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Being atomically-thin, the structures of graphene and carbon nanotubes repre-

sent two important limiting geometries for physical materials—the two-dimensional

membrane and the one-dimensional wire. Their dimensions, extreme in both thick-

ness and aspect ratio, make these materials valuable both for the study of materials

physics, and for nanotechnology applications. In this dissertation we will explore

two uses for graphene and carbon nanotubes, one from each of these categories.

First, we will study the physics governing the stacking of two graphene lay-

ers having different strain. We will see that graphene’s hexagonal lattice endows

the stacked system with a hexagonally-symmetric energy landscape describing the

cost of translating one layer across the other. The interplay between this energy

landscape and the energetic cost of locally concentrating strain leads to a rich

physics in which large domains of well-aligned bilayer graphene become separated

by thin misaligned domain walls having concentrated strain. By studying the sys-

tem using electron microscopy, we find that the strain fields of the domain walls

are described by the mathematics of solitons, and consist of atomic-scale registry

shifts occurring over 6-11 nm. Due to the energy landscape, each registry shift

occurs in one of three possible directions, leading to complex networks of solitons

that are prevalent in most stacked graphene that we observe.



Second, we will develop a nanopore-aligned nanosensor, using the unique di-

mensions and electrical sensitivity of carbon nanotubes in both the self-alignment

of a membrane nanopore to a nanotube, and as the sensing element in the result-

ing device. The few-nanometer diameter of a nanotube gives it the potential to

achieve the spatial resolution necessary for DNA sequencing, and its alignment to

a few-nanometer solid-state nanopore will enforce a sequential interaction between

the nanotube and the DNA as the DNA traverses the nanopore. We will develop a

device architecture and wet chemical method to produce such nanotube/nanopore

alignment, which will avoid the damage to nearby nanosensors that is unavoidable

for electron beam-, ion beam-, or plasma-produced nanopore devices of similar

geometry. Measurements of ionic current as DNA and ions are concurrently driven

through a nanopore by electrophoresis show that we can detect DNA ionically, and

preliminary nanotube conductance measurements show that our nanotube sensors

have single-charge sensitivity to nearby ions at bandwidths in excess of a MHz.

nanopore 15 nm 

nanotube 

Figure 1: Carbon nanotube DNA sensor aligned to a nanopore. (a) Schematic of the
device developed in this dissertation. (Image credit: A. J. Cortese) (b) TEM image of
an electrically-connected nanotube spanning a nanopore.



Biographical Sketch

Jonathan Alden was born in Southfield, Michigan in 1982. Shortly thereafter his

family moved to DC, then Kitchener, Canada, where he attended a ∼50-student

elementary school. Excelling in his class of 4, he realized he was destined for

greatness, and set his sights on someday starting a world-changing company—

a dream that remains with him today. At 14 his family moved to Colchester,

England, where he spent his high school years (GCSEs and first year of A-levels),

enjoying the celebrity status of being one of 2 Americans in his year. Expecting

later to attend college in the US, for his senior year he attended a boarding school in

Bryn Athyn, PA, where he played soccer, wrestled, and began his life of perpetual

study.

For the next two years he attended Bryn Athyn College in the same town.

While there, an increasing desire to understand the world at its most fundamental

levels led him into physics. After getting his AA degree from Bryn Athyn, he

transferred to Stanford University to study physics. While there he had his first

research experiences—a summer of quantum information theory in the Yamamoto

group, then for the summer after graduating, doing fiber laser research in the Byer

group. Before attending graduate school, Jonathan took a year off to work and

travel, working first at the European Gravitational Observatory in Pisa, Italy, then

later at Cambrios Technologies, a ∼20-person nanotech startup in the Bay Area.

iii



Jonathan began graduate school at Cornell University in 2006. The following

year, he joined the McEuen group, where he worked on atomically-thin graphene

balloons, graphene- and nanotube-based electromechanical switches, chemical va-

por deposition of graphene and graphene nanoribbons, TEM imaging of graphene-

sealed liquids, x-ray crystallography of graphene-wrapped proteins, atomic rear-

rangements in 2D glass and, finally, the subjects of this thesis: stacking faults

in bilayer graphene, and nanotube-aligned nanopores for DNA sensing applica-

tions. Throughout his eight years in the group, Jonathan has gravitated towards

high-risk/high-reward projects, spending most of his time on the “risk” side of

outcome-spectrum, leading to his impressively long PhD. Jonathan plans to spend

the rest of his life trying to figure out how best to have a large positive impact on

the world...no risks there, right?

iv



Acknowledgements

Throughout my nine years at Cornell, I have received much mentorship, instruc-

tion, help, and support that has contributed both to my work in this dissertation

and to the knowledge and experience I have gained while here. The physical sci-

ences at Cornell have a very collaborative culture, and the people who I have had

the privilege to work with, who perpetuate and embody that culture, have been

instrumental to the successful completion of my PhD, as well as to my enjoyment

of the process.

Most significantly, I would like to thank my advisor Paul McEuen. His clarity

of thought and ability to distill a complex set of ideas, measurements, or knowl-

edge into concise insight or narrative arc has been inspiring to watch, and has

greatly influenced the quality of my work in the group. I have thoroughly enjoyed

every opportunity I have had to discuss science, philosophy or life with him. In

addition to being a brilliant scientist, his understanding of people, his empathy,

and his exceptional communication ability have made work with him a learning

opportunity on many fronts. I appreciate the freedom and support he has given me

to pursue my sometimes outlandish research projects, for years at a time, and the

guidance he has offered along the way. He has built a research group with a great

culture, and has helped shape us into better scientists. The number of students

and postdocs he has mentored that have gone on to become leaders in their fields

v



is a testament to his leadership and mentorship. I’ll do my best to maintain his

track record.

While in the McEuen group, I have had the opportunity to work with many

fun and insightful people. In the early days, I received much mentorship from

Scott Bunch and Arend van der Zande. Very early on, I had the privilege of

being brought onto Scott’s project on studying graphene balloons. I’m grateful

for that experience, as it showed me how, under the right conditions, a project

can go from idea to high-impact publication in less than a year, and was a great

way to start my life in the group. Arend taught me much of the cleanroom and

lab knowledge of my first few years. From lithography to EFM to CVD graphene

growth to giving presentations, Arend was a constant source of insight and advice.

His patience with my tendency stray from the plan, or have regular disagreements

on device fabrication was appreciated, as was his friendship outside the lab. I was

lucky enough to share an office with Nathan for a few years, working with him

briefly on a few projects, and taking part in philosophical discussions or getting

advice from him on a regular basis. Xiaodong’s brilliance and sense of humor led

to some enjoyable work together on the thermoelectric effect in graphene. Sam has

been awesome to work with, always thorough and enthusiastic, teaching me about

nanotube growth and microfluidics. Arthur has also been a source of insight, being

involved with early brainstorming on the nanotube-aligned nanopore project, as

well as being a reliable source of advice and discussion on measurement technique—

especially in the wee hours of the morning when we were the only two around!

I’d like to thank Alejandro for being the first person to ever believe in an idea of

mine enough to put his time and effort into it (...kidding, but kind of not). Much

of the work on nanotube-aligned nanopores has been a joint effort between the

vi



two of us. It has been a pleasure to work with someone as intelligent, competent,

hard-working, like-minded and fun as he has been, though if he reads this, I will

deny writing it. He has been a great springboard for ideas and a counter-balance

for my occasional bouts of pessimism. I’m pretty sure that any moment now,

we’re going to sequence DNA...and the world will never be the same! You heard

it here first. Unless you’ve been to Manndible with us, in which case you’ve heard

it there...pretty much every day for the last year. We’ve been learning resilience

together, too.

I have worked with many motivated and talented undergraduates over the

years. I worked with Will Whitney, Caleb Husted, Si Ping Wang on CVD graphene

growth, with Alex Zaretski on graphene chambers for TEM of liquids, with Matthew

Fishman on computational studies related to CVD graphene growth, with Steven

Noyce on nanopore etching, and most recently, with Bryce Kobrin and Jun Wei

Lam on nanotube growth. I have enjoyed working with all of them, and appreciate

their efforts, enthusiasm and insight.

I have also had a number of great collaborators over the years. My committee

member, Richard Hennig taught one of my favorite classes at Cornell, computa-

tional materials science, leading to his helping me with bandstructure calculations,

and later we jointly mentored an undergraduate, Matthew Fishman, on a project

of mutual interest to us. Richard’s depth of knowledge, teaching ability, person-

able nature, and eagerness to solve materials science puzzles made our meetings

engaging and enjoyable. Much of my intuition about chemical vapor deposition

was built in his class and our meetings.

I have also enjoyed multiple collaborations with Pinshane Huang. Much of the

work in this dissertation on strain solitons was done in collaboration with her and

vii



Wei Tsen and their advisors. Pinshane taught me how to do dark field TEM and

in situ heating of graphene in the TEM. She and Rob Hovden also took all of the

atomic-resolution images in this thesis. Were it not for her help, and her prior

collaboration with Arend on grain boundaries, I suspect that I would never have

studied solitons by TEM.

My collaboration with Jeney Wierman was also a very positive one. I had

dabbled with using graphene to wrap liquids, but when Jeney came to me with

the idea to wrap protein crystals with graphene, our work in this area quickly led

to a technique to reduce background for x-ray crystallography.

Stephen Levy has also been a very valuable resource over the past year as

we have worked on the nanopore-based sequencing project. He has helped us

brainstorm and debug many device challenges, has pointed us to many useful

papers, and offered advice and direction on grants and research strategy.

I would also like to thank Shane Henderson, my minor committee member. I

appreciate him helping me design a financial engineering minor, checking in with

me on my progress, and being kind enough to sit on my committee.

Penultimately, while it does not connect as tangibly to this dissertation, I have

thoroughly enjoyed the camaraderie and friendship of everyone in the McEuen

group. The awesome people I have had the chance to get to know, work with—or

near—and socialize with has made my experience at Cornell a very positive one.

Lastly, I would like to thank my family for their support. My parents have been

largely responsible for the instilling the values that have guided me for much of my

life, as well as for encouraging me to develop my “experimental side” from an early

age. From working alongside my dad in his workshop, to cooking “concoctions” in

the kitchen under my mom’s supervision, from building legos to building forts, from

viii



reading to programming, I have always been drawn to endeavors involving learning

and creativity, and I’m appreciative of all the encouragement and opportunities my

parents provided for me to follow these passions throughout my life. My siblings

are also awesome, but I’m not sure how that relates to this dissertation. Oh, and

to Team Bob: a heartfelt thanks. Without at least half of you, this dissertation

could not have been written.

ix



Table of Contents

1 Introduction 1
1.1 Strain solitons in bilayer graphene . . . . . . . . . . . . . . . . . . . 3
1.2 Carbon nanotube sensor . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.1 A medical need for low-cost, long read-length sequencing . . 5
1.2.2 Nanopore-based sequencing . . . . . . . . . . . . . . . . . . 6
1.2.3 Nanopore-aligned nanotube-based DNA sensor . . . . . . . . 8

1.3 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Strain solitons and topological defects in bilayer graphene 12
2.1 Darkfield TEM of solitons and stacking domains . . . . . . . . . . . 15
2.2 Topological point defects . . . . . . . . . . . . . . . . . . . . . . . . 20
2.3 Atomic-resolution imaging of solitons . . . . . . . . . . . . . . . . . 23

2.3.1 Simulated STEM images and soliton model . . . . . . . . . . 23
2.3.2 Soliton width . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.4 Darkfield TEM width vs angle . . . . . . . . . . . . . . . . . . . . . 28
2.4.1 Relating darkfield TEM FWHM to Sine-Gordon . . . . . . . 29

2.5 Possible origin of stacking defects . . . . . . . . . . . . . . . . . . . 30
2.6 Soliton motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.7 Solitons in trilayer graphene . . . . . . . . . . . . . . . . . . . . . . 35
2.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.9 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3 Previous work on solid-state nanopores for DNA detection 40
3.1 Biological nanopores . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.2 Solid-state nanopores . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.3 Solid-state nanopores with transverse readout . . . . . . . . . . . . 60
3.4 Future directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4 Nanotube-aligned nanopore formation 70
4.1 Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.1.1 The alignment challenge . . . . . . . . . . . . . . . . . . . . 72
4.2 Voltage-assisted etching . . . . . . . . . . . . . . . . . . . . . . . . 73

4.2.1 Silicon nitride etching . . . . . . . . . . . . . . . . . . . . . 74
4.3 Etch localization in phosphoric acid . . . . . . . . . . . . . . . . . . 78
4.4 Interpreting etch localization observations . . . . . . . . . . . . . . 85

x



4.5 Developing an etch-localization scheme . . . . . . . . . . . . . . . . 89
4.5.1 Electrode materials for ionic feedback . . . . . . . . . . . . . 91
4.5.2 Etching a nanopore using ionic feedback . . . . . . . . . . . 93
4.5.3 Aligned nanopore etch considerations and failure modes . . . 99

4.6 Alternative mechanism for nanopore formation . . . . . . . . . . . . 101

5 Nanotube-aligned nanopore TEM grid device fabrication 104
5.1 Device fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.1.1 Substrate preparation . . . . . . . . . . . . . . . . . . . . . 105
5.1.2 Nanotube preparation . . . . . . . . . . . . . . . . . . . . . 116
5.1.3 Post-nanotube fabrication . . . . . . . . . . . . . . . . . . . 118
5.1.4 Membrane formation . . . . . . . . . . . . . . . . . . . . . . 119

6 Nanopore measurement design and setup 122
6.1 High-speed high-impedance current sensing . . . . . . . . . . . . . . 122

6.1.1 Device capacitance estimates . . . . . . . . . . . . . . . . . . 125
6.1.2 DNA sensor circuit analysis . . . . . . . . . . . . . . . . . . 127

6.2 Measurement setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
6.3 Measurement procedure . . . . . . . . . . . . . . . . . . . . . . . . 135

7 Nanopore device characteristics and DNA detection 138
7.1 Ionic transport through a nanopore . . . . . . . . . . . . . . . . . . 138
7.2 Noise during ionic transport . . . . . . . . . . . . . . . . . . . . . . 141
7.3 Ionic measurements of DNA translocation . . . . . . . . . . . . . . 143

7.3.1 Processing translocation event data . . . . . . . . . . . . . . 146
7.4 Distinguishing between oligonucleotides . . . . . . . . . . . . . . . . 148
7.5 Nanotube detection speed and sensitivity . . . . . . . . . . . . . . . 150

8 Future directions for nanopore-aligned nanotube DNA sensors 153
8.1 Detecting barcode labels on DNA . . . . . . . . . . . . . . . . . . . 154
8.2 Achieving <5 nm nanopores . . . . . . . . . . . . . . . . . . . . . . 156
8.3 Other devices possible with our architecture . . . . . . . . . . . . . 157

8.3.1 Nanopore-aligned tunnel junction . . . . . . . . . . . . . . . 158
8.3.2 Functionalized nanopore-aligned nanotube sensor . . . . . . 159
8.3.3 Low-damage nanoribbon-aligned nanopore devices . . . . . . 159
8.3.4 Low leakage-current graphene nanopore devices . . . . . . . 160

8.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

A Glossary 163

Bibliography 165

xi



Chapter 1

Introduction

Graphene and carbon nanotubes have a host of superlative properties that make

them ideal materials both for nanotechnology applications and as model systems for

understanding fundamental physics. Graphene consists of a single, atomically-thin

sheet of carbon atoms, arranged in a hexagonal lattice, whereas carbon nanotubes

can be considered to be wires formed by rolling up a sheet of graphene into a

one-atom-thick tube. As a consequence of their structure, and the delocalized sp2

bonding that holds them together, these materials have a range of unique and

interesting properties that have led to their being some of the most highly-studied

materials of the last few decades.

Graphene has been shown to be as strong as diamond [Lee et al., 2013], im-

permeable to gases [Bunch et al., 2008], and is highly conducting [Bolotin et al.,

2008,Dean et al., 2010] with a linear band structure [Sprinkle et al., 2009]. This lat-

ter property has made graphene a testbed for studying exotic physics, such as the

transport of charge carriers that behave like massless Dirac Fermions [Novoselov

et al., 2005], absorption that is determined by the fine structure constant [Nair

et al., 2008], a fractional quantum Hall effect [Bolotin et al., 2009], and a fractal-like

relation linking magnetic field, charge density, and electron transport in graphene
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on boron nitride—the Hofstadter’s butterfly [Dean et al., 2013].

Graphene has also shown promise for many applications. It has been used as a

support material for direct imaging of atomic rearrangements in a 2D glass [Huang

et al., 2013], to achieve low background scatter in x-ray crystallography of proteins

[Wierman et al., 2013], as a window for electron beam imaging of liquids [Yuk et al.,

2012], as a high surface-area electrode for supercapacitors [Liu et al., 2010], and

as high-performance frequency doublers [Wang et al., 2010a].

Nanotubes, in addition to having some of the materials benefits of graphene—

such as strength and chemical robustness—also benefit from a bandgap (in 2/3

of nanotubes) and 0.7-5 nm diameters that enable them to interact with other

materials with high spatial resolution. Nanotubes have thus shown promise for

a number of applications including use as scanned probe tips [Dai et al., 1996],

mechanical resonators and mass sensors [Jensen et al., 2008, Chaste et al., 2012],

transistors [Brady et al., 2014], filters [Srivastava et al., 2004], electromechanical

actuators [Baughman et al., 1999], and electrochemical sensors [Larrimore et al.,

2006].

In this dissertation we use these materials to explore first a fundamental physics

example where we use bilayer graphene’s unique structure to explore the conse-

quences of symmetry-breaking in the stacking of bilayer graphene, and secondly, an

application of nanotubes, which uses their nanoscale diameter, high-aspect ratio,

electrical sensitivity, and chemical robustness in the development of a nanopore

DNA sensor, with a long-term goal to develop it into a DNA sequencing device.
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Strain solitons in bilayer graphene

The first example we will explore is the physics and phenomenology that arises

when two graphene layers having different amounts of strain are stacked. In its

lowest-energy state, unstrained bilayer graphene stacks in a Bernal configuration,

where one layer is offset from the other by an atomic spacing. In graphene with

interlayer strain, due to local relaxation into one of its many lowest-energy stack-

ing configurations, this system has large domains of well-aligned bilayer graphene,

separated by thin domain walls where the interlayer strain is concentrated, and

the stacking is incommensurate. The interplay between energetically unfavorable

strain-concentration and energetically-favorable Bernal stacking leads to domain

walls whose strain can be described by the mathematics of solitons, and whose

physics resembles that seen in a wide range of other physical systems from mag-

netism in solids to the Higgs mechanism in high energy physics.

The stacking of bilayer graphene is ideal for the study of solitons for a few

reasons. Firstly, strain solitons can be readily visualized and understood since they

involve the physical displacement of atoms; secondly, because bilayer graphene is

only two atoms thick, we can identify the location of every atom with the use of

aberration-corrected transmission electron microscopy (TEM); thirdly because of

the symmetries involved, strain solitons have important consequences for electronic

properties of bilayer graphene, leading to localized topological electronic states at

the soliton domain walls.

The choice to study this system is, in many respects, a continuation of our

previous work, in which we imaged grain boundaries in monolayer graphene with

atomic resolution, showing that they were a common occurrence in the growth
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procedure that was the standard in the field [Huang et al., 2011]. By showing the

prevalence of these boundaries, we and other researchers have been able to improve

graphene grain size (i.e. quality) from hundreds of nanometers to millimeters [Li

et al., 2010, Hao et al., 2013]. Similarly, in Chapter 2, we will find that bilayer

stacking faults—or strain solitons—are common in bilayer graphene, and likely

have similarly important consequences for its electronic properties.

In the remainder of this dissertation, we will develop a DNA sequencing device,

consisting of a carbon nanotube—a one-dimensional electrochemical sensor—which

interfaces perpendicularly with a nanopore in a membrane—a one-dimensional

fluidic channel—making for a nanoscale sensor with a “zero-dimensional” region

of sensitivity.

Carbon nanotube sensor

One high-impact area where a nanotube’s size, chemical robustness, and elec-

tronic sensitivity may be of particular value is in the area of biological sensing

and DNA sequencing. Single-walled carbon nanotubes typically have diameters

in the range of 0.7-5 nm—similar to the most relevant lengthscales for molecular

biology. Double-stranded DNA, for example, has a diameter of 2 nm. While their

diameters make them ideal for interfacing with molecules, carbon nanotubes are

also very long, commonly having lengths of at least a micron (up to centimeters),

making them similarly ideal for interfacing with microelectronics. While achieving

controlled interaction between nanotubes and biological materials at such small

lengthscales presents a challenge, the potential rewards for achieving such a sensor

that reaches from the macroscale world into the biomolecular world are sufficiently

large that we will endeavor to develop a device that brings us closer to this goal.
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In particular, we are interested in achieving a sequential interaction between the

nucleotides in DNA and a carbon nanotube, such that the nanotube’s electrical

conductance will vary in response to these interactions, allowing for an electrical

readout of DNA sequence, and in the longer-term, a low-cost, long read-length

sequencing device.

A medical need for low-cost, long read-length sequencing

Since the sequencing of the human genome began 25 years ago, many benefits to so-

ciety have arisen as a result of our access to and understanding of this information.

Genetic information is used today to identify genetic risk factors in populations

and individuals, to identify organisms (such as those causing disease), to under-

stand the molecular basis for genetic diseases, and to develop therapeutics targeted

to specific genetic markers. As the cost of sequencing has decreased over the past

decades, these applications have become more widespread. Among breast can-

cer patients, for example, those who overexpress human epidermal growth factor

receptor type 2 (HER2), generally have a worse prognosis that those who don’t.

However, a targeted monoclonal antibody has been developed, for which those

expressing HER2 show the most significant positive response, increasing overall

survival rate from 75% to 84% [Perez et al., 2014]. In cases like these, knowledge

of the genetic markers for individual patients and tumors are invaluable for both

prognosis and treatment decisions.

For many applications, however, the cost of sequencing is still prohibitive. For

example, although it is known that taking patient-matched tumor and normal DNA

samples is necessary for development of targeted therapeutics, this is not common

practice due to the time and economic costs of doing so [Chin et al., 2011]. In
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many cases treatment decisions must be made quickly, and taking the time for

such analyses can pose a risk to the patient that outweighs the benefit of the

additional knowledge. With faster, lower-cost sequencing, doctors and patients

will be able to make diagnoses and treatment decisions that maximize patient

health.

There is also a need for longer read-length sequencing. The majority of the

human genome does not code for proteins, and much of it consists of long re-

peated units that cannot be statistically reconstructed from the short reads that

are common in existing sequencing technologies. Such regions may still be impor-

tant for gene regulation, however, and thus have relevance for phenotypic variation

and disease. Recent work analyzing whole-genome datasets for individuals with

and without autism, for example, has shown that many of the genetic variants

that are most strongly predicted to cause errors in RNA splicing occur in intronic

(non-protein-coding) regions of the genome [Xiong et al., 2014]. Many of these vari-

ants are associated with autism as well as other neurodevelopmental phenotypes.

While, in this study, evaluated variants were within 300 nucleotides of the edge of

an intron, it is possible that longer-read-length sequencing will reveal additional

variants involved in gene splicing, regulation, and disease. To date, however, such

regions have been largely inaccessible, as standard read-length for sequencing is

∼300 base pairs (bp), and the longer read-length options (e.g. Pacific Biosciences,

∼15 kbp) are significantly more expensive.

Nanopore-based sequencing

Nanopore-based sequencing has arisen as a promising alternative to existing tech-

nologies. In nanopore-based sequencing, a charged DNA molecule is threaded
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through a nanopore, driven by electrophoresis from one side of a membrane to

the other. Electrical measurements are used to determine the identity of each nu-

cleotide as it passes through the nanopore. Since this method is a single-molecule

measurement, it does not require DNA amplification or labeling, unlike standard

sequencing methods, giving it the potential to be very fast and exceedingly cheap.

The amount of DNA required for nanopore-based sequencing of a full human

genome with six-fold coverage is, in principle, 1 µg of DNA, or 106 copies [Branton

et al., 2008]. This amount of DNA can be obtained from 106 blood cells, without

amplification using commercially available kits (e.g. QIAmp DNA Blood Maxi

Kit), in under an hour for $20/sample (sample size: <600 µg). This means that

the lower limit for the cost of sequencing with this technology is far below the costs

for other technologies. This has spurred great interest among the scientific and

biotech communities.

Most nanopore devices to date have relied on ionic current—measuring elec-

trolyte ions that pass through the nanopore concurrently with the DNA. In prin-

ciple, these ions interact most strongly with the single nucleotide that is at the

most constricted region of the nanopore, leading to a sequence of unique ionic-

current levels corresponding to the sequence of nucleotides. However, the rate

at which unbound DNA traverses a nanopore under standard experimental con-

ditions is ∼1 nucleotide/µs. During this time, only ∼100 electrolyte ions per

nucleotide concurrently traverse the nanopore and the signal is thus dominated

by statistical noise [Venkatesan and Bashir, 2011]. This limitation can, in princi-

ple, be overcome by decoupling the current responsible for DNA detection from

that responsible for electrophoretic drive. In order to have reasonable sensitivity

to individual nucleotides, however, such a decoupled detector would need to have
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dimensions comparable to those of DNA.

Nanopore-aligned nanotube-based DNA sensor

Carbon nanotubes are ideal nanosensors. In addition to their small diameter, elec-

trochemical sensitivity, and chemical robustness, they have very high electrical mo-

bility. A typical, ∼20 µm nanotube device will have a conductance of ∼1 µS—over

1000 times the ionic conductance of an open 1.2 nm nanopore in 0.3M KCl [Manrao

et al., 2012]. For nanopore sensor applications, this increased conductance alone

suggests a large increase in signal-to-noise, but whereas the ionic current available

per nucleotide during translocation of unbound DNA is inextricably linked to the

translocation speed (via the transmembrane voltage causing both), the nanotube

sensor does not suffer from this limitation. Nanotube conductance is theoretically

limited to G = 4e2/h, which for a nanotube biased at 100 mV, and for typical

translocation speeds of 1 nucleotide/µs, corresponds to 108 electrons/nucleotide.

Even at 1 µS, more than 105 electrons/nucleotide are expected. To us, these po-

tential gains justify the effort required to develop a nanopore-aligned nanotube

sensor with a long-term goal of using it for DNA sequencing.

Aligning a <5 nm-diameter nanotube to a 2-20 nm nanopore—especially with-

out damaging the nanotube—presents a considerable challenge, and will be the

focus of the majority of this dissertation. This level of alignment is beyond the

capabilities of even electron-beam lithography, and higher-resolution techniques

such as transmission electron microscopy (TEM) or focused ion beam (FIB) are

highly damaging to nanotubes. Instead, we will develop a device architecture and

method that allows for the chemical alignment of a nanopore to a nanotube, and

present preliminary measurements on the use of these for detecting DNA.
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Outline

In Chapter 2 we describe our work on strain solitons in bilayer graphene. We begin

by describing the energy landscape for translating two stacked graphene sheets past

each other and explain how this landscape only allows for three possible interlayer

translation directions across a stacking fault in Bernal-stacked bilayer graphene.

We show transmission electron microscope images up to atomic resolution showing

the prevalence, size, and shape of these soliton boundaries. We present measure-

ments showing that these solitons may arise from the chemical vapor deposition

growth of graphene over corrugations in a copper surface. We present time-series

measurements of solitons in bilayer graphene showing that they become mobile

under high beam intensity, or elevated temperatures. We finish by showing a

time series of trilayer graphene showing that at elevated temperatures, the soli-

ton boundaries between Bernal- and rhombohedrally-stacked trilayer motion is

dictated by the “pressure” exerted by the difference between the two stacking

energies.

In Chapter 3 we introduce nanopore-based DNA sequencing, discussing the

benefits to medicine that it promises and highlighting some of the research that

has been done in this area. We begin by discussing some of the most compelling

demonstrations of nanopore-based sequencing, which have made use of protein

nanopores embedded in lipid membranes. We then move to the main focus of

this dissertation: the fabrication of and measurement of ionic and DNA transport

through solid-state nanopores. We discuss typical fabrication procedures, current

understanding of nanopore conductance, DNA translocation, and noise character-

istics of solid-state nanopores. We then give a few examples of state-of-the-art
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measurements with solid-state nanopores, which will act as a benchmark for our

own work. Lastly, we highlight a few of the most notable, but early-stage, demon-

strations of integrating transverse DNA sensors with solid-state nanopores. This

will set the stage for our own work on developing a nanotube-based DNA sensor

integrated with a nanopore device.

In Chapter 4 we develop a wet-chemical method for producing nanopores

aligned to nanotubes. We begin by discussing the value in developing such a capa-

bility, then introduce the reaction characteristics of hydrofluoric acid (HF) etching

of silicon nitride. We use a nanotube-aligned voltage-assisted etch of silicon ni-

tride in hot phosphoric acid to highlight the phenomenology of the aligned etch we

will develop. We introduce a model that explains the key features observed in this

etch. We then develop an HF-based nanotube-aligned silicon nitride nanopore etch

method, in which we use nanopore ionic current feedback to detect and halt pore

formation. We show that this method can produce ∼10 nm nanopores aligned to

nanotubes, and discuss typical results and important considerations.

In Chapter 5 we discuss the fabrication of the TEM grid devices that make our

nanotube-aligned, feedback-controlled nanopore formation process possible. We

walk through the steps required to produce these devices, highlighting the many

design considerations and obstacles that were overcome in our device development.

The final devices allow for nanotube-aligned nanopore formation with >50% yield,

device parallelization, TEM characterization of nanopores, and simultaneous ionic

and nanotube conductance measurements in a low-capacitance device substrate

with integrated microfluidics for DNA sensing applications.

In Chapter 6 we discuss the measurement design and implementation used for

high-speed ionic- and nanotube-conductance measurements of DNA translocation
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through nanopores. We begin by modeling the DNA sensor circuit and amplifying

electronics, highlighting the important considerations for achieving high bandwidth

and low noise, and giving estimates for the signal-to-noise we should be able to

achieve. We describe our experimental setup for automating, and independently

controlling nanotube voltage, transmembrane voltage, and electrolyte gating of the

nanotube. Lastly, we state the measurement setup procedure that will be used for

the measurements in the following chapter.

In Chapter 7 we show the results of ionic and DNA translocation measurements

through our nanotube-aligned nanopores. We characterize our devices’ ionic con-

ductance, and noise characteristics as a function of voltage and ionic concentration.

We then perform DNA translocation measurements, showing we can distinguish

between 30-nucleotide homopolymers, dC and dA, based on their differences in

the amount of current blocked during their translocation. Lastly, we show that

our nanotube devices and amplifying electronics achieve single-charge sensitivity

with high signal-to-noise at ∼MHz bandwidth, suggesting that our devices are very

promising for future nanotube-sensing of DNA.

In Chapter 8 we discuss the future directions for this project. We outline the

near-term challenges to be overcome and the steps we anticipate will enable us

to surmount them. We also discuss the longer-term future directions, in which

our newly-developed device architecture and nanostructure-aligned nanopore for-

mation process allows us to improve upon existing nanopore devices—such as

graphene nanopores and nanoribbon-based sensors—and explore a range new sen-

sor types such as functionalized nanotubes and nanotube tunnel junctions.



Chapter 2

Strain solitons and topological defects in bilayer graphene

Bilayer graphene has been a subject of intense study in recent years. The registry

between the layers can have dramatic effects on the electronic properties: for ex-

ample, in the presence of a perpendicular electric field, a band gap appears in the

electronic spectrum of so-called Bernal-stacked graphene [Oostinga et al., 2008].

This band gap is intimately tied to a structural spontaneous symmetry-breaking

in bilayer graphene, where one of the graphene layers shifts by an atomic spacing

with respect to the other. This shift can happen in multiple directions, resulting in

multiple stacking domains with soliton-like structural boundaries between them.

Theorists have recently proposed that novel electronic states exist at these bound-

aries [Vaezi et al., 2013], but very little is known about their structural properties.

In this chapter we use electron microscopy to measure with nanoscale and atomic

resolution the widths, motion, and topological structure of soliton boundaries and

related topological defects in bilayer graphene. We find that each soliton consists

of an atomic-scale registry shift between the two graphene layers occurring over

6-11 nm. We infer the minimal energy barrier to interlayer translation and observe

soliton motion during in-situ heating above 1000 ◦C. We also discuss solitons in

trilayer graphene, in which the energy difference between stacking domains ex-

12
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erts a pressure on the solitons, which affects their orientation. The abundance of

solitons and topological defects across a variety samples, as well as their unusual

properties, suggests that they will have substantial effects on the electronic and

mechanical properties of bilayer and trilayer graphene.

Spontaneous symmetry-breaking, where the ground state of a system has lower

symmetry than the underlying Hamiltonian, occurs in systems ranging from mag-

netism in solids to the Higgs mechanism in high energy physics. It leads to

multiply-degenerate ground states, each with a different “broken” symmetry la-

beled by an order parameter. In the case of a magnet, the spins locally align,

creating a magnetization that plays the role of the order parameter. However,

the global orientation of the magnetization can be in one of many directions, de-

termined, for example, by the crystal axes. Locally, the system “spontaneously”

chooses one such direction based on external constraints or history. Different local

regions can have different orientations, and the boundary between adjacent regions

is called a domain wall. Mathematically, this boundary takes the form of a soliton

that is finite in width but free to move. Other, more complex topological structures

are also possible.

The stacking of two graphene sheets exhibits analogous physics. Figure 2.1 (a)

shows the energy of bilayer graphene as a function of the relative in-plane displace-

ment u between the two graphene sheets, which we will use as a continuous order

parameter [Popov et al., 2011]. The energy as a function of u is maximal in the

high-symmetry state (u = 0) where one layer is directly on top of the other, called

AA stacking (Figure 2.1 (a) center, Figure 2.1 (b) edges). Away from u = 0 are six

energy minima, each one with a different direction of the order parameter vector,

and each having magnitude |u | = a, where a is graphene’s bond length. These
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Figure 2.1: The energy landscape for interlayer translation in bilayer graphene leads to
certain allowed boundary transitions. (a) van der Waals energy landscape for translating
one graphene layer across another (adapted from [Popov et al., 2011]) with the corre-
sponding orientations of the two layers shown schematically in orange and teal. The
central location corresponds to AA stacking, having an order parameter vector, u = 0.
Around this are six energy minima where |u | = a, corresponding to Bernal-stacked
graphene. The two mirror-symmetric phases of Bernal-stacked graphene, AB and BA,
are related to each other by three distinct low-energy translation directions |∆u| = a
indicated by red, green, and blue arrows. (b) A horizontal line cut through the energy
landscape in b, along an armchair direction, reveals that AB is connected to BA through
a saddle-point (SP) having an energy of 2.1 meV/atom, a factor of ten lower than the
energy of AA-stacked graphene. Across this cut, from left to right, the upper graphene
sheet, shown in orange, translates to the right with respect to the lower sheet, shown
in teal. (c),(d) Dark-field TEM images of bilayer graphene, imaged through an aper-
ture in the diffraction plane, as indicated by circles in the inset. The bilayer graphene
is supported by 2 additional graphene sheets at 16◦ and 31◦ relative to the bilayer,
which are invisible when imaging though the selected diffraction angles. (c) At non-zero
sample tilt, selecting electrons from the [-1010] family of diffraction angles enables us to
distinguish AB (gray) from BA (black) domains. (d) Three DF TEM images taken from
the [-2110] diffraction angles indicated in the inset, are overlaid in red, blue, and green.
Imaged this way, each line is a AB-BA domain boundary, with its color indicating the
armchair direction along which the relative translation between graphene layers occurs.
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minima correspond to states that put one of the first layer’s sublattice atoms (A

or B) directly on top of its opposite sublattice atom (B or A) in the second layer,

called AB or BA stacking, respectively, or collectively called Bernal-stacking. Ad-

jacent minima can be most easily traversed by the local change ∆u in the order

parameter across an AB-to-BA stacking boundary. As shown in Figure 2.1 (a),

these translations come in three types depending on the direction of ∆u, which

we label with colors red, green, or blue. Note that three of the six states shown

in Figure 2.1 (a) correspond to the same locally distinct broken symmetry (either

AB or BA stacking) since a lattice translation vector will transform one member

of the trio to another. However, they are globally distinct in that, to go from one

to the other, a relative shift in the registry of the two layers is required. The order

parameter u captures both of these aspects.

Darkfield TEM of solitons and stacking domains

These AB and BA phases can be directly imaged using dark field transmission

electron microscopy (DF TEM) [Brown et al., 2012, Ping and Fuhrer, 2012]. An

aperture in the diffraction plane of the electron microscope selects electrons scat-

tered through a narrow range of diffraction angles, distinguishing between regions

of different crystallographic symmetry [Huang et al., 2011]. If, for example, an

aperture is placed in the diffraction plane at one of the angles corresponding to

planes of atoms along the zigzag direction (the [-1010] family of diffraction angles)

then at non-zero sample tilt, AB and BA are no longer symmetric with respect to

the beam axis, and one phase appears bright while the other is dark [Brown et al.,

2012]. Figure 2.1 (c) shows a graphene bilayer grown by chemical vapor deposition

(CVD) [Li et al., 2011] and supported by ∼2 additional graphene sheets at 16◦ and
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31◦ relative to the bilayer, imaged through one of the [-1010] diffraction angles. A

striking hexagonal array of AB and BA domains is observed.

To better understand this pattern, we can image the soliton boundaries between

AB and BA stacking domains. Using the same technique as above, with an aperture

selecting electrons from the [-2110] family of diffraction angles (imaging lines of

atoms parallel to a given armchair direction) if a boundary translation, ∆u, has

a component perpendicular to that armchair direction, its contrast will change

relative to the adjacent Bernal-stacked regions. Figure 2.2 (a-c) displays a series

of DF TEM images of the sample in Figure 2.1 (c). Figure 2.2 (f) is taken directly

from Figure 2.1 (c), while in (a-c), we have used an aperture to select three different

[-2110] angles, indicated by the circles in Figure 2.2 (e). Comparing each of the

boundary images, (a-c), to the domain image, (f), we notice that one third—and

a different third—of the boundaries in each image, (a-c), is invisible. From this

we infer that the interlayer translation occurring across a given invisible boundary

is precisely along the armchair direction that corresponds to the diffraction angle

through which the image was taken. We indicate these boundaries schematically

by dashed lines in Figure 2.2 (a-c),(f). Thus each boundary represents a single-

bond-length interlayer translation, in agreement with what we might expect by

examining Figure 2.1 (a), where the minimal-energy path connecting AB to BA

through a saddle-point corresponds to translation along one of three armchair

directions. Figure 2.2 (d) shows a composite image in which we have colored the

images from each of the three [-2110] diffraction spots, (a-c), red, blue, and green,

respectively, and merged them to create the image. In this image, each boundary

has a color corresponding to the order parameter vector, ∆u, indicated by arrows

in Figure 2.2 (d). The complete composite image showing all soliton boundaries
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Figure 2.2: Composite-image construction. (a-c) DF TEM images taken through aper-
tures in the diffraction plane, as indicated by the similarly-colored circles in (e). In
each image two of the three domain boundaries are visible. The “missing” boundary
in each (dashed lines) corresponds to a boundary with interlayer translation parallel to
the diffraction planes being imaged. (d) Composite image constructed by coloring (a-c)
red, blue, and green, respectively, and summing. (e) Diffraction image for this sample,
showing the locations of the apertures used for imaging (a-c). (f) DF TEM image of the
sample in (a-f) taken through one of the “inner” [-1010] diffraction spots, indicating the
locations of AB and BA domains.

and their order parameter vectors for this sample is shown in Figure 2.1 (d).

Figure 2.2 (d) shows a composite image in which we have colored the images

(a-c) from each of the three [-2110] diffraction spots red, blue, and green, respec-

tively, and merged them to create the image. In this image, each boundary has

a color corresponding to the order parameter vector, ∆u, indicated by arrows in

Figure 2.2 (d). The complete composite image showing all soliton boundaries and

their order parameter vectors for this sample is shown in Figure 2.1 (d). Using
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these images, we can immediately determine whether a boundary is a tensile strain

boundary (∆u perpendicular to the boundary), a shear strain boundary (∆u par-

allel to the boundary) or somewhere between. If we assume the translation between

an AB and a BA region does not traverse an energetically-costly AA-stacked con-

figuration (which we demonstrate to be true with atomic resolution measurements

below), then our measurements uniquely determine the strain, ∆u, across each

boundary. Furthermore, these can be summed to obtain the global interlayer bi-

axial (~∇ · u) and rotational (~∇× u) strain in the sample. In Figure 2.1 (d), most

of the translation vectors are parallel to their boundaries, indicating shear; the

observed pattern results from a global relative interlayer rotation between the two

graphene sheets. Thus the observed triangular pattern (which has been previously

observed in trilayer graphene [Hattendorf et al., 2013] and graphite [Williamson,

1960]) is similar to a Moiré pattern with the notable difference that, locally, the

lattice has relaxed into commensurate Bernal-stacked phases of constant u sep-

arated by incommensurate domain walls, each associated with one of the three

interlayer translation vectors, ∆u. Moving across the sample in Figure 2.1 (d)

from left to right, the density of boundaries decreases, from 1 per 6 nm, to 1 per

90 nm, corresponding to a decrease in relative global twist from 1.4◦ to 0.1◦, which

we posit occurred as a gradual interlayer rotation-relaxation process during the

CVD growth from left to right.

The “rotational interlayer strain” sample in Figure 2.1 has a striking and easily

interpreted structure, but is not the most common type of sample. Among tens-

to-hundreds of samples imaged, we saw this sort of hexagonal/triangular pattern

only 4 times. More typically, interlayer strain is less regular, often exhibiting some

global interlayer uniaxial strain—likely related to the terraced structure in the cop-
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Figure 2.3: Example of a bilayer sample exhibiting predominantly linear global strain.
(a) DF TEM image taken from one of the [-1010] diffraction angles showing lines of
alternating AB- and BA-stacked graphene. (b) Composite DF TEM image taken from
[-2110] angles, using the same methods as those used for Figure 2.1 (c), coloring the
soliton boundaries according to their interlayer translation vectors, ∆u, as indicated by
the arrows. Insets highlight an interesting defect, as discussed in the supplemental text.

per growth substrate [Brown et al., 2012]. An example of such a uniaxially-strained

case is shown in Figure 2.3. Figure 2.3 (a) is an “AB/BA domain” image, taken

from a [-1010] diffraction angle, while (b) is a composite “boundary” image gen-

erated from the [-2110] family of diffraction angles as described for Figure 2.1 (d)

and Figure 2.2 (d).

In the case of this sample, the bilayer accumulates interlayer strain across

the sample vertically. The translations having a significant shear component (red

and green) largely cancel out, leaving an accumulation of strain, primarily due to

the nearly pure-strain boundaries (blue). Two subtleties in this latter case are

worth noting. Firstly, due to the energy landscape, a sample with large relative

interlayer strain globally will always have some locally-sheared boundaries, since

this is the only way to accumulate strain while avoiding a translation through

an energetically-unfavorable AA stacking, see Figure 2.1 (a). Secondly, there are

some interesting topological features in this sample which cannot be explained by

the presence of interlayer strain and shear between two stacked sheets of pristine
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graphene, but instead arise from a topological point defects having non-zero in-

plane Burgers vector.

One of these features is highlighted in the insets to Figure 2.3. The two different

translation vectors, ∆u (red and blue lines), are associated with the boundary

between a single AB- and single BA-stacked region. If the two layers in the bilayer

were pristine graphene, the order parameter vector, u , that we would assign to the

BA region based on the known shift at the red boundary would be inconsistent

with that assigned based on the blue boundary. One explanation for this apparent

inconsistency, is that one of the two layers is missing a (zigzag) line of atoms,

and has been stitched together with an offset that directly corresponds with the

difference between the vectors associated with the red and blue domain boundaries.

Or stated another way, there is a point defect at the intersection of the red and

blue lines having a non-zero Burger’s vector. To our knowledge this is the first time

such a topological defect has been identified in graphene, and appears in many of

our CVD-grown samples. In this image alone, there are more than 10 such defects.

Topological point defects

Topological point defects are also evident in Figure 2.1, though the type of defect

is different from that observed in Figure 2.3. Figure 2.4 (a) shows an enlarged

region of the color-composite image from Figure 2.1 (d) where three domain walls

intersect. Superimposed in black are the inferred directions of the order parameter

u for each domain, based on the transitions. The order parameter u rotates

by 2π on a path that encloses the intersection point. This is thus a topological

defect analogous to, e.g., a vortex in a superconductor. As with a superconducting

vortex, the order parameter must vanish at the center, corresponding here to AA-
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Figure 2.4: Topological point defect with AA-stacked graphene at its center. (a) An
enlarged region of Figure 2.1 (d), showing a topological defect where six domains meet.
Each domain (white) is associated with a different order parameter vector, u (black),
and each boundary corresponds to an interlayer translation, ∆u, as one traverses the
boundary in the clockwise direction, shown in red, green and blue. (b) Schematic of
two graphene sheets rotated relative to each other, showing a Moiré pattern that is
topologically equivalent to the structure in (a). Alternating AB- and BA-like regions
surround an AA-like core. (c) An atomic-resolution STEM image of the center of a
region like that in (a) where six Bernal-stacked domains meet, showing that such regions
exhibit the energetically-costly AA-stacking. In AA-stacked graphene all atomic sites
are visible in a hexagonal array, as indicated by the schematic. (d) A nearby Bernal-
stacked region, for reference. In Bernal-stacked graphene, only half of the lattice sites are
visiblethose corresponding to atoms stacked directly on top of one another, as indicated
by the schematic. In (c) and (d), respectively, 3 and 7 frames were cross-correlated
and averaged, after applying a 0.2 Å low-pass filter (far below our 1.3 Å probe size),
see [Alden et al., 2013] supplemental materials for raw images and details.
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stacked graphene (u = 0). A topologically equivalent Moiré structure is shown in

Figure 2.4 (b); at the center of such structures, AA-stacked graphene (u = 0) is

seen.

We use fifth-order aberration-corrected annular dark field (ADF) STEM to

directly image the stacking with atomic resolution. An electron beam with a

∼1.3 Å full-width at half maximum (FWHM) is scanned over the sample and

the scattered electron intensity is recorded as a function of the beam position.

Figure 2.4 (c) shows the core of a topological defect where 6 domains meet, showing

(bright) atoms in a hexagonal lattice, as is characteristic of AA-stacked bilayer. In

AA-stacked graphene, all atoms in one layer are directly above those in the other,

so each atom is visible, and all have similar brightness. The surrounding AB and

BA domains appear considerably different. Figure 2.4 (d) shows an example of

a Bernal-stacked bilayer domain, where we observe bright spots with hexagonal

symmetry and a spacing of 0.25 nm, close to
√

3a. These spots correspond to the

sites in Bernal-stacked bilayer where two atoms are stacked on top of one another;

coherent scattering makes the intensity 3-4 times brighter than for individual atoms

[Nelson et al., 2010]. Thus, with AA at its center and AB and BA domains

surrounding, the sixfold pattern in Figure 2.4 (a) is a direct manifestation of the

sixfold-degenerate energy-level landscape shown in Figure 2.1 (a). The AA cores

are very high-energy, so they effectively pin the intersections of the three lines

together. We rarely observe crossings of domain boundaries that do not respect

this 3-fold rule.
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Atomic-resolution imaging of solitons

We now examine the soliton boundaries between two stacking-phases with atomic

resolution. STEM images of boundaries between AB and BA domains exhibiting

concentrated shear and tensile strain are shown in Figure 2.5 (a) and (d), respec-

tively. Towards the right and left sides of each image, we observe bright spots

corresponding to Bernal-stacked bilayer. Towards the center of the boundary the

brightness decreases, and this hexagonal pattern evolves into linear features that

are horizontal for the shear boundary and vertical for the tensile boundary. This

pattern results from the near-overlap of lines of zig-zag atoms that occurs as the

two layers translate across each other vertically and horizontally, respectively, as

indicated schematically in Figure 2.5 (c) and (f). Figure 2.5 (b) and (e) display

corresponding simulations of STEM images using Multislice quantum mechanical

scattering calculations [Kirkland et al., 1987, Kirkland, 2010], showing excellent

agreement with the data.

Simulated STEM images and soliton model

To simulate the STEM images, we used E.J. Kirkland’s Multislice code. In this

code, a full quantum mechanical multiple scattering simulation of electrons is prop-

agated through multi-layered atomic membranes, producing quantitative simula-

tions of dark field detector signals [Kirkland et al., 1987]. Atomic scattering factors

are characterized by a 12-parameter fit of Gaussians and Lorentzians to relativistic

Hartree-Fock calculations [Kirkland, 2010]. The atomic coordinates in the simu-

lated image (and also in the schematics) were specified by using the two-chain

Frenkel-Kontorova model [Popov et al., 2011] to describe the interlayer transla-
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Figure 2.5: Imaging solitons with atomic resolution. (a),(d) Atomic-resolution STEM
images of AB-BA domain boundaries, exhibiting interlayer shear strain and tensile strain,
respectively, as the two sheets translate relative to each other in the directions indicated
by the schematics in (c) and (f). Each image is an average of 4 adjacent regions along
a boundary (details in [Alden et al., 2013] supplementary materials). (b),(e) Simulated
STEM images of shear and tensile boundaries, respectively. The atomic coordinates have
been specified by the soliton solution to the sine-Gordon equation [Popov et al., 2011].



25

tion, ∆u, in the boundary region in terms of the sine-Gordon equation:

ka2

4

∂2∆u

∂x2
=
π

2
Vspsin (2π∆u) (2.1)

Here, k is the stiffness, and Vsp is saddle-point energy in Figure 2.1 (a), a =

0.141 nm is the bond-length in graphene, and ∆u is the broken symmetry order

parameter, which varies from 0 to 1 across the boundary region. The first term is

elastic energy stored in the boundary region, and the final term is the misalignment

cost associated with non-AB/BA stacking. This equation has soliton “kink” and

“anti-kink” solutions of the form:

∆u± =
1

2
∓ 1

2
± 2

π
acrtan

(
exp

(
2π

a

√
Vsp
k
x

))
(2.2)

The soliton width, defined below, can be related empirically to the full-width at

half-maximum (FWHM) of the simulated STEM image by the following expression

[Alden et al., 2013]:

wsoliton ≡
a

2

√
k

Vsp
= A1wFWHM + A0 (2.3)

where A1 = 1.458 and A0 = 0.099. Measuring the FWHM of the solitons then

allows us to fully specify the atomic positions for the simulated images in Figure 2.5.

We apply a Gaussian low-pass filter (σ = 0.04 nm) to the simulated image to

represent the incoherent probe size, again choosing this value based on a match

with the STEM images.

Soliton width

The widths of the transition regions for the tensile and shear solitons in Figure 2.5

differ considerably. Figure 2.6 (a) shows vertical line averages of Figure 2.5 (a) and

(d), indicating that the shear boundary is significantly narrower than the tensile
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Figure 2.6: (a) Vertical line averages of the images in Figure 2.5 (a) (green) and Fig-
ure 2.5 (d) (purple) reveal that the STEM contrast profile across the boundary is approx-
imately Gaussian, and that the shear boundary is significantly thinner than the tensile
boundary. A dark reference signal has been subtracted, and the image normalized by the
average intensity of Bernal-stacked bilayer graphene. (b) Full-width at half-maximum
(FWHM) for the STEM intensity profile for a few different solitons as a function of the
absolute value of the angle between the interlayer-translation direction, and the soliton
boundary-normal. The fit is given by Equation (2.4), and indicates that the angular
dependence of soliton width is explained by the decrease in stiffness associated with a
change from tensile strain to shear strain. Error bars are one standard deviation for
FWHM measurements across different locations along a given soliton.

boundary. For the shear boundary, the average FWHM is 6.2 ± 0.6 nm, while

for the tensioned boundary the average FWHM is 10.1 ± 1.4 nm. These widths

correspond to maximum strains in each layer of 0.8% and 0.5% for the shear

and tensile boundaries, respectively, which occur at the center of each soliton.

Figure 2.6 (b) displays the soliton width (FWHM) versus the absolute value of

the soliton angle φ (the angle between ∆u and the boundary normal) obtained via

STEM. The soliton width varies with angle, having a maximum FWHM of ∼11 nm

at 0◦, corresponding to purely tensile solitons, and decreasing to a minimum of

6 nm at 90◦, corresponding to purely shear solitons.

The observed widths can be understood as competition between strain energy

in the transition region and the misalignment energy cost per unit length of the

soliton: E ≈ 1
4
ka2/w + Vspw, yielding an equilibrium width: wsoliton = a

2

√
k
Vsp

.
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Here, k is the stiffness, and Vsp is saddle-point energy per unit area in Figure 2.1 (b),

and a = 0.141 nm is the bond-length in graphene. The Young’s modulus, Et =

340 N/m [Lee et al., 2008], is larger than the shear modulus Gt ∼ Et/(2(1 + ν))

= 142 N/m, where ν is the Poisson ratio, predicting that the ratio of the widths

of the tensile and shear boundaries is 1.5. This is in reasonable agreement with

the experimental results in Figure 2.4. A more complete description is given by

the two-chain Frenkel-Kontorova model [Popov et al., 2011], which predicts soliton

boundaries between the domains to have width:

wsoliton ≡
a

2

√
k

Vsp
=

√
1

Vsp

(
Et

1− ν2
cos2φ+Gtsin2φ

)
(2.4)

where the boundary has an interlayer translation at an angle φ relative to the

boundary normal. By relating wsoliton empirically to the FWHM through STEM

image simulations, as described above, we fit the width-vs-angle model to the

data, choosing to treat Et as fixed at its measured value of 340 N/m [Lee et al.,

2008], and taking the Poisson ratio as that measured for graphite [Blakslee, 1970],

ν = 0.16; we then use Vsp and Gt as fitting parameters, and overlay the result

in Figure 2.6 (b) (solid line). We obtain Vsp = 1.2 meV/atom, Gt = 130 N/m.

These values are in excellent agreement with those predicted by theory—Vsp = 1-

2 meV/atom [Popov et al., 2011,Aoki and Amawashi, 2007,Lebedeva et al., 2011],

Gt = 142 N/m, and imply a line tension for the domain walls in the ∼100 pN

range. We also performed width measurements on a greater number of solitons

via DF TEM, observing similar qualitative behavior in the angular-dependence of

width, but greater variability due to the influence of out-of-plane corrugations in

the graphene on the DF TEM contrast across solitons, as shown and discussed

below. Although the samples presented in the figures have a greater occurrence of

shear boundaries than tensile boundaries, in general we see no strong preference
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for one type of boundary over the other, as we discuss below.

Darkfield TEM width vs angle

To image soliton boundaries in a larger number of samples, and on a ∼micron

length-scale, we use DF-TEM. We find very little preference for any one angle over

the others, with many samples exhibiting boundaries at all angles. Figure 2.7 dis-

plays the boundary width versus angle φ obtained via DF-TEM. As was seen for

the STEM measurements in Figure 2.6 (b), the soliton width varies approximately

sinusoidally with angle, having a maximum FWHM at 0◦ (and 180◦), correspond-

ing to purely tensile solitons, and decreasing to a minimum at 90◦, corresponding

to purely shear solitons. The solitons appear wider than those measured by STEM,

and have greater variability. This is likely the result of variations in the corruga-

tions and built-in strain in the samples—to which width measurements performed

using DF-TEM are more susceptible than those using STEM, where corrugated

samples can easily be identified and rejected. In particular, corrugations parallel to

a tensile boundary are expected to decrease the equilibrium width of the boundary,

while increasing its measured width, due to out-of-plane-tilted bilayer being diffi-

cult to distinguish from interlayer-translated bilayer for small angles/translations.

We find that as the number of supporting graphene layers—i.e. graphene layers

oriented at some angle (> 2◦) with respect to the bilayer—increases from 0 to 2,

shown in Figure 2.7 (a-c), respectively, the measured FWHM and the variability

in FWHM measurements is reduced. This supports the view that corrugations are

responsible for the variability in and broadening of measured soliton width, since

the increasing stiffness associated with an increasing number of supporting layers

reduces the amplitude of corrugations. With two supporting layers, the model fits
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Figure 2.7: DF TEM images of soliton width as a function of angle, with corresponding
composite images. For each sample, width measurements from two of the three soli-
ton translation directions, ∆u, are shown. (a) Samples with freely-suspended bilayer
graphene show considerable variability in the measured soliton width, presumably due
to out-of plane corrugations in the graphene. (b) Samples with one additional graphene
layer (at a non-Bernal-stacking angle) show qualitative agreement with our model, but
considerable variability. (c) Samples with two additional supporting graphene layers
show excellent agreement with our model and with the STEM width measurements.

well, and the measured strain soliton-FWHM is ∼11 nm and the measured tensile

soliton-FWHM is ∼6 nm, in excellent agreement with our STEM measurements.

Relating darkfield TEM FWHM to Sine-Gordon

The DF-TEM fits to the soliton width-vs-angle model are treated similarly to those

for STEM. In DF TEM, the intensity collected through a [-2110] diffraction spot,

at normal incidence, relates to the interlayer translation as:

I (∆u) ∝ cos2 (∆u) (2.5)

Since the resolution of this technique is significantly below that of STEM, we must

take into account the broadening of a soliton by its convolution with the finite-

sized electron beam. In the case of resolution-broadening, the soliton FWHM will
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be given by:

wFWHM = 2
√

2log2 (σ2
measured − σ2

resolution) (2.6)

We determine the resolution, σresolution, by measuring the resolution-broadening of

a graphene edge (often a bilayer-monolayer step) for each image, which we assume

to be atomically sharp. We treat the image of the edge as the convolution between

a Heaviside function and a Gaussian probe, and extract the width parameter, σ,

for such a probe.

We automate the finding and fitting of the solitons in our outer-diffraction-spot

DF TEM images. Our algorithm first finds the boundaries, primarily by applying

a threshold to the image, and assuming all pixels darker than a given threshold are

soliton pixels. We then determine the orientation of the boundary by finding the

∼ 20×20 px mask that minimizes the sum of squares between the image and mask,

where the masks consist of a dark line drawn at some angle on a light background.

We throw out error-prone regions (such as regions where two solitons intersect).

We then fit a Gaussian at each soliton pixel, in a direction perpendicular to the

soliton, averaging over the adjacent 3 pixels on either side, parallel to the soliton.

Since some of the found pixels are not in fact solitons, and result in Gaussian fits

with extremely large sigma (i.e. a flat region), we use the median width at each

angle (rather than the mean) so as not to be strongly affected by such outliers.

Finally, we use the linear empirical relationship between the FWHM of I(∆u)

and the Sine-Gordon width to relate the fitted Gaussians to the sine-Gordon width.

Possible origin of stacking defects

The solitons studied in this chapter likely have a couple different origins. During

growth, the topography of the copper growth-substrate likely causes buildup of
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3 µm 

(a) (b) 

Figure 2.8: (a) SEM image of a hexagonal patch of bilayer graphene, surrounded by
monolayer, on its copper growth-substrate. (b) AFM height image of the same region.
Height scale: 50 nm.

strain in the growing bilayer leading to stacking faults, and during the transfer

of the graphene to the TEM grid strain likely leads to stacking faults and thus

solitons.

Figure 2.8 shows a bilayer graphene nucleation site on its copper growth-

substrate, as imaged by SEM and AFM. In the SEM image, the darker hexagon

corresponds to bilayer on copper, while the rest of the visible surface is covered

in monolayer graphene. As can be seen in the topographic AFM image, the cop-

per surface underneath these bilayer patches tends to be more corrugated than

the surrounding monolayer. On this sample, bilayer corrugations are ∼10nm high

with a ∼200 nm separation, while monolayer corrugations are ∼3 nm high with

a 100 nm separation. These corrugations have alternating positive and negative

curvature and thus alternating positive and negative interlayer strain, potentially

leading to solitons.

After imaging the graphene on copper by SEM, it was transferred to a TEM
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(a) (b) 

(c) 

1 µm 

1 µm 

Figure 2.9: (a) Darkfield TEM image of bilayer graphene on a carbon TEM grid, indi-
cating AB- (dark) and BA- (light) stacked regions. (b) SEM image of the same bilayer
region when it was on its growth substrate. (c) Diffraction image of the bilayer graphene,
indicating aperture location

grid using the methods of [Huang et al., 2011], and the same region was then

imaged using DF TEM. Figure 2.9 shows the results. In the upper left of the

bilayer region, we notice vertical AB-BA stacking faults which, particularly in the

suspended (circular) regions of the TEM grid, run parallel to the original corru-

gations in the copper surface (black arrows). Additionally, we see that near the

indentations in the star-shaped bilayer where we would expect stress concentra-
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tion (white arrows)—either due to the transfer process, or due to defects formed

during growth—there is a high density of stacking faults that propagate inwards

to the center of the bilayer patch in the bottom right. In this and many other sam-

ples, it seems that the stacking faults observed in CVD-grown and subsequently-

transferred bilayer graphene samples are a combination of faults caused by stress

during transfer, and those that occurred due to interaction with the original growth

substrate.

Soliton motion

We now examine the mobility of the soliton boundaries. Figure 2.10 (a-c) shows a

series of DF TEM images taken with a large beam current (3.6×104 e−/nm2/s),

at 80 keV. The boundaries fluctuate as shown in [Alden et al., 2013], video V1,

shifting by tens of nm on the scale of minutes, as indicated by the arrows in Fig-

ure 2.10 (a-c). We also see instances where soliton boundaries undergo topological

rearrangements. Figure 2.10 (d-e) shows one such example, in which two solitons

having opposite translation directions, ∆u, appear to have contacted each other

and annihilated. Since each soliton has an energy cost associated with it, which

can be eliminated if this pair combines, these solitons are attracted to each other

(Campbell, 1986) and can annihilate via an interlayer translation of the intervening

domain, here, labeled u0 + ∆u.

Although motion occurs at high beam currents, in general, at low beam currents

(80 keV, ∼ 3 × 103 e−/nm2/s) and temperatures below 800 ◦C, motion is rare.

Above 1000 ◦C, motion becomes more prevalent, as shown in [Alden et al., 2013],

videos, V2-V5. The first and last frames in a temperature series from 1000 to

1200 ◦C are displayed in Figure 2.10 (f) and (g), showing that AB and BA domains
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Figure 2.10: Soliton motion. (a-c) [-2110] DF TEM images of interlayer solitons taken
over the course 43 minutes while imaging at high beam intensity (see video V1 in [Alden
et al., 2013]). Under the influence of the beam, the soliton positions fluctuate by as much
as 20 nm, as indicated by the arrows. (d-e) A pair of solitons having opposite translation
directions (i.e. boundaries on either side of a region that is one-bond-length-shifted from
the surrounding bilayer) may annihilate each other, as appears to have happened in the
3 days between which these images were taken. In the center, where, in (d), the solitons
are in close proximity, they have joined and disappeared in (e). (f-g) First and last
frames of DF TEM taken through a [-1010] diffraction angle at 1000 ◦C and later at
1200 ◦C, respectively. The boundaries between Bernal-stacking domains get shorter and
straighter with time and temperature. For videos, see [Alden et al., 2013] V2-V5.
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anneal to form more regular structures, with shorter, straighter boundaries. In the

videos, the boundaries typically move in discrete steps, which we attribute to

pinning of the solitons by disorder and out-of-plane wrinkles. All of these images

and videos show that these solitons are flexible and mobile, and that they can form

ordered and complex patterns.

Solitons in trilayer graphene

While interchange of AB and BA stacking is prevalent in the bilayer samples we’ve

heated, no clear preference for AB vs BA stacking is either observed or expected,

since these stacking orders have mirror symmetry, and thus both have the same

stacking energy. As a result, interchange of AB and BA is expected to relate only

to the line tension associated with the boundaries, as well as perhaps the local

strain and shear on the sheet. This is not the case in trilayer graphene, however,

where there are two families of stacking-orders, having differing energies: ABC

(rhombohedral stacking), and ABA (Bernal stacking). Since ABA has a lower

stacking energy than ABC by about 0.18 meV per atom [Aoki and Amawashi,

2007], with sufficient thermal activation, we would expect ABA regions to grow at

the expense of ABC regions. Figure 2.11 (a-c) shows a series of images of ABC-

and ABA-stacked trilayer graphene, taken at 1200 ◦C over the course of 3 hours.

Comparing Figure 2.11 (a-c), we notice that indeed the ABC regions shrink, while

the ABA regions grow. In fact, one ABC region disappears entirely “off the edge”

of the trilayer, as indicated by the black arrows. This decrease in ABC area over

three hours is tracked in Figure 2.11 (d). Of the 0.3 µm2 of graphene that is

initially ABC-stacked, 26% is converted to ABA graphene by the end.

We also observe that the boundaries between rhombohedrally- and Bernal-
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Figure 2.11: Motion of trilayer graphene at 1200 ◦C. (a-c) DF TEM image of ABA (light)
and ABC (dark) domains in trilayer graphene at 1200 ◦C after (a) 0 min, (b) 93 min, (c)
175 min. (d) Over the course of 245 min, the areal coverage of ABC-stacked graphene
decreases. (e) Histogram of measured radius of curvature of ABA-ABC boundaries over
many frames. (f) At equilibrium, the radius of curvature of the ABA-ABC boundary
relates to the relative energies of bulk ABA, ABC and the misaligned boundary between
then, ABM.

stacked regions tend to be curved, bowing outwards from the ABA regions. Fig-

ure 2.11 (e) shows a histogram of the measured radius of curvature of these bound-

aries throughout the video (excluding boundaries that appear to be constrained

by the boundaries on the opposite side of the region, as in the five linear, vertical

ABC regions in the lower left of Figure 2.11 (a). The average radius of curvature

is 475 ± 210 nm.

We can relate this radius to the energies per area for ABA, ABC and ABM—

which is what we will call the domain boundary between ABA and ABC, having

a misaligned layer that is making the transition between A and C locations. A

diagram of the geometry used in this model is given in Figure 2.11 (f). The energy

of a trilayer system having area A, with a circular ABA region of radius r coexisting
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with an ABC bulk, can be written as,

U = πr2VABA +
[
A− π (r + w)2

]
VABC + π

[
(r + w)2 − r2

]
VABM + 2πr Et

(1−ν)
1
2w

2a2

3
(2.7)

where the V ’s are energies per area for the subscripted regions, and the other

variables have the same meaning as earlier in this chapter. Here, for simplicity, we

have assumed biaxial strain in the misaligned regions. In equilibrium, we expect

the energy to be minimized with respect to the radius, r, and boundary width, w.

This allows us to write expressions for the differences between the three relevant

energies:

VABM − VABC =
1

3

Et

(1− ν)

( a
w

)2 r

r + w
(2.8)

VABA − VABC = −2

3

Et

(1− ν)

a2

rw
(2.9)

Thus, we have an indirect measure of the relative energy scales involved in tri-

layer graphene having coexisting rhombohedral and Bernal regions. Using bi-

layer graphene values for w, and using r = 475 nm, we find VABM − VABC =

1.2 meV/atom, and VABA − VABC = ∼0.04 meV/atom. These values are lower

than the∼2 meV/atom, and 0.18 meV/atom predicted [Aoki and Amawashi, 2007].

Because some of the ABC regions narrow into linear ABC regions with parallel

boundaries (having large radius), this underestimate for the ABA-ABC energy-

difference is expected. For the smallest values of radius of curvature observed (r =

170 nm), the calculated energy difference, VABA − VABC = -0.12 meV/atom, close

to the predicted value.

Conclusion

The complex and intriguing patterns of soliton boundaries we have observed sug-

gest that they will be a useful laboratory for studying the physics of topologically-



38

protected edge states. For example, the arrays of domain walls seen in Figure 2.1

are a new kind of superlattice structure that has only just begun to be studied the-

oretically [Qiao et al., 2013] and may be relevant for recent measurements [Dean

et al., 2013,Li et al., 2010] and theory [San-Jose and Prada, 2013] of the electronic

structure of twisted bilayer graphene. Furthermore, it may be possible to create

devices where the motion of a single domain wall completely changes the conduc-

tance of a device in a manner analogous to magnetic domain wall magnetoresistive

devices [Burrowes et al., 2010, Boone et al., 2010, Wang et al., 2010b, Marrows,

2005]. These solitons may also provide an explanation for the thermoelectric re-

sponse at domain walls in multilayer graphene [Cho et al., 2013], as well as for

the mystery of excess subgap transport typically seen in bilayer graphene trans-

port experiments, where a perpendicular electric field is used to open a bandgap

in AB or BA stacked graphene [Oostinga et al., 2008, Zhang et al., 2009, Weitz

et al., 2010,Ohta, 2006]. Recent theory predicts that a topologically protected 1D

electronic state will form at the soliton boundary [Vaezi et al., 2013,Zhang et al.,

2013], and these 1D conducting pathways may be the major source of conduction

in these samples. The properties of these 1D states depend on the width and ori-

entation of the domain walls [Vaezi et al., 2013], which the measurements above

provide explicitly.

Methods

Graphene Growth and Transfer Large-grain (30-100 µm) graphene was grown

on copper foil (Alfa Aesar Cat#13382), by chemical-vapor deposition (CVD), using

the enclosure method of [Li et al., 2011] using methane and hydrogen flow rates of

1-3 sccm, and 60-120 sccm, respectively, at 980 ◦C for 2 hours, then cooled. The
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resulting graphene is predominantly monolayer, with ∼10 µm six-fold symmetric

star-shaped bilayer and multilayer patches at many of its nucleation sites. We

then use the methods of [Huang et al., 2011] to transfer the graphene to 200 nm

nitride TEM grids (Ted Pella #21535-10), carbon grids (Quantifoil Q250-AR2),

or heatable ceramic grids (Protochips E-AHF21).

ADF-STEM For STEM imaging, we used a NION ultra-STEM100, operated

at 60 kV. Imaging conditions were similar to those used in References [Huang

et al., 2011] and [Krivanek et al., 2010]. Using a 25-mrad convergence angle, our

probe size was close to 1.3 Å. The images presented in Figure 2.2 and Figure 2.3

were acquired with a low-angle annular dark-field detector with acquisition times

between 16 and 40 µs per pixel. Samples were baked for >10 hours at 130 ◦C in

ultra-high vacuum before loading into the microscope.

DF-TEM TEM imaging and diffraction were conducted using a FEI Technai

T12 operated at 80 kV. Acquisition times for dark-field TEM images were 20 s per

frame. We used displaced-aperture DF-TEM for the images in the main text. For

in-situ heating, we used electrically-contacted pre-calibrated Protochips Thermal

E-chips with Aduro sample holder, which allow heating up to 1200 ◦C.



Chapter 3

Previous work on solid-state nanopores for DNA detection

Over the past century advances in medicine have raised life expectancy and im-

proved quality of life in a number of areas. With the decreasing cost of DNA se-

quencing, along with the tremendous amount of information DNA contains, many

are hopeful that advances in DNA sequencing will be a primary contributor to

medical progress in this century. If technology drives sequencing costs low enough,

genetic information will become accessible to individuals, allowing for medical

treatments that are tailored to a patient’s physiology and genetic proclivities.

Since 2001 the cost to sequence a human genome has been decreasing exponen-

tially, outpacing even Moore’s law (a factor of two every two years), as shown in

Figure 3.1 (a) [Wetterstrand, 2015]. Around 2008, sequencing centers exchanged

Sanger sequencing methods for second-generation sequencing—often involving am-

plified fluorescently labeled DNA with highly parallel optical readout—leading to

an increased pace of cost-reduction. Since 2012 however, improvements in sequenc-

ing cost have no longer been outpacing Moore’s law. Incremental improvements

on second generation sequencing seem to have been largely exhausted, suggesting

that for continued rapid cost reduction, a third-generation technology is needed.

Detecting nucleotides as a DNA strand is threaded through a nanopore (see

40
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(a) (b) 

Figure 3.1: (a) Historical cost to sequence a human-sized genome (3 million bases) with
1% error rate. Plotted also is “Moore’s Law”: improvement by a factor of two every two
years [Wetterstrand, 2015]. (b) Example schematic for single-stranded DNA threading
through a nanopore [Venta et al., 2013]. Nanopore-based DNA sequencing may lead to
lower-cost sequencing in the future.

Figure 3.1 (b)) has arisen as a promising approach to third-generation DNA se-

quencing. For nanopore-based DNA sequencing, an electrical signal (e.g. ions

traversing the nanopore) is used to interrogate the nucleotide sequence as the

DNA translocates from one side of a membrane to the other. In principle, DNA

molecules do not require amplification or labeling and DNA longer than 90 kilo-

bases can be driven linearly [Storm et al., 2005], and reversibly [Gershow and

Golovchenko, 2007], through a nanopore by electrophoretic forces. This device

approach may therefore lead to long read lengths at high speeds and low costs.

Both biological and solid-state nanopores have been used to detect DNA, with

a few researchers successfully demonstrating the generation of sequence informa-

tion using biological nanopores. Given the fact that nanopore-based sequencing

relies on single-molecule measurements, achieving sufficient spatial and temporal

sensitivity have represented some of the major challenges. Progress on improving

the spatial sensitivity has relied on making smaller nanopores and/or sensors with

more reliable dimensions and surface properties. To improve temporal sensitivity,
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DNA translocation through nanopores may be slowed, or measurement speed may

be increased, which in turn, places more stringent requirements on the acceptable

noise.

In biological nanopores, single-nucleotide resolution has been achieved by us-

ing highly reliably-shaped protein nanopores with constrictions comparable to the

diameter of the DNA, then employing creative measurement schemes to achieve

the single-nucleotide resolution that remains unattainable for freely translocating

native DNA.

While solid-state nanopores have not yet achieved the nucleotide-sensitivity

of biological nanopores, they have many promising advantages that have spurred

active research in the area. Among these, solid-state nanopores have greater po-

tential for integration with standard CMOS processing and the cost advantages

expected to come with that; they have longer device lifetimes since they are made

from more robust materials; and they offer a greater promise of having new mea-

surement schemes incorporated, such as those involving field-effect, tunneling, or

capacitive readout.

In this chapter, we will begin by discussing biological nanopores for DNA

sequencing, highlighting a few notable results. We will then discuss solid-state

nanopores, the phenomenology of their ionic transport and DNA translocation, and

the progress in improving their sensitivity to distinguish between DNA molecules.

Finally, we will discuss preliminary work on developing solid-state nanopore de-

vices with integrated field-effect sensors. All this will set the stage for our own

work on integrating carbon nanotubes with solid-state nanopores, with an aim

to use them as field-effect sensors to sequence translocating DNA, which we will

discuss in the chapters that follow.
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Biological nanopores

Progress in nanopore sequencing using biological nanopores has advanced rapidly,

from idea [Church et al., 1998] to detection of individual nucleotides and generation

of sequence information [Astier et al., 2006, Clarke et al., 2009, Derrington et al.,

2010,Manrao et al., 2012] in less than 20 years. Part of this progress has been due to

the ability to draw upon an expansive field of knowledge and techniques, enabling

researchers to select protein nanopores with 1-2 nm constrictions from a library

of known proteins, and use genetic engineering to modify these to have favorable

properties. Additionally, the precision with which proteins are self-constructed

leads to high consistency in nanopore geometry and thus greater reliability in

ionic-current signals, with fewer random or unexpected interactions between DNA

and nanopore sidewalls, or the ability to control this interaction to, for example,

slow down translocation [Rincon-Restrepo et al., 2011].

Some of the first proof-of-principle demonstrations of individual nucleotide de-

tection were those by Bayley and colleagues [Astier et al., 2006,Clarke et al., 2009]

using a nanopore protein, α-haemolysin. (This is a protein used by staphylococcal

bacteria to insert nanopores into host cells such as red blood cells, which often

leads to cell death.) This protein, pictured in Figure 3.2 (a), has a 1.4 nm con-

striction within a 5 nm-long, 2.6 nm diameter “barrel.” The pore is embedded in

a lipid bilayer, and a transmembrane voltage is used to drive negatively charged

single-stranded DNA (ssDNA) or individual nucleic acid molecules through the

nanopore. Because the time a nucleotide spends in the α-haemolysin pore con-

striction is too short for it to be properly interrogated ionically, Bayley and col-

leagues make genetic modifications to the protein. In the first study they attach,



44

(a) (b) (c) 

(d) (e) (f) 

Figure 3.2: Biological nanopores for DNA sequencing [Venkatesan and Bashir, 2011];
a-c: [Clarke et al., 2009]; d-f: [Derrington et al., 2010]. (a) Schematic of an α-haemolysin
nanopore. (b) Ionic current through the nanopore during translocation of individual nu-
cleotides through a modified α-haemolysin nanopore. (c) Example histogram of translo-
cation event currents. (d) Schematic of MspA nanopore. (e) Measured ionic current
while ssDNA trimers are held in the constriction by dsDNA that is too large to fit
through the constriction (see text for details). (f) Example histogram of translocation
event currents.

via van der Waals, an adapter molecule to a mutant α-haemolysin nanopore [Astier

et al., 2006]. This adapter adds a tighter constriction that slows the passage of

nucleotides and increases the signal-to-noise. They show that they can distinguish

individual nucleotides passing through the pore, but the van der Waals-bonded

adapter is unstable, detaching and reattaching on a ∼100 ms time scale.

The second study involved genetic modification of the α-haemolysin pore to

allow for covalent attachment of a cyclodextrin molecule in the barrel of the pro-

tein [Clarke et al., 2009]. With this modification, they are able to continuously, and

unambiguously distinguish individual nucleotides for >99% of registered events.

Figure 3.2 (b) and (c) show examples of nucleic acid molecules traversing the

modified nanopore. The researchers suggest that a sequencing method can be
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developed upon this demonstration by using an exonuclease enzyme, perhaps at-

tached to the α-haemolysin pore, to sequentially cleave nucleotides from a strand

of DNA, which can then be driven through the nanopore by an applied voltage.

Such a method would likely have an error rate determined by the capture rate

and capture efficiency of cleaved nucleotides by the pore. Oxford Nanopore is

developing a technology based on this method.

Another promising proof-of-principle study was done by the Gundlach group,

using a modified Mycobacterium smegmatis porin A (MspA) nanopore protein,

shown in Figure 3.2 (d) [Derrington et al., 2010]. This protein has a 1.2 nm-

diameter, 0.5 nm-long constriction, which is too narrow to allow the translocation

of double-stranded DNA (dsDNA), but wide enough to allow ssDNA to translocate.

As with α-haemolysin, when driven electrophoretically, ssDNA passes through the

pore too quickly to obtain sequence information. The researchers overcome this

by attaching 14 nucleotide (nt) complimentary oligonucleotides to ssDNA, making

it double-stranded in these locations. These temporarily halt, or “interrupt,” the

DNA translocation until the voltage across the nanopore causes the 14 nt segment

to dissociate, allowing the strand to progress until it is halted at the next dsDNA

section. During the “interruption” of translocation, the 1-3 nucleotides in the

ssDNA closest to the double-stranded segment are held in the MspA constriction,

and thus determine the ionic current. The researchers propose that DNA to be

sequenced may have dsDNA segments added between nucleotides to sequenced,

then this modified ds/ssDNA may be passed through the nanopore.

A proof-of-principle involving five sets of 3 identical nucleotides separated by

14 nt dsDNA is shown in Figure 3.2 (e) and (f). In 3% of the translocation

events (such as that shown), the ionic current for each of the 5 (GTCAC) sets
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of nucleotides is observed and distinguishable. In the other cases, fewer than 5

distinguishable levels were observed, either due to missing dsDNA segments, or

due to event durations that were too short.

In later work, the Gundlach group measured ionic current levels for single nu-

cleotides in a DNA strand that was ratcheted through by DNA polymerase, finding

that the measured levels were reproducible across measurements, but were depen-

dent upon more than a single nucleotide in the sequence [Manrao et al., 2012].

While work on biological nanopores has offered the most compelling demonstra-

tions of nanopore-based DNA detection and sequencing to date, there are many

potential advantages of developing nanopore technology that avoids the use of bi-

ological materials—and especially, lipid membranes [Branton et al., 2008]. Lipid

membranes tend to be stable only on short (∼hour) timescales and, aside from one

promising example where protein nanopores were embedded (with some leakage)

in a solid state membrane [Hall et al., 2011], lipid membranes have been required

when using nanopore proteins. Furthermore, the protein nanopores themselves

are sensitive to experimental conditions such as pH, temperature and salt con-

centration [Venkatesan and Bashir, 2011]. Other potential advantages of solid-

state nanopores include easier, lower-cost fabrication, the ability to precisely tailor

nanopore diameter (e.g. by ALD), and the promise of being able to integrate other

solid-state materials and structures such as additional electrodes, sensors, or chan-

nels enabling newer, faster measurement modalities. These advantages have led to

a growing body of research in this space.
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Solid-state nanopores

Initial studies using solid-state nanopores have been exploratory in nature, focus-

ing on characterizing their ionic transport properties, testing their ability to detect

DNA, and establishing a baseline for the signal-to-noise ratio that can be achieved

in ionic current-based DNA detection. We will highlight a few of these, discussing

typical nanopore fabrication, translocation phenomenology, and noise character-

istics. We will focus on the majority of studies that have used silicon nitride

as the membrane material—since this is the material we will be using—but note

that other materials such as hafnia [Larkin et al., 2013], silicon dioxide [Storm

et al., 2003] and graphene [Merchant et al., 2010, Garaj et al., 2012] have also

been successfully used for DNA detection. To date, neither sequence information,

nor single-nucleotide events have been detected using solid-state nanopores, but

much progress has been made in fabrication, noise-reduction, and improvement of

measurement bandwidth.

Solid-state nanopores are most commonly fabricated by using an electron or

focused-ion beam to drill holes in a thin membrane—usually ∼50 nm-thick silicon

nitride [Li et al., 2001,Kim et al., 2006]. Figure 3.3 (b) shows a top-down TEM im-

age of 7 nm-diameter nanopore, which is shown again in side-view in Figure 3.3 (a),

in a tomographically-reconstructed image. The TEM-drilled nanopores tend to be

hourglass shaped, with a constricted region where the focus of the electron beam

was, giving the pore an effective depth that is less than the membrane thickness.

The diameter of these pores can be tuned by varying electron beam intensity

and duration and to achieve nanopore diameters in the range of 0.8-50 nm [Storm

et al., 2003,Kim et al., 2006,Venta et al., 2013]. Nanopore size and surface proper-
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(d) 

(c) 

Figure 3.3: Nanopore appearance and ionic conductance [Kim et al., 2006]. (a) TEM
tomographic reconstruction of a cross-section of a 7 nm nanopore. (b) TEM image of
the same nanopore as in (a). (c) Typical experimental setup for ionic measurements of
nanopore conductance and/or DNA translocation [Li et al., 2003]. (d) Ionic conductance
through 6 nanopores in 1 M (circles) and 0.2 M (squares) KCl. The lines are fits of
Equation (3.1) to the data [Kim et al., 2006].
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ties can also be tuned after drilling, by depositing subnanometer layers of material

via atomic layer deposition (ALD). For example, alumina has been deposited to

make ∼2 nm nanopores, with a more neutrally-charged surface than that of silicon

nitride [Chen et al., 2004].

When an ionic solution such as 1M KCl is placed above and below the mem-

brane, and a voltage applied on either side, an ionic current is driven through the

nanopore. An example of an experimental setup for such measurements is shown

in Figure 3.3 (c) [Li et al., 2003]. For solid-state nanopores in membranes that

are thicker than the nanopore diameter, the current through the pore is propor-

tional to the square of the diameter, as shown in Figure 3.3 (d) for two different

concentrations of KCl, and is well-fitted by the expression:

G =
πd2

4
σ

(
δtanα + 1

h+ heffδtanα

)
(3.1)

where σ = (µK + µCl) ηKCle is the ionic conductance at number density ηKCl

(equal to 15.04 Ω−1m−1 for 1M KCl), µK and µCl are the mobilities of the two

ionic species, δ = (h− heff ) /d, h is the 50 nm membrane thickness, and α is the

cone half-angle (see Figure 3.3 (d) inset for diagram). The fits of this expression

to measurements at two concentrations are shown in the figure, using α (30◦) and

heff (17 nm) as fitting parameters. (Conductance was measured in a voltage range

from -0.5 to 0.5 V.) For nanopores approaching the diameter of DNA—1-2 nm—

the conductance in 1 M KCl is 3-14 nS [Venta et al., 2013], or 6-28 nA under

a 0.5 V bias. Interestingly, while other work [Smeets et al., 2008] confirms this

quadratic dependence on diameter, when graphene having an effective thickness of

0.6 nm is used as the membrane, the conductance depends linearly on nanopore

diameter [Garaj et al., 2012].

Since nanopores have a large surface-to-volume ratio (e.g. relative to standard



50

Figure 3.4: Salt concentration dependence of nanopore conductance [Smeets et al.,
2006a]. Conductance of a few 10 nm nanopores (different symbols). Three models
are plotted: bulk conductance (green), conductance through a pore with fixed (blue) or
variable (red) surface charge. The inset shows the surface charge density for these latter
two models.

microfluidic channels), it is interested to consider what effect surface charge has

on the ionic conductivity. The Dekker group [Smeets et al., 2006a] shows that for

10 nm nanopores at high ionic concentrations, the conductance is well-modeled

by its bulk properties, but as the concentration decreases, surface effects become

increasingly important. Figure 3.4 shows a plot of the conductance vs KCl concen-

tration. A bulk model fits well at high concentrations (green), but below 1 mM,

neither the bulk, nor a fixed-surface-charge model (blue) fit the measured conduc-

tance, which is lower than that for fixed charge, but higher than that for bulk.

They find that when reactivity of the surface is taken into account the surface

charge density is expected to decrease with KCl concentration (see inset), and the
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resulting model matches the data well without the need for any fitting parameters

(red).

Such surface and concentration effects also play a role in the ionic transport

properties observed when DNA is driven electrophoretically through a nanopore.

When a voltage is applied across a nanopore-containing membrane in an exper-

imental setup like that in Figure 3.3 (c), DNA, which has a negatively charged

phosphate backbone, can be driven through a pore in the direction of the applied

potential. As it passes through the nanopore, two effects occur which modify the

pore’s ionic conductance. Firstly, the DNA decreases the effective cross sectional

area of the pore, by occupying a volume in which ionic current cannot flow. In

this case, dips in the ionic conductance occur as DNA traverses the nanopore.

Figure 3.5 (b) shows an example in which 49 kbp (kilo base pair) dsDNA traverses

a 10 nm nanopore. Secondly, the negative charge on the DNA attracts positive

screening charge; if the concentration of the ionic solution is low enough, this

screening charge may represent a local increase in charge concentration leading to

an increase in ionic conductance as the DNA traverses the nanopore. This effect

is observable in Figure 3.5 (a) as an increase in ionic current as the DNA passes

through the nanopore.

Figure 3.5 (c) shows that the dependence of the conductance-change upon

DNA translocation, ∆G, depends linearly on concentration, transitioning from

conductance peaks to conductance dips at 0.35 M KCl. The slope depends on the

bulk KCl conductivity through the partially-occluded nanopore, while the offset

depends on the conductivity of potassium ions around the DNA and the linear

charge density of the DNA. The conductance change is given by the following
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(a) (b) 

(c) 

Figure 3.5: Concentration-dependent changes in ionic current upon DNA nanopore
translocation [Smeets et al., 2006a]. (a) Translocation of 49 kbp dsDNA in 150 mM
KCl results in transient conductance increases. (b) At 500 mM translocations result
in dips in the conductance. (c) These conductance changes depend linearly on ionic
concentration.
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expression [Smeets et al., 2006a]:

∆G =
1

heff

(
µK,DNAλDNA −

πd2DNA
4

σ

)
(3.2)

where λDNA is the linear charge density of the DNA, dDNA (2.2 nm) is the diameter

of the dsDNA, µK,DNA is the effective mobility of potassium ions moving along the

DNA, and the remaining parameters are the same as those in Equation (3.1). The

linear fit of this equation to the data is shown in Figure 3.5 (c), using heff (34 nm)

and µK,DNAλDNA (2.1 × 10−17 m/Ω = 21 nm·nS) as fitting parameters.

In both concentration-dependent translocation regimes—conductance increase

and conductance decrease—the magnitude of the effect also relates to the number

of DNA strands traversing the pore at a given time. From left to right in each of

Figure 3.5 (a) and (b) is plotted a trace from an unfolded, partially folded, and

fully folded DNA strand, with folded DNA showing a roughly two-fold increase in

the magnitude of the conductance change.

When the event duration is considered concurrently with the conductance

change, Li and colleagues observed that folded DNA traverses a 10 nm nanopore

at rates that monotonically increase with the fraction of the DNA that is folded [Li

et al., 2003]. Figure 3.6 (b) shows a plot of the density of 10 kbp translocation

events having various durations and current blockade levels. The highest event den-

sity occurs at an event depth of ∼105 nA, and a duration of ∼400 µs (35 ns/bp).

For increasing current blockade levels, the maximum event density occurs at de-

creasing duration, such that at ∼190 nA, the event duration has decreased to

∼250 µs. When they look at the event types that are observed at each of these

blockade levels, they find that the highest density is totally unfolded DNA, and as

event depth increases, a greater fraction is folded, up to ∼190 nA corresponding

to fully-folded DNA. They further find that for average event depth, 〈∆Ib〉, and
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event duration, td, 〈∆Ib〉td = constant fits this trend well. Although not discussed

in the paper, this implies that the integrated event (i.e. the event’s charge) is a

constant. For the 120 mV bias, and 10 nm pore, this constant is approximately 30

electrons per base pair, which can be considered to be the number of ions occluded

from traversing the nanopore by the DNA.

When a smaller, 3 nm, nanopore is used, the variation in current blockade

levels disappears, with nearly all events having a blockade level near 100 nA. This

suggests that for a 3 nm nanopore, the ∼2.2 nm-diameter dsDNA only traverses

the nanopore in an unfolded state. The event duration also has greater variation,

suggesting that with the smaller nanopore, there may be a greater occurrence of

DNA-pore stiction events.

To explore the dependence of event duration—or equivalently translocation

speed—on DNA length and applied bias Li and colleagues [Li et al., 2003], per-

form a series of translocation measurements under a variety of conditions. Fig-

ure 3.6 (c) shows event duration histograms for dsDNA translocating through a

10 nm nanopore, under a few of these conditions. When the transmembrane bias

is doubled from 60 to 120 mV, the translocation time is reduced by a factor of

∼2. Increasing the length of the DNA from 3 kbp to 10 kbp, results in a slightly-

greater-than three-fold increase in the translocation time. These observations sup-

port the view that the DNA is driven through the pore at a speed proportional

to the applied voltage, and that the DNA traverses the nanopore in an extended

configuration (i.e. one nucleotide after another).

Initial studies of DNA translocation through solid state nanopores were limited

to measurement bandwidths of ∼10 kHz [Li et al., 2003,Chen et al., 2004,Smeets

et al., 2006a, Smeets et al., 2008]. At these frequencies, sequence information
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(a) 

(b) 

Figure 3.6: Event duration and current distributions for DNA translocation events [Li
et al., 2003]. (a) Distribution of translocation events for 10 kbp dsDNA with a transmem-
brane bias of 120 mV for two different nanopore sizes. (b) Histograms of translocation
events under various conditions. (Note: “200” is likely mislabeled, and should read
“400.”)
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is not expected to be accessible since, under the applied voltages used to achieve

reasonable signal-to-noise, typical translocation rates are in the range of 1-10 nt/µs.

To measure individual nucleotides then, a bandwidth ¿ 1 MHz is required, and the

measurement noise must be reduced—particularly that associated with parasitic

capacitance in the system.

Figure 3.7 shows a typical power spectral density for current noise measured

though a nanopore [Smeets et al., 2008]. At frequencies below 0.1-10 kHz (100 Hz

for the device shown), the spectrum is dominated by 1/f noise. At higher frequen-

cies, the noise rises quadratically with frequency, until it is filtered by a 10 kHz

filter. Smeets and colleages calculate the noise expected for the nanopore and

amplifier circuit along with their resistances, and capacitances, and find that for

frequencies above ∼500 Hz, the model matches the data well (solid red line). How-

ever, the 1/f noise cannot be modeled from first principles, since it depends on

many device-specific, and likely nanoscale properties, so to match the data fully,

they add the measured 1/f noise to the calculated noise and are able to match the

complete spectrum (dashed red line).

The frequency dependence of the noise power spectrum can be written as [Balan

et al., 2014]:

Sn(f) = a−1f
−1 + a0 + a1f + a2Cf

2 (3.3)

where C is the total capacitance from the amplifier, device and wires. The first

term is the 1/f noise, discussed below. The second term relates to Johnson noise,

and other white noise in the amplifier or nanopore. In devices with low capacitance

and low 1/f noise, the second term can dominate in the 1-20 kHz region. The third

term relates to the dielectric losses in the membrane. The last term represents the

amplifier’s input-referred thermal noise acting through the system’s capacitance,
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Figure 3.7: Current power spectral density (PSD) for a 15.6 nm nanopore [Smeets et al.,
2008]. Calculated PSD with (red dashed line) and without (red solid line) the measured
1/f noise added to the calculation.

C.

The origin of the 1/f noise is not well-understood, but it has been shown to

most often be described by the Hooge relation [Hooge, 1994], which states that

the noise scales with the inverse of the number of charge carriers, and thus relates

to fluctuations in ionic mobility [Smeets et al., 2009]. The Dekker group also

showed that it can be caused by nanobubbles [Smeets et al., 2006b], and tends

to be higher in devices with higher resistance for a given nanopore size [Smeets

et al., 2008]. It also scales with the square of the applied voltage [Chen et al.,

2004]. Surface modification can be used to reduce the 1/f noise, for example, by

ALD deposition of alumina [Chen et al., 2004] or piranha cleaning [Tabard-Cossa

et al., 2007]. While 1/f noise can dominate the integrated noise, because most

DNA translocation events are faster than ∼1 ms, if needed, it can be filtered out

with minimal loss of sequence information.

For the high bandwidth measurements required for measuring DNA transloca-

tion, the most important noise source to reduce is the last one. Since this source
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(a) (b) (c) 

(d) (e) (f) 

Figure 3.8: Low-capacitance, high-bandwidth DNA nanopore translocation measure-
ments [Balan et al., 2014]. (a-c) Comparison of 15 kbp dsDNA translocations through
a single 4 nm-diameter nanopore device before (a) and after (b) having its capacitance
reduced from 47 pF to 4.9 pF. (c) Histogram of recorded ionic current levels during
translocation measurements. (d) Device schematic showing the insulating layers (no-
tably glass) added to reduce capacitance. (e) Current PSD for devices having various
capacitances. (f) Integrated noise for each of the devices in (e).

depends linearly on the measurement system’s capacitance, there are obvious steps

which can be taken to reduce this noise, such as reducing the device capacitance

by increasing the separation between the source and drain electrolyte solutions by

inserting a thick insulator such as polydimethylsiloxane (PDMS) [Tabard-Cossa

et al., 2007] or glass [Balan et al., 2014]. This can lead to very significant noise

reduction, enabling DNA translocation measurements with a signal-to-noise ratio

of 20 at 1 MHz, as shown in Figure 3.8 [Balan et al., 2014].

Figure 3.8 (a-c) compares the noise in ionic current measurements of 15 kbp
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dsDNA translocation for a single 4 nm nanopore device before (a) and after (b)

the capacitance is reduced from 47 pF to 4.9 pF by adding a glass insulation layer

in the device setup shown in Figure 3.8 (d). The integrated noise is reduced by a

factor of 3 from 615 to 183 pA at 1 MHz. Figure 3.8 (e) and (f) show the current

noise spectrum and integrated noise for a few devices having various capacitances.

Capacitance reductions result in lower high-frequency noise, and thus lower RMS

current noise. For the lowest capacitance devices, this noise is within a factor of

2 of the noise contributed by the open headstage, implying that improvements to

the amplifier may be required to further increase bandwidth.

Device capacitance reductions have led to improvements in the ability to distin-

guish between DNA molecules. Venta and colleagues show that even with a device

capacitance of 50 pF, they can differentiate between 30 nt ssDNA homopolymers

(e.g. AAAA..., CCCC...) using a 2 nm nanopore, as shown in Figure 3.9 [Venta

et al., 2013]. Individual translocation events (presumably stitched together) are

plotted in Figure 3.9 (a) and (e-g), for 3 different homopolymers, dA30, dC30, and

dT30 showing that each homopolymer has a unique average conductance dip. His-

tograms of these occlusion current levels are shown in Figure 3.9 (b-d). Although

the distributions of event depths overlap, in aggregate the homopolymers are dis-

tinguishable in both the shape and mean of the event-depth distributions. The

distribution of event durations (not shown) is exponential with a mean of 18, 33,

22 µs for A, C, T respectively, though the nearly-complete overlap of these dis-

tributions makes event duration a poor choice of measurement for distinguishing

between homopolymers.

The progress in understanding ionic transport in solid state nanopores and im-

proving measurement sensitivity for DNA detection has been rapid over the past
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Figure 3.9: Translocation measurements distinguishing between three 30 nt homopoly-
mer ssDNA strands [Venta et al., 2013]. (a) Concatenated ionic current measurements
for translocation events involving ssDNA consisting of 30 A’s (blue), 30 C’s (red), 30 T’s
(black). The green dashed line indicates the threshold below which a dip is considered
an event. (b-d) Ionic current-level histograms of translocation events for each of the
three homopolymers. (e-f) Magnified (and presumably stitched together) translocation
events from (a).

10-15 years. Thus far, no fundamental limitations to DNA detection and sequenc-

ing have been reached, though whether insulating pores can be made thin enough,

signal-to-noise be raised high enough, and nanopore size and surface properties

made reproducible enough for DNA sequencing, remain actively-pursued and open

areas of research.

Solid-state nanopores with transverse readout

One of the challenges plaguing the field of nanopore-based sequencing, and es-

pecially solid-state nanopore-based sequencing, is the fact that the voltage that

electrophoretically drives the DNA through a nanopore also generates the ionic

current by which the DNA sequence is interrogated. Since drive and detection

are thus inextricably linked in ionic-current-based nanopore measurements, when

a voltage is used that is large enough to generate a sufficient current for detec-

tion of DNA, the same voltage drives unbound DNA through the pore too fast for
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a sufficient number of ions to interact with a given nucleotide, and be detected.

Thus, in nanopore-based measurements involving unbound DNA, statistical noise

has always dominated the measured ionic signal that might otherwise distinguish

between nucleotides.

A solution that may overcome these obstacles is to separate electrophoretic

drive from DNA detection and interrogation. Researchers have often suggested

that accomplishing this by the alignment of a nanoscale wire or tunnel junction to a

single nanopore would make for a nearly ideal sensor for DNA sequencing [Thundat,

2010], but producing such devices—particularly in a scalable way—has, thus far,

eluded researchers.

There are a number of promising possible device schemes for achieving a trans-

verse readout during DNA translocations through a nanopore. One of the simplest

is a field-effect transistor (FET) geometry, employing, for example a nanowire, nan-

otube or nanoribbon aligned to a nanopore as proximity sensors to measure the

DNA as it passes through the pore. Another is to create a tunneling geometry

where a gap between two electrodes is spanned by a transverse nanopore, and

tunneling currents are driven through each nucleotide as DNA passes through the

nanopore. A third possibility is to use two intersecting ionic nanochannels, and to

drive the DNA through one while measuring ionic current in the other. Of these

geometries, only the field-effect geometry has been used to detect DNA, though

proof-of-principle measurements of tunneling through individual nucleotides in the

absence of a nanopore, have been done [Chang et al., 2010,Pang et al., 2014].

One of the nanopore DNA translocation measurements with transverse field-

effect readout was performed using a silicon nanowire as an FET [Xie et al., 2011].

Figure 3.10 (a) and (b) shows the device geometry. A 10 nm-diameter nanopore was
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drilled by electron beam through the edge of a 50 nm-diameter silicon nanowire,

as shown in Figure 3.10 (a). The DNA is passed through the nanopore from

below as the current flowing through the nanowire is monitored. Although no

DNA-dependent signal is detected in the nanowire when the solutions above and

below the membrane are identical, when 10 mM KCl is above the membrane, and

1 M KCl is below, the nanowire registers changes in conductance that correlate

with events in simultaneous ionic measurements. Figure 3.10 (c) shows the result

of simultaneous measurements of current flowing through 3 nanowire FETs, each

having an aligned nanopore, and the ionic current flowing from one side of the

membrane to the other, as 2.6 kbp dsDNA traverses the nanopores. The sum of the

nanowire signals correlates directly with the ionic current signal (top panel), firstly,

demonstrating that the nanowires are able to locally detect the DNA, and secondly,

demonstrating one of the key advantages of transverse electrical readout: many

distinguishable measurements can be performed in parallel in a single ionic channel,

across a single membrane. With sufficient improvements to speed, sensitivity,

fabrication, and nanowire diameter this could enable high device-density, massively

parallel, nanopore-based sequencing.

Another approach that aims to solve the spatial-resolution limitations of the

50 nm-diameter nanowire FET geometry is a similar geometry that uses a graphene

nanoribbon in place of the silicon nanowire [Traversi et al., 2013]. In this experi-

ment, a 100 nm-wide, 0.34 nm-thick nanoribbon is patterned on a silicon nitride

membrane, and coated with 5 nm of alumina. A 10 nm nanopore is then drilled

through the graphene and membrane at the center of the nanoribbon, as shown

in Figure 3.11 (a-c). With 10 mM KCl above and below the membrane, Traversi

and colleagues are able to detect translocation of 2.7 kbp circular dsDNA plasmids
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Figure 3.10: DNA nanopore translocation with silicon nanowire FET readout [Xie et al.,
2011]. (a) SEM image of a silicon nanowire on a silicon nitride membrane with a 10
nm nanopore at the edge of the nanowire. (b) Device schematic showing a nanopore in
a membrane with transverse silicon nanowire with electrical contacts. (c) Simultaneous
conductance measurements of three nanowire/nanopore devices on a single membrane.
The first panel shows the ionic current through all three pores as well as the “expected”
ionic signal, reconstructed from the nanowire conductance recordings in the bottom three
panels.



64

simultaneously in both the electrical conductance of the nanoribbon, and the ionic

conductance of the nanopore as shown in Figure 3.11 (d-e). 41% of events detected

in the graphene channel correlated with those in the ionic channel, and 71% in the

ionic channel correlated with those in the graphene channel.

While this geometry has the same advantages of the silicon nanowire, with

the added advantage of its 0.34 nm thickness—roughly the spacing of nucleotides

in DNA—these advantages are dampened by the fact that, near the pore, the

graphene is most likely damaged. Graphene has a knock-on damage threshold of

80 kV in the bulk, and 50 kV at the edges, with damage from other mechanisms be-

ing readily observed with beam voltages as low as 20 kV [Meyer et al., 2012]. Since

the nanopore formation occurs by electron-beam drilling at 200 kV, the graphene

near the pore is almost certainly damaged and/or removed. In Figure 3.11 (c),

there appears to be a change in membrane thickness out to a radius of 30 nm, sug-

gesting damage or removal of the graphene. Drndic’s research group later estimate

a damage radius of about 75 nm around a 4 nm nanopore in a graphene nanorib-

bon formed by TEM drilling, and develop a STEM-based drilling method with

significantly reduced damage, though the damage radius from this STEM method

is not estimated, and the drilling is still performed at 200 kV [Puster et al., 2013].

Nanotubes are another promising choice for a nanoscale sensor to detect DNA

in an FET geometry, as we will discuss more in the next chapter. Thus far, no

successful measurements have been done with this geometry, most likely due to the

difficulty of aligning a nanotube to a nanopore in a high-throughput way. However,

successful attempts have been made to produce a nanotube that spans a nanopore,

as shown in Figure 3.12 [Sadki et al., 2011]. An array of nanopores was made using

a focused ion beam, then nanotubes were grown from catalyst nanoparticles nearby.
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(a) (b) (c) 

(e) (d) 

Figure 3.11: DNA nanopore translocation with Graphene nanoribbon FET readout
[Traversi et al., 2013]. (a) Schematic of DNA translocating through a nanopore in a
graphene nanoribbon on a silicon nitride membrane. (b) TEM image of a silicon nitride
membrane with a graphene nanoribbon on top, and a nanopore drilled through. (c)
High-magnification TEM image of a nanopore in the graphene and nitride. (d) Ionic and
graphene current measurements during DNA translocation, showing correlated events.
(e) Single correlated translocation event, magnified from the indicated regions in (d).
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(a) 

(b) (c) 

Figure 3.12: Embedding a carbon nanotube across a nanopore [Sadki et al., 2011]. (a)
Device schematic showing nanotube grown randomly across an array of nanopores, then
the nanopores being shrunk by ALD-deposited alumina. (b) TEM image of a nanopore
array. A nanopore that is spanned by a nanotube is indicated. (c) Magnified region from
(b) showing a nanotube embedded across the diameter of a nanopore. The dotted line
indicates the original silicon nitride nanopore size.
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The random nanotube orientation occasionally coincided with a nanopore location,

and spanned its diameter, as shown schematically in Figure 3.12 (a). Alumina was

then deposited via ALD, which selectively coated the nitride membrane, but not

the suspended region of the nanotube, thus decreasing the pore diameter, and

coating the nanotube everywhere except at the pore, as shown in Figure 3.12 (c).

Vlassarev also attempted DNA translocation measurements in the presence

of a conducting nanotube spanning a nanopore [Vlassarev, 2012]. The nanotube

was aligned to a pre-drilled nanopore by using an AFM to drag the nanotube

across the nanopore, then coating the unsuspended portion of the nanotube with

a dielectric using the previously mentioned methods [Sadki et al., 2011]. However,

experimental challenges such as noise or the nanotube becoming non-conducting

upon introduction of electrolyte precluded detection of DNA using the nanotubes.

Future directions

Although the long-term vision for nanopore research is to achieve single-nucleotide

resolution to enable high-speed, low-cost, long-read-length sequencing, there are

other more easily-achieved goals which could yield useful applications now or in

the near future. Nanopores may be used, for example, in low-cost point-of-care

medical diagnostics or epidemiology. With minimal processing or amplification,

labels (such as complimentary single-stranded segments), which are more easily

detected than single nucleotides, may be added to DNA. With the right choice

of sequence, these segments will attach in a few complimentary locations along a

strand of DNA, acting as “barcodes” that will enable discrimination between dif-

ferent microbe genomes. This technique has been used successfully to distinguish

between different fluorescently labeled DNA sequences in nanochannels [Jo et al.,
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2007,Das et al., 2010]. Such labels have also been shown to be detectable with high

fidelity using solid-state nanopores [Singer et al., 2010]. The location of proteins

attached to DNA can also be determined using solid-state nanopores [Kowalczyk

et al., 2009], potentially enabling the study of protein-DNA binding and trans-

lation. Such protein attachment has also been used to identify methylated nu-

cleotides [Shim et al., 2013], which play a role in both gene regulation and in the

progression of many diseases including cancer.

While much progress has been made in the area of solid-state nanopore-based

DNA sequencing, some of the most intriguing applications for which solid-state

nanopores are particularly promising have only begun to be explored. Tunnel

junctions, for example, have been shown to be able to distinguish between indi-

vidual nucleotides [Chang et al., 2010, Pang et al., 2014], and have recently been

placed across solid-state nanopores by focused ion beam (FIB) [Ivanov et al., 2011]

and formed in nanochannels as mechanical break junctions [Ohshiro et al., 2012],

both of which have been used to detect DNA. Additionally, carbon nanotubes have

been functionalized with ssDNA, and used to detect and characterize the binding

of complimentary ssDNA in solution [Sorgenfrei et al., 2011]. However, these nan-

otube sensors have not been integrated into a nanopore device that would enable

sequential interaction between the nanotube and DNA.

One of the key challenges to such integration is that, for maximal sensitivity

and reliability of tunneling or field-effect sensors, the surfaces of these sensors

often need to be pristine and/or atomically precise. However, the methods by

which nanopores are made typically uses energetic electrons or ions, which causes

damage to nearby device structures, making them unreliable and/or decreasing

their sensitivity [Bai et al., 2014,Puster et al., 2013]. To achieve some of the most
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promising device geometries and measurement schemes, then, a new nanopore

fabrication method that does not rely on energetic ions and electrons is needed.

In the next chapter, we will develop such a nanopore fabrication method, show-

ing not only that nanopores of ∼10 nm diameter can be achieved without the use

of energetic electrons or ions, but that these nanopores can be aligned to car-

bon nanotube field-effect transistors without damaging such devices, potentially

paving the way for nanopore-based DNA detection with a high spatial-sensitivity,

transverse field-effect readout.



Chapter 4

Nanotube-aligned nanopore formation

In this chapter and the next, we aim to produce devices for DNA detection—

and, in future, hopefully sequencing—using the unique properties of carbon nan-

otubes to push the limits on the size and sensitivity of nanopore-based DNA sen-

sors using field-effect readout. While in its essence, such a device requires only

an electrically-connected carbon nanotube spanning a nanopore in some insulat-

ing membrane between two liquids, producing such a device in a reliable manner

presents a considerable challenge. In particular, how do we align a single, clean,

electrically-conducting carbon nanotube which is less than 5 nm in diameter to a

single nanopore having similar dimensions—and do so in a device architecture that

allows for high-speed DNA measurements? It is this challenge, and developments

we’ve made to overcome it, to which we devote the next two chapters.

Approach

Our primary interest in using carbon nanotubes as DNA sensors is founded in their

unique properties, which make them nearly ideal sensors for interfacing between

the macroscale world of standard electronics and the nanoscale world where DNA

exists.

70
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(a) Carbon nanotube 

too large 

(b) Silicon nanowire 

(c) Graphene nanoribbon 

damaged 

 region 

too large 

too wide 

Figure 4.1: Device cross sections (to scale). Among the options for field-effect-based se-
quencing of DNA, carbon nanotubes have shape, size, and reliability advantages. (Image
credit: A. J. Cortese)

As discussed in the introduction, single-walled carbon nanotubes (henceforth,

nanotubes) are among the thinnest possible electrical wires existing in nature—

being as small as a few atoms across (<1 nm diameter)—and yet they are more

chemically inert and less prone to defects than alternatives such as graphene

nanoribbons. Being so small, and constructed out of a regular hexagonal lat-

tice of carbon atoms—all of which are surface atoms—carbon nanotubes are also

highly sensitive to their electrostatic and dielectric environment. Nanotubes have

been shown to be useful as electrochemical and biological sensors [Larrimore et al.,

2006, Liu et al., 2012], and, due to the sharp (but tunable) spatial decay in sen-

sitivity due to Debye screening in electrolytes, sensitivity of nanotubes to DNA

translocating through an adjacent pore may approach single-base resolution.

Figure 4.1 shows an illustration of our proposed device geometry in compar-

ison to a few of the existing nanopore-based field-effect detectors we discussed

in Chapter 3. Its small diameter, well-defined structure—free of dangling bonds,
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and electrical sensitivity make it an ideal candidate for field-effect-based nanopore

DNA sensing.

Typical fabrication of solid-state nanopore devices involves the use of an elec-

tron or ion beam which in addition to the unscalability of such a fabrication process

to larger-scale manufacturing (due to the use of an electron beam in a vibration-

isolated, high vacuum system), the process has the further limitation of being

damaging to nearby devices or structures. In our experience, even at low dose

rates, and low beam energies (e.g. 40 kV, far below that required to create a

nanopore) imaging nanotubes with an electron beam damages them, rendering

them non-conducting. This has also been seen by other researchers, as was dis-

cussed in Chapter 3. Thus, aligning an electron-beam-produced nanopore to an

existing nanotube is likely impossible without badly damaging the nanotube.

Instead we will use localized wet chemistry to create nanopores aligned to nan-

otubes. We will aim to use only standard semiconductor processing, wet chemical

processing, and standard electronics, such that our project will translate well into

a more industrial context, in the event that we demonstrate suitable proofs-of-

principle in the lab.

The alignment challenge

DNA and carbon nanotubes have similar diameters, with single-walled carbon

nanotubes often having diameters in the 0.7-5 nm range, and double-stranded DNA

having a diameter of 2 nm. While their similarity in size makes a nanotube an ideal

candidate sensor for DNA, getting the DNA to interact with it in a linear manner

is a challenge. The method we will pursue here is to align a carbon nanotube

with a nanopore, and by passing the DNA through the nanopore we will force it
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to interact sequentially with the carbon nanotube. Producing such alignment is

beyond the capabilities of even electron-beam lithography, and while possible to

align a nanotube to a nanopore by dragging it with an AFM tip [Vlassarev, 2012],

the types of studies permitted by such a time-consuming method are limited, and

it certainly is not scalable to an industrial process. For these reasons, we will

instead develop a new method of aligning carbon nanotubes and nanopores, which

can achieve <10 nm nanopores perfectly aligned to carbon nanotubes.

We will begin by pursuing the idea of using the charge on an electrically-

contacted carbon nanotube to “attract” the growth of a nanopore to the nanotube,

using a voltage-assisted etch.

Voltage-assisted etching

Most chemical reactions involved in etching occur in a series of steps, between which

there are transient or metastable states. For the etching of solids by acid, these

steps often involve alternating stages where the material being etched is attacked

first by a positive hydrogen ion, then the product of that is attacked by a negative

ion. Furthermore, there are often a series of competing reactions for a given etchant

and solid. Since the rates at which these partial or competing reactions occur are

rarely the same, the reaction is typically limited by a step involving either the

positive ions or negative ions. A common practice for overcoming this “rate-

limiting step” is to use buffers or other ionic additives which can increase the

concentration of the rate-limiting ions relative to the other ions. For example, in

the reaction of hydrofluoric acid (HF) with silicon nitride, addition of hydrochloric

acid (HCl) to HF will increase the concentration of H+ ions relative to F− ions.

If the rate limiting step involved only H+ ions, the overall reaction rate would be
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expected to increase based on this addition.

By similar reasoning, one might also expect an enhancement to be possible by

applying a voltage to an etchant solution relative to the material being etched. This

enhancement may occur based on an increased concentration of the rate-limiting

ion, or it may occur based on improved reaction kinetics (e.g. orienting molecules

to each other), or improved reaction energetics (e.g. lowering the activation energy

for ionization of surface molecule).

Silicon nitride etching

To understand the etching process, and the important variables, we begin by dis-

cussing the mechanism by which silicon nitride, a common membrane material, is

etched by hydrofluoric acid (HF). This will be important later, as we will ultimately

choose to use this material and etchant to form self-aligned nanopores.

In solution, HF can form a variety of different ions and compounds: H+, F−,

HF, HF−2 , H2F2. Similarly, the rate limiting step of the etch of silicon nitride

is expected to involve two surface species: SiNH+
3 , and SiNH2. At equilibrium,

the concentrations of these species are governed by the following equations [Mar-

tin Knotter and (Dee) Denteneer, 2001,Verhaverbeke et al., 1994,Warren, 1971]:

[
H+
] [
F−
]
/ [HF ] = 6.85× 10−4mol/L (4.1)

[HF ]
[
F−
]
/
[
HF−2

]
= 2.52× 10−1mol/L (4.2)

[HF ]2 / [H2F2] = 3.7× 10−1mol/L (4.3)[
H+
]

=
[
F−
]

+
[
HF−2

]
(4.4)

CF =
[
F−
]

+ [HF ] + 2
[
HF−2

]
+ 2 [H2F2] (4.5)

[SiNH2]
[
H+
]
/
[
SiNH+

3

]
= 4.0× 10−2mol/L (4.6)
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Figure 4.2: Concentration-dependent HF composition and resultant silicon nitride etch
rate. (a) Calculation of the equilibrium concentrations of the major ionic species in
HF as a function of nominal HF concentration (i.e. fluoride atom concentration). (b)
Calculated etch rate of silicon nitride as a function of HF concentration, showing the
varying contributions of different reaction mechanisms to the overall etch rate.

Equations (4.1) to (4.3) and Equation (4.6) relate to the probabilities of disassocia-

tion of different species. The fourth is the law of electroneutrality. The fifth states

that the total concentration of fluoride atoms in solution, CF , remains constant.

Solving the first 5 equations for a given CF yields the concentration of each of the

ionic species as a function of “mixed” HF concentration (i.e. the molar concentra-

tion one would mix in the lab). The result is shown in Figure 4.2 (a). As the HF

concentration is increased, ions and molecules having higher average coordination

(number of bonds per atom) become increasingly favored.

The reaction rate of the rate-limiting step (the replacement of the first NH2

group attached to a surface silicon atom) is expected to be given by [Martin Knotter

and (Dee) Denteneer, 2001]:

R = k0
[
HF−2

]
[SiNH2] + k1 [HF ]

[
SiNH+

3

]
+ k2

[
F−
] [
SiNH+

3

]
(4.7)

R =
k0
[
HF−2

]
1 +K3 [H+]︸ ︷︷ ︸

R0

+
k1 [HF ] [H+]

1 +K3 [H+]︸ ︷︷ ︸
R1

+
k2 [F−] [H+]

1 +K3 [H+]︸ ︷︷ ︸
R2

(4.8)

Here, the rate constants for stoichiometric silicon nitride are k0 = 1.7, k1 = 1.3, k2
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= 168 (nm/min)(L/mol), and K3 = 25 L/mol. Equation (4.7) and Equation (4.8)

relate to each other through Equation (4.6), whose rate constant is 1/K3. The

calculated reaction rate as a function of concentration is shown in Figure 4.2 (b).

At low concentrations, the monofluoride species, mechanism R0, dominates the

reaction, and it is only above 15M, that the HF species through reaction mechanism

R1 begins to dominate.

To gain some intuition about the effect that an applied voltage may have on

the reaction rate, we calculate the etch rate in response to perturbations in the

equilibrium concentration of the various species. We expect an applied voltage to

locally change the concentration of ions. For a positive voltage on an electrode

above a nitride membrane applied relative to a grounded solution below the mem-

brane, the concentration of negative ions will increase while the concentration of

positive ions will decrease. We will assume that, by applying a voltage, we can

locally change the net charge concentration, and that the concentrations of indi-

vidual reaction species respond linearly in proportion to their charge, as shown in

Figure 4.3 (a) for a 150 mM solution (100:1 HF). If we further assume that the rate

constants in Equation (4.8) are unchanged by the applied voltage, we obtain the

reaction rate shown in Figure 4.3 (b). The reaction rate depends approximately

quadratically on the net charge concentration, with a maximum near zero. This

can be explained by the fact that the reaction rate of HF at 150 mM is dominated

by the R2 mechanism, which depends linearly on both the F− and H+ ions, and

thus depends approximately quadratically on the net charge concentration. When

either ion concentration is zero, the reaction rate of the R2 mechanism is also zero.

Thus, for this HF concentration, within a ±10 mM range of induced net charge,

the possible enhancement to the etch rate over the equilibrium rate is insignificant,
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Figure 4.3: Anticipated HF etch rate with non-zero net charge concentration. (a) Reac-
tion species concentrations are assumed to vary in linearly with net charge concentration,
according to their charge. (b) Reaction rate as a function of net charge concentration,
calculated using Equation (4.8). (c-d) Assumptions and calculations of (a-b) are re-
peated for a larger range of net charge concentration. (d) At net charge concentration
below -260 mM, the reaction rate is anticipated to exceed the equilibrium etch rate.

and most of the range corresponds to a decrease in etch rate. If, however, we allow

the net charge concentration to be driven beyond this range, as shown in Fig-

ure 4.3 (c), substantial enhancement can be achieved. Figure 4.3 (d) shows that as

the net charge concentration is driven beyond -10 mM, the R0 mechanism begins

to dominate, since it is the only mechanism that depends approximately linearly

on the net negative charge. At positive net charge, the R1 mechanism dominates,

but asymptotes to a constant value that is beneath the equilibrium reaction rate.

Based on this analysis, our model suggests that if we are able to locally induce

a sufficiently negative charge in the solution by a positive applied voltage, the etch
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rate should be able to be enhanced without limit. However, as the net negative

charge increases, the assumptions we have made for this model become less reason-

able, as other ionic species may form, other reactions may become possible, and

the rate constants will likely change as the energetics and kinetics of the reaction

are changed by the large electric fields.

Based on the calculations in Figure 4.3 (d), the etch rate of silicon nitride in

150 mM HF is expected to exceed the equilibrium etch rate when the net charge is

below -260 mM. Assuming that this concentration occurs at the outer Helmholtz

layer, and thus occupies the volume within twice that distance of the surface, we

find that, using the fluoride ion’s outer Helmholtz layer of 0.15 nm [Lang and

Smith, 2010], this corresponds to a surface charge of -0.05 ions/nm2. Below this

surface potential, then, we expect etch enhancement.

Etch localization in phosphoric acid

In order to explore the possibility of using applied voltages to localize nanopores

in a membrane to carbon nanotubes on the surface, as shown conceptually in

Figure 4.4 (a), we fabricate a simple device, having only the minimum compo-

nents expected to be required for such localized etching. The device is shown

in Figure 4.4 (b). A thermally-grown 340 nm-thick silicon nitride membrane is

suspended across a 5 mm window in a silicon base. The window was defined by

etching from beneath using potassium hydroxide to anisotropically etch the silicon.

Gold electrodes are deposited on the nitride surface near the edge of the membrane

by sputtering gold through a shadow mask. Aligned arrays of carbon nanotubes

are grown on Y-cut quartz, from perpendicular arrays of 5 µm lines of evaporated

iron nanoparticles, separated by 50 µm. Figure 4.4 (c) shows an SEM image of
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Figure 4.4: Proof-of-principle study of voltage-assisted etching. (a) Conceptual
schematic for the proposed etch localization process: negatively-charged reactants are
attracted to the positive charge on the nanotube. (Image credit: A. J. Cortese) (b)
Schematic of silicon nitride membrane with electrodes and a nanotube network above
the membrane, and hot phosphoric acid below. Voltages are applied to the two elec-
trodes, relative to a grounded solution. (c) SEM image of aligned carbon nanotubes
growing from a patterned catalyst line on Y-cut quartz, before being transferred to the
nitride membrane. Catalyst lines are patterned in rows, 50 m apart, and nanotubes are
long enough that the nanotubes form a continuous network.

the parallel nanotubes growing away from the catalyst region. The nanotubes are

transferred to the nitride membrane by coating the nanotubes/quartz with 50 nm

of PMMA, then lifting off the PMMA and nanotubes in 1M KOH for an hour,

transferring the PMMA membrane to the surface of a water bath, then scooping

it out using the nitride/silicon substrate. The PMMA is then removed by baking

in air at 300 ◦C for 3 hours.

The resulting device has a conducting network of nanotubes spanning two elec-
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trodes that are separated from each other by 1 mm. Along one direction, there are

lines of dense nanotubes (over the catalyst lines) every 50 µm. Along the other

direction, and often spanning the catalyst lines, there are aligned nanotubes at a

density of about 2 per micron.

For the voltage-assisted etching trials, we chose to use hot phosphoric acid, a

standard etchant for silicon nitride. 85% (14.8M) phosphoric acid was placed in a

dish under the nitride membrane, and these were placed on a heating chuck, heated

to 110 ◦C, and the process was observed through an optical microscope. While

our model suggests the etch should be enhanced when positive voltages are on

the nanotube, we chose test both positive and negative voltages simultaneously.

We applied 25 V to one electrode and -25 V to the other, while grounding the

phosphoric acid solution.

Figure 4.5 shows an optical time series of the nitride membrane during the

etch, near the positive electrode. A catalyst line spans the image horizontally, and

nanotubes span it vertically. At the left of each image, the voltage is 25 V, and

is expected to decrease approximately linearly to about 8 V at the right. Due

to thin-film interference, as the thickness of the membrane changes, the color also

changes, and from the color, the thickness can be estimated. The time series shows

clearly that the etch is indeed enhanced by the applied voltage, with the regions

under the nanotubes and catalyst lines becoming thinner, and changing color much

more quickly than the regions between nanotubes. The etch rate also varies with

voltage, with the maximum observed etch rate in (a-c) occurring between 25 V

and 8 V, suggesting the existence of an optimal voltage for etching, at least for

the given device and experimental conditions. At the deepest etch location, the

etch rate was approximately 3 nm/min, which is more than 3 times the etch rate
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in the regions far from the nanotubes. The etch was not enhanced at all near the

negative electrode. The phosphoric acid broke through the membrane after about

an hour, and the etch was stopped after 89 min, and the membrane rinsed and

dried.

In order to characterize the localization of the etching of the membrane in the

proximity of the nanotubes, the membrane was flipped upside-down, and the bot-

tom was imaged by AFM. Three of the imaged locations are indicated by boxes

in Figure 4.5 (e), and the AFM images are shown in Figure 4.6. (Figure 4.6

is mirrored relative to Figure 4.5, since it was recorded from the bottom of the

membrane while Figure 4.5 was taken from the top.) Figure 4.6 shows the height

profile of the etched membrane on the underside across from the nanotube loca-

tions. Examples of nanotube location are indicated by dashed lines in each image.

Line cuts taken from the top of each image are shown above each image, indi-

cating that at lower voltages (a) the nanotube locations are etched more quickly

than the regions between nanotubes, while at higher voltages (c) the nanotubes

are etched more slowly relative to the surrounding nitride. Between these two ex-

tremes (b), the etch profile is relatively flat with nanotube locations being etched

more slightly more quickly than the surrounding regions. As we will discuss later,

this voltage-dependent pattern is indicative of an etching process that is depen-

dent upon the surface charge distribution induced by the nanotube voltage, with

a preferred charge range, above which or below which the etch is substantially

reduced.

Since we intend to use this voltage-dependent etch process to localize nanopores

to nanotubes, it is important to know at greater resolution the width and unifor-

mity of the etch profile. For this, we turn to a combination of AFM for height
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(b) 11 min 

(c) 19 min 

(d) 52 min 

50 µm 

(e) 89 min (after drying) 

c b a 

25V 8V 

Figure 4.5: Time series of voltage-assisted etch. (a-d) Optical images of nitride membrane
during phosphoric acid etch at 110 ◦C. Due to thin-film interference, the etch depth can
be monitored optically. Thin vertical lines are etched regions under nanotubes; the
wide horizontal line is etching under the catalyst line. The voltage being applied to
the nanotubes decreases from left to right, from ∼25 V to ∼8 V. The etch rate is both
voltage and time dependent, with the deepest etch location moving toward the right
over time (black dots). The etch rate in the deepest location is 3 nm/min, more than 3
times faster than the etch rate far from the nanotubes. (e) After the etch is complete
(i.e. breaks through the membrane in a few locations), it is dried and AFM’d from the
bottom in locations a-c (see Figure 4.6).
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Figure 4.6: Voltage-dependent etch profiles. (a-c) AFM height images of the etched
underside of the nitride membrane from Figure 4.5. Dashed lines indicate a nanotube
location. Horizontal line cuts across the top of each image are shown above each image.
(a) At low voltages, the etch is enhanced directly under the nanotube. (b) At mid-range
voltages, the etch is relatively flat near nanotubes. (c) At high voltages, the regions
adjacent to the nanotube etch faster than the region under the nanotube.

resolution, and TEM for spatial resolution. Figure 4.7 shows a region of a phos-

phoric acid-etched membrane that was (a) imaged optically, (b-c) by AFM, and

(d-e) by TEM. AFM reveals that these trenches centered at nanotube locations

are approximately 80 nm deep, with full-width at half-maximum of 550 nm. TEM

indicates that the localized etch occurs somewhat nonuniformly, with the trenches

consisting of a series of etched pits of various depths, having diameters of ∼50 nm

(bright, circular spots in (e)). These pits have considerable scatter, and thus are

not perfectly centered at the nanotube locations. The relatively small pit size is

encouraging for nanopore applications, but the overall width of the trenches, and

relatively poor localization of the pits to the nanotube will need to be improved

before this process is useful for nanotube-aligned nanopore applications, which

ideally would have a single few-nanometer-diameter nanopore aligned to a single

nanotube.
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Figure 4.7: Characterizing voltage-assisted etched membranes. (a) Optical image of
a silicon nitride membrane after 43 min etch in hot phosphoric acid at 20 VAC . The
location imaged at higher resolution is marked with a square. (b) AFM image showing
that the etch is enhanced near the nanotube locations. (c) TEM image of the same
region as in (b). (d) 80 nm-deep trenches, centered at nanotube locations. Overlaid
in white is a line average across the whole image (e) TEM reveals that etched trenches
consist of a series of etched pits.
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Interpreting etch localization observations

The most striking observation we have made in our characterization of the voltage-

assisted phosphoric acid etch is that the etch was enhanced near the nanotubes

when a positive voltage was applied to them, but not when a negative voltage was

applied. While the mechanism for phosphoric acid etching of silicon nitride is not

known [Gelder and Hauser, 1967], if we assume a mechanism similar to that by

which HF etches nitride, then based on the model we developed earlier, an etch

enhancement at only the positively biased nanotubes is expected.

To explain the subtler features of the etch enhancement, we must consider

the surface potential induced by the voltage on the nanotube. In Figure 4.6, we

observed a voltage-dependent etch rate in which, at high positive voltages (23 V),

the etch rate was highest on either side of the nanotubes, and at low positive

voltages was highest at locations centered on the nanotubes.

We model the electrostatics of the system in two dimensions as the cross section

of a nanotube, on a silicon nitride membrane, with air above, and grounded metal

plates above and below, as shown in Figure 4.8 (a). To make the calculation

more computationally tractable than the experimental geometry, we model the

nanotube as 4 nm in diameter, the nitride as 25 nm thick, and the air above as

75 nm thick. While these modifications will affect the width and depth of the

surface potential profile, they will not change the qualitative results. Similarly,

the surface of the etchant solution is modeled as a metal, which, given the high

concentration of acid used (85%, 14.8M), is an acceptable approximation. The

solution to the generalized Poisson equation [Nagel, 2011] when 10 V is applied to

the nanotube is shown in Figure 4.8 (b).
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Figure 4.8: Calculations of the nitride surface potential opposite a nanotube. (a) Calcu-
lation device geometry: a nanotube rests on a silicon nitride membrane with air above,
and conducting plates above and below. (b) Electric potential for 10 V applied to the
nanotube resting on a 25 nm membrane, calculated using the generalized Poisson equa-
tion. (c) Surface potential at the metal-nitride interface (a proxy for the nitride-acid
interface) when 10, 15, and 20 V are applied to the nanotube. The nitride is 25 nm
thick. (d) A repeat of the surface potential calculation in (c), but for a 15 nm-thick
membrane.
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Figure 4.8 (c) shows the induced surface potential in the metal plate at the

base of the nitride (i.e. the acid-nitride surface), calculated for 3 different positive

voltages applied to the nanotube. The nanotube induces a negative surface poten-

tial, whose minimum is centered at zero (the nanotube location), and which rises

to zero towards the edges with a full width at half-maximum of ∼50 nm. Compar-

ing this calculated potential to the etch pattern observed in Figure 4.6, we note

that, if there exists a surface potential range within which the etch is enhanced

and outside of which it is not, as shown in yellow, this can phenomenologically

explain the observation in Figure 4.6 (a) and (c). The surface potential induced by

low voltages (10 V, red) has only its minimum within the “enhancement” region,

whereas that induced by high voltages (20 V, blue) has two regions, on either side

of the nanotube location, in the “enhancement” region.

To explain the profile observed at mid-range voltages, namely a relatively flat

etch profile with local minima both on either side of the nanotube location, and

in the center, we must consider how the surface potential changes throughout the

etch. Under a constant applied nanotube-voltage, as the membrane gets thinner,

the induced surface potential increases. Figure 4.8 (d) shows the results of the

calculation in Figure 4.8 (c), repeated at a reduced nitride thickness of 15 nm. For

the same surface potential enhancement region as that used in Figure 4.8 (c), we

see that although both the low-voltage and high-voltage surface potentials have

the same qualitative etch enhancement as in Figure 4.8 (c), the mid-range voltage

(15 V, green) has changed from being enhanced at the center, to being enhanced

on either side of the nanotube. This would be expected to result in a relatively flat

etch profile, similar to that seen in Figure 4.6 (b). Thus an etch-enhancing surface

potential on a membrane whose thickness is decreasing with time can be used to
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Figure 4.9: The effect of a changing membrane thickness on etch localization. (a) An-
ticipated device geometry, and the geometry used for calculations here. (b) Calculated
surface potential at the underside of nitride membranes of varying thickness. (c) The
surface potential minimum decreases nonlinearly with decreasing nitride thickness. (d)
Anticipated etch localization for different surface potential thresholds, assuming uni-
form etch rate for any region having a surface potential above the threshold. (These are
calculated by taking the width of horizontal cuts through the profiles in (b).)

explain the three main etch profile observations of Figure 4.6.

The pits observed in Figure 4.7 can also be qualitatively explained by an etch

enhancement within a range of surface potentials. Since the surface potential de-

pends nonlinearly on the nitride thickness (see, for example, Figure 4.9 (c) below),

surface roughening is expected: given a nitride region that has just become thin

enough to be within the range of “etch-enhancing” surface potentials, its etching

is expected to proceed faster than thicker regions around it, and will accelerate as

the thickness decreases.
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While we do not know the mechanism that would cause an etch-enhancement

within a particular range of surface potentials, the existence of a lower-bound

threshold voltage for enhancement is expected based on our HF-etching model,

while an upper-bound is not. However, as mentioned in that section, at very large

potentials, the assumptions of that model may break down, as other mechanisms

become important or the reaction’s rate constants change. Such changes may result

in a decrease in etch rate at very negative surface potential. Another possibility is

that features unique to phosphoric acid etching that are not part of our HF-etching

model are responsible for the decrease in etch rate at high bias. While we have not

explored this systematically, in the HF etching we do throughout the remainder

of this chapter, we do not see evidence of etching occurring on either side of a

nanotube, so it is likely that this is a feature unique to phosphoric acid etching.

Developing an etch-localization scheme

Since phosphoric acid etching of silicon nitride is less well-understood than hy-

drofluoric acid (HF) etching, and since there are many advantages to using HF as

our etchant moving forward—such as the ability to etch at room temperature in

very dilute acid, and the fact that nanotubes are less readily attacked by dilute

HF than they are by concentrated hot phosphoric acid—for the remainder of this

project we will use HF as the etchant, and silicon nitride as the membrane to be

etched.

We begin by considering the effect of a changing nitride thickness on the size

of the nanopore that can be created. In Figure 4.8, we saw that decreasing the

thickness increases the surface potential and (as long as the voltage is not too

high) increases the etch rate as well. This may make it challenging to obtain small
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nanopores, since as the etch proceeds, the etch rate will increase, and the width of

the region around the nanotube experiencing etch enhancement may broaden.

To make consistently small nanopores, we will want to use ionic feedback to

detect when a pore has formed, then stop the etch. So in its simplest form, our

device is expected to look like that in Figure 4.9 (a). The silicon dioxide layer is

used to isolate the nanotube from the “detection” top gate, and is chosen for its

relatively low dielectric constant, and rapid etch rate in HF. For an oxide thickness

of 25 nm, the calculated surface potential at the HF-nitride interface when 10 V

is applied to the nanotube is shown in Figure 4.9 (b). As the nitride thickness

decreases, the surface potential profile gets sharper and deeper. As can be seen

in Figure 4.9 (c), the surface potential minimum varies nonlinearly with nitride

thickness. For a controlled nanopore etch, where the etch rate depends linearly on

the surface potential—as we expect for HF etching, see Figure 4.3 (d)—this could

present a problem since, for a given voltage, the etch rate will accelerate as the

thickness decreases, making it hard to choose an appropriate voltage, and to stop

the etch when only a small nanopore has formed.

Figure 4.9 (d) illustrates this challenge further, by plotting the width of the

surface potential profile at different surface potential values. Assuming the etch

occurs when a given (negative) threshold for etch enhancement is reached, each

of these curves represents the approximate nanopore width as a function of etch

depth. If, for example, etch enhancement occurs below -0.1 ions/nm2, then when

the nitride is 16 nm thick, only regions within 85/2 nm of the nanopore will etch.

As the thickness decreases however, the surface potential profile sharpens, so the

region that is below this threshold narrows, and the width of the etched region

would decrease to 70 nm once the nitride was 2 nm thick. To achieve thinner
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pores, a more negative threshold is needed. (Experimentally, we do not choose the

threshold, but rather the applied voltage, which scales the surface potential relative

to the threshold.) At a threshold of -1 ion/nm2 for example, a nanopore width of

15 nm is achievable. However, when the nitride thickness is greater than 4 nm, no

etch enhancement will occur since the surface potential is above the enhancement

threshold. Thus, achieving small pores will likely require us to operate with time

varying thresholds. For example, we might start the etch at a large voltage, putting

us on a relatively thickness-insensitive etch curve, such as the -0.1 ions/nm2 curve,

then when the thickness reaches ∼4 nm, we might decrease the voltage to put us

on a much narrower surface potential profile, such as the -1 ion/nm2 curve.

It is worth comparing surface potential values we just calculated for this ge-

ometry with the surface potential threshold for etch enhancement we calculated

previously. Earlier, we found that for 100:1 HF, etch enhancement is expected to

occur below -260 mM net charge concentration, which might reasonably be ex-

pected to occur within twice the outer Helmholtz layer-distance from the surface.

This corresponds to a surface potential of -0.05 ions/nm2. Thus for 10 V applied

to the nanotube, and 100:1 HF, we anticipate that the etch of a 16 nm-thick mem-

brane would begin with an enhancement of about a factor of 6 over the equilibrium

etch rate, and as the nitride thickness decreases, the etch rate should accelerate to

>40 times the equilibrium rate.

Electrode materials for ionic feedback

In the interest of using electrical feedback to identify nanopore-formation, and stop

the etch while the nanopore is still small, we need to choose a pair of electrode

materials that are electrochemically active in HF. Since HF is not an electrolyte
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Figure 4.10: Comparison of feedback-electrode materials. Ionic current between a gold
electrode and various other metals in 50:1 HF (0.3 M). The inset shows the experimental
setup: two different metals of similar length and diameter were placed in HF, a voltage
applied to a gold electrode, and current measured at the other electrode. Aluminum,
copper, silver, and chrome are electrochemically active at moderate positive biases.

commonly used by electrochemists, we performed a range of conductivity tests

through 50:1 HF (similar to the concentration we anticipate using for the nanopore

formation), using pairs of electrodes made from various metals, to determine their

suitability as ionic electrodes in HF.

Figure 4.10 shows the result of one set of tests using a 0.25 mm-diameter gold

wire as one of the electrodes, varying the second electrode material, and sweeping

the bias between ±2 V. Of the metals tested, aluminum, copper, silver and chrome

are all electrochemically active above 0.5-1 V, while gold and platinum are not.

Of these active electrodes, aluminum etched rapidly in HF, producing bubbles,

making it an unsuitable material for nanopore-etch feedback. Silver also etched

filling the solution with a solid residue, making it unsuitable. Both copper and

chrome are suitable; since the gold-HF-copper system is more conductive than

gold-HF-chrome, we choose to use copper and gold as our two electrodes.

Given the gold-copper electrode pair, we still have to choose which electrode
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will be the top gate, as in Figure 4.9 (a), and which electrode will be in the HF

solution. There are two reasons why gold is ideal as the top gate. Firstly, gold

is a more robust material, having a low oxidation rate, for example, making it

compatible with more fabrication processes. Secondly, with gold as the top gate,

in order to be electrochemically active, it will be biased negatively relative to the

HF solution, which will induce positive charge in the HF. As we have discussed

earlier, this positive charge reduces the nitride etch rate; by contrast, copper as

the top gate would have to be biased positively, leading to an increased etch rate

of the nitride (everywhere), and thus worse localization.

Platinum and silver chloride were also tested as the drain electrode. Platinum

shows similar characteristics to those for gold, but is more difficult to chemically

etch (which will be necessary after the nanopore has been formed). Silver chlo-

ride is active at both positive and negative biases, but is incompatible with other

fabrication processes such as a copper etch step we will need to use.

Etching a nanopore using ionic feedback

Before discussing the details of the design and fabrication of devices for producing

nanotube-aligned nanopores, we first show the results of a nanopore etch, using

the principles for etch localization, and electrical feedback we have just discussed.

While our devices have many features important for the fabrication process, for

desirable measurement characteristics, or to give the ability to characterize or

study the device and fabrication process, for the purpose of the nanopore etch, the

device can be considered to be as simple as that modeled in Figure 4.9 (a).

A schematic of the device we will be using for this etch, along with the circuit

elements used for biasing the nanotube and employing ionic feedback, is shown in
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Figure 4.11 (a). A nanotube on top of a 16 nm-thick silicon nitride membrane

is connected in series with a 10 GΩ resistor, to ensure that the entire nanotube

is at the applied potential, Vnt, relative to a grounded HF solution beneath the

membrane. A separate voltage, Vtg, can be applied to a gold top gate, and the ionic

current generated (if a nanopore has formed) is monitored by a current preamplifier

connected to a copper wire in the HF solution.

As discussed above, to achieve sharp localization, we ideally want to complete

the etch while applying a very small voltage (e.g. <1 V) , but for a thick membrane

this will not lead to etch enhancement, so the entire membrane will become thinner,

risking pore-formation away from the nanotube. To achieve (moderate) localization

while the membrane is thick, we need to apply a large voltage (e.g. 10 V). For

these reasons, we choose to perform the etch in two stages. In the first stage,

the voltage on the nanotube is swept to 6-10 V and back down again in 0.2 s, as

shown in Figure 4.11 (b). This stage is brief, and intended to thin the membrane,

but not create a nanopore. In the second stage, the voltage is left at 0.2-0.5 V for

5 min. It is during this stage, when a low voltage is on the nanotube that nanopore

formation is most desirable. The low voltage on the nanotube is intended to give

narrow localization, and to minimize the risk of HF damaging the nanotube when

the nanopore forms. During this second stage, the top gate voltage is swept to

-1.4 V (at which, based on our measurements in Figure 4.10, we know the copper-

gold electrode pair will be electrochemically active), then back to zero in 0.2-0.4 s

once every 15 s, to monitor for nanopore formation. This process (stages 1 and 2)

is then repeated for 20-60 minutes until a nanopore forms.

Figure 4.11 (c) shows three consecutive -1.4 V top gate sweeps in stage 2 of the

etch, after 52 minutes has elapsed. The first of these is very typical: a ∼20 pA
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Figure 4.11: (a) Cross-sectional schematic of device configuration for etching a nanopore.
Voltages are applied to a gold top gate and a platinum electrode connected to a nanotube.
Currents flowing through the nanotube and through the HF solution (into a copper
electrode) are monitored using current preamplifiers. (b) Stage 1 of the etch cycle, in
which the voltage on the nanotube is ramped to 6.5 V in 0.25 s. (c) During stage 2 of the
etch cycle, a small voltage is applied to the nanotube. Every 15 s the top gate is ramped
to -1.4 V. The increasingly negative top gate current response show that a nanopore has
formed. (d) TEM images reveal a 10 nm nanopore aligned to a nanotube. Inset: optical
image showing that the existence of a nanopore is evident.
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step occurs as the voltage ramp switches from sweeping downwards to sweeping

upwards. Considerable 60Hz noise (∼10 pA), is also visible. The second panel

shows the same sweep 15 s later. Here, ionic current (through a nanopore) is

just barely distinguishable above the noise, when the gate voltage is at -1.4 V

(0.15 s). By the time another 15 s has gone by, the ionic current is dramatic,

having decreased to -200 pA at -1.4 V.

Once a nanopore has formed, the dielectric layer must be etched before the

HF can reach the top gate and thus before an ionic current can be detected.

This typically takes 1-2 minutes, for a 25 nm-thick dielectric consisting of silicon

dioxide and/or aluminum oxide, and an HF solution at 100:1-400:1 (here, 400:1).

Thus, while we detect the nanopore formation at 52.25 minutes, the nanopore

likely etched through during or slightly after the nanotube sweep at 50.5 min.

Once the nanopore formation is detected, the voltages are set to zero, the circuit

is disconnected, and the HF solution is flushed out with deionized water, thus

stopping the etch.

Figure 4.11 (d) shows the resulting nanopore as imaged by TEM. Three different

levels of magnification indicate that only a single nanopore has formed, and the

highest magnification shows that the nanopore is 10 nm in diameter, and well

aligned to a nanotube. The dielectric within ∼300 nm of the nanopore has been

etched by the HF (after nanopore formation), as observed as a brighter region in the

first two panels of Figure 4.11 (d). This usually enables us to determine whether

a nanopore has formed at its expected location (i.e. aligned to the nanotube) at

low magnification, or even optically, as indicted by the arrows, and inset. This is

important, because even at 40 keV, the electron beam in the TEM almost always

renders the nanotubes non-conducting, unless imaged at very low magnification
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(where the nanotube is not visible). Note also, that while TEM imaging of this

sample precludes the possibility that it now conducts, it did survive the entire

etch process, as can be observed by the constant 20 pA current registered at the

nanotube preamp throughout the measurements in Figure 4.11 (c).

To optimize etch localization, without destroying the nanotube, another feature

that was used in this example, but for clarity, was not yet discussed, is to do a few

higher-voltage ramps prior to starting the repeated two-stage process described in

this example. Typically, during the first two cycles of the two-stage process, the

nanotube voltage is swept to 10 V over 0.2-0.25 s, then for the remaining nanotube

sweeps, the voltage is reduced to 6-7 V. This likely thins the membrane locally,

making it far more likely that the nanopore will form near the nanotube. If a third

sweep to 10 V is done, roughly 50% of the time a nanopore will form during that

sweep, destroying the nanotube (suggesting that the membrane has been thinned

significantly by the first two sweeps).

The etching process outlined in this example is very consistent for a given round

of device fabrication, and the correct HF concentration. The etch parameters must

be adjusted if a different membrane thickness is used, and/or if the thickness of

the dielectric layer between the nanotube and top gate electrode is changed. Once

these parameters have been optimized for a given fabrication round, a yield of

∼50% is common for achieving a single 10-20 nm nanopore aligned to a nanotube

that remains electrically conducting. See Figure 4.12 for a few additional examples

of nanotube-aligned nanopores.
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(a) (b) (c) 

Figure 4.12: Examples of nanotube-aligned nanopores. (a-c) Three images at increasing
magnification, showing a single 15 nm nanopore aligned to a single nanotube.
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Aligned nanopore etch considerations and failure modes

The sensitivity of the etch process we have developed to the specific parameters

used is relatively low, but modifications to these parameters often reduce yield.

For example, longer nanotube voltage sweeps can be used, but at an increased

risk that the nanopore forms during one of those sweeps, which will most often

damage the nanotube such that it no longer conducts. See Figure 4.13 (a) for

one such example. Higher voltages can also be used, with similar risks. A resting

voltage above 0.5 V risks damaging the nanotube (after nanopore formation, but

before ionic detection), while higher nanotube voltage sweeps result in a greater

likelihood that the nanopore forms during the sweep, destroying the nanotube. For

example, a nanopore can be formed in <2 s when a constant 10 V is applied to

the nanotube, but the nanotube will be destroyed as soon as the nanopore forms.

If the voltage sweeps are too low the etch will take a long time (for a given HF

concentration), and the localization may be poor, with the nanopore forming at a

location far from the nanotube, as in Figure 4.13 (b).

If the nanotube is not sufficiently clean (i.e. grown, transferred, or patterned in

such a way as to have polymer residue), the nanopore detection may be significantly

delayed, which may allow the HF to attack the nanotube before it is known that a

nanopore has formed. This is particularly an issue when a nanopore forms during

stage 2, as desired, but then is not detected before the next nanotube voltage

sweep, which destroys the nanotube.

A similar issue occurs when using an HF concentration that is too low. Suc-

cessful nanopore localizations have been done with HF concentrations from 1600:1

to 50:1, but below ∼800:1, the etch rate of the dielectric between the nanotube

and the top gate takes long enough that a very long wait period must be used
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(a) (b) (c) 

Figure 4.13: Examples of failure modes of nanotube-aligned nanopore formation. (a)
Nanopore formed during a 2 s, 8 V nanotube sweep, while 6 V was still on the nanotube,
causing HF to destroy the nanotube (no longer visible), and etch the dielectric layer
all along its length. The nanopore also got clogged, perhaps during the drying process.
(b) A nanotube sweep voltage that was too low was used, and the nanopore formed
nowhere near the nanotube. The nanopore is also clogged. (c) Nanopore likely formed
at nanotube, but nanotube moved such that when dry, the nanopore was no longer
aligned to the nanotube.
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between nanotube voltage sweeps, or the nanopore will not be detected before the

sweep, and the sweep will destroy the nanotube. When using high concentrations

(>100:1), multiple nanopores often form along the nanotube, or sometimes in other

locations. The nanopores also tend to be larger, since the nanopores continue to

etch after they have formed but before the HF can be flushed out.

Care must also be taken while disconnecting the nanotube and gate, as voltage

spikes introduced at any point after the nanopore has formed will often damage

the nanotube, rendering it nonconducting. For example, it is important to wear

a grounding strap, and to disconnect the nanotube before disconnecting the ionic

connections. It is also important, if drying the device to do so gradually, or the

nanotube can be lifted up and moved by surface tensions, turbulence, etc, as in

Figure 4.13 (c). This is often done by a slow, ∼30 min fluid exchange from water

to methanol, followed by a critical point dry in fluid CO2.

Alternative mechanism for nanopore formation

While the measurements and model presented in this chapter are consistent with

the explanation of an HF etch, localized by locally increased concentration of

negative ions, another mechanism by which the etch may be localized is that

of dielectric breakdown. After developing our etch-localization procedure, two

other research groups showed that dielectric breakdown can be used to controllably

produce 1-3 nm nanopores in a membrane [Kwok et al., 2014,Yanagi et al., 2014].

In both studies, by applying 5-15 V to KCl on either side of a membrane, and

monitoring the current through the membrane (i.e. pore), they show that they can

controllably produce a single nanopore in a 10 nm-thick, (0.5-50 µm)2 membrane.

Once formed, they show that this nanopore can be widened by continuing to apply
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a transmembrane voltage while monitoring the current through the nanopore.

For our etch, dielectric breakdown also seems consistent with our observations.

It is possible, for example, that dielectric breakdown is the reason why large voltage

pulses are required, and that the HF primarily widens the formed nanopores, and

removes the dielectric between the nanotube and top gate to allow for detection.

We previously suggested that the reason that we produce a single nanopore (rather

than a uniform etch along the nanotube) as being due to a combination of the

nonlinear dependence of surface potential on thickness (i.e. as surface-roughening

process), and the possibility of charge traps locally enhancing the etch in specific

locations along the nanotube. However, trap-assisted tunneling, which depends

exponentially on distance between defects in the nitride, would also explain such

localization in dielectric breakdown.

Another observation that lends credence to the possibility that dielectric break-

down is involved in our etch process is the poor localization we often observe when

performing etches localized to a poorly conducting nanotube. For poorly conduct-

ing nanotubes (∼100 MΩ), we find a yield for localization that is significantly

below 50%. For these etches, we remove the 10 GΩ resistor in Figure 4.11 (a), to

ensure that the nanontube-resistor voltage divider does not reduce the potential on

the nanotube. The voltage applied to these nanotubes should be identical to more

well-conducting nanotubes, but the current that can flow through the nanotube,

and thus the nitride in the event of dielectric breakdown may be reduced due to

the nanotube resistance. This poor localization for poorly conducting nanotubes

thus seems more consistent with a dielectric breakdown localization mechanism

than with a purely HF-based etching mechanism.

However, we do not detect current flowing from the nanotube to the electrode
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in the lower solution, which, if the nanotube-solution contact resistance were neg-

ligible, would be expected to measured as 50-700 pA of current, which would be

easily detectable in our setup (see for example, Figure 4.11). Thus our current

hypothesis is that the voltage-induced concentration enhancement is primarily re-

sponsible for the localized nanopore etch, though further work is needed to clarify

which mechanisms contribute most, and under what conditions.

In the next chapter we describe in more detail the device architecture that has

made these feedback-controlled nanotube-aligned nanopore etches possible, and

explain the fabrication procedure used to produce them.



Chapter 5

Nanotube-aligned nanopore TEM grid device fabrication

In this chapter, we discuss the method for fabricating nanotube-aligned nanopore

TEM grid devices that have a variety of functions. The first, and most important

function is as a substrate having a membrane separating two liquids, through

which we can etch a nanopore aligned to an electrically-contacted carbon nanotube.

Secondarily, since nanopores are ideally too small to characterize optically, by

SEM, or by scanned probe, we make the devices in such a way that they are

compatible with TEM imaging. Thirdly, we design the substrate, electrodes and

microfluidics in such a way as to minimize capacitance between them to enable high

speed measurements of the nanotube and transmembrane ionic currents. Lastly,

there are many design features related to the fabrication process itself: maximizing

device yield, ensuring material and process compatibility, etc. The device design

and fabrication process that we have developed, was arrived at through many

iterations, each one adding complexity, but improving yield and other desirable

attributes. We will not discuss prior generations of devices in any detail, but will

try to point out shortcomings of previous generations where they shed light on the

importance of a given feature in the final design.

Before discussing the fabrication details, it seems valuable to briefly discuss
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the layout of the final device. Figure 5.1 (a) shows one such TEM grid device.

The device is approximately 3 mm in diameter. It has a gold top gate, and 26

pairs of electrodes, many of which have nanotubes between them. These electrodes

come together near a membrane region, which is spanned by the nanotubes; see

Figure 5.1 (b-c). The membrane consists of 120 nm of oxide on 16 nm of nitride,

with “windows” patterned into the oxide, such that in those regions, only the

nitride remains. It is in these thin regions that, during the etch, a nanotube-

aligned nanopore will be grown. The device shown in (b-c) is the same device as

that discussed in Chapter 4, Figure 4.11.

Device fabrication

Figures 5.2 to 5.6 outline the process for fabricating these devices, through a se-

ries of cross-sectional schematics and process descriptions. Figure 5.7 and Fig-

ure 5.8 show top-down views of the device layout in a series of computer-aided

design (CAD) images, with each CAD layer numbered according the process step

in which it is used. We will now describe the fabrication process, adding details

and explanation to the outline in Figures 5.2 to 5.6 where useful.

Substrate preparation

We fabricate our devices on a 4” highly resistive silicon wafer. The high resistivity

reduces device capacitance enabling higher-speed measurements than with stan-

dard silicon. A 16 nm layer of thermal nitride is grown. This layer will later become

the nanopore-containing membrane through which we will translocate DNA. Since

the membrane region needs to be thin, but the capacitance across such a dielectric

is proportional to the inverse of the thickness, we add a thick, 2 µm oxide layer
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Figure 5.1: TEM grid device for nanotube-aligned nanopore fabrication. (a) Optical
image of microfabricated TEM grid, with 26 electrode pairs, a gold top gate electrode
and a thin window region center-right. (b) Magnified membrane region after formation
of a nanopore. (This is the same device as the one in Figure 4.11.) The membrane
consists of 120 nm of silicon dioxide on 16 nm of nitride; in the “window” regions, the
oxide has been removed, leaving only nitride. (c) SEM image of the same region as (b)
prior to membrane formation. Nanotubes that are contacting electrodes appear bright
(and wide) due to their interaction with the electrons used for imaging.
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Nanotube-aligned nanopore device fabrication 

1. 

 

The devices are made on a double-
side-polished high resistance silicon 

(>10kΩ-cm) substrate to minimize 

capacitive coupling between substrate 
and device. 

   

2. 

 

16 nm of high-quality thermal nitride 

is grown on both sides of the wafer 

   

3. 

 

2 µm of silicon dioxide is grown on 

top of the wafer using plasma-
enhanced chemical vapor deposition 

(PECVD). 

   

4. 

 

The wafer is patterned with 

photoresist and the silicon dioxide is 
removed using 30:1 buffered oxide 

etch (BOE), which undercuts the resist 

to leave a gradually-sloping oxide 
layer (over which electrodes must later 

be evaporated) 

   

5. 

 

120 nm of oxide is grown using 

PECVD.  (The oxide was removed 
and regrown to ensure a smooth 

surface, since the BOE-etched surface 

tends to be rough.) 

   

6. 

 

25 nm-thick platinum electrode pairs, 

separated by 20 µm are deposited 
following the deposition of a 5 nm 

chrome adhesion layer.  This layer 

also contains the alignment marks for 
all remaining layers. 

   

7. 

 

30:1 BOE is used to etch 4 µm 

windows between electrode pairs.  
(This difference in dielectric thickness 

will later ensure that the nanopore 

formation occurs within this window, 

and not elsewhere under the nanotube 

or electrode.  The remaining oxide 

also lends structural integrity to the 
membrane.) 

   

8. 

 

Using backside alignment, a window 

is patterned on the back of the wafer, 

in the device region, and the nitride 
there is removed by reactive ion 

etching (RIE) (CHF3/O2).  A larger 

region surrounding the device is also 
etched to define the edges of what will 

later become the TEM grid. 

Figure 5.2: Device fabrication outline.
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9. 

 

Using 30:1 BOE, a window outside of 

the TEM grid area (far left) is opened 

in the silicon dioxide.  This window 
will be important for creating 

temporary interconnects between 

electrodes and silicon substrate, see 
step 11 below. 

   

10. 

 

Using RIE (CHF3/O2), the nitride is 

removed from this window. 

   

11. 

 

Copper wires are evaporated to 
connect the platinum electrodes to the 

silicon substrate.  This will later be 

crucial for ensuring that, during SEM 
imaging, charge build-up on the 

electrodes does not destroy the carbon 

nanotube device (which happens 
>99% of the time without these 

interconnects). 

   

12. 

 

Iron catalyst particles are evaporated 

onto a Y-cut quartz substrate in 5µm 
lines, separated by 100µm.  Arrays of 

parallel nanotubes are then grown 

from methane using chemical vapor 
deposition (CVD). 

   

13. 

 

50 nm of polymethylmethacrylate 

(PMMA) is spun over the nanotubes. 

   

14. 

 

The PMMA and nanotubes are 
separated from the quartz by placing 

in 1M KOH for an hour, then removed 

and dipped into water.  When 
lowering into the water, the 

PMMA/nanotubes lift off the quartz 

and float on the surface. 

   

15. 

 

After exchanging the water a few 
times to rinse, the PMMA/nanotubes 

are scooped out of the water using the 

original patterned substrate.  The 
device is dried with a nitrogen gun, 

then baked at 90 °C for a minute. 

   

Figure 5.3: Device fabrication outline.
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16. 

 

The PMMA is removed by dissolving 

in acetone for 5 min, then rinsing with 
isopropyl alcohol (IPA). 

   

17. 

 

The nanotubes are patterned and 

etched away everywhere except in the 

device area, using oxygen plasma.  
The resist is removed by sonication in 

acetone, then rinsed with IPA.  The 

device is baked at 225 °C for 30 min 
to reduce remaining polymer residue. 

At this point, the device is imaged 

using SEM, to determine which pairs 
of electrodes have single nanotubes 

between them. 

   

18. 

 

10 nm of aluminum oxide, followed 

by 15 nm of silicon dioxide are 
deposited using atomic layer 

deposition (ALD).  A 1-3 nm layer of 

hafnia or tantalum oxide may be 
deposited prior to this layer to 

potentially reduce the size of 

nanopores that are later formed. 

   

19. 

 

A gold top gate is evaporated over the 

device area, having minimal overlap 
with the platinum electrodes. 

   

20. 

 

Over the electrode pads and temporary 

copper interconnects, the ALD silicon 
dioxide and aluminum oxide layers are 

removed using 30:1 BOE. 

   

21. 

 

The copper is them removed using 
ferric chloride (Transene CE 200). 

   

Figure 5.4: Device fabrication outline.
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22. 

 

For protection during the upcoming 

KOH anisotropic silicon etch, a 5 µm-
thick polymer base-protection (Protek 

B3) layer is spun onto the surface. 

   

23. 

 

80 nm of gold is evaporated over this.  

5 µm of gold is then electroplated over 

this seed layer.  (This gold layer is 
critical since the polymer protection 

layer will have pinholes in it, and a 

single pinhole will allow KOH to 
undercut the entire aluminum oxide 

layer in a matter of minutes.) 

   

24. 

 

The device is placed in 20% potassium 
hydroxide (KOH), to etch open a 

window from the bottom of the 

device, by etching the silicon 
substrate.  This also separates the 

wafer into hundreds of TEM grids. 

   

25. 

 

The polymer layer is removed using 

1165 remover (N-methyl pyrrolidone), 
lifting off the gold layer.  The device 

is rinsed in 1165, then IPA, then dried.  

The surface is cleaned using oxygen 
plasma.  

   

26. 

 

A nanopore is then etched by flowing 
100:1 (49%) HF below the device, 

while applying a positive voltage to 

the nanotube, relative to the HF 
solution, and periodically sweeping 

the voltage on the gold top gate to 

determine whether a nanopore has 
formed.  When a current is detected, 

the voltage on the nanotube is turned 
off, and the HF is flushed out with 

water. 

   

Figure 5.5: Device fabrication outline.
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27. 

 

Gold etchant (potassium iodide) is 

used to remove the gold top gate.  The 
device is then rinsed in water.  The 

water is gradually exchanged with 

methanol and the device is critical-
point dried with with fluid CO2. 

   

28. 

 

Microfluidic channels are placed on 
top and bottom.  The channels are 

made from polydimethylsiloxane 

(PDMS) clamped between acrylic 
holders with larger fluidic channels 

that were formed using a CO2 laser 

and hotpress bonding.  This aparatus 
can then attach to standard 

microfluidic tubing. 

   

   

   

   

   

   

   

   

 

Figure 5.6: Device fabrication outline.

over the nitride, then etch it away only in the region where the nanotubes will be

patterned. We choose to use dilute HF (30:1 BOE) for this etch, since it undercuts

the resist, as shown in Figure 5.9, making for a gradually sloping transition, which

ensures that the electrodes that are evaporated over this step are continuous. This

sloping region can also be seen in Figure 5.1 (a), and is responsible for the inter-

ference fringes around the edge of the octagon, as well as around the horizontal

rectangle at the center-right. Another advantage of using HF is it is less damaging

than plasma processes to the nitride membrane, the quality of which is important

for high-reliability nanotube-aligned nanopore etches. A thinner 120 nm layer of

oxide is grown over this layer. In the membrane region, this will give added struc-

tural integrity to the nitride membrane (a common failure point in the absence of

this layer).
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(a) 

(b) 

0.5 mm 

50 µm 

Figure 5.7: Top view of CAD layout for devices. (a) TEM grid device with 26 pairs of
electrodes, top gate, microfluidic channel. (b) Membrane region. A microfluidic channel
and top gate run horizontally across the center. Electrode pairs run vertically, with 4
µm windows centered between them.
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(a) (b) 

3 mm 

16 mm 

Figure 5.8: Top view of CAD layout for devices. (a) Whole-wafer view of die layout. Dice
are in rows separated by 5 mm. (b) Single-die view, showing 25 TEM grids. Numbers
on legend indicate in which step of the fabrication process each layer is used.
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Figure 5.9: BOE etching of oxide to form a gradual step. 30:1 buffered oxide etch (BOE)
undercuts photoresist (here, shown after 35 min), allowing for a gradually transition
from the thin nanotube region to the thick low-capacitance electrode region. (a-b) Cross
sectional SEM images of PECVD silicon dioxide on silicon near edge of S1813 photoresist.
Inset: measured oxide thickness vs distance from edge of resist.

Platinum, chosen for its physical and chemical robustness, is patterned to make

electrodes which will later contact the nanotubes. A window between each pair of

electrodes is patterned. This is where the nanotube will later be placed, and the

nanopore will be formed. In the absence of the thinner window-containing oxide

layer, in addition to the membrane being fragile, the yield can be significantly

reduced in the common event that the later anisotropic silicon etch (that opens

up a window in the back to suspend the membrane) is not perfectly aligned, such

that the electrodes overhang the membrane region—notice, for example, the upper

electrodes in Figure 5.1 (b), which overhang the membrane region by 2-3 µm.

When this happens, if the membrane is all one thickness (nitride only), during

the nanopore etch, the etch will most often occur under the electrode rather than

under the nanotube. The additional separation between electrode and membrane
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relative to nanotube and membrane ensures that the etch enhancement always

occurs under the nanotube.

The nitride on the back of the wafer, which will later serve as a KOH etch

mask, is patterned. The pattern, shown as a large red rectangle in Figure 5.7 (a),

must be chosen such that, for a given silicon wafer thickness (290 µm), and the

anisotropic etch angle of KOH (54.7◦), the pattern on the back of the wafer is

wider by the appropriate amount to make the desired dimensions on the front (for

us, a 410 µm feature width on the back makes 10-15 µm on the front). In addition,

since the etch rate in the 110 direction is faster than the 100 direction, in order

to make the shape of the TEM grid the dodecagon observed in Figure 5.1 (a) (so

that it fits in the TEM grid holder), we have to pattern the back of the wafer with

the four-pointed star-shape observed in Figure 5.7 (a). If, instead, a square shape

is patterned on the back the resulting grid is diamond shaped, and 110 etch may

reach the electrodes before the 100 etch is complete.

Because of the thick insulating layer underneath the electrodes, when nanotubes

are later deposited, and imaged by SEM (so that we know which pairs of electrodes

have a single nanotube between them), the electrodes accumulate charge from the

electron beam, and the shortest path to ground is through the thin nitride in the

window region, via the nanotube. This large dissipation destroys the nanotubes,

as shown in Figure 5.10 (a). To keep this from happening, we etch a window

into the silicon (between TEM grids) then deposit temporary copper interconnects

that short all of the platinum electrodes to the silicon wafer (steps 10 and 11 in

Figure 5.3; also green layer at the far left of Figure 5.7 (a)). After this modification,

the nanotubes can be imaged by SEM without measurable damage, as observed

in Figure 5.10 (b), and confirmed by electrical measurements after completion of
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(a) (b) 

10 µm 

Figure 5.10: Charge-induced damage during SEM imaging. (a) SEM image of nan-
otubes between electrodes across 16 nm-thick nitride 4×4 µm windows. The electron
beam charges the electrodes, which dissipate through the windows, via the nanotubes,
damaging the nanotubes in the indicated regions. (b) With temporary copper intercon-
nects between electrodes and ground (not shown), charge does not build up, and the
nanotubes survive the SEM imaging.

device fabrication.

Nanotube preparation

The device substrates are now ready for nanotube transfer. Up to this point (steps

1-11), we process the devices as full 4” wafers. Since we grow nanotubes in a 1” fur-

nace, the wafers are now diced horizontally into four 1” strips (see Figure 5.8 (a)).

Parallel arrays of nanotubes are grown on 4” Y-cut quartz wafers, using standard

processes [Kocabas et al., 2005, Kang et al., 2007, Ding et al., 2008]. We pattern

5 nm wide catalyst lines separated by 100 nm, and use e-beam evaporation to

deposit 0.2 nm of iron. The resist is stripped, and wafers are diced into 1” rows at

a -5.7◦ angle from horizontal. This angle matches the angle of patterned electrodes

on the device substrate (see, for example, Figure 5.7 (b) or Figure 5.1 (c)). We

choose this angle to ensure that in the 20% of the time that a catalyst line happens

to fall between the pairs of electrodes, at least a third of the 26 electrodes will not

have a catalyst line between them (thus increasing our yield by ∼20%).



117

Nanotubes are grown for 20 min at 985 ◦C, following a 1000 ◦C 10 hour anneal

in air and a 5 min anneal in hydrogen to activate the catalyst particles. It is worth

emphasizing that a crucial step to ensure reliable growth with uniform density that

can be systematically controlled by temperature is to place the quartz substrate

on a thicker (∼3 mm) slab of quartz. This quartz slab ensures that the quartz sub-

strate is at a relatively uniform temperature, and maintains good thermal contact

with the walls of the furnace which are at a higher temperature than the gases

flowing through the furnace. In the absence of this slab, growths tend to have

high density (e.g. >1 nanotube/µm) near their edges, and very low density near

the center (<1/500 µm). We generally aim for 1 nanotube/5 µm, which yields

approximately 10 electrically-contacted nanotubes per TEM grid, for a reasonably

high yield, and often giving us a choice over whether to use a semiconducting or

metallic nanotube for the nanopore etch.

The nanotubes are transferred to the device substrate, by coating with 50 nm

of PMMA, and allowing them to be undercut while submerged in 1M KOH for

an hour. To ensure that the KOH undercuts the PMMA everywhere, the PMMA

around the edges of the quartz strip are scored prior to placement in KOH. The

quartz and PMMA are then carefully removed from the KOH and lowered vertically

into a water bath, at which point the PMMA peels off the quartz surface, along

with the nanotubes, and floats on the surface of the water. After a few fluid

exchanges, the PMMA and nanotubes are scooped out of the water using a 1”

strip of the device substrate, and dried.

The nanotubes are patterned, as outlined in Figure 5.4, step 17, then imaged

with SEM to determine, for later, the nanotube locations. A dielectric layer is

deposited using ALD. This dielectric layer serves two purposes: it isolates the top
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gate from the nanotubes, and it isolates the electrodes from the electrolyte solu-

tion that will later be introduced when doing DNA translocation measurements.

Usually 10 nm of aluminum oxide is deposited thermally first, followed by 15 nm of

silicon dioxide. Both layers are chosen for their rapid etch rate in HF. The alumina

layer is chosen for its ability to be deposited without the use of a plasma, which

would be expected to damage the nanotubes. Oxide is then deposited, for its low

dielectric constant, allowing for lower capacitance to the electrolyte.

Post-nanotube fabrication

Prior to these ALD layers, a thinner (e.g. 3 nm), less HF-reactive layer may be

deposited to selectively coat everywhere except the nanotube. When deposited

thermally by ALD, tantalum oxide, for example, does not wet the nanotubes,

leading to small gaps on either side of the nanotube, as indicated in Figure 5.11.

These gaps may enable the formation of nanopores—with edges defined by the

tantalum oxide layer—that are smaller than those achievable with silicon nitride

alone. Initial trials of producing thinner pores in this way have been unsuccess-

ful, likely due to nanotube cleanliness: if the nanotube has, for example, PMMA

residue on it, the tantalum oxide will wet the nanotube, and coat it entirely. It

is expected that with KOH, piranha, or higher temperature air anneal steps prior

to ALD, this method will reduce nanopore size. (The example ALD deposition

shown in Figure 5.11 was made after the device was placed in 1M KOH at 50 ◦C

for an hour, but this has not been repeated for a complete batch of devices.)

We deposit a gold top gate over the device region. As mentioned previously,

gold is chosen for its electrochemical activity in HF when paired with copper, as

well as for its compatibility with other processes, and the ease with which it can
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tantalum 
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gaps 

Figure 5.11: One approach to reducing nanopore size is to coat the membrane surface
with a material that selectively avoids the nanotube (here, tantalum oxide), leading to ¡
5 nm gaps on either side of the nanotube. Upon nanopore formation, these should define
the edges of a much smaller nanopore. (Schematic credit: A. J. Cortese)

be selectively removed after the nanopore etch. We use a titanium adhesion layer,

which is chosen for its ability to be etched by HF. (Previous device iterations

used chrome, which can be easily removed by a chrome etchant, but such etchants

attack the nanotubes, lowering their conductivity or destroying them altogether.)

The temporary copper interconnects are then removed, as outlined in Figure 5.4,

steps 19-21.

Membrane formation

The next important device fabrication step is the KOH etch of the silicon substrate

to open up the membrane region from the back of the wafer. However, since we

have many materials that are incompatible with KOH—most notably, aluminum

oxide, we need a very robust, pinhole-free protection layer over the top of the

device that can also be easily and cleanly removed. We use 5 µm of Protek B3, a
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base-resistant polymer protection layer, followed by 2-5 µm of gold, electroplated

over an 80 nm evaporated seed layer. With polymer alone, pinholes exist, and

the alumina gets undercut, destroying the device; with gold alone, the gold etch

required to remove it after the KOH etch would also remove the gold top gate.

Note also that the rows of dice in Figure 5.8 (a) are separated by 5 mm since

the Protek B3 gets undercut from the edges by the KOH, so a 2.5 mm buffer

region is needed. Electroplated nickel was also tried as a protection layer, but

the evaporated chrome/nickel seed layer alloys with the gold top gate, leaving it

discontinuous and non-conducting after the nickel is removed.

The KOH etch is performed at 85 ◦C in 20% KOH (20 g/100 mL), and takes

135 min. After the KOH etch, the protection layer is easily removed by soaking in

1165 (N-methyl pyrrolidone) for ∼12 hours. The device is then cleaned as outlined

in Figure 5.5, step 25.

The nanopore is etched as described previously. The resulting nanotube-aligned

nanopore device can then be interfaced with microfluidics for DNA translocation

measurements, as shown in Figure 5.6, step 28.

The microfluidics are made from polydimethysiloxane (PDMS), placed above

and below the TEM grid device, and clamped with an acrylic holder, itself having

channels patterned with a CO2 laser. These PDMS layers ensure that the liquid is

confined to a small region, with minimal overlap with the electrodes to minimize

capacitive coupling. The PDMS is made with the use of a silicon/SU8 template.

The fine features (e.g. 20-100 µm channel) are patterned and etched in silicon

using a deep silicon etcher. The larger features (0.4 mm ports that interface with

the acrylic holder) are patterned using 0.5 mm-thick SU8. Figure 5.12 (a-b) shows

the resulting template, after having been filled with PDMS, and the PDMS cured.
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(a) 

(b) (c) 

Figure 5.12: PDMS for microfluidics. (a-b) Cured 0.5 mm-thick PDMS (transparent)
in SU8 mold (yellow). A 20-100 µm-wide channel spans a pair of larger-scale ports. (c)
PDMS microfluidic channel mounted on TEM grid, with electrode pads exposed on the
left for electrical contact by probes.

Yellow regions are SU8, transparent regions are PDMS, while channels and align-

ment marks are patterned directly in the silicon. Figure 5.12 (c) shows the PDMS

channel aligned on a TEM grid. The electrode pads are exposed on the left to

enable electrical contact of the nanotube device.

In the next chapter, we will discuss the low-capacitance and expected perfor-

mance of these devices, introducing the measurement setup that will be used in

Chapter 7 to detect DNA translocation in the nanopore devices we have fabricated.



Chapter 6

Nanopore measurement design and setup

As we saw in Chapter 3, solid state nanopores have many potential advantages

over biological nanopores and other sequencing methods, but currently suffer from

DNA translocation speeds that are too fast to achieve sufficient signal-to-noise to

sequence DNA. To achieve the highest sensitivities, then, careful device-design that

minimizes capacitance, and measurement-design that amplifies the translocation

signals with a minimal introduction of noise are critical. We devote this chapter to

the design and analysis of the circuit used for the interrogation of DNA transloca-

tion via simultaneous ionic and nanotube conductance measurements, and finish

by describing the measurement setup and procedure.

High-speed high-impedance current sensing

During a typical nanopore measurement in which DNA translocates through a

nanopore, a voltage is applied between ionic solutions (e.g. 1M KCl) above and

below a nanopore-containing membrane, and a small ionic current is driven through

the nanopore. Because 1-20 nm nanopores (in 1M KCl) typically have conductivi-

ties in the range of 1-200 nS, during a DNA translocation event, the voltage across

the nanopore changes only by a small fraction of the total voltage applied, even
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when the on-off ratio for the conductance is infinite. As a result, voltage mea-

surements are impractical for high speed sensing of DNA translocation events, and

current measurements are preferred.

With current measurements, the on-off ratio of the conductance event translates

into a comparable on-off ratio in the current, and is typically only reduced at high

frequencies by current leakage through parasitic capacitances parallel to either

the device or to an amplifier’s feedback resistor. Given the low conductivity of

nanopores (1-200 nS), and nanotubes (0.1-100 µS), for each of these measurements,

a transimpedance amplifier placed near the device is used to amplify the signal,

with minimal (but potentially still signal-to-noise-limiting) introduction of noise.

The DNA measurement circuit we use is shown in Figure 6.1 (a). For both

nanotube-based measurements and ionic current-based measurements, the circuit

consists of leads (electrodes or electrolyte) having resistance Rel and parasitic ca-

pacitive coupling Cel, connected to the DNA sensor (nanotube or nanopore). The

current through these is monitored by a transimpedance amplifier with a low-

frequency gain of Rf = 10-30 V/µA, and a parasitic capacitance of Cf = ∼20 fF.

Also in parallel with the DNA sensor is a set of capacitors and resistors due to

the coupling to the highly-resistive silicon wafer. These have a negligible filtering

effect within the measurement bandwidth, but contribute to the noise, particularly

in the case of the ionic measurement where the capacitance between the electrolyte

and silicon is substantial.

Before we delve into the details of the circuit analysis, it is worth discussing the

sources and magnitudes for many of the parasitic capacitances that will ultimately

put a limit on achievable measurement bandwidth.
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Figure 6.1: DNA sensing circuit. (a) Circuit diagram for nanotube- or ionic current-
based DNA sensing. Resistors and parasitic capacitances for electrodes/electrolyte (el),
transimpedance amplifier feedback (f), silicon wafer (Si), are indicated. (b) A model for
DNA detection event, in which the resistance switches between two values. (c) Equivalent
circuit model, where a current-source replaces one resistor and generates a frequency-
dependent current. See text for details. (d) Typical circuit component values for ionic
current- and nanotube-based measurements, used in subsequent calculations.
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Device capacitance estimates

As mentioned in the previous chapter, there were many design features which were

chosen with the purpose of reducing device capacitance and thus increasing the

cutoff frequency below which the signal-to-noise is sufficient for DNA detection

or sequencing. Device capacitance has been the limiting factor to the bandwidth

of many solid-state nanopore-based DNA detection measurements [Smeets et al.,

2008, Larkin et al., 2013, Venta et al., 2013], and only recently have there been

demonstrations where the device capacitance is no longer the limitation [Rosenstein

et al., 2012, Balan et al., 2014]. Balan et al., for example, make a device having

parasitic capacitance of only 1-5 pF, allowing them to achieve a signal-to-noise

ratio of 15-20 at 1 MHz bandwidth. Even in these cases though, the interaction

between the preamp’s voltage noise and the parasitic capacitance of the amplifier

and feedback resistor limits the measurement bandwidth.

Estimates of the parasitic capacitances for our devices are outlined in Fig-

ure 6.2. Figure 6.2 (a) shows the device cross-section, with colored lines indicating

the major sources of capacitance. Figure 6.2 (b) and (c) shows the capacitance

values as a function of the microfluidic channel width used, for the nanotube and

ionic nanopore sensor circuits, respectively. For both, the largest capacitance is

that between electrodes or electrolyte and the silicon substrate. As mentioned

previously, since we have used highly-resistive silicon, this capacitance does not

significantly reduce our measurement bandwidth. For the nanotube measurement,

the dominant device capacitance is the coupling between the electrodes and elec-

trolyte with a capacitance of ∼10 fF for our typical channel widths of ∼25 µm.

For the ionic measurement, the dominant capacitance is that across the membrane.

The 26 windows contribute ∼1 pF, and the remaining membrane contributes 1-
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Figure 6.2: Device capacitance estimates. (a) Device cross section, see Chapter 5 for
details. Colored lines between circles indicate capacitive coupling. (b) Capacitance es-
timates relevant to nanotube-based measurements as a function of microfluidic channel
width. (c) Capacitance estimates relevant to nanopore ionic current-based measure-
ments.

2 pF for typical channel widths. If needed, these could be reduced with only small

modifications to the device design such as using only one window per device, in-

stead of 26, but this would reduce device yield. Our devices are currently expected

to have capacitance similar to the lowest reported in the literature, and for the

nanotube-based measurements, the device capacitance is over 100× lower than

that in the literature.



127

DNA sensor circuit analysis

We now return to our discussion of the circuit in Figure 6.1 (a). A simple model

for the sensor response to a DNA translocation event is shown in Figure 6.1 (b).

The model consists of two resistors in parallel, one being able to be switched

on or off. For ionic current measurements, as DNA translocates through the

nanopore, it (partially) occludes the ionic current through the nanopore, increasing

the nanopore resistance from Ron to Roff . (Here, Ron = R′on‖Roff .) In the case

of the nanotube, the DNA is expected to locally gate the nanotube, increasing or

decreasing its resistance depending on the sign of its transconductance.

In order to more easily model the circuit’s signal and noise response across a

wide measurement bandwidth, we replace the model in Figure 6.1 (b) with that

in Figure 6.1 (c). The two circuits can be made equivalent by an appropriate

choice of frequency-dependent current, as will be discussed below. Using the typ-

ical (measured and/or estimated) values for nanotube and ionic circuits given in

Figure 6.1 (d), this circuit has the response shown in Figure 6.3 (a). The response

(i.e. gain) is given by:

G =
2Rel‖Ron‖Xel

2Rel

Rf‖Xf (6.1)

where Xel = 1/iωCel, and Xf = 1/iωCf . The current generated at the source is

attenuated before reaching the preamp due to filtering by the parasitic capacitance

Cel. An alternative way of viewing this is that the generated current signal can

travel through three possible loops-ones involving Ron, Cel, or Rel, but only the loop

involving Rel reaches the amplifier. The attenuated current is then amplified by

the feedback resistor and its (undesirable) parasitic capacitance. At low frequen-

cies, the gain is simply given by the feedback resistor value, but for both the ionic

and nanotube circuits, at higher frequencies the parasitic capacitance begins to
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attenuate the signal, limiting the measurement bandwidth. For the nanotube cir-

cuit, which has very low parasitic device capacitance Cel, the corner frequency for

the first factor in Equation (6.1) is > 1 GHz (see Figure 6.3 (a)), and the measure-

ment bandwidth is limited entirely by the second factor, the feedback capacitance.

For the ionic circuit, the cutoff frequencies resulting from the transmembrane and

feedback capacitances are similar and contribute to a rapid attenuation of the gain

above 250 kHz.

To make this current-source circuit model equivalent to the variable-resistance

model of Figure 6.1 (b), we solve Kirchhoff’s equations for the two circuits. We

find that the two are equivalent when the current-source current is given by:

I =

(
1− 2Rel +Ron‖Xel

2Rel +Roff‖Xel

)
Vs
Ron

(6.2)

The magnitude of this current is plotted as a function of frequency for the nanotube

and ionic circuits in Figure 6.3 (b). At high frequencies, the current response from

changes in the DNA sensor resistance is attenuated. This results in a reduced

current in the equivalent current-source circuit. The voltage at the output of the

transimpedance amplifier is then given by |GI|, as plotted in Figure 6.3 (c). The

ionic current circuit’s output voltage is ∼100 mV at low frequencies, begins to be

attenuated above ∼100 kHz, and falls below 1 mV at 1 MHz. By contrast, the

nanotube voltage is ∼10 mV at low frequencies, begins to be attenuated at 1 MHz,

and falls below 1 mV at 20 MHz.

To determine what these circuit responses mean for our detection bandwidth

and sensitivity, we must estimate the output noise of the circuit, and relate this

to expected output signal magnitude. A preamp, in a transimpedance circuit
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Figure 6.3: Transimpedance amplifier response to nanotube/nanopore current. (a) Cir-
cuit response to current source signal. The cutoff frequency (vertical dotted line) for
both nanotube and ionic measurements is determined by the parasitic capacitance of the
feedback resistor. At high frequencies, the response is further reduced by leakage cur-
rent through parasitic capacitance in parallel with the sensor. (b) Magnitude of current
I, required for current-source model to be equivalent to variable resistor model. (See
Figure 6.1 (c-d).) (c) Amplifier voltage response to the current in (b) (i.e. |GI|).
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typically has an input-referred noise given by:

ieq =

√
i2b +

4kBT

Rf

+

(
en
Rf

)2

+
(en2πFCs)

2

3
(6.3)

where ib is the inverting input current noise, en is the noninverting input voltage

noise, Cs is the stray capactitance (both internal and external to the preamp), and

F is the noise integration frequency limit. For the op amp that we use, the OPA

657, en = 4.8 nV/Hz1/2, ib = 1.3fA/Hz1/2, Cs = 5.2 pF. Without any external stray

capacitance, and choosing a noise integration limit of F = 10 MHz and a feedback

resistance of Rf = 3MΩ, the equivalent input noise is ∼1 nA. The fourth term,

related to the interaction between the preamp’s voltage noise and the parasitic

capacitance at the preamp inputs, dominates this expression, being over 100×

larger than the next largest term, the feedback resistor Johnson noise. With a

lower measurement bandwidth, F = 1 MHz, these terms become comparable.

Performing a more complete analysis of the DNA sensor circuit noise using a

SPICE circuit simulator (DesignSoft TINA-TI V9) yields the output noise given

Figure 6.4 (a). The flat noise response of the nanotube below 1 MHz is primarily

due to the Johnson noise from the feedback resistor. At higher frequencies, this

is filtered by the resistor’s parasitic capacitance which reduces the noise (as well

as the signal). The response of the ionic nanopore circuit is Johnson noise-limited

below 1 kHz. Above this there are two overlapping peaks in the noise response. The

lower- and higher-frequency peaks are due to the interaction between the nanopore

resistance, Ron, and, respectively, the capacitance to the silicon substrate, and

transmembrane capacitance Cel. The integrated noise (>100 Hz) at the preamp

output is given in Figure 6.4 (b).

Figure 6.4 (c-d) shows the signal-to-noise and signal-to-integrated noise ratios,

for the signal plotted in Figure 6.3 (c). Above 60 kHz, the nanotube circuit out-
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Figure 6.4: Noise and signal-to-noise characteristics for DNA sensor model. (a) Noise at
the output of the transimpedance amplifier. (b) Integrated output noise (>100 Hz). (c)
Signal-to-noise ratio (|GI|/noise). (d) Signal-to-integrated noise (|GI|/integrated noise).



132

performs the ionic circuit. This is for a variety of reasons: the nanotube has higher

conductivity , which allows for a smaller feedback resistor to be used; the nanotube

has very low stray capacitance, whereas the nanopore has significant capacitance

between electrolyte above and below the membrane; we also used a higher on-off

ratio for the nanotube circuit calculations (14:1), based on a larger observed on-off

ratio during switching events than those for ionic measurements (for the ionic cir-

cuit calculations, we used 2:1, which is higher than we typically observe). At high

frequencies, these factors lead to a stark contrast between the expected signal-to-

noise for the nanotube circuit vs the ionic circuit. At 1 MHz, for example, the

SNR/Hz1/2 for the ionic measurement is <1, whereas for the nanotube it is 30.

If we require a signal-to-integrated noise ratio of 10, this sets an upper bound on

the bandwidth over which we can measure. For the ionic circuit, this is 400 kHz,

whereas for the nanotube circuit it is 4 MHz.

While these calculations represent typical, or expected, measurement values,

there are various changes that can be made to improve signal-to-noise ratios and/or

measurement bandwidth if necessary. These include reducing the device capaci-

tance, increasing the source-drain bias, increasing the electrolyte or electrode con-

ductivity (e.g. cross-sectional area), or changing the feedback resistance. To in-

crease the measurement bandwidth, at a slight (∼10%) increase to the noise, we

can add a compensated feedback network [Michel et al., 1992], which matches the

RC time-constant of the feedback resistor and capacitance to extend the filter roll-

off. We have recently implemented this to allow measurements at 2 MHz for the

ionic circuit and 20 MHz for the nanotube circuit, but have not yet tested these

thoroughly.

Lastly, we note that these models do not take into account 1/f noise, which is
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often the dominant noise below 0.1-10 kHz for both the nanotube circuit [Mnnik

et al., 2008, Sharf et al., 2012, Sharf et al., 2014] and, as mentioned in Chapter 3,

for the ionic circuit [Chen et al., 2004,Smeets et al., 2008,Smeets et al., 2009,Balan

et al., 2014]. This noise can likely be filtered out though, as most pertinent features

for DNA sequencing are expected to have ∼1 µs timescales.

Measurement setup

To perform DNA translocation measurements while monitoring both ionic current

and nanotube current, we use the setup shown in Figure 6.5. We use an Arduino

Due microcontroller to apply the nanotube and ionic voltages. The ionic voltage

will both electrophoretically drive the DNA from the lower microfluidic channel

to the upper one, and drive the ionic current which will be detected in the upper

channel. A shielded microcontroller, running on batteries and located near the

Faraday cage housing our device, is used to avoid grounding loops which would

otherwise add significant noise to our measurements. Because the microcontroller

outputs voltages in the 0-3.3 V range, custom-built voltage amplifiers are used to

allow for voltages in the ±2 V range. The microcontroller also generates significant

high-frequency digital noise, so 30 Hz low pass filters are added to the output.

The ionic and nanotube currents are amplified by transimpedance amplifiers

and the resulting output voltage is recorded using a Picoscope digital storage

oscilloscope (DSO), most often at a data rate of 8 M samples/s.

To give us the ability to independently vary nanotube source-drain bias, trans-

membrane bias, and nanotube-to-top-solution bias, we add a battery, controlled

by a potentiometer, between the ionic transimpedance amplifier (which sets the

voltage in the top solution) and the electrode that sets the potential in the bottom
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Figure 6.5: DNA translocation measurement setup. Voltages are applied to one side of
the nanotube and currents measured at the other side (blue). Voltages are applied to
the ionic solution containing DNA in the microfluidic channel beneath the device, and
currents flowing through the nanopore are measured at the microfluidic channel above
the device (purple). An additional voltage supply is used to allow the solution potential
(top and bottom) to be varied relative to the nanotube.

solution. Because the two DSO inputs share a ground, we add a differential am-

plifier with a gain of 1 to the output from the ionic preamp, allowing the preamp’s

“ground” to have a DC offset relative to the DSO’s “global ground.” In this way,

the nanotube bias voltage and (top solution) gate voltage are automated via the

microcontroller, while the transmembrane voltage is set manually.

Figure 6.6 shows a photograph of the experimental setup. To the left are the

battery power supplies and microscope objective. The TEM-grid device is near

the center left (too small to be visible), with aligned microfluidic PDMS channels

on top and bottom, clamped between two acrylic microfluidic slabs. Three micro-

manipulators (center right) are used to contact the nanotubes and top solution.

Two of these have custom-built preamps with electrical probes for low-noise mea-

surements. The solution flows are introduced by syringes (top right) which are

attached to pressure regulators (not shown) which can be used to cause steady
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Figure 6.6: Measurement setup. Low-noise, high-speed DNA translocation measure-
ments are performed in a custom-built Faraday cage with local power sources, custom-
made preamplifiers and electronics, and microfluidics.

flows. Once the probes are connected to the device, a metal lid is placed over the

setup to act as a Faraday cage, and the setup is raised on an acrylic platform to

isolate it from the microscope stage.

Measurement procedure

Our measurement procedure is constantly evolving-in large part because nanotubes

on insulating substrates and in solution connected to high-speed electronics are

very susceptible to being destroyed by static discharge and transient voltages, so

we are continually revising our procedure to minimize such transients. The current

procedure we most commonly use is the following:

1. We begin by using an ionizing fan to remove any static charge build-up on

the acrylic and PDMS microfluidic components, and TEM grid device. This

appears to be a critical step. In absence of this step, 50-100% of nanotubes
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are damaged to the point of becoming non-conducting when either the mi-

crofluidic components and TEM grid are placed in contact with each other,

or when the fluids are flowed across the nanotubes.

2. The PDMS channel is aligned to the top of the TEM-grid device and the

grid is placed on the bottom PDMS, aligned its ports. These are placed on

an acrylic base with two microfluidic channels.

3. A ∼1.4 mm-thick spacer is added (which ensures the right compression of

the PDMS to make a tight seal, while avoiding causing the channel to pinch

in), and the top acrylic slab with two microfluidic channels is aligned to

the PDMS ports on the top, and clamped into place. This acrylic holder is

only placed halfway across the TEM grid, so as to leave the electrode pads

exposed.

4. Microfluidic tubing is attached to the acrylic holder. The input lines are

connected to syringes while the output lines remain open.

5. The device is wetted by flowing 50% ethanol on top and bottom, while

grounding the solutions via silver/silver chloride electrodes. Ethanol is used

due to its relative compatibility with acrylic, and its low surface tension,

which helps to avoid bubbles. (Wetting or drying nanotubes in water will

also often lift nanotubes off the device substrate and tear them apart.)

6. The ethanol is then flushed with 2 M KCl solution and TE buffer (10 mM

tris(hydroxymethyl)aminomethane (Tris), 1 mM ethylenediaminetetraacetic

acid (EDTA)) on top and bottom.

7. DNA solution (typically 1-100 µM, 10-49k nucleotides) in 2 M KCl and TE
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buffer is then flowed on the bottom. We flow on the bottom for two reasons.

Firstly, the microfluidics on the bottom has a minimum constriction diameter

of ∼0.5 mm, whereas on the top, the constriction is ∼20 µm, making flowing

and flushing much quicker on the bottom. Secondly, the nanotube is much

more likely to be attacked (oxidized) when biased positive relative to the

solution [Goldsmith et al., 2007]. Since the DNA is negatively charged, a

positive voltage in the top solution relative to the bottom will drive the DNA

through the pore, while keeping the nanotube at a negative bias relative to

the top solution, with which it is in contact.

8. The electrical probes (RF probe, and probe with built-in transimpedance

amplifier) are placed on the pads connected to the nanotube.

9. The lid to the Faraday cage is placed on the base, and the whole box is raised

on an acrylic stage to isolate it from the metal microscope stage.

10. A transmembrane voltage is set, and the (preprogrammed) microcontroller

applies a series of (top solution) gate voltages and nanotube bias voltages.

Typically, these sweeps are done as < 0.5 s sweeps to a given set of voltages, a

∼0.3s hold, then back to zero, followed by a 5-10 second wait before perform-

ing the next sweep. This gives the DSO time to downsample and transfer

the data, which is then compressed and stored before the next sweep. It

also minimizes the time during which the nanotube and solution are held at

different voltages, decreasing the likelihood of damage to the nanotube.

In the next chapter, we will use this procedure to measure nanopore conduc-

tance, and detect DNA translocation through nanopores.



Chapter 7

Nanopore device characteristics and DNA detection

Having developed a method and device architecture for the formation of nanotube-

aligned nanopores in Chapter 5, and designed and built amplifying electronics that

should enable high-speed measurements in Chapter 6, we now turn to performing

measurements with these devices. Our aim will be, initially, to test device per-

formance, nanopore ionic conductance, and system noise. Following this, we will

perform ionic measurements of DNA translocating through a nanopore, showing

that our devices and their accompanying electronics perform comparably to some

of the best nanopore devices in the literature. Lastly, although we have not yet

performed DNA detection measurements using our nanopore-aligned nanotubes,

we will test the sensitivity and speed of one of these sensors, showing that we can

achieve single charge sensitivity at ∼MHz bandwidth.

Ionic transport through a nanopore

To characterize the nanopores formed through our wet-etch procedure, we perform

ionic conductance measurements as a function of concentration and applied bias.

Figure 7.1 (a) shows a simplified schematic of the measurement configuration for

nanopore ionic current measurements. (A more complete schematic was shown in

138
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Figure 6.5.) Throughout this thesis we use the convention that a positive trans-

membrane bias is applied from the solution above the membrane, to that below.

Figure 7.1 (b) shows TEM images of the nanopore used for these measurements.

After drying the nanopore, some carbon-residue covered the pore (right image), so

after TEM imaging, this was cleaned by 2 minutes of oxygen plasma.

Figure 7.1 (c) shows a series of current-voltage (IV) traces during nanopore ionic

measurements at various KCl concentrations. For low ionic concentrations, the IV

traces are relatively linear. With increasing concentrations, the current depends

increasingly nonlinearly on voltage, with a larger ionic current at negative biases

than at positive.

Figure 7.1 (d) shows the nanopore current as a function of KCl concentration.

For larger applied biases (for which the measurement is more reliable) the cur-

rent increases approximately linearly with the square root of concentration. As

discussed in Chapter 3, in the absence of surface charge or interaction between

the solution and the surface oxidation states, the current is expected to depend

linearly on the KCl concentration. This implies that solution-surface interactions

are non-negligible.

To see this more clearly, we replot the data as nanopore conductance as a

function of concentration for both positive and negative biases. The results are

shown in Figure 7.1 (e). For a reference, a straight line is also plotted (red) showing

the conductance expected as a function of concentration for a 2 nm nanopore in

a 16 nm membrane, having no surface interaction with the KCl solution. At

high concentrations, this line is consistent with the data, but below ∼0.5 M, the

measured conductance is greater than that predicted in the absence of surface

interaction.
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Figure 7.1: Measurement of ionic current through nanopore. (a) Device configuration.
(b) TEM images of the device used in these measurements. A nanopore (with carbon
residue that was plasma-cleaned prior to ionic measurement) is shown. (c) Nanopore
current-voltage (IV) traces at various KCl concentrations. (d) Nanopore current as a
function of concentration at a few transmembrane biases. “Missing” data points for very
small bias were negative (due to small hysteretic offsets). (e) Conductance as a function
of concentration for negative (open square) and positive (closed circle) biases. Overlaid
are curves showing the expectations for transport through an uncharged (red) nanopore
and a fixed-charge nanopore with a charge density of 60 mC/m2 (blue).
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As was mentioned in Chapter 3, in the case where the nanopore walls have

a constant surface charge, below a certain concentration, the nanopore conduc-

tance will be dominated by current within the Debye screening length of the sur-

face charge. Because this layer’s charge is determined by the fixed charge in the

nanopore wall, it is independent of concentration. The nanopore conductance pre-

dicted by this model is shown as a blue curve in Figure 7.1 (e). Here, we have

assumed a surface charge density of 60 mC/m2, which is the measured surface

charge density for oxide nanochannels [Stein et al., 2004]. Similarly to the mea-

surements of the Dekker group [Smeets et al., 2006a], shown in Figure 3.4, we find

that our nanopore conductance falls between the two bounds given by the no-charge

and fixed-charge models. The Dekker group found that this could be explained by

accounting for the concentration-dependent reactions at the nanopore surface that

cause the surface charge itself to be concentration-dependent. The fact that for

low KCl concentrations, the nanopore conductance under negative bias tends to

be higher than the conductance under positive bias may relate to some asymmetry

in the surface charge density along the axis of the pore. One explanation for this

is that bottom of the nanopore and membrane was exposed to HF longer than the

top and thus may have different amount of surface roughness or oxidation.

Noise during ionic transport

To get a sense for the signal-to-noise that we might expect during a DNA translo-

cation measurement, we take noise spectra at a few different KCl concentrations

and transmembrane voltages, using the same device as in Figure 7.1 (. The results

are shown in Figure 7.2. Figure 7.2 (a) shows the noise spectra for a series of volt-

ages from 50 to 800 mV applied across a pore in 550 mM KCl. The noise spectra
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Figure 7.2: Nanopore ionic current noise spectra. (a) Power spectral density (PSD) for
nanopore ionic current through 550 mM KCl at a few different transmembrane biases.
(b) Average PSD for frequencies below 10 kHz as a function of transmembrane voltage.
(c) PSD at 800 mV transmembrane bias for a few different KCl concentrations (see (b)
for legend). (d) Integrated (rms) current noise for the for the PSDs in (c). In (a), (c-
d), the dashed line indicates the Johnson noise contribution from the preamp feedback
resistor.

exhibits many of the features seen in previous work, discussed in Chapter 3. At

frequencies below 10 kHz, 1/f noise dominates. The square root of noise power

increases approximately linearly with voltage, as was seen previously [Chen et al.,

2004], and in agreement with the phenomenological Hooge relation [Hooge, 1994].

This is also true for other concentrations, as shown in Figure 7.2 (b).

Around 10 kHz, the noise spectrum begins to increase due to the interaction

between the preamp noise and the system capacitance, as described by Equa-

tion (3.3). Above 80 kHz, the system capacitance and electrolyte resistance begin
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to filter the noise. The frequency cutoff is close to that expected based on Equa-

tion (6.1), with an increased electrolyte resistance relative to that assumed in

Figure 6.1 (d), due to the use of 550 mM KCl rather than 1 M KCl.

Figure 7.2 (c) shows the nanopore ionic current noise spectra under 800 mV

transmembrane bias for a series of different KCl concentrations (see (b) for legend).

For low concentrations, the nanopore and electrolyte resistance are high, and noise

spectra are flat, and close to the Johnson noise limit set by the preamp’s feeback

resistor (black dashed line). The low-frequency noise, which is dominated by 1/f

noise up to the point where filtering begins, increases with increasing concentration.

This noise increase is in fact directly proportional to the DC current during these

measurements (as plotted in Figure 7.1 (d)). This contrasts with measurements by

the Dekker group, where the normalized 1/f noise, SI/I
2, decreases with increasing

concentration, in agreement with the Hooge relation [Smeets et al., 2009].

Figure 7.2 (d) shows the integrated (rms) noise, corresponding to the spectra

in Figure 7.2 (c). For the measurements at concentrations in the range where the

signal is largest (0.55-5 M KCl), the integrated noise at 100 kHz is 100-400 pA.

By comparing this to the DC current flowing during these measurements, we can

estimate the signal-to-noise that might be achievable. The DC current measured

in Figure 7.1 (d) is 5-10 nA, so, for a 2 nm nanopore like the one used in this

measurement, double stranded DNA should totally occlude the nanopore during

translocation, giving a signal-to-noise ratio of 25-50 at 100 kHz bandwidth.

Ionic measurements of DNA translocation

To perform ionic measurements of DNA translocation in our nanopore devices,

2.5 M KCl was flowed on top of a nanopore-containing TEM grid device. On
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the bottom, single-stranded 30 nt adenosine oligonucleotides, dA30, in 2.5 M KCl

were flowed, and a voltage was applied across the membrane (top-to-bottom) while

current through the nanopore was monitored. Figure 7.3 shows the results. When

a -300 mV was applied across the membrane, a fairly constant -19 nA of current

(64 nS) through the nanopore we measured, as shown in Figure 7.3 (a). When the

sign of the voltage was flipped, the current was 23 nA (77 nS), with occasional

transient ∼2 nA dips in the current.

The observed steady-state conductance in each trace of ∼70 nS is due to ionic

current through the unobstructed nanopore. Using Equation (3.1), and assuming

heff = h/2 = 8 nm, we can estimate that the nanopore is ∼5 nm in diameter. The

dips in the conductance that occur only at positive transmembrane bias correspond

to partial occlusion of the nanopore by DNA translocating through the pore. The

negatively charged DNA is driven by electrophoresis in the direction of the applied

voltage. Thus, for DNA below the membrane, a positive voltage leads to DNA

translocation events, while a negative voltage does not, as observed in Figure 7.3.

Figure 7.3 (c) shows the first 8 of the translocation events from Figure 7.3 (b).

Events range in duration from 20 µs to 1.2 ms and have depths of 1-4 nA. Various

features that have been previously described in the literature can be observed. The

8th trace is likely the translocation of an unfolded DNA molecule, with roughly half

the current-occlusion depth as the 7th event, which is likely the translocation of

a DNA molecule that folded in half. The 3rd event shows both of these levels,

suggesting that it is partially folded. These features were discussed previously in

Figure 3.5. Other events are harder to interpret, like the second which varies from

2.5 nA depth to 1.5 nA depth, fairly continuously. Much shorter events-near the

bandwidth limitation of these measurements-are also observed (events 4-7). These
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Figure 7.3: Ionic detection of ssDNA (dA30) translocating through a nanopore. (a) Under
a negative bias, no DNA translocates the nanopore. (b) When the bias is positive, DNA
is driven through the nanopore by electrophoresis, temporarily reducing the current
as it partially occludes the nanopore. (c) A magnified view of the first eight DNA
translocation events from (b).
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may be translocations, or they could be events where a DNA molecule reaches the

pore but is “deflected” and does not translocate. Such events have been studied

previously, and have been shown to typically have shorter time-scales and smaller

current amplitude [Wanunu et al., 2008].

Processing translocation event data

In order to gather statistics on the DNA translocation events, we use an algorithm

to find and fit events within the nanopore ionic current traces. Figure 7.4 shows

a few plots illustrating the process. The raw data is shown in 8 (a). Because

the background current is slowly varying, we fit a 60th order polynomial to the

data (shown in green) and subtract it, yielding the trace in Figure 7.4 (b), such

that a simple threshold can be used to distinguish the background current from

the translocation events (red). A polynomial is used rather than a high-pass filter

because the high-pass locally distorts the background (raising it) in the proximity

of large dips, whereas the polynomial is relatively unaffected by the presence of

short-lived events.

The resulting polynomial-subtracted trace shown in Figure 7.4 (b) has back-

ground current fluctuations centered around zero that well-fitted by a Gaussian,

as shown by the red curve in the right panel of (b). On one side (only) of this

Gaussian is additional density, corresponding to DNA translocation events. We

set a threshold for distinguishing events from noise by the current at which the fit-

ted Gaussian reaches a count of 0.9, which is approximately 4 standard deviations

from the mean background level. Once events are found based on this threshold,

they are fitted using a double sigmoid function:

S(t) = Ievent

((
1 + e

τS−t
0.125w

)−1
+
(

1 + e
t−τE
0.125w

)−1
− 1

)
+ I0 (7.1)
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Figure 7.4: Automated finding and fitting of events. (a) Black: translocation data (dA30

in 2.5 M KCl, 600 mV bias). Green: a 60th order polynomial which will be subtracted
from the data. Red: events found. (b) Data with slow-varying component removed.
Below a given threshold (red), data are considered to be events. A histogram of the
current levels (right panel) shows that the background is well fitted by a Gaussian (red)
with distinct “event density” far outside the Gaussian background. (c-e) A pair of
sigmoid functions is used to fit regions where events are found.
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where Ievent is the current amplitude of the event, I0 is the background current,

w is the width of the event’s transition between levels (related to the slope of

the event “turn on” and “turn off”), and τS and τE are the respective times of

the start and end of the event. A few examples of fitted events are shown in

Figure 7.4 (c-e). This procedure finds and fits most events that one would find

“by eye” as highlighted in red in Figure 7.4 (a). Events that are not colored red

were rejected by our algorithm, based on poor fit (or having amplitude less than

the threshold). Example rejection criteria include: fitted double-sigmoid is upside-

down, event’s maximum is outside sigmoid edges, sigmoid edges are outside the

data set, signal-to-noise for the event is less than 2.5).

Distinguishing between oligonucleotides

After finding, fitting, and aggregating the translocation events from translocating

ssDNA consisting of 30 adenosine nucleotides, dA30 (e.g. the events from Fig-

ure 7.3), and 30 cytosine nucleotides, dC30, we plot the distributions of occlusion

depths and event durations in Figure 7.5. The event durations vary wildly, from

a few microseconds to a few milliseconds. The event-duration histogram (top)

shows that the event duration distributions are approximately lognormal, centered

around ∼20 µs, for a translocation rate of ∼0.7 µs/nt. This nearly-lognormal dis-

tribution of event durations has been predicted, and arises from the competition

between drift and diffusion of the electrophoretically-driven molecule [Lubensky

and Nelson, 1999]. For the dA oligonucleotides, a secondary peak in the distribu-

tion is seen around 1 ms. This is most likely from ∼3 kpb DNA remaining in the

system from a set of measurements prior to the dA measurements.

The distributions of occlusion depths for dC and dA are significantly different.
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Figure 7.5: Distribution of current and duration of translocation events for ssDNA con-
sisting of 30 consecutive cytosine (dC) or adenine (dA) nucleotides. The histograms show
that while the dC and dA event durations are very similar, the distributions of occlusion
depths are significantly different. (The secondary population of dA events with ∼1 ms
duration are likely 3 kbp DNA not fully flushed from a prior measurement.)
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dC has a broad distribution centered near a depth that is 6% lower than the

open-pore current, while dA has a much narrower distribution centered around

an occlusion depth of 3% . This event depth is close to that expected under

the simplest assumptions where the DNA occludes the pore in proportion to its

relative cross-sectional area. Single-stranded DNA is ∼1 nm in diameter, while

the pore is estimated to be 5 nm in diameter, for a ratio of cross sectional areas of

1:25, predicting a 4% occlusion depth. Adenine’s molecular structure also has two

rings (5-, and 6-membered), whereas cytosine has only one (6-membered) ring (see

Figure 3.9). Thus, adenine’s cross sectional area, and hence occlusion percentage

is expected to be larger than that for cytosine, in agreement with observations.

Nanotube detection speed and sensitivity

We are ultimately interested in using nanotubes to detect and sequence DNA.

While nanotube-detection of DNA is beyond the scope of this dissertation, we show

here that the speed and sensitivity of nanotube sensors appear very promising for

DNA detection and sequencing.

To test the speed and sensitivity of our nanotube-based sensor, we measure the

nanotube’s response to single-electron fluctuations in the device’s dielectric layer.

The Minot group has shown that single charge fluctuations in a dielectric can be

detected by semiconducting carbon nanotubes as random telegraph signals [Sharf

et al., 2014]. With very clean nanotubes, these events are observed in a third of

1 µm nanotube devices. Although such fluctuations are undesirable during DNA

sequencing measurements, they are useful for characterizing the speed and sensi-

tivity of our devices. (We expect that these fluctuations will not significantly affect

DNA measurements since they can be reduced by tuning gate voltage, decreasing
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Figure 7.6: Nanotube speed and sensitivity test. (a) Single-electron fluctuations in the
nearby dielectric are detected as binary changes in nanotube current. (b) The nan-
otube (and amplifying electronics) responds to these charge fluctuations in less than a
microsecond, with a signal-to-noise ratio of 40.

nanotube length, or changing the dielectric.)

Figure 7.6 shows an example of the changes in nanotube conductance in re-

sponse to single charge fluctuations. Figure 7.6 (a) shows a few of these fluctu-

ations which appear as steps in the nanotube conductance, having on/off ratios

of 8. In this instance, the steps are in the high-conductance state for a series of

∼0.4 s periods, and in the low-conductance states for the remaining 80% of the

time. Figure 7.6 (b) shows a higher temporal resolution trace. The nanotube and

amplifying electronics responds to the single charge fluctuation in less than a 1 µs,

with a signal-to-noise ratio of 40. This nanotube conductance response implies that

for reasonable DNA translocation speeds of a few microseconds per nucleotide, our

measurement bandwidth is already fast enough to take at least one data point

per nucleotide, with single-charge sensitivity. The nanotube measurement speed

is currently limited by the amplifier circuit design. As mentioned earlier in this

chapter, this can be sped up by a factor of ∼100, for a small increase in noise

by adding a compensated feedback network to our amplifier [Michel et al., 1992].

An initial trial with such a network suggests that we can detect single-charges at
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bandwidths in excess of 4 MHz (where our chosen 8 MSample/s sampling rate was

the limitation to the measurement).

Recently, we have performed a few nanotube DNA detection measurements,

which have shown features that are consistent with expectations for negative-charge

gating by translocating DNA but, due to experimental challenges (that we believe

to now be solved) we have not yet performed the simultaneous nanotube and ionic

conductance measurements that would confirm these results.

The measurements we have presented in this chapter show that our nanopore

devices can be used to distinguish between short homopolymeric DNA, and that

our nanotube sensors can achieve single charge sensitivity at MHz bandwidths,

making them very promising for future DNA sensing experiments. In the next

chapter we will discuss a few of these experiments, along with some of the new

types of devices that our device architecture may enable.



Chapter 8

Future directions for nanopore-aligned nanotube DNA sensors

In this dissertation, we have developed a method to chemically produce nanopores

aligned to nanotubes and shown that these can be used to detect and distinguish

between 30 nt homopolymers. We have also designed and built custom electronics

and a device architecture that allows for high-speed (∼MHz) measurements, with

the potential to simultaneously monitor changes in ionic and nanotube conduc-

tance as DNA is driven through a nanopore. We have shown that these allow the

measurement of conductance changes due to of single-charge fluctuations near a

carbon nanotube, occurring in less than 1 microsecond.

Our near-term goals, now, are three-fold. Firstly, we plan to perform initial,

correlated, DNA detection measurements using both ionic current, and nanotube

electrical current, to test the sensitivity of our devices, prove that our devices can be

used to detect DNA using nanotubes, and explore the improvements necessary to

achieve sensitivities required to distinguish single-stranded from double-stranded

sections of a given DNA molecule. Secondly, based on the feedback from these

initial measurements, we plan to improve our device fabrication and measurement

scheme, with a particular aim to reduce nanopore size, and improve the cycle

time over which we can produce and perform measurements on a given nanopore

153
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device, which will open for exploration many promising, but device-consuming

studies such as nanotube functionalization or tunnel junction-formation at the

nanopore. Lastly, with these improvements, we plan to perform high-bandwidth

measurements of DNA translocation events on labeled DNA as a way to test the

sensitivity of this nanotube-nanopore device architecture to label size, charge den-

sity, and possibly, sequence.

Detecting barcode labels on DNA

Since, with our current 10-15 nm nanopores, single-nucleotide resolution is not

likely to be possible, we initially aim to detect labels on DNA. This has been

shown to be useful to distinguish between different DNA sequences by detection

of “barcode” labels via fluorescence [Jo et al., 2007,Das et al., 2010] and with the

use of a solid-state nanopore [Singer et al., 2010], as mentioned in Chapter 3.

In particular, we plan to attach 2-5 15 nt complimentary oligonucleotides to

linearized ∼7 knt m13 ssDNA plasmids. Since nanotubes are sensitive to single-

electron charge in adjacent materials [Sharf et al., 2014], we expect that the in-

creased linear charge density of the 15 nucleotide dsDNA segments attached to

the ssDNA will be detectable as it traverses the nanopore close to the nanotube.

This will allow us to estimate the charge sensitivity of the nanotubes, as well as

perform translocation-rate studies of unbound DNA at speeds considerably below

those that have been possible in any ionic-based DNA translocation measurements.

Among the barcode-related studies we will perform, one question we hope to

address is, how uniform is the rate at which DNA translocates a nanopore? Are

there, for example, stick-slip interactions, and under what conditions? With mul-

tiple labels along a DNA strand, the detected spacing between those relative to the
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known spacing will give us multiple translocation rate measurements per event, po-

tentially allowing us to map out the DNA-nanopore interactions that occur during

a translocation event, as well as potential non-linearity in the translocation rate

during a single translocation event. Answering these questions will give researchers

insight into what level of statistical noise may be introduced by the translocation

itself, and thus a starting point to begin to tackle this issue.

We will also be able to study the influence of the nanotube on the DNA translo-

cation. For example, localized gating of the ionic solution in the nanopore by the

nanotube will affect ionic concentration [Bai et al., 2014], which may in turn affect

charge carrier type, DNA translocation rate (e.g. slowing DNA) [Mohammad and

Movileanu, 2008,Rincon-Restrepo et al., 2011, Bhattacharya et al., 2012], or even

DNA orientation (e.g. negatively-charged phosphate backbone facing towards or

away from the nanotube).

While we plan reduce pore size below 5 nm (see below), even with existing

devices, there are a number of valuable studies we can already perform that do

not require pores smaller than the 10-15 nm pores we can currently make. The

Meller group has shown that ∼5 nm nanopores can be used to detect peptide

nucleic acid-hybridized DNA with a signal-to-noise ratio of 40 [Singer et al., 2010].

Since our device capacitance and thus noise is considerably below that achieved

(or attempted) in their study, we expect that our signal-to-noise for a 10 nm

nanopore will be comparable. Furthermore, by reducing the ionic concentration

(from the “standard” 1 M KCl) to 1 mM, the Debye length is increased to ∼10 nm,

implying that the nanotube should be affected by DNA anywhere within a 10 nm

nanopore. Furthermore, this concentration is also one which has been predicted

to yield an optimal signal-to-noise ratio for purely ionic measurements [Smeets
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et al., 2008]. Thus we should be able to perform correlated nanotube and ionic

nanopore measurements and explore translocation rate and sensitivity to linear

charge density-all at high bandwidths and low translocation rates inaccessible to

researchers in previous studies. To further increase the signal-to-noise ratio of

label detection, and to explore the influence of DNA proximity on nanotube-based

detection, we can also attach much larger labels such as Alexa Fluor R© 790 (∼5 nm),

which will cause greater nanopore occlusion, and enforce greater proximity to the

nanotube during translocation.

Achieving <5 nm nanopores

Over the past year, we have decreased the size of the typical nanopore formed using

our wet-chemical method, from 50-100 nm down to 10-15 nm. We achieved this

reduction through a variety of device and method improvements, such as reducing

the thickness of the membrane, decreasing the etchant-concentration that forms the

pore, using electrical feedback to stop the etch immediately after pore-formation,

and maximizing the electrochemical activity of our feedback electrodes. While we

are optimistic that continued optimization will further reduce the nanopore size,

it is likely that to achieve the 1-2 nm nanopore-diameter that is expected to be

optimal for DNA sequencing, more fundamental changes to our method will be

required.

One promising approach is to deposit alumina over the nanopores using atomic

layer deposition (ALD) to shrink them, with sub-nanometer precision. This has

two possible positive outcomes. Firstly, alumina is known to selectively coat

nanopores, but not nanotubes [Sadki et al., 2011], so this may shrink the nanopore

“towards” the nanotube. Secondly, the pore could be closed entirely, then re-
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opened with a second self-aligning etch. Since the alumina will be thinner than

the membrane and the relatively-inert membrane will not be significantly etched,

the constraints on optimizing this nanopore localization process are lowered rela-

tive to the original etch, and a smaller nanopore will likely be achievable.

A higher-throughput approach that we have begun to pursue is to form a small

gap in an etch-resistant material on either side of the nanotube prior to nanopore

formation, as was discussed in Chapter 5, and shown in Figure 5.11. We accomplish

this by using ALD to deposit a material, such as tantalum oxide, which selectively

coats the membrane, but not the nanotube. Upon nanopore formation in the

membrane, the etch-resistant material will define a thinner membrane, having a 1-

2 nm gap adjacent to the nanotube. This greater localization should yield greater

spatial sensitivity to translocating DNA.

Other devices possible with our architecture

Our ultimate hope for this project is that it will lead to the development of sensors

capable of high speed (∼MHz) detection of individual nucleotides in translocating

>10 kbp DNA. Throughout this project, we have made our devices using materials

and methods borrowed from the semiconductor industry (e.g. all photolithography,

wet chemistry, and electronics) making our process highly parallelizable. Thus, if

our devices prove sensitive enough, they may enable the production of ultra low-

cost DNA sequencers and biological sensors. In the shorter-term, these devices

may be used to detect labels on DNA, which could be useful for low-cost pre-

sequencing diagnostics and/or genome-based discrimination between organisms.

More immediately, though, the work we have presented in this dissertation and

the device architecture we have developed open a number of presently-attainable



158

possibilities for study, in addition to those discussed above.

Nanopore-aligned tunnel junction

The creation of a tunnel junction across the diameter of a nanopore has been a

long-standing dream of many researchers [Thundat, 2010,Ivanov et al., 2011], as it

is expected to have high specificity and speed [Lagerqvist et al., 2006,Zwolak and

Di Ventra, 2012] and allows for parallel operation of many devices in a single mi-

crofluidic channel. With our ability to produce a nanopore aligned to a nanotube,

liquid- or plasma-based chemistry can be used to modify or remove the region

of the nanotube exposed at the pore, enabling the production of such tunneling

devices.

Our current device architecture allows for nanopore-localized chemical etching

(or modification) of a nanotube through a variety of methods. Firstly, a plasma

could be applied to the underside of the membrane (e.g. with the device upside-

down), such that the nanotube would only be exposed to the energetic ions passing

through the nanopore, thus localizing the etch to the pore, and creating a tunnel

junction across the pore. Secondly, a wet chemistry process could be used in which

an etchant flows through the nanopore from the underside, and is immediately

diluted above the nanopore, so as to only etch the nanotube locally at the nanopore.

A selective ALD coating of the substrate and supported nanotube that leaves the

suspended nanotube uncoated [Sadki et al., 2011] could be used to further localize

the etch. Such a wet-chemical process could also be used to functionalize the

nanotube at the nanopore.
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Functionalized nanopore-aligned nanotube sensor

Localized functionalization of a nanopore-aligned nanotube may allow for increased

and/or molecule-specific sensitivity to molecules translocating the nanopore. The

Collins group has used strong acids to electrochemically add a single defect to a

carbon nanotube while using nanotube current as feedback to limit the number of

defects [Goldsmith et al., 2007]. They have shown that the resulting nanotube is

very sensitive to local gating at the defect site, and that a single protein can be

easily attached to the defect. The Shepard group has covalently attached ssDNA

to a nanotube, and used the resulting hybrid sensor to detect binding events for

complimentary ssDNA strands [Sorgenfrei et al., 2011]. These measurements are

sensitive enough to map out the dsDNA to ssDNA melting curves and, based on

these, to distinguish between binding of fully complimentary, and partially com-

plimentary ssDNA strands. While both of these show the potential for nanotube

functionalization to yield high local sensitivity to charge or molecules in solution,

there are considerable gains to be made by forcing linear molecules such as DNA

to move sequentially past such sensitive local defects, which may be useful for

sequencing. Our device architecture should allow for such local chemical modifi-

cation and thus for the ability to adapt our sensors to have high specificity for a

variety of analytes.

Low-damage nanoribbon-aligned nanopore devices

While graphene nanopores and nanoribbons have certain disadvantages relative to

nanotube-aligned nanopores, their 0.34 nm thickness—identical to the separation

between nucleotides in DNA—makes the integration of graphene with nanopore

technology intriguing. We envision a few ways that this could be achieved using
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our device architecture, with minimal modification.

The simplest approach is to replace the nanotubes in our devices with nanorib-

bons formed by e-beam lithography. We can then use the etch-localization pro-

cedure we have developed to form nanopores aligned to the nanoribbons. Our

nanopore formation method also has substantial advantages over standard e-beam

drilling of nanopores which, as discussed in Chapter 3, causes unavoidable dam-

age to the graphene that is close to the nanopore, likely destroying any chance of

single-nucleotide resolution. In principle, the nanoribbon-aligned nanopores pro-

duced using our method could have single-nucleotide spatial resolution, though

irregularity in nanoribbon edges and dangling bonds may make interpretation of

DNA sensing measurements challenging.

Low leakage-current graphene nanopore devices

Another promising avenue for integration of graphene with our nanopore devices

involves making a nanopore device in which the DNA translocates through a

nanopore in a graphene membrane. To minimize leakage current expected for

a graphene-only membrane, a ∼20 nm nanopore could first be formed using our

standard method, then a graphene sheet could be transferred to this device, and

the top (optionally) coated with dielectric. A second (smaller) nanopore could then

be formed in the graphene by etching the graphene from below, through the sili-

con nitride nanopore. This should reduce the leakage current from the relatively

low value achieved by the Golovchenko group—64 pS for (200 nm)2 of exposed

graphene membrane [Garaj et al., 2010]—to ∼600 fS.

Creating the local nanopore in the graphene could be accomplished by a variety

of methods such as those mentioned above when discussing making a nanopore-
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aligned tunnel junction. An additional possibility is to use light, shining from

beneath the silicon nitride membrane to add atomic-scale defects at the nitride

pore location. Graphene has been shown to photo-oxidize in the presence of water

[Mitoma et al., 2013, Gao et al., 2014], allowing for defect formation while using

ionic current across the graphene membrane as feedback to stop the etch when a

nanopore of a given size has formed. This should enable the production of a single

nanopore with feedback-selected diameter in a graphene membrane, having only

∼(20 nm)2 exposed to the lower solution, allowing for unprecedentedly low leakage-

current ionic DNA translocation measurements through a 0.34 nm membrane.

Recent predictions have suggested that, for DNA translocation through such

graphene nanopores, nucleotide conformation plays a larger role than nucleotide

identity in determining ionic current [Wells et al., 2012]. Thus, although our device

architecture may allow for the production of a nearly-optimal graphene nanopore

device, such challenges would need to be addressed—for example, by tailoring

the graphene’s hydrophobicity [Schneider et al., 2013]—before single-nucleotide

resolution could be expected.

Conclusion

Carbon nanotubes are ideal nanosensors—able to achieve single-charge sensitivity

at ∼1 MHz bandwidth, and having a diameter approaching the separation between

single nucleotides. With the capability we have developed to align pristine nan-

otubes to nanopores, and thus enforce a sequential interaction between DNA and a

nanotube sensor, our project has the potential to realize one of the great promises

of solid-state nanopore sequencing: the integration of an independent nanoscale

sensor with a nanopore, allowing for DNA translocation-speed, signal-to-noise, and
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device parallelization that cannot be achieved in other nanopore systems. Through

reducing the size of the nanopore that we can align to nanotubes and detecting

barcode labels on DNA, we hope to open the door for future developments into

high-speed, low-cost, long-read-length sequencing instruments and point-of-care

medical diagnostics.



Appendix A

Glossary

ALD atomic layer deposition

bp base pair

CMOS complementary metal oxide semiconductor

CVD chemical vapor deposition

DF-TEM darkfield transmission electron microscopy

DNA deoxyribonucleic acid

dsDNA double-stranded DNA

DSO digital storage oscilloscope

EDTA ethylenediaminetetraacetic acid

FET field-effect transistor

FIB Focused ion beam

FWHM full-width at half-maximum

HER2 human epidermal growth factor receptor type 2
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HF hydrofluoric acid

IV current-voltage

kbp kilo (thousand) base pair

knt kilo (thousand) nucloetide

nt nucleotide

PDMS polydimethylsiloxane

PMMA poly(methyl methacrylate)

PSD power spectral density

RMS root mean squared

ssDNA single-stranded DNA

STEM scanning transmission electron microscope/microscopy

TE buffer 10 mM Tris, 1 mM EDTA

TEM transmission electron microscope/microscopy

Tris tris(hydroxymethyl)aminomethane
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