capture rate of different DNA lengths versus bias under 60 mW laser
illumination heating. The solid lines are calculations based on the rate equation
5.2. Figure reproduced from ACS publication [111] with permission. © 2018 by the
American Chemical Society.

Summary

In this chapter, the optical and electrical system for parallel detection of
DNA translocation through an array of pores is described. In scaling up the
number of pores, the conductance increase of the pore array is non-trivial. A
four-probe electrical system is necessary to obtain accurate bias across the
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pore array. On the optical detection side, an epi-fluorescence microscope
and a fast CMOS camera are employed to maximize the detection through-
put. Effort has been paid to suppress the background signal and to improve
the temporal resolution. As a result, DNA translocation experiments were
conducted successfully. It was found that the laser induced thermal gra-
dient at the pore vicinity plays a central role in the DNA translocation
dynamics. The thermophoresis of moleclues in the thermal gradient leads
to a size-selective translocation of DNA, which can be potentially used for
high-throughput single molecule sorting.



Chapter 6

Conclusion and Outlook

The work presented in this thesis is an exploration of alternative approaches
of both nanopore fabrication and biomolecule detection based on the parallel
nanopore sensing concept, using optical readout.

From the fabrication aspect, the main achievements were:

• Electrochemical etching was successfully applied for nanopore fabrica-
tion. This process was used to tune the pore formation into the few
tens of nanometer regime while the conventional lithography was used
to position the nanopores a few microns apart.

• Silicon nanopore arrays with pitch distance controlled by lithography
were fabricated by electrochemical etching in a parallel manner. The
average diameter of the nanopores is as small as 18 ± 4 nm, with the
smallest individual pore ∼7 nm diameter. The aspect ratio of the
nanopore can be larger than 20.

• Thermal oxidation of KOH-etched silicon nanopores shows a self-limiting
behavior mainly due to the geometry effect.

From the detection aspect, the following conclusions can be drawn:

• The silicon membrane has negligible PL emission in the visible range,
thus is ideal for optical nanopore sensing.

• Parallel optical detection of fluorophore labeled DNAmolecules translo-
cating through an array of silicon nanopores is achieved on a wide-field
microscope.
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• Relatively high speed readout was accomplished using a CMOS camera
at 1KHz frame rate. This allowed statistics of translocation time and
event frequencies to be extracted.

• Laser-induced membrane heating leads to a size-selective translocation
of DNA molecules due to the thermophoretic effect.

Strictly speaking, the electrochemically etched nanopore is rather a nano-
channel, instead of a pore, due to the high aspect ratio. (For the sake of
consistency, we call them nanopores throughout the thesis.) Although pores
of high aspect ratio are not desired for electrical nanopore sensing due to
low spatial resolution, in optical sensing the depth of the pore is not as
critical. This is because the spatial resolution in optical sensing is mainly
defined by the depth of field of the objective lens. The nanopores in the thick
silicon membrane have advantages in the mechanical robustness, negligible
background PL emission, opacity and scalability, thus such structures have
great potential in optical nanopore sensing applications. It may also be used
to slow down the DNA translocation speed.

For the future work, to reduce the diameter of the electrochemically
etched silicon nanopore, one of the possible routes is self-limited oxidation.
The outcome of low temperature oxidation (below the glass transition tem-
perature) of the electrochemically etched pores is likely to be different than
the KOH etched pores due to the difference in geometry. A cylindrical
model can probably be applied to the electrochemically etched nanopores
with high aspect ratio. A retarded oxidation rate has been demonstrated
on such structures [114, 115, 135]. It would be interesting to see whether
a self-limited oxidation can be observed on high aspect ratio nanopores to
obtain an array of nanopores with sub-10 nm diameter and reduced size
variation.

To pursue a high resolution nanopore sensing, a possible route is to com-
bine silicon nanopores with 2D material. The silicon nanopore array can be
utilized as a mask and supporting structure for the 2D material. Nanopores
of few nanometer in diameter can be formed by electrochemical reaction or
electric breakdown on the 2D materials only in the opening areas of the
silicon nanopore. Therefore, a double-nanopore array can be formed. If we
make the silicon nanopore as large as a vesicle or virus, then it is possible to
capture single vesicle in the silicon nanopore. If we can further break this
vesicle in the silicon nanopore, then the proteins contained by the vesicle
can be potentially sensed by the 2D material nanopore.
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In addition, based on our results of the thermal gradient controlled size-
selective DNA translocation, the throughput can be potentially improved
for large-scale molecule sorting by using resistive heating. To do so, a metal
layer can be added on top of the silicon membrane. Further, with a careful
selection of the metal material and the fluorophore to match the plasmon
resonance frequency, enhancement of the fluorescent signal is also possible.





Summary of Appended Papers

• Paper I. Oxidation of nanopores in a silicon membrane: self-
limiting formation of sub-10 nm circular openings

The paper reports a study of dry oxidation of inverted pyramidal
nanopore arrays in silicon membranes at 850 ◦C. The array of pores
were defined by electron-beam lithography. A self-limiting shrinkage
behavior was observed on arrays of pores with average initial opening
sizes ranging from 312 nm to 78 nm. The shrinkage rate of the pores
saturated at ± 2 nm/hr after 4 hours of oxidation. The initial square
shape of the pores turned into perfect circular shape during oxida-
tion. Nanopores with diameters as small as 8 nm have been observed.
By cross-sectional imaging using FIB and TEM, the progression of the
oxidation and the deformation of the oxide around the pores were char-
acterized. It suggests that the inverted pyramidal geometry prevents
the oxide flowing to the pore rim thus leads to a self-limiting shrink-
age. The retarded oxidation of non-planar silicon structures was also
observed, however only plays a minor role in the self-limiting shrinkage.

• Paper II. Fabrication of ultra-high aspect ratio silicon nanopores
by electrochemical etching

The paper reports the formation of ultra-high aspect ratio nanopores
in n-type silicon by photo-assisted electrochemcal etching. Anodic dis-
solution of silicon in HF was enabled by supplying positive charge
carriers (holes), which were generated and controlled by backside il-
lumination and applied bias. The silicon surface was pre-patterned
with inverted pyramidal etching pits, where holes preferentially were
directed towards because of the high local electric field at the pyra-
mid’s tip. It was found that the pore diameter scales with the etching
current density. By using a low etching current density, pores with
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tip diameters of ∼15 nm and a depth of ∼19 µm were obtained. The
aspect ratio of such pores is above 1000.

• Paper III. Nanopore arrays in a silicon membrane for parallel
single-molecule detection: fabrication
The paper reports the fabrication of nanopore arrays in a silicon mem-
brane by electrochemical etching in the breakdown regime. Arrays of
inverted pyramidal structures were defined by e-beam lithography on
silicon membranes that were obtained from an SOI wafer by cleanroom
processing. Such patterned membranes were subjected to electrochem-
ical etching in a double cell, with HF at the etching side, NaCl at the
backside forming a direct contact to the membranes. Sufficiently high
bias (10-15 V) was applied on the membranes to create positive charge
carriers with electric breakdown at the tips of the inverted pyramids
to initiate silicon dissolution. Pores as small as 7 nm diameter were
obtained.

• Paper IV. Nanopore arrays in a silicon membrane for parallel
single-molecule detection: DNA translocation
The paper presents parallel optical detection of single DNA molecules
translocation through a silicon nanopore array on a wide-field micro-
scope with effective background PL control. The PL emission from the
silicon membrane was found negligible in the visible range. Translo-
cation of single DNA molecules were detected simultaneously on several
nanopores. The event rate was found lower on the large pores (∼400 nm)
than that on the small pores (∼30 nm). This implied that the detec-
tion was limited by the low frame rate of the EMCCD camera (10 Hz)
that was not able to resolve fast translocation events.

• Paper V. Optical detection of two-color-fluorophore barcode
for nanopore DNA sensing
The paper reports an optical scheme that images two different fluo-
rophores simultaneously, using a single excitation source and a detec-
tion camera. Two fluorophores, ATTO-532 and DY-521-XL were cho-
sen due to their overlapping absorption spectrum and well-separated
emission spectrum. By using 514 nm laser excitation and a combi-
nation of bandpass filters, the water Raman scattering spectra was
excluded from both emission ranges of the two fluorophores. On the
detection side, a beam splitter was used to split the recorded PL image
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by wavelength. Thus, two PL images, from the same detection region,
corresponding to each fluorophore emission wavelength were separated
and projected side-by-side to the same camera. The Brownian mo-
tion of ATTO-532 and DY-521-XL labelled 450 bp DNA was recorded
simultaneously using this optical scheme.

• Paper VI. Thermophoresis controlled size-dependent DNA
translocation through an array of nanopores
The paper presents an investigation of abnormal DNA translocation
phenomena that is induced by the photo-induced thermal gradient at
the pore vicinity. Finite element simulation suggests that, in optical
nanopore detection, the membrane can be heated up to 83 ◦C (laser
power: 60 mW) due to absorption of the excitation photons. A thermal
gradient is then established in the solution near the pores. It was ver-
ified by pore conductance measurements. Such thermal gradient sub-
stantially affects the DNA translocation process. The translocation du-
ration decreases with increasing local temperature due to the solution
viscosity change. The capture rate of the DNA by nanopores showed
a size-dependence because of the thermophoresis of the molecules.

Author’s contributions: The author designed, performed, analyzed
the experiments and wrote the manuscripts for Paper I, IV, V, VI. The
author fabricated the patterned bulk silicon and silicon membranes for elec-
trochemical etcing and participated in characterization and data analysis
in Paper II, III. All bio-molecule samples used in these works were synthe-
sized by collaboration groups (groups of Prof. Afshin Ahmadian and Prof.
Joakim Lundberg at KTH, School of Biotechnology).
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A Cleanroom process recipes

The process recipes for nanopore chips with front-side patterned by pho-
tolithography.

1. Hard mask by thermal oxidation

a) Clean wafers in “7-up” (H2SO4:H2O2 = 3:1) for 10 min, in IMEC
(HF [50%]: DI-water:isopropanol = 1:100:1) for 2 min. Rinse by
DI-water.

b) Form 100 nm SiO2 by wet thermal oxidation in a furnace at 950 ◦C.

2. Photolithography on the frontside to position nanopores

a) HMDS surface treatment for 27 min.
b) Spin-coat photoresist 700-1.2 at 5000 rpm for 60 s. The resulted

thickness is 1.1 µm.
c) Soft bake on a hot plate at 90 ◦C for 60 s.
d) Expose resist in a lithography machine.
e) Develop resist in CD 26 developer for 3 min.
f) Hard bake in an oven at 110 ◦C for 60 min.

3. Pattern transfer on the front side
Reactive ion etching (RIE) of SiO2 layer (CHF3 15 sccm, CF4 5 sccm,
Ar 50 sccm, pressure 150 mTorr, RF power 350 W, magnet field 30 G,
90 s).

4. Photolithography on the backside to define membranes

a) HMDS surface treatment for 27 min.
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b) Spin-coat photoresist AZ9260, 2400 rpm, 60 s. The resulted thick-
ness is 10 µm.

c) Soft bake in an oven at 90 ◦C, 20 min.
d) Expose resist in a mask aligner with 1500 mJ (light source power

density 20 mW/cm2, 5 × 15 s exposure time, interval waiting time
15 s.)

e) Develop resist in developer AZ400K (1:4 diluted with DI-water) 5
min.

f) Hark bake in an oven (110 ◦C, 60 min).

5. Pattern transfer on the backside
Reactive ion etching (RIE) of SiO2 layer (CHF3 15 sccm, CF4 5 sccm,
Ar 50 sccm, pressure 150 mTorr, RF power 350 W, magnet field 30 G,
90 s).

6. Inductively coupled plasma etching (ICP) to form membranes

a) Bosch process etching at 13.65 MHz bias frequency.
• Etching cycle: SF6 150 sccm, O2 10 sccm, coil power 600 W,

bias power 14 W, 9 s.
• Passivation cycle: C4F8 100 sccm, coil power 600 W, bias

power 0.
b) Bosch process etching at 380 KHz bias frequency. The rest of the

parameters are identical to the previous step.
* The etch rate should be around 3 µm/min.

7. KOH etching to form inverted pyramids

a) Remove resist in oxygen plasma (O2 500 sccm, microwave genera-
tor 2.45 GHz, 1000W, 10 min).

b) Dip in IMEC (HF [50%]:DI-water:isopropanol = 1:100:1) for 2 min
to remove native oxide. Rinse in DI-water.

c) Etch in KOH 30% 80 ◦C, 2 min. The etching rate is ∼22 nm/s
in (100) direction. Rinse by DI-water.

d) Remove buried oxide layer in 5% HF, 60 min. Rinse by DI-water.

8. Electrochemical etching in HF to form nanopores
HF 5.4%, 10 V, 120 s, 5 V 120 s. (for n-type silicon membranes with
resistivity 1-5 Ωcm)
Rinse with DI-water after etching.
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B Sample preparations for TEM imaging

To obtain accurate diameter for nanopores below 10 nm and to character-
ize the cross-sectional structure of a nanopore, transmission electron mi-
croscopy (TEM) was used. Sample preparations are necessary by using
focused ion beam (FIB) to transfer the area of interest to a TEM sample
holder, which is often a copper grid with a diameter of 3 mm for top-view
imaging or a half-spherical holder for cross-sectional imaging. The steps are
shown in Fig. B.1.

Figure B.1: Sample preparation using focused ion beam for TEM imaging. Upper
panel describes steps to prepare samples for top-view imaging: (a) cut the area of
interest; (b) pick up the membrane by a glass probe; (c) transfer the membrane to
copper grid and fix it by Pt deposition. Lower panel describes steps to prepare a
sample for cross-sectional imaging: (d) select a row of nanopores for Pt deposition
as a protection layer; (e) cut the area of interest off and pick up the specimen by a
glass probe; (f) transfer the specimen to a copper holder. Thin down the specimen
by FIB. The inset image in (f) is a zoomed in cross-sectional image of a thinned
lamella.

For the top-view imaging of nanopores, the area of interest was cut from
a membrane by FIB (52° stage angle) and then transferred by a glass probe
and fixed to a copper gird (0° stage angle). The cutting area should match
well with the mesh size of the copper grid so that and the specimen can
be fixed to the copper grid by Pt deposition at the corners. The steps are
shown in the upper panel in Fig. B.1.
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For the cross-sectional view, a layer of Pt was deposited as a protection
layer on several nanopores in a row (52° stage angle). The alignment marks
in the shape of thin slits were etched into silicon membrane according to the
nanopore positions next to the Pt deposition. These marks will guide the
thinning process around the nanopores. Then a square shape of membrane
containing the nanopores of interest was cut off from the membrane (52°
stage angle) and transferred by a glass probe to a Y-shape specimen holder
(0° stage angle). The area of interest was carefully thinned down by FIB to
∼100 nm according to the alignment marks (52° stage angle). The steps are
shown in the lower panel of the Fig. B.1.



Bibliography

[1] R. P. Feynman. Plenty of room at the bottom. In APS annual meeting,
1959.

[2] K. Klepárník and P. Bocek. DNA diagnostics by capillary electrophore-
sis. Chem. Rev., 107(11):5279–5317, 2007.

[3] J. C. Venter, M. D. Adams, E. W. Myers, P. W. Li, R. J. Mural, G. G.
Sutton, H. O. Smith, M. Yandell, C. A. Evans, R. A. Holt, et al. The
sequence of the human genome. Science, 291(5507):1304–1351, 2001.

[4] K. A. Wetterstrand. DNA sequencing costs: Data from the NHGRI
genome sequencing program (GSP) available at. www.genome.gov/
sequencingcostsdata. Accessed: 2018-03-28.

[5] S. Goodwin, J. D. McPherson, and W. R. McCombie. Coming of
age: ten years of next-generation sequencing technologies. Nat. Rev.
Genet., 17(6):333–351, 2016.

[6] J. J. Kasianowicz, E. Brandin, D. Branton, and D. W. Deamer. Char-
acterization of individual polynucleotide molecules using a membrane
channel. Proc. Natl. Acad. Sci. U. S. A., 93(24):13770–13773, 1996.

[7] M. Jain, H. E. Olsen, B. Paten, and M. Akeson. The Oxford Nanopore
MinION: delivery of nanopore sequencing to the genomics community.
Genome Biol., 17(1):239, 2016.

[8] A. Meller, L. Nivon, and D. Branton. Voltage-driven DNA transloca-
tions through a nanopore. Phys. Rev. Lett., 86:3435–3438, 2001.

[9] S. Carson, J. Wilson, A. Aksimentiev, and M. Wanunu. Smooth
DNA transport through a narrowed pore geometry. Biophys. J.,
107(10):2381 – 2393, 2014.

75

www.genome.gov/sequencingcostsdata
www.genome.gov/sequencingcostsdata


76 BIBLIOGRAPHY

[10] C. Cao, Y. L. Ying, Z. L. Hu, D. F. Liao, H. Tian, and Y. T. Long.
Discrimination of oligonucleotides of different lengths with a wild-type
aerolysin nanopore. Nat. Nanotechnol., 11(8):713–718, 2016.

[11] L. J. Steinbock, S. Krishnan, R. D. Bulushev, S. Borgeaud,
M. Blokesch, L. Feletti, and A. Radenovic. Probing the size of proteins
with glass nanopores. Nanoscale, 6:14380–14387, 2014.

[12] P. Waduge, R. Hu, P. Bandarkar, H. Yamazaki, B. Cressiot, Q. Zhao,
P. C. Whitford, and M. Wanunu. Nanopore-based measurements of
protein size, fluctuations, and conformational changes. ACS Nano,
11:5706–5716, 2017.

[13] E. C. Yusko, B. R. Bruhn, O. M. Eggenberger, J. Houghtaling, R. C.
Rollings, N. C. Walsh, S. Nandivada, M. Pindrus, A. R. Hall, D. Sept,
J. Li, D. S. Kalonia, and M. Mayer. Real-time shape approximation
and fingerprinting of single proteins using a nanopore. Nat. Nanotech-
nol., 12(4):360–367, 2017.

[14] M. M. Marshall, J. Ruzicka, O. K. Zahid, V. C. Henrich, E. W. Taylor,
and A. R. Hall. Nanopore analysis of single-stranded binding protein
interactions with DNA. Langmuir, 31(15):4582–4588, 2015.

[15] Q. Zhao, G. Sigalov, V. Dimitrov, B. Dorvel, U. Mirsaidov, S. Sli-
gar, A. Aksimentiev, and G. Timp. Detecting SNPs using a synthetic
nanopore. Nano Lett., 7(6):1680–1685, 2007.

[16] D. Stoddart, A. J. Heron, E. Mikhailova, G. Maglia, and H. Bay-
ley. Single-nucleotide discrimination in immobilized DNA oligonu-
cleotides with a biological nanopore. Proc. Natl. Acad. Sci. U. S.
A., 106(19):7702–7707, 2009.

[17] M. Tsutsui, M. Taniguchi, K. Yokota, and T. Kawai. Identifying single
nucleotides by tunnelling current. Nat. Nanotechnol., 5(4):286–290,
2010.

[18] J. D. Feng, K. Liu, R. D. Bulushev, S. Khlybov, D. Dumcenco,
A. Kis, and A. Radenovic. Identification of single nucleotides in MoS2
nanopores. Nat. Nanotechnol., 10(12):1070–1076, 2015.

[19] S. J. Heerema and C. Dekker. Graphene nanodevices for DNA se-
quencing. Nat. Nanotechnol., 11(2):127–136, 2016.



BIBLIOGRAPHY 77

[20] M. Di Ventra and M. Taniguchi. Decoding DNA, RNA and peptides
with quantum tunnelling. Nat. Nanotechnol., 11:117, 2016.

[21] S. J. Heerema, L. Vicarelli, S. Pud, R. N. Schouten, H. W. Zandber-
gen, and C. Dekker. Probing DNA translocations with inplane cur-
rent signals in a graphene nanoribbon with a nanopore. ACS Nano,
12(3):2623–2633, 2018.

[22] D. P. Hoogerheide, S. Garaj, and J. A. Golovchenko. Probing sur-
face charge fluctuations with solid-state nanopores. Phys. Rev. Lett.,
102:256804, 2009.

[23] M. Puster, A. Balan, J. A. Rodríguez-Manzo, G. Danda, J.-H. Ahn,
W. Parkin, and M. Drndić. Cross-talk between ionic and nanoribbon
current signals in graphene nanoribbon-nanopore sensors for single-
molecule detection. Small, 11(47):6309–6316, 2015.

[24] T. Gilboa and A. Meller. Optical sensing and analyte manipulation in
solid-state nanopores. Analyst, 140:4733–4747, 2015.

[25] G. V. Soni, A. Singer, Z. L. Yu, Y. J. Sun, B. McNally, and A. Meller.
Synchronous optical and electrical detection of biomolecules traversing
through solid-state nanopores. Rev. Sci. Instrum., 81(1):014301, 2010.

[26] N. Di Fiori, A. Squires, D. Bar, T. Gilboa, T. D. Moustakas, and
A. Meller. Optoelectronic control of surface charge and translocation
dynamics in solid-state nanopores. Nat. Nanotechnol., 8:946, 2013.

[27] B. McNally, A. Singer, Z. L. Yu, Y. J. Sun, Z. P. Weng, and A. Meller.
Optical recognition of converted DNA nucleotides for single-molecule
dna sequencing using nanopore arrays. Nano Lett., 10(6):2237–44,
2010.

[28] F. Sawafta, B. Clancy, A. T. Carlsen, M. Huber, and A. R. Hall. Solid-
state nanopores and nanopore arrays optimized for optical detection.
Nanoscale, 6:6991–6996, 2014.

[29] O. N. Assad, N. Di Fiori, A. H. Squires, and A. Meller. Two color
DNA barcode detection in photoluminescence suppressed silicon ni-
tride nanopores. Nano Lett., 15(1):745–752, 2014.



78 BIBLIOGRAPHY

[30] T. Gilboa, C. Torfstein, M. Juhasz, A. Grunwald, Y. Ebenstein,
E. Weinhold, and A. Meller. Single-molecule DNA methylation quan-
tification using electro-optical sensing in solid-state nanopores. ACS
Nano, 10(9):8861–8870, 2016.

[31] S. Huang, M. Romero-Ruiz, O. K. Castell, H. Bayley, and M. I. Wal-
lace. High-throughput optical sensing of nucleic acids in a nanopore
array. Nat. Nanotechnol., 10:986, 2015.

[32] B. N. Anderson, O. N. Assad, T. Gilboa, A. H. Squires, D. Bar, and
A. Meller. Probing solid-state nanopores with light for the detection
of unlabeled analytes. ACS Nano, 8(11):11836–11845, 2014.

[33] A. Ivankin, R. Y. Henley, J. Larkin, S. Carson, M. L. Toscano, and
M. Wanunu. Label-free optical detection of biomolecular translocation
through nanopore arrays. ACS Nano, 8(10):10774–10781, 2014.

[34] C. Plesa, S. W. Kowalczyk, R. Zinsmeester, A. Y. Grosberg, Y. Ra-
bin, and C. Dekker. Fast translocation of proteins through solid state
nanopores. Nano Lett., 13(2):658–663, 2013.

[35] O. N. Assad, T. Gilboa, J. Spitzberg, M. Juhasz, E. Weinhold, and
A. Meller. Light-enhancing plasmonic-nanopore biosensor for superior
single-molecule detection. Adv. Mater., 29(9):1–9, 2017.

[36] B. Luan, G. Stolovitzky, and G. Martyna. Slowing and controlling the
translocation of DNA in a solid-state nanopore. Nanoscale, 4(4):1068–
1077, 2012.

[37] Z. P. Tang, Z. X. Liang, B. Lu, J. Li, R. Hu, Q. Zhao, and D. P.
Yu. Gel mesh as "brake" to slow down DNA translocation through
solid-state nanopores. Nanoscale, 7(31):13207–13214, 2015.

[38] A. H. Squires, J. S. Hersey, M. W. Grinstaff, and A. Meller. A
nanopore–nanofiber mesh biosensor to control DNA translocation. J.
Am. Chem. Soc., 135(44):16304–16307, 2013.

[39] R. dela Torre, J. Larkin, A. Singer, and A. Meller. Fabrication and
characterization of solid-state nanopore arrays for high-throughput
DNA sequencing. Nanotechnology, 23(38):385308, 2012.

[40] F. Tam, G. P. Goodrich, B. R. Johnson, and N. J. Halas. Plasmonic en-
hancement of molecular fluorescence. Nano Lett., 7(2):496–501, 2007.



BIBLIOGRAPHY 79

[41] F. Nicoli, D. Verschueren, M. Klein, C. Dekker, and M. P. Jonsson.
DNA translocations through solid-state plasmonic nanopores. Nano
Lett., 14(12):6917–6925, 2014.

[42] R. Akahori, T. Haga, T. Hatano, I. Yanagi, T. Ohura, H. Hama-
mura, T. Iwasaki, T. Yokoi, and T. Anazawa. Slowing single-stranded
DNA translocation through a solid-state nanopore by decreasing the
nanopore diameter. Nanotechnology, 25(27):275501, 2014.

[43] M. Wanunu, J. Sutin, B. McNally, A. Chow, and A. Meller. DNA
translocation governed by interactions with solid-state nanopores. Bio-
phys. J., 95(10):4716–4725, 2008.

[44] S. Garaj, S. Liu, J. A. Golovchenko, and D. Branton. Molecule-hugging
graphene nanopores. Proc. Natl. Acad. Sci. U. S. A., 110(30):12192–
12196, 2013.

[45] Q. Chi, G. Wang, and J. Jiang. The persistence length and length
per base of single-stranded DNA obtained from fluorescence correla-
tion spectroscopy measurements using mean field theory. Phys. A.,
392(5):1072 – 1079, 2013.

[46] L. Franceschini, T. Brouns, K. Willems, E. Carlon, and G. Maglia.
DNA translocation through nanopores at physiological ionic strengths
requires precise nanoscale engineering. ACS Nano, 10(9):8394–8402,
2016.

[47] M. Faller, M. Niederweis, and G. E. Schulz. The structure of a my-
cobacterial outer-membrane channel. Science, 303(5661):1189–1192,
2004.

[48] A. Banerjee, E. Mikhailova, S. Cheley, L.-Q. Gu, M. Montoya, Y. Na-
gaoka, E. Gouaux, and H. Bayley. Molecular bases of cyclodextrin
adapter interactions with engineered protein nanopores. Proc. Natl.
Acad. Sci. U. S. A., 107(18):8165–8170, 2010.

[49] H. Bayley. Membrane-protein structure: Piercing insights. Nature,
459:651, 2009.

[50] D. Deamer, M. Akeson, and D. Branton. Three decades of nanopore
sequencing. Nat. Biotechnol., 34(5):518–524, 2016.



80 BIBLIOGRAPHY

[51] E. A. Manrao, I. M. Derrington, M. Pavlenok, M. Niederweis, and
J. H. Gundlach. Nucleotide discrimination with DNA immobilized in
the MspA nanopore. PLOS ONE, 6(10):1–7, 2011.

[52] J. Clarke, H.-C. Wu, L. Jayasinghe, A. Patel, S. Reid, and H. Bay-
ley. Continuous base identification for single-molecule nanopore DNA
sequencing. Nat. Nanotechnol., 4:265, 2009.

[53] E. A. Manrao, I. M. Derrington, A. H. Laszlo, K. W. Langford, M. K.
Hopper, N. Gillgren, M. Pavlenok, M. Niederweis, and J. H. Gundlach.
Reading DNA at single-nucleotide resolution with a mutant MspA
nanopore and phi29 DNA polymerase. Nat. Biotechnol., 30:349, 2012.

[54] M. Jain, S. Koren, K. H. Miga, J. Quick, A. C. Rand, T. A. Sasani,
J. R. Tyson, A. D. Beggs, A. T. Dilthey, I. T. Fiddes, S. Malla, H. Mar-
riott, T. Nieto, J. O’Grady, H. E. Olsen, B. S. Pedersen, A. Rhie,
H. Richardson, A. R. Quinlan, T. P. Snutch, L. Tee, B. Paten, A. M.
Phillippy, J. T. Simpson, N. J. Loman, and M. Loose. Nanopore se-
quencing and assembly of a human genome with ultra-long reads. Nat.
Biotechnol., 36:338, 2018.

[55] A. Balan, C. C. Chien, R. Engelke, and M. Drndić. Suspended
solid-state membranes on glass chips with sub 1-pF capacitance for
biomolecule sensing applications. Sci. Rep., 5:1–8, 2015.

[56] J. L. Li, D. Stein, C. McMullan, D. Branton, M. J. Aziz, and J. A.
Golovchenko. Ion-beam sculpting at nanometre length scales. Nature,
412:166, 2001.

[57] J. J. Yang, D. C. Ferranti, L. A. Stern, C. A. Sanford, J. Huang,
Z. Ren, L.-C. Qin, and A. R. Hall. Rapid and precise scanning he-
lium ion microscope milling of solid-state nanopores for biomolecule
detection. Nanotechnology, 22(28):285310, 2011.

[58] Y. S. Deng, Q. M. Huang, Y. Zhao, D. M. Zhou, C. F. Ying, and D. Q.
Wang. Precise fabrication of a 5 nm graphene nanopore with a helium
ion microscope for biomolecule detection. Nanotechnology, 28:045302,
2016.

[59] A. J. Storm, J. H. Chen, X. S. Ling, H. W. Zandbergen, and C. Dekker.
Fabrication of solid-state nanopores with single-nanometre precision.
Nat. Mater., 2:537, 2003.



BIBLIOGRAPHY 81

[60] M. J. Kim, M. Wanunu, D. C. Bell, and A. Meller. Rapid fabrication
of uniformly sized nanopores and nanopore arrays for parallel DNA
analysis. Adv. Mater., 18(23):3149–3153, 2006.

[61] J. Larkin, R. Henley, D. C. Bell, T. Cohen-Karni, J. K. Rosenstein,
and M. Wanunu. Slow DNA transport through nanopores in hafnium
oxide membranes. ACS Nano, 7(11):10121–10128, 2013.

[62] G. F. Schneider, S. W. Kowalczyk, V. E. Calado, G. Pandraud, H. W.
Zandbergen, L. M. K. Vandersypen, and C. Dekker. DNA transloca-
tion through graphene nanopores. Nano Lett., 10(8):3163–3167, 2010.

[63] C. A. Merchant, K. Healy, M. Wanunu, V. Ray, N. Peterman, J. Bar-
tel, M. D. Fischbein, K. Venta, Z. Luo, A. T. C. Johnson, and
M. Drndić. DNA translocation through graphene nanopores. Nano
Lett., 10(8):2915–2921, 2010.

[64] H. Kwok, K. Briggs, and V. Tabard-Cossa. Nanopore fabrication by
controlled dielectric breakdown. PLOS ONE, 9(3):1–6, 2014.

[65] J. Feng, K. Liu, M. Graf, M. Lihter, R. D. Bulushev, D. Dumcenco,
D. T. L. Alexander, D. Krasnozhon, T. Vuletic, A. Kis, and A. Raden-
ovic. Electrochemical reaction in single layer MoS2: Nanopores opened
atom by atom. Nano Lett., 15(5):3431–3438, 2015.

[66] A. T. Kuan, B. Lu, P. Xie, T. Szalay, and J. A. Golovchenko. Electrical
pulse fabrication of graphene nanopores in electrolyte solution. Appl.
Phys. Lett., 106(20):203109, 2015.

[67] G. Danda, P. Masih Das, Y.-C. Chou, J. T. Mlack, W. M. Parkin, C. H.
Naylor, K. Fujisawa, T. Zhang, L. B. Fulton, M. Terrones, A. T. C.
Johnson, and M. Drndić. Monolayer WS2 nanopores for DNA translo-
cation with light-adjustable sizes. ACS Nano, 11(2):1937–1945, 2017.

[68] L. J. Steinbock, O. Otto, C. Chimerel, J. Gornall, and U. F. Keyser.
Detecting DNA folding with nanocapillaries. Nano Lett., 10(7):2493–
2497, 2010.

[69] L. J. Steinbock, J. F. Steinbock, and A. Radenovic. Controllable
shrinking and shaping of glass nanocapillaries under electron irradi-
ation. Nano Lett., 13(4):1717–1723, 2013.



82 BIBLIOGRAPHY

[70] L. J. Steinbock, R. D. Bulushev, S. Krishnan, C. Raillon, and A. Rade-
novic. DNA translocation through low-noise glass nanopores. ACS
Nano, 7(12):11255–11262, 2013.

[71] C. E. Arcadia, C. C. Reyes, and J. K. Rosenstein. In situ nanopore
fabrication and single-molecule sensing with microscale liquid contacts.
ACS Nano, 11(5):4907–4915, 2017.

[72] J. W. Bai, D. Q. Wang, S.-W. Nam, H. B. Peng, R. Bruce, L. Gignac,
M. Brink, E. Kratschmer, S. Rossnagel, P. Waggoner, K. Reuter,
C. Wang, Y. Astier, V. Balagurusamy, B. Q. Luan, Y. Kwark,
E. Joseph, M. Guillorn, S. Polonsky, A. Royyuru, S. Papa Rao, and
G. Stolovitzky. Fabrication of sub-20 nm nanopore arrays in mem-
branes with embedded metal electrodes at wafer scales. Nanoscale,
6:8900–8906, 2014.

[73] D. V. Verschueren, W. Yang, and C. Dekker. Lithography-based fab-
rication of nanopore arrays in freestanding SiN and graphene mem-
branes. Nanotechnology, 29(14):145302, 2018.

[74] S. W. Kowalczyk, L. Kapinos, T. R. Blosser, T. Magalhães, P. van
Nies, R. Y. H. Lim, and C. Dekker. Single-molecule transport across
an individual biomimetic nuclear pore complex. Nat. Nanotechnol.,
6:433, 2011.

[75] H. Yamazaki, K. Esashika, and T. Saiki. A 150 nm ultraviolet exci-
tation volume on a porous silicon membrane for direct optical obser-
vation of DNA coil relaxation during capture into nanopores. Nano
Futures, 1(1):011001, 2017.

[76] C. C. Striemer, T. R. Gaborski, J. L. McGrath, and P. M. Fauchet.
Charge- and size-based separation of macromolecules using ultrathin
silicon membranes. Nature, 445:749, 2007.

[77] A. W. Adamson and A. P. Gast. Physical Chemistry of Surfaces,
chapter 5. John Wiley & Sons, 6 edition, 1997.

[78] B. J. Kirby. Micro-and nanoscale fluid mechanics: transport in mi-
crofluidic devices, chapter 9. Cambridge university press, 2010.

[79] R. Piazza and A. Parola. Thermophoresis in colloidal suspensions. J.
Phys.: Condens. Matter, 20(15):153102, 2008.



BIBLIOGRAPHY 83

[80] F. M. Weinert and D. Braun. Observation of slip flow in thermophore-
sis. Phys. Rev. Lett., 101:168301, 2008.

[81] S. Duhr and D. Braun. Why molecules move along a temperature
gradient. Proc. Natl. Acad. Sci. U. S. A., 103(52):19678–19682, 2006.

[82] M. Braibanti, D. Vigolo, and R. Piazza. Does thermophoretic mobility
depend on particle size? Phys. Rev. Lett., 100:108303, 2008.

[83] A. Würger. Thermophoresis in colloidal suspensions driven by
marangoni forces. Phys. Rev. Lett., 98:138301, 2007.

[84] J. D. Watson and F. H. C. Crick. Molecular structure of nucleic acids:
A structure for deoxyribose nucleic acid. Nature, 171:737, 1953.

[85] G. S. Manning. Limiting laws and counterion condensation in polyelec-
trolyte solutions I. colligative properties. J. Chem. Phys., 51(3):924–
933, 1969.

[86] G. S. Manning. Limiting laws and counterion condensation in poly-
electrolyte solutions II. self-diffusion of the small ions. J. Chem. Phys.,
51(3):934–938, 1969.

[87] G. S. Manning. Limiting laws and counterion condensation in poly-
electrolyte solutions. III. an analysis based on the Mayer ionic solution
theory. J. Chem. Phys., 51(8):3249–3252, 1969.

[88] S. B. Smith and A. J. Bendich. Electrophoretic charge density and
persistence length of DNA as measured by fluorescence microscopy.
Biopolymers, 29(8-9):1167–1173, 1990.

[89] G. S. Manning. The persistence length of DNA is reached from the
persistence length of its null isomer through an internal electrostatic
stretching force. Biophys. J., 91(10):3607 – 3616, 2006.

[90] W. Reisner, J. N. Pedersen, and R. H. Austin. DNA confinement in
nanochannels: physics and biological applications. Rep. Prog. Phys.,
75(10):106601, 2012.

[91] B. J. Kirby. Micro-and nanoscale fluid mechanics: transport in mi-
crofluidic devices, chapter 14. Cambridge university press, 2010.

[92] N. C. Stellwagen, C. Gelfi, and P. G. Righetti. The free solution
mobility of DNA. Biopolymers, 42(6):687–703, 1997.



84 BIBLIOGRAPHY

[93] A. E. Nkodo, J. M. Garnier, B. Tinland, H. J. Ren, C. Desruisseaux,
L. C. McCormick, G. Drouin, and G. W. Slater. Diffusion coefficient of
DNA molecules during free solution electrophoresis. Electrophoresis,
22(12):2424–2432, 2001.

[94] E. Stellwagen and N. C. Stellwagen. Determining the electrophoretic
mobility and translational diffusion coefficients of DNA molecules in
free solution. Electrophoresis, 23:2794–2803, 2002.

[95] M. Doi and S. F. Edwards. The theory of polymer dynamics, pages
91–96. Oxford : Clarendon Press, 1986.

[96] M. Doi and S. F. Edwards. The theory of polymer dynamics, pages
97–103. Oxford : Clarendon Press, 1986.

[97] S. W. Kowalczyk, A. Y. Grosberg, Y. Rabin, and C. Dekker. Mod-
eling the conductance and DNA blockade of solid-state nanopores.
Nanotechnology, 22(31):315101, 2011.

[98] J. E. Hall. Access resistance of a small circular pore. J. Gen. Physiol.,
66(4):531–532, 1975.

[99] A. J. Bard and L. R. Faulkner. Electrochemical methods: fundamentals
and applications, chapter 1. John Wiley & Sons, 2 edition, 2001.

[100] S. Mayer, L. A. Geddes, J. D. Bourland, and L. Ogborn. Faradic resis-
tance of the electrode/electrolyte interface. Med. Biol. Eng. Comput.,
30(5):538–542, 1992.

[101] S. Franssila, J. Kiihamäki, and J. Karttunen. Etching through silicon
wafer in inductively coupled plasma. Microsyst. Technol., 6(4):141–
144, 2000.

[102] K. Sato, M. Shikida, Y. Matsushima, T. Yamashiro, K. Asaumi,
Y. Iriye, and M. Yamamoto. Characterization of orientation-
dependent etching properties of single-crystal silicon: effects of KOH
concentration. Sens. Actuators, A, 64(1):87–93, 1998.

[103] V. Lehmann. The physics of macropore formation in low doped n-type
silicon. J. Electrochem. Soc., 140(10):2836–2843, 1993.

[104] S. E. Létant, T. W. van Buuren, and L. J. Terminello. Nanochannel
arrays on silicon platforms by electrochemistry. Nano Lett., 4(9):1705–
1707, 2004.



BIBLIOGRAPHY 85

[105] V. M. Dubin. Formation mechanism of porous silicon layers obtained
by anodization of monocrystalline n-type silicon in HF solutions. Surf.
Sci., 274(1):82 – 92, 1992.

[106] V. Lehmann. Electrochemistry of silicon: instrumentation, science,
materials and applications, volume 1. Wiley Online Library, 2002.

[107] X. Badel. Electrochemically etched pore arrays in silicon for X-ray
imaging detectors. PhD thesis, KTH, 2005.

[108] S. Yu. Fabrication of silicon nanopore arrays by electrochemical etch-
ing. Master’s thesis, KTH, 2007.

[109] T. Schmidt, M. Zhang, S. Yu, and J. Linnros. Fabrication of ultra-high
aspect ratio silicon nanopores by electrochemical etching. Appl. Phys.
Lett., 105(12), 2014.

[110] T. Schmidt, M. Zhang, I. Sychugov, N. Roxhed, and J. Linnros.
Nanopore arrays in a silicon membrane for parallel single-molecule
detection: fabrication. Nanotechnology, 26(31):314001, 2015.

[111] M. Zhang, C. Ngampeerapong, D. Redin, A. Ahmadian, I. Sy-
chugov, and J. Linnros. Thermophoresis-controlled size-dependent
DNA translocation through an array of nanopores. ACS Nano, just
accepted, 2018.

[112] M. P. Jonsson and C. Dekker. Plasmonic nanopore for electrical pro-
filing of optical intensity landscapes. Nano Lett., 13(3):1029–1033,
2013.

[113] J. G. Croissant, Y. Fatieiev, and N. M. Khashab. Degradability and
clearance of silicon, organosilica, silsesquioxane, silica mixed oxide,
and mesoporous silica nanoparticles. Adv. Mater., 2017.

[114] D. B. Kao, J. P. McVittie, W. D. Nix, and K. C. Saraswat. Two-
dimensional thermal oxidation of silicon. II. modeling stress effects in
wet oxides. IEEE Trans. Electron Devices, 35(1):25–37, 1988.

[115] C. D. Krzeminski and G. Larrieu. Understanding of the re-
tarded oxidation effects in silicon nanostructures. Appl. Phys. Lett.,
100(26):263111, 2012.



86 BIBLIOGRAPHY

[116] H. Liu, D. Biegelsen, F. Ponce, N. Johnson, and R. Pease. Self-limiting
oxidation for fabricating sub-5 nm silicon nanowires. Appl. Phys. Lett.,
64(11):1383–1385, 1994.

[117] Y. Takahashi, M. Nagase, H. Namatsu, K. Kurihara, K. Iwdate,
Y. Nakajima, S. Horiguchi, K. Murase, and M. Tabe. Fabrication
technique for Si single-electron transistor operating at room tempera-
ture. Electron. Lett., 31(2):136–137, 1995.

[118] J. Valenta, R. Juhasz, and J. Linnros. Photoluminescence spectroscopy
of single silicon quantum dots. Appl. Phys. Lett., 80(6):1070–1072,
2002.

[119] I. Sychugov, R. Juhasz, J. Valenta, M. Zhang, P. Pirouz, and J. Lin-
nros. Light emission from silicon nanocrystals: Probing a single quan-
tum dot. Appl. Surf. Sci., 252(15):5249–5253, 2006.

[120] B. Bruhn, J. Valenta, and J. Linnros. Controlled fabrication of in-
dividual silicon quantum rods yielding high intensity, polarized light
emission. Nanotechnology, 20(50):505301, 2009.

[121] M. Zhang, T. Schmidt, F. Sangghaleh, N. Roxhed, I. Sychugov, and
J. Linnros. Oxidation of nanopores in a silicon membrane: self-
limiting formation of sub-10 nm circular openings. Nanotechnology,
25(35):355302, 2014.

[122] M. Postek. An approach to the reduction of hydrocarbon contami-
nation in the scanning electron microscope. Scanning, 18(4):269–274,
1996.

[123] R. Kox, C. Chen, G. Maes, L. Lagae, and G. Borghs. Shrinking solid-
state nanopores using electron-beam-induced deposition. Nanotech-
nology, 20(11):115302, 2009.

[124] A. S. Prabhu, K. J. Freedman, J. W. F. Robertson, Z. Nikolov,
J. J. Kasianowicz, and M. J. Kim. SEM-induced shrinking of
solid-state nanopores for single molecule detection. Nanotechnology,
22(42):425302, 2011.

[125] L. J. Steinbock, J. F. Steinbock, and A. Radenovic. Controllable
shrinking and shaping of glass nanocapillaries under electron irradi-
ation. Nano Lett., 13(4):1717–1723, 2013.



BIBLIOGRAPHY 87

[126] Z. Huang, N. Geyer, P. Werner, J. De Boor, and U. Gösele. Metal-
assisted chemical etching of silicon: a review. Adv.Mater., 23(2):285–
308, 2011.

[127] A. Mörsdorf. Metal-assisted etching of nanopores in silicon. Master’s
thesis, KTH, 2014.

[128] M. L. Cohen and J. R. Chelikowsky. Electronic structure and optical
properties of semiconductors, volume 75. Springer Science & Business
Media, 2012.

[129] M. Zhang, T. Schmidt, A. Jemt, P. Sahlén, I. Sychugov, J. Lunde-
berg, and J. Linnros. Nanopore arrays in a silicon membrane for par-
allel single-molecule detection: DNA translocation. Nanotechnology,
26(31):314002, 2015.

[130] M. Zhang, I. Sychugov, T. Schmidt, and J. Linnros. Optical detection
of two-color-fluorophore barcode for nanopore DNA sensing. Proc.
SPIE, Nanotechnology VII, 9519:95190G–1 – 7, 2015.

[131] L. Skuja. Optically active oxygen-deficiency-related centers in amor-
phous silicon dioxide. J. Non-Cryst. Solids, 239(1):16–48, 1998.

[132] D. S. Talaga and J. L. Li. Single-molecule protein unfolding in solid
state nanopores. J. Am. Chem. Soc., 131(26):9287–9297, 2009.

[133] A. Y. Grosberg and Y. Rabin. DNA capture into a nanopore:
interplay of diffusion and electrohydrodynamics. J. Chem. Phys.,
133(16):10B617, 2010.

[134] M. Reichl, M. Herzog, A. Götz, and D. Braun. Why charged molecules
move across a temperature gradient: the role of electric fields. Phys.
Rev. Lett., 112(19):198101, 2014.

[135] D.-B. Kao, J. P. McVittie, W. D. Nix, and K. C. Saraswat. Two-
dimensional thermal oxidation of silicon. I. experiments. IEEE Trans.
Electron Devices, 34(5):1008–1017, 1987.


	Abstract
	Sammanfattning
	Acknowledgements
	List of Acronyms
	List of Symbols
	List of Publications
	Introduction
	``Plenty of room at the bottom''
	Objectives of the thesis
	Outlines of this thesis

	Nanopores: the tool to observe single molecules
	Principles of nanopore sensing and sequencing
	Nanopore: biological vs. solid-state pores

	Solid meets fluid: theoretical background
	Electrostatic interaction at the solid/electrolyte interface
	Space charge region and electrical double layer
	Electrophoresis of charged particles
	Electroosmotic flow
	Thermophoresis in a liquid

	Polymer physics of DNA
	Physical aspect of DNA
	DNA transport in a bulk solution

	Conductance in an electrolyte and basics of electrodes

	Fabrication and characterization of silicon nanopore arrays
	Fabrication process of patterned silicon membranes
	Formation of nanopore arrays by electrochemical etching
	Anodic etching of pre-structured silicon in HF
	Electrochemical etching setup and parameters
	High aspect ratio nanopores formed in bulk silicon
	Nanopore arrays formed on silicon membranes

	Formation of nanopore arrays by KOH etching
	Self-limiting oxidation of silicon nanopores
	Other attempted approaches
	Nanopore surface modification by ALD
	Electron-beam induced deposition on silicon nanopores
	Metal-assisted etching of silicon


	Parallel optical detection of DNA translocations
	Detection system
	Fluidic cell
	Electrical system
	Optical system

	Characterization of background sources
	Membranes: Si and SiN
	Water Raman scattering and other background sources

	Two-color fluorophore detection
	DNA translocation through nanopore arrays
	Determination of the DNA translocation events
	Translocation statistics
	Laser-induced thermal effect
	Event duration
	Event frequency


	Conclusion and Outlook
	Summary of Appended Papers
	Appendix
	Cleanroom process recipes
	Sample preparations for TEM imaging

	Bibliography

