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Abstract

On a perfect hydrogen-terminated Si(100)-2x1 surface, each surface silicon atom is

capped with exactly one atom of hydrogen. When one of the capping hydrogen atoms

is removed, the now unsatisfied orbital of the underlying silicon atom is exposed at

that site. This site is better known as a dangling bond (DB), and it is an atom-

sized building block that has been at the centre of numerous proposals for the next

generation of technology over the last two and a half decades. This is because

DBs have ideal electronic, chemical, and thermal properties for nanoscale device

applications. In one approach, DBs can be used to create ultra-low power electronic

circuitry. Atomically defined DB structures for such circuitry can be created with

the use of a scanning tunneling microscope (STM). This is achieved by removing

hydrogen atoms from the surface one at a time with the STM to make DBs at

selected sites. However, due to limitations of the apparatus, it has not yet been

possible to build sufficiently error-free structures to realize any of the technological

proposals. Without a means to correct errors, this has continued to remain true.

In this work, STM techniques were developed to improve the atomic precision of

the automated fabrication of DB structures, hydrogen lithography (HL), on silicon.

A scalable method to correct errors and edit DB structures, hydrogen repassivation

(HR), was also developed. In this method, single hydrogen atoms on the STM tip are

transferred back to the surface, erasing DBs by reforming bonds with them. Using

these techniques in conjunction, a perfect sculpture of a maple leaf was fabricated
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from just 32 DBs. The techniques were then used to create two rewriteable atomic

memory arrays, achieving the highest solid-state storage density (1.1 petabits per

in2). The first array was used to store the alphabet letter-by-letter in 8 bits. The

second array was used to store and play back the first 24 notes of the Mario theme

in 192 bits. The applicability of these techniques was then explored in different

conditions, including at varying temperatures and with deuterium substituted for

hydrogen. The nature of the transfer process of hydrogen from the tip to the surface

during HR was also examined.

To improve upon HR further, a new, faster and simplified form of error correction

was developed, molecular hydrogen repassivation (M-HR), which is able to direct

single molecules of hydrogen to erase DB sites (without the use of atoms attached

to a scanned probe). This capability was achieved by changing the DBs to be erased

into tailored reactive sites for ambient hydrogen molecules. The atomic memory

arrays were redesigned to accommodate M-HR as the primary means of rewriting

information (0.88 petabits per in2). It was then used to rewrite information in a

24-bit memory array. In addition to M-HR, two other techniques were developed

to bring new functionality to the STM. A charge characterization technique, which

reduces the influence of the typically perturbative STM tip field, was created to

characterize the charge of structures on the surface. Also, by combining this with

the ability to create tailored reactive sites for particular molecules, a technique to

electronically detect single molecule binding events was demonstrated.

Now that a full suite of improved fabrication tools is available to manipulate

single atoms and molecules of hydrogen, including the ability to easily and reliably

correct fabrication errors, the stage is set for DB-based technologies to flourish. The

tools and techniques described in this thesis may also help uncover deeper insights

into chemical reactivity and dynamics at the atomic scale.
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I wanna be
the very best,
like no one
ever was...
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Chapter One

Introduction, background,
motivation

1.1 Background and motivations

1.1.1 No Moore road left

It has been known for some time now that the end of the current semiconductor
roadmap is quickly approaching. Silicon-based devices are reaching both performance
and size limits as heat generation and quantum effects on leakage currents become
more pronounced [1]. The trend of Moore’s law, where the number of transistors
is expected to double every two years, can only be maintained for several more
generations of technology. Even with an increasing transistor density, overall device
performance has plateaued (including processing speed) because the amount of heat
generated per unit area cannot be efficiently dissipated otherwise. Had these metrics
also continued increasing in step with Moore’s law, processors would be reaching
heat densities near those of a rocket nozzle [2, 3].

Clearly there is a need for lower power technologies, which can reduce the amount
of heat generated, in order to increase the speed and performance of future genera-
tions of devices. Beyond just the plateau of computational performance, there is also
a concern for the global energy demand as the amount of data traffic increases each
day [4]. Reducing the power consumption of processing could help slow the increas-
ing growth rate of the total global electricity needed for data centres, devices and
networks [4]. Data centres themselves have additional consideration as these build-
ings can have large land footprints, requiring swaths of dedicated physical space.
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One method to minimize the impact of future data centres is to increase the amount
of information that can be stored in a given area.

There is an abundance of different proposals to address these issues, as well as
to create new technologies (including quantum computers). Many of these proposals
rely on the use of atomic-scale fabrication to build devices from the bottom up [5–12].
While such approaches have a lot of potential, there are the ever present questions of
scalability and practicality that can make or break any given one. The critical factors
that often limit these aspects are the reliability and throughput/yield of atomic-scale
fabrication. Advances in these areas can not only support and improve the prospects
of candidate technologies, but also spur on new developments as the control over
basic units of matter becomes more routine.

1.1.2 The state of atomic manipulation and fabrication

Almost exactly 40 years ago, in 1979, the path towards atomic-scale manipulation
began with the filing of a patent application for a “high-resolution surface inspection
apparatus” [13]. I find it amazing that the underlying designs and principles of the
Scanning Tunneling Microscope (STM) were so thoroughly formed three years prior
to the landmark paper by Binnig and Rohrer in the early eighties [14]. Their work
truly changed the scientific landscape, earning them the Nobel prize in Physics in
1986, just five short years after they built the apparatus. This work opened the door
to a previously elusive world: the atomic scale. One of their first results that fully
illustrated the power of this new instrument was the experimental visualization of the
Si-7x7 surface reconstruction [15]. While the STM quickly became a ubiquitous tool
to image and characterize conductive surfaces, it was not until nearly a decade after
its initial inception that it would lead to another disruption of the scientific landscape.
In 1989, Don Eigler et al. at IBM would demonstrate the controlled manipulation of
xenon atoms on the surface of nickel (110) with an STM to fabricate the famous ‘IBM’
logo [16]. This result inspired the ultimate goal of fabricating devices/structures from
the bottom up, atom by atom. Many unique applications have since spawned from
chasing the goal of atomic-scale devices and fabrication using an STM [17], including

2
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the construction of “Quantum Corrals” by Crommie et al. three years after that [18].
As the instrument and techniques matured further, the power to build magnetic
bits became a reality [11], along with single atom transistors [7], and a kilobyte of
rewritable atomic memory [9]. However, despite all this progress, many of these
applications have been limited to the laboratory by one or more factors such as
cryogenic requirements [7,9,11], the inhomogeneity of their constituent parts [7,19],
or the lack of atomically precise fabrication [5, 19,20].

Atomic manipulation via STM tip can fall into one of two broad categories: adsor-
bate manipulation and defect manipulation. Both techniques have useful properties
that can be exploited to fabricate atomic structures inside of an STM, depending on
the material system in question. Generally, for adsorbate manipulation, sample sur-
faces held at low temperatures (milliKelvin to tens of Kelvin) are exposed to atoms or
molecules, which randomly adsorb throughout. They can then be positioned to form
structures with the STM tip [16,21,22]. Adsorbate manipulation can be broken down
further into lateral manipulation and vertical manipulation. Lateral manipulation
involves the formation of a temporary bond with an adsorbed entity and the STM
tip [21, 22]. The adsorbate never loses contact with the sample surface, but it can
be precisely pushed, pulled, or slid by the tip to a new location [21,22]. Adsorbates
such as iron on copper have been positioned through lateral movements to fabricate
the first quantum corral [18], as well as xenon atoms on nickel in the fabrication of
the IBM logo [16], and CO molecules on copper to create molecule cascades [23].
With vertical manipulation, on the other hand, the adsorbate is physically removed
from the surface, as it becomes attached to the STM tip. It can then be deposited
in a new location to build up structures [21]. Xenon and CO have also been used to
fabricate structures in this mode [22]. The ability to pick up atoms is an important
aspect of tip functionalization which will be discussed in more detail [24, 25].

The remarkable feats accomplished through the manipulation of adsorbates relied
on their weak interactions with the supporting substrate, allowing them to be posi-
tioned with ease. The flip-side of these weak interactions is that extremely low tem-
peratures are required to build them and prevent thermal disordering [11,16,18,23].
In any widespread practical application, however, these temperatures are unfeasible,
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so different approaches were explored within the STM. To relax these cryogenic con-
straints to some degree, the use of atomic surface defects as opposed to adsorbates
presented a potential avenue. The creation of defects on a surface usually involves
breaking strong bonds to remove a surface atom [9, 19, 26, 27]. Depending on the
substrate, these defects tend to face much higher energy barriers to diffusion and
lateral manipulation compared to adsorbates [28, 29]. A good analogy that is often
used to describe the two systems is that manipulating adsorbates is like molding
clay, whereas manipulating defects is more akin to chiseling in granite. A couple of
surfaces where atomic defects have shown promise for fundamental and technological
applications are chlorine-terminated copper (100) [9, 30], and hydrogen-terminated
silicon [5,19,20]. Some work also explores hydrogen-terminated germanium in addi-
tion to silicon [31].

By using silicon dangling bonds (DBs) on the surface of an otherwise hydrogen-
terminated sample to fabricate devices/structures, several of the limitations that have
been described can be immediately overcome. Each DB is identical by their very na-
ture, acting as homogeneous building blocks for next generation devices [5, 6, 19].
Additionally, there are high barriers to diffusion along the surface for DBs, allowing
fabricated structures to exist at elevated temperatures without disordering [28, 29].
At minimum, fabricated structures would ideally persist at room temperature, a
regime where stable DB structures on the surface of hydrogen-terminated silicon have
already been demonstrated [20, 32]. The onset for diffusion of DBs was observed in
STM studies to be nearly 500 K [28, 29], giving a wide span of temperatures where
devices can operate. This prospect, along with the compatibility of the silicon sub-
strate and current semiconductor fabrication processes, and the electronic properties
of the DBs themselves, has made this system both a scientifically and commercially
tantalizing platform. Several companies including IBM [33], Zyvex Labs [32, 34],
and the local Quantum Silicon Inc. [5, 35] have been actively studying and develop-
ing silicon DB-based technologies and fabrication techniques. Within the scientific
community, there are a number of researchers focused on fundamental properties of
DBs, as well as proposed device properties, and the reliable creation of DBs [33–37].
The area of study is further diversified with a division of experiments on n-type and
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p-type silicon samples, where DB behaviours can differ significantly [38,39].
The creation of DB patterns on the surface of hydrogen-terminated silicon is

commonly referred to as hydrogen lithography (HL). It has enabled the develop-
ment of single atom transistors [7], engineered quantum states on the passivated
surface [40], prototype logic structures [5], and small rudimentary memory [41]. The
latter few applications especially require the atomically precise removal of hydrogen
from the surface to create intricate structures. This is where the field has stalled,
as HL techniques have remained largely unchanged from their first reported uses in
the 1990s [26, 27, 37, 42]. Alone, these techniques have been unable to provide the
necessary yield to form larger structures and really push DB-based technologies fur-
ther. Very recently, a new discovery made independently by Huff et al. [25] and by
Pavliček et al. [33] provided the framework for a large step forward in lithographic
capabilities, that is, the previously absent ability to correct and erase erroneous DBs
to create error-free structures. In both reports an atomic force microscope (AFM)
was used to transfer an adsorbed hydrogen atom on the tip to a DB on the surface,
repassivating it. This work led to the exploration and development of a similar,
more scalable, STM-based hydrogen repassivation (HR) technique that is described
in Chapter 2. This technique, combined with improved lithography techniques, gave
rise to the largest perfect structures ever achieved on this medium (Figure 2.2 and
Figure 2.4).

5



CHAPTER 1. INTRODUCTION, BACKGROUND, MOTIVATION

1.1.3 Embarking on a new road

Figure 1.1: A DB binary wire (24 x 3 nm2).
a) (V = -1.7 V, I = 50 pA) An STM image of eight pairs of coupled DBs, with an
isolated DB acting as a negative charge perturbation at the input. b) (V = 0 V,
Zrel = -330 pm) An AFM image showing that the electron in each pair has localized
to the left side in order to minimize interactions due to the perturbation tilting the
energy landscape. With the perturbation removed, the electron in each pair would
be shared more evenly between the constituent DBs. By observing the leftmost DB,
the input state can be determined. This figure was reproduced from [5], where the
authors retained copyright for reproduction in a thesis.

A wholly new computing architecture is being developed based on DBs, showing
the first illustrations of functional nanoscale computational elements. This field-
controlled circuitry holds the promise of ultra-low power operations, which can not
only address the thermal restrictions of current semiconductor technologies, but also
replicate logic operations with just a handful of atoms [5]. In these designs, pairs of
DBs are created such that a shared electron can exist on either side of the pair. By
adding a local negative perturbation near one side of the pair, the electron within
the pair will move to the other side in order to reduce interactions. Placing these
pairs end-to-end in a line forms a type of binary wire, where the repositioning of
the electron in one pair causes a cascade of electron repositioning in all of the other
pairs, much like dominoes. Figure 1.1 shows an experimental realization of this effect,
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where a negative perturbation is added to one end of the wire, causing the electrons
within each pair to reposition, thereby transmitting information from one end to the
other. This type of information propagation down the wire sees a significant power
reduction because there is no conventional flow of thousands of electrons through the
wire (which also causes heating). The pairs of DBs can be placed in configurations
other than a wire to enable logic operations using the same principles. Figure 1.2
shows an operational “OR-gate” built from DBs. There are already designs in place
for other important logic gates, and increasingly sophisticated modeling software is
available to mock-up full circuits [5, 43].

To date, the fabrication of large error-free DB structures has been the limiting
factor preventing the full testing and realization of DB-based devices [5,6,8,19,20,32].
It is this fact that makes the development of new tools and techniques to enable rapid
error-free fabrication, to extend past the proof of principle DB structures described
above, of critical importance. To truly embark on a new road, fabrication abilities of
any new technologies have to show the potential to eventually meet the throughput
requirements of current semiconductor manufacturers.
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Figure 1.2: An “OR-gate” fabricated from DBs.
a,d,g,j,m) (V = -1.8 V, I = 50 pA) STM images of a patterned atomic-scale logic
gate made from DBs on the surface of hydrogen-terminated silicon. The STM images
show the spatial structure of the gate, but not the location of charge. The two input
terminals of the gate are at the top of the images. The main structure of the gate
consists of three pairs of coupled DBs shown in a, each sharing one net electron
between them. b,e,h,k,n) (V = 0 V, Zrel = -350 pm) AFM frequency shift maps
of the same gate structure shown in the row above. The AFM images show the
location of where charge accumulates. The darkest depressions in the AFM images
are DBs where the net electron in each pair has localized. d) By placing an isolated
DB near the output terminal to act as a negative charge perturbation, the electron
in the closest pair moves into the farther DB to minimize interaction as shown in e.
This is the full structure of the gate, with the output currently reading logical “zero”.
By placing an isolated DB at either input terminal (or both) as shown in g,j,(m)
the electrons in the gate rearrange to flip the output bit, which now reads logical
“one” as shown in h,k,(n). c,f,i,l,o) A graphical depiction of the full truth table for
an OR-gate. Scale bars are 2 nm. This figure was reproduced from [5], where the
authors retained copyright for reproduction in a thesis.
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On the road to better fabrication tools and techniques for DB-based devices,
another complementary application emerged simultaneously. With the ability to
now controllably remove and replace single atoms of hydrogen from the hydrogen-
passivated silicon surface, the notion of using the presence or absence of hydrogen
to represent binary information seemed like a natural extension. By doing so, the
highest solid-state data storage densities ever achieved were demonstrated using DBs
[10]. At 138 TB per square inch (1.70 bits per nm2), such memories have the potential
to improve today’s storage capacities by several orders of magnitude, especially for
data archival. However, the serial nature of using the probe of an STM for rewriting
operations to erase DBs is an inherent bottleneck in the operating speed of this type
of memory. By using hydrogen molecules as molecular erasers, instead of hydrogen
atoms to repassivate DBs, it is possible to make rewriting a much faster and more
parallel task, which may eventually not necessitate the inclusion of a probe altogether
[44].

Beyond the immediate practical applications of DBs, the fabrication of large error-
free structures at the atomic scale can also enable the study of fundamental physics
through the characterization of interactions between DBs in various arrangements [6,
35,40]. Better characterization will allow refined theoretical modeling and predictions
of these devices [5]. Additionally, the ability to design and pattern structures will
provide a unique opportunity to further merge theory and experiment. In two other
material systems where atomically precise fabrication is possible, the theoretical
Lieb lattice was constructed and characterized experimentally to successfully verify
predictions [30,45]. Artificial molecules have also been created with STM techniques
[40,46,47]. As DB structures can exist at a range of temperatures [19,20,28,29] and
the substrate properties can be altered through doping, there is a vast playground of
parameters that can be varied for testing, once fabrication is sufficiently advanced,
that are not available in other systems.
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1.1.4 DNA storage: complementary not competition

Figure 1.3: Structure of DNA-based memory.
a) The basic structure and encoding of DNA for the storage of binary information.
b) By utilizing the four unique bases of DNA (A, T, G, C) to represent a string of
two bits, the information storage density of DNA can be increased further.

A question that often comes up when ultra-high density data storage is discussed
is how it compares to the density of DNA data storage. It is difficult to make a one-
to-one comparison because of just how different a planar silicon wafer is compared
to the inherently 3D geometry of DNA. However, I decided to go ahead and make a
comparison, despite it not being overly meaningful in the context of areal density.

The structure of DNA when laid flat resembles a ladder with each rung contain-
ing a base pair [48], as shown in Figure 1.3. These base pairs can only exist in
particular combinations, where bases A and T pair, and bases C and G pair. In the
most straightforward implementation of storing data in DNA, one half of the lad-
der represents a string of binary information, where bases A and T represent 0 and

10



CHAPTER 1. INTRODUCTION, BACKGROUND, MOTIVATION

bases G and C represent 1 (Figure 1.3a). In this planar geometry, DNA storage has
maximum theoretical areal storage density of 1.47 bits per nm2. More complex im-
plementations of DNA storage take advantage of the fact that there are four unique
bases available, allowing each base to represent a string of two bits [49] (Figure 1.3b).
By doing so, each rung can now represent twice the amount of data, bringing the
maximum theoretical areal storage density of DNA to 2.94 bits per nm2. Although,
there are biological factors that reduce the theoretical maximum from 2.0 bits per
rung to 1.83 bits per rung [49], bringing the density to 2.69 bits per nm2.

The second implementation of DNA storage exceeds the maximum theoretical
storage density of DB-based data storage on hydrogen-passivated silicon (1.7 bits
per nm2) by about 37%. This owes to the fact that DB-based systems have only
two available states, whereas DNA has four. Realistically, since DNA does not exist
in a planar geometry, as has been assumed for the estimates here, the comparison
is not as straightforward. A better comparison would involve the actual volume of
DNA in solution and the equivalent volume of a silicon chip (although the minimum
thickness of a silicon chip for this type of storage has not been explore or optimized
yet).

Instead of competing technologies, I view both DB-based storage and DNA-based
storage as complementary systems with different strengths. While both systems are
suited towards archival of massive amounts of data, DNA-based memory has more
relaxed requirements for shelf-stable storage, lasting over centuries in harsh real-
world conditions [50]. A drawback to this form of data storage, though, is that to
recall information from DNA the entire strand has to be sequenced in a slow (but
well established) process, rather than accessing just the desired bits of data. There
have been some advances towards better random access to address this issue [51].
Conversely, DB-based memories have the ability to access only specific regions within
a memory array, without disturbing the rest of the stored information. The bits
within a DB array can also be rewritten individually, so the memory can be much
more dynamic. Both types of storage could be implemented in different roles, as
specific applications will require choices between data-density, ease of storage, ease
of recall, longevity, and the need for random access and rewritability.
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1.2 The scanning tunneling microscope (STM)

The STM used to obtain all of the results in this thesis operates from room
temperature down to liquid helium temperature. The scanning chamber outside of
the cryo-shielded volume (in which the sample resides) is maintained under ultra-
high vacuum at a pressure of approximately 1·10−11 Torr (the pressure inside the
shielded area is even lower at cryogenic temperatures). One of the most important
components of any STM is the tip itself. In most cases the tip is metallic, commonly
tungsten. A tungsten tip was used in all of the proceeding experiments. The tip is
first electrochemically etched down to a fine point and is then further processed in
vacuum to achieve a single atom at the apex [52].

Independent piezoelectric motors are used to move the tip in the x, y, and z direc-
tions inside of the STM respectively. The movement of the tip towards the sample is
defined as the negative z direction. An understanding of the apex termination of the
tip is crucial to explaining experimental results. Studies detailing changes in imag-
ing resolution when the tip apex is functionalized (through vertical manipulation)
with a CO molecule have been reported [24]. The use of functionalized tips with
characteristic signatures in resolution helps guarantee a consistent apex character
between experiments. Labidi et al. also reported changes in resolution when the tip
was functionalized with a hydrogen atom through vertical tip movements into the
sample surface [53]. The widely used method to condition/change the apex structure
of the tip is to bring it into controlled contact with the sample surface. Theoretical
models of silicon-terminated tungsten tips, with a hydrogen atom at the apex, have
been developed by Jarvis et al., detailing the role of tip structure in the transfer
of hydrogen to the surface [54]. The ability to reliably functionalize the tip with
hydrogen was a key factor that enabled the correction ability in HL [10,25].

Once the tip is brought within tunneling distance of the sample surface (on the
order of 1 nm), the STM can obtain images of the local sample density of states in
one of two modes, either constant height or constant current. In constant height
mode, the z position of the tip is fixed as the tip scans above the surface in the x-y
plane, recording variations in tunneling current to produce an image. The magnitude
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of the tunneling current depends on the overlap of the imaging orbital of the tip
and the orbitals of features on the surface. Conversely, in constant current mode,
feedback control circuitry is used to actively adjust the z position of the tip as it
scans to maintain a set current value. The z heights are recorded to produce an
image of the surface topography. The magnitude of the tunneling current in an STM
is exponentially sensitive to the tip-sample distance, resulting in the ability to resolve
atomic scale corrugations in the local sample density of states [14, 55–58]. The bias
applied between the tip and sample to induce a sustained tunneling current can have
two polarities. When the sample bias is positive, the tip is injecting electrons into
the empty states of the sample near the surface. Alternatively, when the sample bias
is negative, the tip is drawing electrons from the filled sample states near the surface.
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1.3 Hydrogen-terminated Si(100)-2x1

Figure 1.4: Schematic of the hydrogen-terminated Si(100)-2x1 surface.
A schematic representation of the hydrogen-terminated Si(100)-2x1 surface viewed
from above. The geometry of the inter-dimer and intra-dimer sites are indicated
respectively.

The modern semiconductor industry is built upon silicon, and as such it is one of
the most studied materials available. In the bulk, each silicon atom is bonded to four
neighbouring atoms via sp3 hybridization, forming a diamond structure. The distance
between monolayers of atoms is 0.136 nm, which is given by a/4, where a = 0.543 nm
is the lattice constant of the diamond cubic unit cell for silicon. By cutting the
crystal along the appropriate plane, the (100) surface can be exposed. Here, the
surface atoms can no longer form four bonds as in the bulk, leaving two exposed
DBs per silicon atom. In order to reduce the number of unpaired bonds, the surface
reconstructs into a 2x1 structure, where two adjacent atoms on the surface bond with
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each other (forming a dimer), reducing the number of surface DBs by half [55, 59].
These remaining DBs on the surface can be passivated with hydrogen atoms to
produce the hydrogen-terminated silicon(100)-2x1 surface (Figure 1.4) [59–61]. The
hydrogen termination procedure is described in more detail in Sections 2.5.2 and
4.5.2.

Silicon is an indirect bandgap semiconductor with a bandgap energy of 1.12 eV
at room temperature. At lower temperatures, this value increases slightly to a value
of 1.17 eV near 0 K [62]. One of the reasons that semiconductors such as silicon are
so versatile is that they can be doped to alter bulk and local electronic properties.
With the appropriate selection of dopant type and doping concentration, the major-
ity charge carrier can be varied between electrons for n-type and holes for p-type.
Typical n-type dopants include arsenic and phosphorous, and typical p-type dopants
include boron and gallium. During the preparation of the highly arsenic doped (ap-
proximately 1019 As atoms per cubic cm) hydrogen-terminated Si(100)-2x1 surface
used in this thesis, the repeated heating to 1250 ◦C can cause the doping concen-
tration near the surface to drop by over an order of magnitude [63]. The dopants
in this region are isolated from the higher density of dopants deeper into the bulk
(Figure 1.5), and remain un-ionized until perturbed by the STM tip field [64]. It
is possible to reduce the level of dopant depletion by preparing the surface at lower
temperatures. Another common preparation temperature is 1050 ◦C, which results
in demonstrably different properties of DBs on the surface [39]. All samples in this
work were prepared with a 1250 ◦C treatment.
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Figure 1.5: Dopant depleted region.
A side-view schematic of the dopant depleted region. During imaging, the filling
and emptying rates of electrons from the bulk through the DB state into the tip, Γ,
vary depending on the ionization state of nearby dopant atoms. The ionization state
of the dopants depends on a competition between separate rates of electron filling
from the bulk and the emptying into the tip. This figure was adapted from [64] with
permission under the Creative Commons Attribution 4.0 International License.

1.4 Making a dangling bond (DB) in an STM

The removal of hydrogen from hydrogen-terminated Si(100)-2x1 surfaces with
an STM tip has been studied in detail since the first demonstration of lithographic
capabilities in the early 1990s [26, 27, 37, 42, 65–67]. There are two mechanisms
available for hydrogen desorption with an STM tip, giving rise to two modes of
operation: coarse lithography (with feature sizes larger than 1 nm) and atomically
precise lithography (the type employed for HL). In coarse lithography mode the STM
is operating in a field emission regime (bias greater than sample work function),
and the Si-H bond can then be broken with direct excitations of electrons from
the bonding to the anti-bonding state when the sample bias exceeds approximately
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6 V [26,68]. This type of lithography does not have the atomic resolution necessary
to precisely remove individual atoms from the surface, but is ideal for creating larger
patterns quickly [46,65,69]. Figure 5.5 shows an example of a desorption area created
with coarse lithography.

To achieve atomically precise lithography, the STM tip can be used to break sin-
gle Si-H bonds through multiple vibrational excitations of the Si-H stretch mode with
low energy inelastic tunneling electrons (less than 3.5 eV) [26, 65, 70]. The excited
lifetime for a Si-H stretch mode is relatively long (approximately 10 ns), requiring
four phonons to relax [26,71]. This allows for the possibility of acquiring enough en-
ergy from the small fraction (on the order of 10−3) of inelastically tunneling electrons
available from the large STM tunneling current to break the Si-H bond [26]. The life-
time of the excited stretch mode can change with temperature, altering the efficiency
of hydrogen atom extraction (Si-H bond breaking). The highest efficiencies occur at
temperatures below 10 K [26]. At higher temperatures the competition between exci-
tations and dissipative pathways increases, reducing the likelihood of bond breaking
and lowering desorption yields by as much as 300x at room temperature [26].

The lithography procedure implemented for all the work presented in this thesis
to create single DBs at 4.5 K is as follows: First, the tip is positioned directly over
top of the hydrogen atom to be removed at a bias voltage of V = 1.4 V and a current
setpoint of I = 50 pA (the current can be increased to improve removal probability
at the risk of uncontrolled tip changes). A 20 to 40 ms voltage pulse of 1.8 to 3.0 V
is then applied, while locking the z position of the tip (feedback control disabled).
Several automation routines have been created that greatly enhance the speed and
ease with which DBs can be made. If the voltage pulse is unsuccessful at creating
a DB, then the voltage is incremented by a fixed value (0.1 V) and another pulse is
initiated. This procedure repeats until the successful creation of a DB is detected
(Section 2.5.3). Voltage pulses near 1.8 V are preferred as higher voltages have an
increased tendency to alter/damage the tip structure. These parameters would need
to be adjusted for different temperatures, different doping levels [26,27], and different
surface passivations [26,27,72].

In spite of the atomically precise nature of HL, some sources of error lead to
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imperfect lithography. One source of error that arises during fabrication is align-
ment of the STM tip with the hydrogen atom. As the tip is moved from site to
site, thermal drift and piezo creep can cause uncertainty in its position. At 4.5 K
thermal drift is minimal and the creep can be controlled to some extent by allow-
ing sufficient settling time between large tip movements between hydrogen removal
sites. Multi-apex tips, which can have more than one roughly equivalent “apex”, can
also introduce error during fabrication. Tunneling electrons from these additional
apices may induce hydrogen desorption in an undesired location, rather than at the
intended site. Because of this, it is imperative to work with atomically sharp single
atom tips for reliable fabrication. However, the tip may become multi during the
course of fabricating many DBs. A solution to this problem has been implemented
by Rashidi et al., where machine learning was used to train the software to recognize
when the tip is not optimal for fabrication and initiate tip conditioning procedures
until a suitably sharp single apex is achieved [73].

Aside from the creation of single isolated DBs, two DB structures that are com-
monly fabricated and referred to in this work are the inter-dimer site and the intra-
dimer site. The inter-dimer site consists of two adjacent DBs along a dimer row. The
intra-dimer site, also known as a bare dimer, consists of two adjacent DBs across a
dimer row. Both sites are shown schematically in Figure 1.4.

1.5 General DB properties

Many fundamental explorations of DB properties have been undertaken to date,
including systematic studies on the creation of single DBs via STM tip [26,27,37,65],
and DB diffusion dynamics on the surface with temperature [28, 29]. Taucer et al.
reported the first measurements of the single electronic dynamics of an isolated DB
interacting with an STM tip [35], observing exponentially dependent electron filling
rates into the DB with radial tip distance, and nearly constant emptying rates into
the bulk silicon that were independent of tip distance. These results agreed well
with the theory of non-equilibrium charging dynamics put forward by Livadaru et
al. [74]. Controlled charge trapping in DBs has been observed on p-type samples [38],
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although there is some debate surrounding these results.
A DB on the surface of hydrogen-terminated silicon is an unsatisfied sp3 orbital

of the underlying silicon atom, which extends into both the bulk and vacuum [74].
The DB can be thought of as an atomic quantum dot, introducing a single surface
state within the silicon band gap that is capable of localizing a maximum of two
electrons to achieve a positive, neutral, and negative charge state [35]. As with any
electronic level, the occupation of the DB level depends on its relative position to
the sample Fermi-level, which can be altered by the local potential landscape [75]
and interaction with the STM tip through tip-induced band bending and charge
injection [35]. Alternatively, the position of the Fermi-level can be altered through
variation of doping type and concentrations to set the unperturbed charge character
of surface DBs in absence of the STM tip.

The location of the DB level in the gap is of particular importance in device
applications, as it is largely electronically decoupled from the bulk semiconductor.
The energy above the silicon valence band (VB) at which the DB transitions between
charge states is not known exactly, and the energy of the DB level depends on its
charge [74]. Estimates of the energy of the DB level when it is negative and neutral
have been made [20, 35, 74, 76, 77]. It was found that the DB level is approximately
0.85 eV above the silicon VB when the DB is negative (containing two electrons),
and approximately 0.35 eV above the VB when it is neutral (containing one electron)
[35,74].

When the tip is over a DB at a negative sample bias (filled states), the current
through the DB into the STM tip depends on the competition between how fast
electrons from the bulk conduction band can replenish the DB level and how fast
they are being withdrawn by the tip (Figure 1.5). The filling rate of electrons into
the DB level depends on the local electrostatic environment of the DB, which can be
altered by the ionization of nearby dopant atoms. When a dopant atom is ionized
due to the STM tip field, the induced change in electrostatic landscape increases the
filling rate of electrons into the DB level, which in turn increases the current into the
STM tip [64]. This is discussed in more detail in Section 4.3.1. Such an ionization
event can be observed as a sharp turn-on of current in the I (V ) spectrum taken over
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a DB. The I (V ) measurement is performed by holding the tip at a fixed z position
above the DB and sweeping the voltage.

In regard to the thermal stability of DB structures, experiments have measured
DB surface diffusion at elevated temperatures with STM techniques. It was deter-
mined that there is a minimum energy barrier of 1.4 eV for diffusion in any direction
along the surface [28,29].

1.6 Layout of thesis

Following this introductory chapter the thesis consists of two published chapters
(Chapter 2 and Chapter 4) that are each respectively followed by chapters that
extend their discussions and details (Chapter 3 and Chapter 5). Final thoughts,
extensions, and conclusions are then given in Chapter 6.

Chapter 2 reports on the improved automation of HL, the realization of STM-
based HR, and the implementation of both to create ultra-high density rewritable
memory. The fabrication results of Chapter 2 builds upon a tremendous body of
foundational work on hydrogen-passivated Si(100)-2x1. This includes the early work,
as described in Section 1.4 and Section 2.2, in addition to the local knowledge, ex-
pertise, and innovations of the entire research group including: Dr. Robert Wolkow,
Taleana Huff, Mohammad Rashidi, and Marco Taucer. Marco Taucer began the au-
tomation of atomic-scale fabrication, working to develop the backbone of the current
software (Figure B.1). Mohammad Rashidi and I then continued the development
together to refine the process even further towards perfect fabrication (Figure B.2).
This was an ambitious goal as there were several sources of error that needed to be
addressed (Section 1.4). The discovery of error correction using an AFM by Huff et
al. [25] really relaxed this constraint and spurred on the development of the same
functionality for STMs, which had been lacking for decades, leading to the ability to
make perfect structures (Figure B.3).

Chapter 4 reports on the development of new tools for the STM on hydrogen-
terminated Si(100)-2x1. The previously reported HR technique was improved by
using hydrogen molecules instead of atoms, and then was applied to improve prac-
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tical aspects of ultra-high density data storage as well. The ability to characterize
charge within DB structures was demonstrated, along with the ability to detect sin-
gle molecule binding events. The charge characterization and molecular detection
results of Chapter 4 also builds upon previous work of the group. The insights and
understanding that Rashidi et al. developed related to the STM tip-field ionization
of dopant atoms [64] were integral in the development of both schemes. The char-
acterization of the charge occupations of DB structures with AFM by Huff et al. [5]
was also important in verifying the reliability of STM-based charge characterization.
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CHAPTER 2. LITHOGRAPHY FOR ROBUST AND EDITABLE ATOMIC-SCALE
SILICON DEVICES AND MEMORIES

This chapter has been reproduced from the original manuscript published by Na-
ture Communications under the Creative Commons Attribution 4.0 International
License. The full manuscript is available at: https://www.nature.com/articles/
s41467-018-05171-y [Open Access] [10]. The article was placed in Nature Commu-
nications’ top 50 physics collection of 2018, ranking 18th. I was not sure where else
to put this image they gave me, so here it is!

2.1 Abstract

At the atomic scale there has always been a trade-off between the ease of fabri-
cation of structures and their thermal stability. Complex structures that are created
effortlessly often disorder above cryogenic conditions. Conversely, systems with high
thermal stability do not generally permit the same degree of complex manipulations.
Here, we report Scanning Tunneling Microscope (STM) techniques to substantially
improve automated hydrogen lithography (HL) on silicon, and to transform state-
of-the-art hydrogen repassivation into an efficient, accessible error correction/editing
tool relative to existing chemical and mechanical methods. These techniques are
readily adapted to many STMs, together enabling fabrication of error-free, room-
temperature stable structures of unprecedented size. We created two rewriteable
atomic memories (1.1 petabits per in2), storing the alphabet letter-by-letter in 8 bits
and a piece of music in 192 bits. With HL no longer faced with this trade-off, prac-
tical silicon-based atomic-scale devices are poised to make rapid advances towards
their full potential.
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2.2 Introduction

The first demonstration of controlled atomic manipulation [16] fostered a vision
of practical atomic-scale devices. Today, with recent innovations exhibiting control
over approximately 8000 atomic sites [9] this vision is slowly materializing. Yet real-
ization of functional atomic-scale devices outside of the laboratory has been limited
by their instability at room-temperature [9, 16] and their poor electronic isolation
from supporting substrates [19, 78]. Hydrogen lithography (HL), the removal of hy-
drogen atoms (depassivation), on hydrogen-passivated silicon surfaces is becoming
an important technique in next-generation device designs [6–8, 25, 33, 79, 80]. These
designs have potential to surmount both limitations [5, 28, 29] without introducing
materials incompatible with current semiconductor fabrication processes [32,36,37].
Many disruptive applications have been proposed based on HL such as single atom
transistors [7], quantum computing platforms [6, 8, 79, 80], and atomic-scale logic
devices [19, 25], drawing both scientific and commercial interest alike. Several com-
panies have even formed upon this and related techniques [5, 32, 79]. Overall device
development has been delayed, however, by the inability of HL to fabricate large
error-free atomic-scale structures [32–34, 37, 40, 66, 81], increasing the need for reli-
able error correction techniques.

The atomically precise removal of hydrogen from hydrogen-passivated silicon sur-
faces via a Scanning Tunneling Microscope (STM) tip has been studied extensively
for HL [32, 37, 65, 68, 81]. A select Si-H bond is broken using low energy inelas-
tic electron scattering, exposing a dangling bond (DB) of the underlying silicon
atom [37, 65, 68]. The DB can be thought of as an atomic quantum dot, capa-
ble of localizing two electrons, with its electronic states isolated within the silicon
band gap [35, 40]. DBs present an ideal platform for new technological applica-
tions [6–8, 25, 40, 64, 79, 80] because of this electronic isolation and their stability at
temperatures near 500 K [28, 29], overcoming two major hurdles for practical im-
plementation of atomic-scale devices [19]. Beyond that, the placement of DBs with
atomic precision and their ability to couple to one another enables delicate con-
trol over their properties and electronic occupation [20, 25], permitting engineering
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of quantum states [6, 40] and artificial molecules [19, 40]. Precise HL also offers a
route to other atomic-scale and molecular devices through atomically site-selective
chemical templating [7, 8, 19,79,80].

Although HL has been incrementally improving over time, the path towards
perfect large-scale structures and the full realization of silicon DB-based devices
has been unclear [32, 36, 37, 40, 65, 66]. Increasing atomic precision during HL was
the main focus of efforts [66], since any hydrogen removed in error could render
structures inoperable. Non-site-specific chemical repassivation of DBs has been ob-
served [82], but without the means to deterministically repair mistakes, this strict
requirement of 0% error has hindered the development and prototyping of novel de-
vice designs [7,19,25,41]. A means to controllably correct errors was recently shown
using a cryogenic atomic force microscope (AFM), where individual DBs were repas-
sivated with a hydrogen-functionalized tip [5, 33]. While a striking demonstration
of atomic control, the utility of this technique is limited as the reported repassiva-
tion procedure is slow (approximately 10 s per DB) [5], reducing its practicality for
larger structures. The frequency shift signal utilized in AFMs requires two inde-
pendent feedback loops, restricting the maximum speed of the overall process. This
procedure is further slowed by the need to re-functionalize the tip with hydrogen in
between each event [5, 33]. Existing methods of hydrogen deposition onto a silicon
surface with an STM tip [83,84] are unsuitable to edit or correct DB-based devices.
They involve harsh parameters capable of damaging fabricated structures or the tip
itself [66].

Here, working at 4.5 K we demonstrate straightforward STM methods for au-
tomated HL and hydrogen repassivation (HR), which do not significantly alter tip
structure. Controlled application of voltage pulses are used for lithography, while
repassivation uses linear tip movement towards the sample surface under small ap-
plied bias voltages. In both techniques the STM feedback controls are suspended,
employing changes in tunneling current as the only signal. We discovered two unique
signatures in the STM tunneling current associated with successful HR events. When
implemented as control signals, they will increase the viability of rapid fully auto-
mated error correction. In conjunction, HL and HR techniques substantially advance
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our fabrication abilities towards functional atomic-scale devices. To illustrate their
precision and practicality we created functional 8-bit and 192-bit rewritable atomic
memory blocks from DBs with the highest reported storage density to date [9, 41].

Interest in atomic memory has been reignited with foundational work on chlorine-
passivated Cu(100), establishing a sophisticated scanned probe architecture to create
a kilobyte of memory from surface vacancies, without the need to vertically manip-
ulate atoms [9]. The memory operates near 77 K, where it remains stable for at
least 44 hours [9]. There are several key features of DB-based memories that allow
us to push atomic-scale storage even further than this already substantial progress.
Patterned DB structures exhibit improved thermal stability, remaining stable for an
additional 400 K above liquid nitrogen temperature [28, 29]. The maximum storage
density of memory blocks can be increased by 32%, as DBs can be placed in close
proximity to one another. In addition to density, the number of available bits is
not predetermined at the time of sample preparation [9]. DBs can now be created
or removed as needed using HL and HR (assuming a sufficient supply of hydrogen
atoms), theoretically allowing the entire hydrogen-terminated surface to be written
to. Creating additional vacancies/bits in the Cu(100) system is currently not pos-
sible without damaging the STM tip [9]. Furthermore, a semiconducting substrate
as opposed to a metallic one opens the possibility of interfacing with integrated
electronics, whether at the atomic-scale or using more conventional nanofabrication.
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2.3 Results

2.3.1 Hydrogen lithography

Figure 2.1: Surface geometry of hydrogen-passivated Si(100)-2x1.
a) (V = 1.4 V, I = 50 pA, T = 4.5 K, 2 x 3 nm2) Scanning Tunneling Microscope
(STM) image of hydrogen atoms bonded to the Si(100)-2x1 surface. The distance
between identical sites along and across a dimer row are shown in yellow (solid). The
surface geometry allows for the creation of single atom bits at ultra-high densities.
The area of one bit (including spaces between atoms), 0.590 nm2, is outlined in
yellow (dashed), and is defined as a binary zero. The hydrogen atom denoted with a
dot (green) is removed with an STM tip to create a dangling bond, changing the bit
to a binary one. b) 2D Fourier transform (power spectrum) of a, where the three
dominant spatial frequencies have been isolated. c-e) Filtered STM images of a,
for each dominant frequency (peak) shown in b, (c bottom peak (blue), d top peak
(yellow), e middle peak (red)). f) The resulting image from the sum of frequencies
shown in c-e, reconstructing the essential features of the STM image shown in a,
allowing for the position of each surface hydrogen atom to be determined.

To begin automated HL, the location of every hydrogen atom in a select area
needs to be determined for accurate STM tip registration during fabrication. Slight
errors in the tip position can result in incorrect atoms being removed. Fast, fully
autonomous lithography also requires the location of each atom to be known, such
that the surface doesn’t need to be reimaged after each removal event to determine
the next site. The periodicity of the hydrogen-passivated Si(100)-2x1 surface (Figure
2.1a) permits the location of every hydrogen atom to be determined from a single
STM image (while accounting for nonlinearities in the scanner) through the use of
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Fourier analysis [85] (Figure 2.1b-f). Such an analysis is relatively immune to the
presence of small surface defects and DBs due to their spatially localized nature in
the images compared to the extended periodicity of the surface itself. Figure 2.1
illustrates the basic features of this process. In practice, we use images between 10
× 10 nm2 and 40 × 40 nm2 to determine the location of the hydrogen atoms on a
given sample terrace. Once the surface has been characterized, the desired pattern
is mapped onto the lattice. Next, the tip is brought over each lattice site of the
pattern and 20 ms voltage pulses between 1.8 and 3.0 V are repeatedly applied at a
fixed tip-height (V = 1.4 V, I = 50 pA) until the successful removal of hydrogen has
been detected. Figures 2.2a,b,d show the process of building DB structures (Figure
2.2e) with HL while using HR to correct errors (Figure 2.2c). Unlike conventional
HL [37, 86], the STM feedback control is disabled during the voltage pulses. This
allows jumps in the tunneling current to be used as an indicator of success [36],
which can be detected faster and more accurately than jumps in tip-height through
the feedback circuitry (see Methods).
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Figure 2.2: Fabrication and correction on hydrogen-terminated Si(100)-
2x1 via hydrogen lithography and hydrogen repassivation.
a) (V = 1.4 V, I = 50 pA, T = 4.5 K, 10 x 10 nm2) Scanning Tunneling Microscope
image of the fabrication area used to determine the location of each hydrogen atom
through Fourier image analysis. b) (V = -1.7 V, I = 50 pA, T = 4.5 K, 10 x 10 nm2)
Fabrication of the characters “150” using hydrogen lithography (HL), one atom has
been removed in error above the characters and one atom is incorrectly placed inside
the “5”. The created dangling bonds (DBs) appear as bright protrusions. c-d) Using
the hydrogen repassivation technique, the errors were subsequently erased, then the
correct hydrogen atoms were removed with HL to create an error-free structure. e)
(V = -1.7 V, I = 50 pA, T = 4.5 K, 11 x 21 nm2) The completed structure of 54
DBs, depicting the characters “150” and a maple leaf.
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Using this procedure, the probability of detrimental uncontrolled apex changes
is low. By beginning removal attempts at 1.8 V (see Methods), higher voltages,
which are more likely to change or damage the tip, are only reached when necessary.
Conservatively, on the order of 10 DBs can be created consecutively without some
type of minor modification to the tip. However, we have found that HL efficiency
is not particularly sensitive to minor changes of the tip, so the actual number of
DBs that can be created without altering removal efficiency during fabrication is
often larger. Should the tip change so much that it is no longer suitable for HL
purposes, an automated tip forming routine can be called to recondition the tip
through controlled contact with the surface [73]. This routine takes advantage of a
machine learning algorithm, and STM image data for training sets, to automatically
identify the quality of the probe by imaging a DB, initiating reconditioning when
necessary [73].

An important consideration inherent in all scanned probe lithography is the ex-
istence of thermal drift and creep, both of which can also cause uncertainty in the
position of the tip, leading to errors. At 4.5 K these factors can be well controlled
by allowing the STM to stabilize over a period of several hours. However, at warmer
temperatures or in situations where allowing the STM to stabilize is not an option, a
more active solution is required. To address these factors, we implemented periodic
image realignments into the HL workflow. Before initiating the HL procedure, an
area near the lithography location (around 10 × 10 nm2) is imaged as a reference.
After a set time, lithography is paused, and this area is reimaged to determine how
much the tip has been offset from its intended position due to creep and drift. The
remaining sites in the pattern are shifted appropriately to compensate and lithog-
raphy resumes. The effectiveness of this realignment can be increased by reducing
the interval between reference checks, permitting an optimization between speed and
accuracy depending on a given application. We found that without realignment the
lithographic accuracy during HL using a non-stabilized STM was near 35% for a
particular structure. Under the same conditions using moderate active realignment
it was over 85%, which is within a suitable range to then correct the remaining errors
using HR.
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2.3.2 Hydrogen repassivation

To correct errors, we use the STM tip to address individual lattice sites with
atomic precision to repassivate select DBs (Supplementary Figure 2.5). Ab initio
calculations have revealed that certain silicon terminated tips with a hydrogen atom
bonded to the apex (functionalized) are capable of repassivating DBs [54]. Through
controlled contact of the STM tip with the surface during tip-conditioning, silicon
atoms may become affixed to the tip to form the necessary structure for HR [5,33,54].
When the tip becomes functionalized with a hydrogen atom there is a change in STM
imaging resolution [5,33]. With a functionalized tip, the first step of HR is to position
it over a DB at a sample voltage of 1.4 V and current of 50 pA. The feedback control
is then disabled, and the sample voltage is changed to a value between 100 mV and
1.0 V. While recording the tunneling current, the STM tip is brought 500 to 800 pm
towards the sample, then is retracted to its original position. The voltage is reset to
the original value of 1.4 V and the feedback control is restored. This entire process,
once a user has selected a site, has been automated, taking approximately 1 s. It
can be initiated at the press of a button and repeated until a successful repassivation
signature is observed. Work is underway to integrate this new HR process within
the HL workflow to enable fully autonomous fabrication and correction. Errors will
be automatically detected via image recognition, and subsequently corrected using
the HR technique (see Methods).

A necessary element for the implementation of fully automated HR is the exis-
tence of a reproducible, easily distinguished, signature indicative of successful repas-
sivation, much like the jump in tunneling current used during HL. We usually observe
a sudden increase in the tunneling current while approaching the surface when a DB
is successfully repassivated that is not present as the tip retracts (Figure 2.3a). The
measured current is related to the overlap of the imaging orbital of the tip, and or-
bitals of features on the surface [24,37]. We associate this signature (type-I) with the
removal of a hydrogen at the tip apex and a return to pre-hydrogen-functionalized
imaging resolution. The increase in current is possibly due to the new apex orbital
having a larger spatial extent, creating a greater overlap between the tip and sample
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surface compared to that between a DB and a hydrogen-functionalized tip (held at
the same tip-sample separation).

Figure 2.3: Tunneling current signatures of hydrogen repassivation and
the number of successful events with tip approach distance.
a) (V = 0.4 V, T = 4.5 K) The recorded tunneling current as the Scanning Tunnel-
ing Microscope (STM) tip (set over a dangling bond (DB) at 1.4 V and 50 pA) is
brought towards the surface (blue) and as the STM tip is retracted (red) during hy-
drogen repassivation (HR). A sudden increase as the tip approaches the surface can
be observed in the tunneling current (blue), indicating a successful HR event. This
signature (type-I) is typically associated with a change in STM imaging resolution,
and a removal of hydrogen from the tip apex. b) (V = 0.2 V) A second distinct
signature (type-II) has also been observed during HR, with a sudden decrease in
tunneling current during the approach towards the surface (blue). This type-II sig-
nature is not typically associated with a change in STM imaging resolution. c) The
tip approach distance where either signature occurred was recorded for 119 unique
HR events. Nearly 90% of events occur before 550 pm. The inset depicts the STM
tip approaching a DB on the surface.
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Following the same HR procedure with a tip that is not functionalized, we have
found it is also possible to repassivate DBs with no associated change in imaging
resolution. Since STM imaging resolution is particularly sensitive to changes in the
tip apex orbital [5, 24, 37], we assume the imaging orbital is unchanged and that
the hydrogen atom comes from the off-apex region. In addition to functionalization
there are several mechanisms through which atomic hydrogen may be available on
the (off-apex) surface of a tip for HR. The surface of silicon terminated tips can
become passivated with hydrogen [54], allowing atomic hydrogen to physisorb on
top [5] (see Supplementary note 2.6.1, Supplementary Figure 2.6). If the tip is not
silicon terminated, it has been shown that hydrogen is also capable of physisorbing
on the surface of some metallic tips [83, 84, 87]. Since the precise structure of the
tip is unknown, the available hydrogen on the tip is likely due to a combination of
these mechanisms. We have found that the STM tip can be loaded with hydrogen
atoms through the creation of several DBs (far from the current structure) using
HL [5]. We observed that an average of three DBs (to a maximum of five) can be
repassivated successively, without the need to load the tip with additional hydrogen
(Figure 2.4a). During HR, when the DB is repassivated with an off-apex hydrogen we
see a second signature in the tunneling current (type-II), a sudden decrease (Figure
2.3b) (also observed during HR at 77 K, Supplementary Figure 2.7). The sudden drop
in current is due to a reduction in overlap between the tip and sample. DBs appear
as bright protrusions on the sample surface (Supplementary Figure 2.5b) compared
to the surrounding hydrogen (orbital more spatially extended towards tip). There
is a decrease in the size of the surface orbital after the DB has been repassivated,
which reduces overlap/current, as the tip orbital remains unaltered.

Unlike the type-I process, which theoretically relies on a particular tip state to
enable the transfer of hydrogen [54], the type-II process appears to be much less
restrictive. We have been able to observe type-II HR events even after impressing
the tip approximately 1 nm into the sample surface. Both processes have been
observed and reproduced on a number of physically different tungsten tips, during the
fabrication of numerous different structures. The structures in Figure 2.2 and Figure
2.4 were created using different tips for example. We recorded the location of type-I
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and type-II signatures in the tunneling current for 119 successful HR events collected
using seven different tips (see Supplementary Figure 2.8 for additional recordings).
Figure 2.3c shows the distribution of distances the tip traveled towards the surface
for HR to occur. The majority of events (around 90%) occur before moving 550 pm.
Closer tip approaches have an increased tendency to change the tip structure. This
value provides an ideal parameter for fully automated HR, optimizing the probability
of repassivation while mitigating that of harmful apex changes.

During our observations we noted that when a tip is hydrogen-functionalized, as
indicated by a change in STM imaging resolution, it is still possible to transfer an
off-apex hydrogen to the surface (type-II signature) without altering the apex itself
(leaving the tip functionalized). That is, with a hydrogen-functionalized tip, it is
not guaranteed to first remove the apex atom and observe a type-I HR signature,
as an off-apex hydrogen may be more mobile and easily transferred to the surface
first, causing a type-II HR signature. We have also never observed sequential type-I
signatures without deliberately re-functionalizing the tip in between HR attempts,
suggesting the tip is unable to functionalize spontaneously with off-apex hydrogen.
This observation is consistent with experimental imaging data, where spontaneous
changes in image resolution with a tip suitable for HL/HR are rare.

With the ability to know when a tip is hydrogen-functionalized, and when the
apex atom has been removed, it may now be possible to correlate dI /dV spec-
troscopy curves over hydrogen-terminated silicon with the specific tip states neces-
sary for hydrogen transfer to occur [54] (type-I). If such a correlation is found, dI /dV
spectroscopy would provide a new, more rapidly acquirable metric to determine if
the tip is suitable for HR. These curves could then be used as training data in the au-
tomated tip forming routine to always ensure the tip is in the required state, without
the need to take an entire STM image [73].
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2.3.3 Atomic-scale memories

Figure 2.4: 8-bit and 192-bit atomic rewritable memories.
a) (V = -1.75 V, I = 50 pA, T = 4.5 K, 2.4 x 10 nm2) Scanning Tunneling Micro-
scope (STM) images of a rewritable 8-bit memory constructed from dangling bonds
(DBs). The DBs appear as bright protrusions in the images, the black defect is an
area of missing silicon. The letters of the English alphabet were converted to their
ASCII binary forms (e.g. A=01000001) and written to the same area using hydrogen
lithography and hydrogen repassivation techniques. An average of three bits could
be repassivated sequentially between the letters shown. b) (V = -1.8 V, I = 50 pA,
T = 4.5 K, 21.5 x 10.7 nm2) An STM image of an expanded 192-bit memory, storing
24 simplified notes (converted into binary) of the popular Mario videogame theme
song. The notes consist of 62 DBs, forming the largest error-free DB structure to
date. Both memories have a bit density of 1.70 bits per nm2 and can be read directly
from the STM or from a stored image.
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We used HL combined with HR to create two different working atomic-scale
memories (Figure 2.4). We defined a bit with four lattice sites, giving a one atom
buffer between neighbouring DBs (Figure 2.1a). Due to the ideal geometry of the
hydrogen-passivated Si(100)-2x1 surface, this arrangement yields an extremely high
bit density of 1.70 bits per nm2. Conservatively estimating a 20% reduction in
storage density to integrate practical control architecture, this system still provides
the highest density solid-state storage medium available. We used the 8-bit memory
to sequentially encode the ASCII binary representation of each letter of the English
alphabet, overwriting the previous letter each time (Figure 2.4a). Writing each letter
took between 10 and 120 seconds, depending on how many DBs needed to be created
and repassivated. Random changes in the tip apex occurred infrequently, altering
HL and HR efficiencies, remedied through controlled contact of the STM tip with
the surface to condition the apex structure. The HR stage is currently the slowest
step, limited by the number of available hydrogen atoms on the surface of the tip.
Moving away from the structure to reload the tip after repassivating several DBs
introduced a significant delay. This may only be a factor for structures with a small
number of DBs, like those we have presented. With structures requiring more DBs
there will be a continued source of hydrogen to the tip as each new DB is created
(equivalent to the reloading procedure). With enhanced automation to incorporate
periodic intervals for HR/error correction during HL the need to travel away from
the structure to reload the tip can be reduced or altogether eliminated. Further
improvements to HR speeds may be possible through tip materials like platinum,
which is able to hold at least 1000 atoms of hydrogen on its surface [84].

We created a larger 192-bit memory with the same bit density, encoding the iconic
notes (simplified) of the Mario videogame theme song (Figure 2.4b). This 62 DB
arrangement took 250 s to create, and represents a leap forward in HL capability.
We can read the 192-bit memory directly from the STM as the tip scans over the
structure, or later from recorded images (see Supplementary Movie 2.6.2). The room-
temperature stability of DB structures has already been well established in prior
works [19, 20, 32, 41, 81]. DBs on the surface of silicon are known to face barriers
to diffusion in excess of 1.4 eV in either direction [28, 29]. Taking an exponential
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prefactor of A = 2·1014 s−1 and the lowest energy barrier of 1.46 eV [29] (intra-dimer
diffusion), a DB is expected to experience only one hop in over 500 years due to
thermally activated processes at 300 K. Such stability and density make DB-based
memories a unique candidate for data archival and long-term storage.

Held at 4.5 K we detected no unintentional changes in the memory at the end
of 72 hours of observation (Supplementary Figure 2.9). In this environment, we
have worked with samples that have shown no significant surface degradation after
half a year. The ultra-high vacuum requirements may also eventually be relaxed as
isolated DBs can be protected against spontaneous reactions through the appropriate
choice of doping level of the silicon substrate. Highly doped n-type silicon results in
negatively charged DBs, which have a barrier to reaction with closed shell species [88].
There is also only a subset of entities that are known to readily react with DBs
[82,88–90]. Molecular hydrogen, which is commonly present in vacuum environments,
requires two directly adjacent DBs along a dimer row for adsorption [91], reducing
the likelihood of spontaneous repassivation of isolated DBs at greater separations (as
in the memory) due to ambient gas. The inability to eliminate all naturally occurring
DBs during sample preparation in an environment of 1·10−6 Torr of hydrogen gas,
or with intentional chemical dosing further supports this notion [82].

2.4 Discussion

While these new HL and HR techniques are in their infancy, we demonstrated
their immediate utility and applications by creating and editing large error-free DB
structures through accessible STM-based means. Both these techniques can be im-
plemented on many STMs with no modifications, operating over a range of tem-
peratures. Though the exact parameters reported here are specific to hydrogen-
terminated silicon, they can be adapted to other chemically similar systems such as
hydrogen-terminated germanium [31,92], hydrogen-terminated diamond [92,93], and
chlorine-terminated silicon [94]. There is also the potential to eventually extend these
protocols to room temperature, as forms of HL have already been successfully demon-
strated there [20,37,65,66], and the uncontrolled transfer of hydrogen from an STM
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tip to a DB has been observed for HR [89]. However, fabricating structures/devices
at cryogenic temperatures (where creep and thermal drift are not as pronounced) for
use at room-temperature may already be sufficient for many applications. Further,
the high-temperature stability of DBs removes one of the logistical issues surround-
ing the transportation of fabricated nano-devices to an end user, regardless of the
temperature required for their operation.

Together, HL and HR unlock an array of new possibilities including the creation
of hundreds of precisely placed identical qubits for quantum computation [6], the
realization of room-temperature stable atomic-scale memory, and the long sought-
ability to controllably create regions with no DBs [82]. HR can also augment the
yield of existing commercial fabrication methods for multi-atom-wide DB structures,
where patterned edges are prone to errors [32, 34, 66]. As these HL/HR techniques
mature they will play an integral role in accelerating the progress of many of the
proposed disruptive technologies [7, 8, 25, 33, 79, 80]. Supported with methods of
preserving the surface outside of vacuum [36, 95], along with efforts in parallelizing
scanned probe fabrication [96], these techniques bring the vision of practical atomic-
scale devices one step closer to reality.

2.5 Methods

2.5.1 Experimental setup

We took all measurements with a commercial low-temperature Omicron LT-STM
operating at either 4.5 K or 77 K. The base pressure inside the STM ranged from
3·10−11 to 7·10−11 Torr. The STM tips consisted of a polycrystalline tungsten wire
(50 µm diameter), electrochemically etched in a solution of 2 M NaOH. The tips
were then processed under ultra-high vacuum (UHV) conditions to further clean and
sharpen them [52].
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2.5.2 Sample preparation

We first degassed a highly arsenic-doped Si(100) (0.003-0.004 ohm-cm) sample at
600 ◦C in UHV for 24 h to remove any adsorbed water. We then resistively heated
the sample via rapid flashes to 1250 ◦C several times to remove all native oxide.
Following that, we exposed the sample to 1·10−6 Torr of hydrogen gas. A nearby
tungsten filament held at 1900 ◦C was used to crack the gas into atomic hydrogen.
We exposed the sample to the gas for 120 s with no heating, then rapidly flashed
it to 1250 ◦C, after which we quickly brought the temperature down to 330 ◦C for
150 s to achieve the desired hydrogen-terminated 2x1 surface reconstruction. The
sample remains in the preparation chamber for up to 15 minutes as the pressure
slowly returns towards the initial base pressure.

2.5.3 Automated hydrogen lithography

The HL program was designed in-house, including a graphical user interface for
atomic pattern input. An artifact-free positive sample voltage STM image of the
working area is first analyzed to determine the position of each atom through a
2D-Fourier Transformation (2DFT), extracting the dominant spatial frequencies of
the surface from the power spectrum. This method accounts for nonlinearities in
the STM motors as each directional motor (x and y) may have slightly different
responses to an applied voltage, which can be recovered in the spatial frequencies.
Additionally, the angle of each sample may differ slightly, and this information is
also present within these 2DFT data. After the surface is characterized, a desired
device design or pattern may be input via the graphical user interface to be mapped
onto the surface. Once a pattern has been mapped onto each hydrogen atom the HL
procedure initiates. With the STM feedback controls on (I = 50 pA, V = 1.4 V)
the tip is brought over the first site in the pattern. The feedback controls are then
suspended, fixing the tip-height over the site. The tunneling current is recorded for
reference, and approximately 20 ms voltage pulses are applied in the range of 1.8 to
3.0 V. The number of attempts (N) at each voltage, and the voltage increment can
be set beforehand. Typical values are N=10 with a 0.01 V increment. During the
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voltage pulse phase, the tunneling current is sampled immediately after each applied
pulse and compared to the reference value. If the measured current is 60% larger
than the reference value, it is deemed a successful hydrogen removal event. With this
technique false detections have been brought well below 0.5%, with most fabrication
runs producing no false detections. After a successful hydrogen removal, or after the
maximum number of pulses has been reached (unsuccessful removal) the feedback
controls are restored, and the tip is brought to the next site in the pattern (following
a raster path) where the process repeats.

In an effort to better control drift and creep, after a set number of HL events
a routine can be called to check tip alignment with a reference STM image. If any
misalignment is detected [97], the remaining pattern is shifted appropriately so the
next locations for atom removal are again centred over their corresponding atom.
The patterning-realignment cycle can continue until the pattern is complete. The
image realignment can detect sub-nanometer shifts between images.

2.5.4 Automated hydrogen repassivation

The tip is set directly over the lattice site where a DB is present (I = 50 pA,
V = 1.4 V). The feedback controls are switched off, locking the tip height. The
sample voltage is changed to a value between 100 mV and 1.0 V, and then the tip
is moved linearly towards the sample surface while recording the tunneling current.
After the tip has traveled a distance of 550 pm towards the surface it is retracted
to its original position. The original parameters are re-established, and the feedback
control is restored. To date, no significant correlation between voltage and HR effi-
ciency has been observed. The choice of voltage serves to limit the tunneling current
to within ranges that prevent significant tip apex changes, while still providing ad-
equate feedback signals. Typically, we perform HR at a bias of 200 mV and only
adjust this value in the program when the signal falls outside of the desired range
(3 pA to 300 pA). The strength of the signatures depends on the exact structure
of the apex, as they can vary by an order of magnitude at the same applied bias
(Supplementary Figure 2.7, 2.8). Even though the strength of the signatures vary,
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their shape remains characteristic, making them ideal for the detection of successful
events (Supplementary Figure 2.7, 2.8). If the initial HR attempt is unsuccessful,
the process can be repeated until a type-I or type-II signature is detected. Work is
in progress to include automatic error detection after HL using image recognition to
define arbitrary groups of sites for HR in an image. This will eventually enable fully
automated HR, without any user intervention to select individual sites to initiate the
HR process.

2.5.5 Memory readout/image recognition

The memory readout was accomplished with the use of Python and Open CV.
The periodicity of the hydrogen-terminated Si(100)-2x1 surface allows for a grid to
be defined over the surface, where each bit is contained within one cell. The image
contrast of when a DB is present or not lends to threshold detection to determine
if the bit is one or zero. Memories can be read directly from recorded STM images,
or as the image is built up while the STM scans over the surface, populating each
cell element. Readout speed is limited by the maximum STM scan speed. The
musical playback was created with the use of the Pygame package, where detected
bit patterns can be mapped into notes for playback.
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2.6 Supplementary information

Figure 2.5: Atomically precise hydrogen repassivation of one dangling
bond in a pair.
a) A Scanning Tunneling Microscope (STM) image (V = 1.4 V, I = 50 pA, T =
4.5 K, 6.5 x 6.5 nm2) of two dangling bonds (DBs) on the hydrogen-passivated
Si(100)-2x1 surface at the closest possible spacing, commonly known as a bare dimer
structure. An STM tip, with adsorbed hydrogen on its surface, is positioned above
the site denoted with a red dot for repassivation. b) The STM image immediately
following the hydrogen repassivation of the site in a. Only the desired DB has
been repassivated, leaving the other unaltered, illustrating the precise nature of this
technique.

2.6.1 Supplementary note 1: Atomic hydrogen

On rare occasions during hydrogen lithography we observe atomic hydrogen ph-
ysisorbing onto the sample surface after the creation of a dangling bond (DB), instead
of the assumed action of traveling into vacuum [25, 34]. It has been found that in-
stead of sticking to the sample surface there is a probability it may absorb to the tip
surface instead [25]. The atomic hydrogen can be dragged by the Scanning Tunnel-
ing Microscope (STM) tip, where in Supplementary Figure 2.6c it has been moved
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away from the DB towards the middle of the structure. The STM tip can be reliably
functionalized with this atom for the purpose of repassivation [25], or to remove it
from the area where a structure is being built.

Figure 2.6: Atomic hydrogen physisorption on hydrogen-passivated sili-
con.
a) (V = 1.4 V, I = 50 pA, T = 4.5 K, 1.7 x 8 nm2) A two dangling bond (DB)
structure with the location of the next site for hydrogen lithography denoted with a
blue circle. b) The DB structure after an attempted hydrogen removal, it appears an
error has been made as the site in a, does not resemble a single DB, instead appear-
ing brighter, as if multiple hydrogens have been removed from the surface. c) After
repeated scans over the structure the error was no longer present and a faint object
(red arrow) was now visible. The object is atomic hydrogen that physisorbed to the
sample surface after extraction instead of traveling into vacuum [25]. The hydrogen
atom was altering the appearance of the newly created DB in b, causing it to look
like an error had occurred. The hydrogen atom is able to sit in close proximity to
the DB in b, without rebonding. A description of the feature in between the two
DBs on the right-hand side in c, has been proposed elsewhere [40].
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Figure 2.7: Hydrogen repassivation with type-II signature at 77 K.
a) (V = 0.2 V) Type-II signature in the Scanning Tunneling Microscope (STM)
tunneling current recorded during hydrogen repassivation (HR) at 77 K. b-c) (V =
1.4 V, I = 50 pA, T = 77 K, 4.5 x 9.3 nm2) STM images before and after successful
HR.
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Figure 2.8: Taxonomy of type-I and type-II hydrogen repassivation sig-
natures.
a-b) A representative sample of different type-I and type-II signatures recorded dur-
ing hydrogen repassivation (HR) events (T = 4.5 K), with the tip set over a dangling
bond at 1.4 V and 50 pA. Applied bias voltages in a, from left to right, are 0.5 V,
0.3 V, 0.2 V, 0.2 V respectively. Applied bias voltages in b, from left to right, are
0.2 V, 0.4 V, 0.2 V, 0.2 V respectively. While the magnitude of both signatures can
vary depending on the apex orbital and the choice of applied voltage to limit the
tunneling current during HR, their overall shapes remain very characteristic. The
reliability and reproducibility of these features makes them excellent indicators of
successful repassivation for automation routines.

45



CHAPTER 2. LITHOGRAPHY FOR ROBUST AND EDITABLE ATOMIC-SCALE
SILICON DEVICES AND MEMORIES

Figure 2.9: Stability and rewriting of the 192-bit memory.
a) (V = -1.75 V, I = 50 pA, T = 4.5 K, 21.5 x 10.7 nm2) The original memory struc-
ture created through hydrogen lithography (HL) and hydrogen repassivation (HR).
The pattern was initially entered into the HL program incorrectly through human
error. As a result, one of the lines was incorrectly written. b) The same memory 72
hours later with the incorrect line rewritten using HR, no additional changes were
made to the structure. The cryo-fluid in the Scanning Tunneling Microscope had to
be replenished during this time, so the memory was subjected to temperature spikes
up to 12 K and pressure spikes on the order of 10−8 Torr.
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2.6.2 Supplementary movies

The playback of musical information stored in the 192-bit memory from a Scan-
ning Tunneling Microscope image can be found in the supplementary material with
the published manuscript at: https://www.nature.com/articles/s41467-018-05171-y.
Additionally it can be found on YouTube at:
https://www.youtube.com/watch?v=CIUxkceinXk.
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Chapter Three

Extended details - Lithography for
robust and editable atomic-scale

silicon devices and memories

3.1 Updated hydrogen repassivation stats

The histogram in Figure 2.3c contained the Zrel of the tip where 119 unique HR
events occurred. These data were collected over several months, with microscopically
different tips. In each HR attempt the tip height was set over a DB at a bias of 1.4 V
and a tunneling current of 50 pA before the feedback control was disabled to fix the
starting tip position. During the following few months, an additional 49 HR events
were recorded using other microscopically different tips, during the fabrication of
various other structures. Figure 3.1 contains the full distribution of all the recorded
events.
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Figure 3.1: Full distribution of HR events.
The tip approach distance where either a type-I or type-II signature occurred for a
total of 168 unique HR events.

3.2 Transfer mechanism and deuterium repassiva-
tion

When the ability to repassivate surface DBs with hydrogen atoms on the tip
was first reported [25,33], it was proposed that the mechanism of hydrogen transfer
was mechanically induced bond formation (i.e. bringing the tip towards the sample
surface), causing a competition between the reactive site on the tip (apex) and on
the surface [54]. Due to the small size of hydrogen atoms, along with the relatively
small distances between the tip and sample (less than 1 nm), I was intrigued by
another possible explanation for the occurrence of the transfer: quantum tunneling.
It is possible that the hydrogen atoms on the tip tunnel through the vacuum barrier
to reach the DB on the sample surface.
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Studies of hydrogen and deuterium diffusion on metal surfaces have shown that
at low temperatures hydrogen diffusion displays a transition to a quantum tunneling
regime, whereas deuterium diffusion does not [98]. This difference is due to the kinetic
isotope effect, where the heavier deuterium atoms have low tunneling probabilities
[98, 99]. The kinetic isotope effect is often used to uncover reaction mechanisms,
where if tunneling is an important aspect the observed rates are dramatically slowed
when deuterium is substituted for hydrogen [99, 100]. It is important to note that
the substitution does not change the potential energy landscape of the reaction, only
the rate at which it occurs, due to the lower zero-point energy of a deuterium bond.

To better elucidate whether or not tunneling was the mechanism behind the
transfer of hydrogen in this particular case, I attempted DB repassivation on a
deuterium-terminated surface utilizing the same techniques described in Section 2.3.
If tunneling was involved with the transfer, it would be expected that for deuterium
either no repassivation would be observed at all, or a significantly closer tip-sample
approach would be required to achieve repassivation.
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Figure 3.2: Type-I repassivation signature using deuterium (V = 1.4 V,
I = 50 pA).
a) A type-I signature recorded in the tunneling current during a deuterium repassi-
vation event. b) A partial STM image of a deuterium terminated Si(100)-2x1 surface
prior to creating a DB by removing a deuterium atom from the surface. c) After
the creation of the DB, the tip resolution changed, indicating the tip is now func-
tionalized with a D atom. d) After undergoing the repassivation procedure, the tip
resolution returned to its pre-functionalized state.

The deuterium-terminated surface was prepared using 99.7% pure D2 gas in an
identical way to the standard hydrogen-terminated surface. A freshly etched tungsten
tip was utilized to ensure no hydrogen atoms were present from earlier experiments.
The tip was formed using controlled contact with the deuterated surface to condition
it into a repassivation-capable geometry. After several conditioning attempts, I was
able to produce a tip that was capable of repassivating surface DBs with deuterium.
Figures 3.2 and 3.3 show before and after images of DBs repassivated with deuterium.
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Figure 3.5 shows the distribution of recorded deuterium repassivation events. During
the creation of a DB, it was even possible to image a deuterium atom that physisorbed
on the surface (Figure 3.4), which is analogous to Figure 2.6 and the observations
in [25] of a physisorbed hydrogen atom.

Figure 3.3: Type-II repassivation signature using deuterium (V = 1.4 V,
I = 50 pA).
a) A type-II signature recorded in the tunneling current during a deuterium repassi-
vation event. b) A partial STM image of a deuterium terminated Si(100)-2x1 surface
prior to undergoing a repassivation procedure. c) After undergoing the repassivation
procedure, the tip resolution remained unaltered.
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Figure 3.4: Deuterium physisorbed on D-Si(100)-2x1.
a) (V = 1.4 V, I = 50 pA) The D-Si(100)-2x1 surface prior to the creation of a DB.
b) After the creation of a DB, the deuterium atom did not adsorb to the tip or leave
into vacuum. It is physisorbed on the surface at the location of the yellow arrow. c)
(V = 2.0 V, I = 50 pA) Higher bias image of the absorbed D.

A total of 16 repassivation events were recorded using deuterium, which also
exhibited the same repassivation signatures as hydrogen (Figures 3.2a and 3.3a). The
resulting distribution (Figure 3.5) appears to be similar to that of hydrogen transfer
events (Figure 3.1). Figure 3.6 shows the overlay of both distributions to facilitate
comparisons. To better estimate the mean and standard error of both distributions,
bootstrap sampling was used to generate ten thousand new distributions (each with
unique means) by sampling each respective data set with replacement. The resulting
means were then placed into their own distributions for each isotope, and the mean
(of means) and standard error were then calculated from the results respectively.
For the hydrogen distribution, a mean repassivation distance of -458.4 +/- 5.5 pm
was determined, while for deuterium a mean repassivation distance of -450.7 +/-
20.4 pm was determined. Given the values for standard error, it appears that there
is no significant statistical difference between the mean repassivation distance of
hydrogen and deuterium.

These results indicate that the transfer of atoms from the tip to the surface
is very unlikely to be caused by tunneling of atoms through the vacuum barrier.
Recording a greater number of deuterium repassivation events would help reduce
the standard error of the mean, allowing for a more equivalent comparison to the
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hydrogen values. It is still possible that the mean of the deuterium events will be
larger than that of hydrogen due to the mass difference between the isotopes. If the
mean is indeed the same for the two, then that is indicative of them experiencing the
same physisorbed potential, which is mostly due to the electronic structure of the
surface and adsorbed atom. Experiments studying the van der Waals interaction of
hydrogen and deuterium physisorption on copper for instance have shown that they
do experience the same potentials on that surface [101].

While the potential might be the same, it may be possible to experimentally test
if there is a difference in rates between hydrogen transfer and deuterium transfer.
Once a tip is loaded with hydrogen, the tip can be brought towards a DB until just
before the measured mean transfer distance (no transfer should occur). At this fixed
distance, the fluctuations of the tunneling current can be recorded over time until
a transfer occurs (it will manifest as a large jump in current). From many of these
observations, an average transfer rate can then be deduced. This process should then
be repeated for deuterium to obtain its average transfer rate for comparison.

One difference noted during the repassivation attempts with deuterium was that
it was often more difficult to achieve a repassivation event when compared to hy-
drogen. It appeared as if deuterium did not become physisorbed as readily on the
tip. However, due to the limited sample size, this observation could have been due
to the tip not possessing an ideal repassivation geometry, rather than any inherent
property of deuterium itself. More trials, using different tips, are required to explore
this observation further.

54



CHAPTER 3. EXTENDED DETAILS - LITHOGRAPHY FOR ROBUST AND
EDITABLE ATOMIC-SCALE SILICON DEVICES AND MEMORIES

Figure 3.5: Full distribution of deuterium repassivation events.
The tip approach distance where either a type-I or type-II signature occurred for a
total of 16 unique deuterium repassivation events.
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Figure 3.6: Histogram overlay of hydrogen and deuterium repassivation
events.
The tip approach distance where either a type-I or type-II signature occurred for
both hydrogen repassivation events and deuterium repassivation events.
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3.3 Toy model of hydrogen transfer

Figure 3.7: Toy potential curves.
The simulated potential curves from Equations 3.1 (green) and 3.2 (red). a-d) Energy
barrier ∆E with decreasing separation between the tip and sample (20, 15, 10, 3.2
units respectively).

Now with tunneling ruled as an unlikely mechanism, it seemed like a good op-
portunity to test whether or not, with some very basic assumptions, the essential
features of Figure 3.1 could be reproduced in a simulation. In this case, simple po-
tential energy curves of the form of Equation 3.1 and Equation 3.2 were chosen to
represent the hydrogen atom physisorbed on the tip and bonded to the sample at a
DB respectively. To further simplify the problem, both wells were assumed to have
an identical shape (Equation 3.3).

Vtip+H = K1 · (Z − z)2 + E, (3.1)

VDB+H = K2 · (Z − s)2, (3.2)

K1 = K2 = 1, (3.3)

where Z is the unit distance, z is the position of the tip apex, s is the position of
the surface, and E is the energy offset between the minima of the potential wells
corresponding to hydrogen physisorbed on the tip and bonded on the surface. Due
to the toy nature of the model, all quantities are dimensionless, that is, expressed
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in units that are natural to the system, but not specifically set here. Figure 3.7
shows the system with the choice of s = 20, E = 10. As z is increased and the tip
is brought closer to the surface, the barrier between the wells (measured from the
bottom of the tip-hydrogen potential curve) ∆E becomes smaller and smaller. ∆E
as a function of z can be found by solving for the position where the two potentials
curves intersect (Zinter), less the value of E (Equation 3.6).

Vtip+H = VDB+H , (3.4)

⇒ Zinter = −z
2 − E + s2

2 · (s− z) . (3.5)

∆E = Vtip+H(Zinter)− E, (3.6)

⇒ ∆E = (−z
2 − E + s2

2 · (s− z) − z)2. (3.7)

Assuming the transfer process is due to thermal activation, then it should be
governed by the Arrhenius equation. Since the temperature, T , is constant in the
experiment, the probability of a transfer occurring is then proportional to:

p = e
− ∆E

kbT , (3.8)

⇒ p(z) ∝ e−∆E = e−( −z2−E+s2
2·(s−z) −z)2

. (3.9)

Equation 3.9 can now be used in a basic Monte Carlo-type simulation, with
the premise of mimicking the overall experiment. In each trial z is incremented in
finite steps (0.1 units) to act as the tip moving towards the sample until a transfer
event occurs. At each position Equation 3.9 is used to calculate the probability of
overcoming the barrier for a single attempt. A finite number of attempts (1000)
are then undertaken to determine if a transfer has occurred before incrementing z

58



CHAPTER 3. EXTENDED DETAILS - LITHOGRAPHY FOR ROBUST AND
EDITABLE ATOMIC-SCALE SILICON DEVICES AND MEMORIES

to the next position and repeating this process. To determine if a transfer occurs,
the calculated probability is used in a roulette wheel selection process. That is, a
random number is drawn from a flat distribution between zero and one; if the random
number is less than p(z), then a transfer has occurred. This entire process can then
be repeated for a set number of trials (500) to generate a simulated distribution
of transfer events. Figure 3.8a shows the experimental distribution obtained for
hydrogen transfer events, and Figure 3.8b,c show the simulated results.

Figure 3.8: Experimental and simulated transfer event histograms.
a) Distributions of hydrogen transfer events recorded experimentally (same as Figure
3.1). b) Simulated hydrogen transfer distribution using Equations 3.1 to 3.9, along
with noise in the initial tip-sample separation. c) Simulated distribution without the
inclusion of noise.

If the simulation is run exactly as described, the results of Figure 3.8c are ob-
tained, which do not fully resemble the shape of the experimental distribution. The
only similarity between Figure 3.8a and Figure 3.8c is the sharp onset of transfer
events as the tip approaches the sample; the long decaying tail of events toward the
sample surface is missing. To generate Figure 3.8b, which appears to reproduce the
essential features of the experimental distribution, an amount of uncertainty had
to be added to the z position. For each trial, the z position was randomly offset
away from the sample by an additional distance (negative distance). The amount
was determined by multiplying a noise parameter (set to 4 in the simulation) by the
absolute value of a random number drawn from a Gaussian distribution centered
about zero with a standard deviation of 0.5.

This form of noise may have some physical meaning that could be represented by
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a combination of possible causes. One scenario is that the tip and sample are always
at a fixed distance, and the position of the hydrogen atom is randomly distributed
along the surface of the tip, with the highest probability of being directly off the
apex (for type-I it is always on the apex itself). Alternatively, when the tip changes
state/geometry through controlled contact with the surface, the sharpness varies.
Sharper tips tend to be farther from the surface to achieve the same magnitude of
tunneling current compared to dull tips. Thus, this type of noise could represent the
variations in tip sharpness and the associated variations in initial tip-DB separations
at 1.4 V and 50 pA. Finally, as the tip is brought in very close to the sample,
a repulsive interaction may begin to onset (AFM shows the tip enters the repulsive
regime after approaching the surface 500 to 700 pm [25]), causing the hydrogen atom
on the tip to move farther from the surface. Such an interaction is not specifically
accounted for in this very simple model, as the barrier goes to zero at the surface
(Equation 3.11), when in reality, a repulsive interaction would cause the barrier to
increase again past a certain distance threshold. Despite events appearing to occur
after the barrier has gone to zero in Figure 3.8b, the absolute distance between the
tip and sample due to the noise offset never exceeded the limit set by Equation 3.11
for any particular trial.

∆E = 0, (3.10)

⇒ z∆E=0 = s−
√
E. (3.11)

To really disentangle which of these possible explanations has the strongest con-
tributions to the observed tail in the experimental data, sophisticated modeling such
as density functional theory would likely be required. With density functional theory,
more realistic potentials can be used to model tip-sample interactions, and can also
account for flexibility/movement of bonded atoms on the tip [25]. Another aspect of
this toy model that would need to be specifically accounted for in more sophisticated
treatments is that the barrier height (∆E) would be calculated between the quantum
ground state energies of the system, rather than the classical minima of the potential
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curves as has been done here. Further, type-I and type-II signatures were treated
together here as part of the same distribution, although there is likely a different
barrier height associated with each process. As more experimental data is collected,
it will be possible to treat them separately, but at present type-I HR events only
make up about 14% of the 168 events in the distribution shown in Figure 3.8a.

3.4 Hydrogen repassivation of a positive DB

Occasionally on the H-Si(100)-2x1 surface, with our degenerate n-type doping,
it is still possible to observe what has been classified as a DB in its positive charge
state [102]. This is due to local non-uniformity in the electrostatic landscape of
the surface [75]. These DBs, commonly observed on the p-type surface, have a
characteristic asymmetric geometry in empty states (Figure 3.9a) and appear as
dark depressions in filled states (Figure 3.9b) [102]. Using the HR technique, it is
possible to repassivate such DBs as well (Figure 3.9c). Unfortunately, due to the
rare occurrence of these entities, no conclusions on the relative ease of repassivation
compared to a negatively charged DB can currently be made.

Figure 3.9: Repassivating a positive DB (I = 50 pA, T = 4.5 K, 3 x
3 nm2).
a) (V = 1.4 V) An empty states image of a positive DB, showing a characteristic
crescent shape. b) (V = -1.7 V) A filled states image of a positive DB, where it
appears as a dark depression, unlike the other two negatively charged DBs in the
image. c) An image after successfully initiating an HR event at the positive DB.
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3.5 Room temperature repassivation trials

Given the observation that hydrogen atoms can still be physisorbed on a tungsten
tip and subsequently deposited on a silicon surface at room temperature [83], I
explored the possibility of using the HR technique at non-cryogenic conditions.

Despite many attempts, I was unable to perform a controlled repassivation opera-
tion. Instead, spontaneous repassivation events were observed on the surface (Figure
3.10). It is possible that controlled HR was not occurring due to an incompatible
tip geometry. However, the tip was reconditioned many times through controlled
contact with the surface, in an attempt to alter it during these trials, and still no
HR was achieved. I believe one of the main issues preventing successful HR was
uncertainty in tip position over a DB when working at non-cryogenic temperatures.

Figure 3.10: Spontaneous repassivation at room temperature (V = 1.4 V,
I = 150 pA, T = 297 K, 20 x 20 nm2).
Sequential scans at room temperature, where a DB was observed to have sponta-
neously repassivated with hydrogen.
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3.6 Possibility of surface damage during hydrogen
repassivation

To observe a type-I or type-II repassivation signature in the tunneling current,
the HR procedure requires a small bias to be left on the tip (Section 2.5.4). When
initially exploring the parameter space during the development of the HR procedure,
trials involving larger biases (up to 1.4 V) were undertaken as well. Often, as the
tip approached the surface at these elevated bias values, the measured tunneling
current would saturate at the 3.5 nA threshold of the current preamplifier. Due to
this threshold, the maximum current values reached were unknown.

At tunneling currents approaching 3.5 nA and close tip-sample separations, there
is a risk of breaking additional surface Si-H bonds, causing local damage to the
surface. At even higher currents, it appears that enough energy can be input into
the surface to cause a significant bond rearrangement. Figure 3.11 shows the creation
of a dimer dihydride defect on the surface during an HR attempt at a bias of 1.2 V.
This type of defect creation has not been further observed since restricting the bias
range utilized for HR.

Figure 3.11: Creating a dihydride during HR (V = 1.4 V, I = 50 pA, T
= 4.5 K, 15 x 15 nm2).
a) An empty states image of the H-Si(100)-2x1 surface. b) The same area as in a
after the creation of three DBs. c) An HR attempt was made at the leftmost DB
at a tip bias of 1.2 V. The DB was not repassivated, and instead a dihydride was
created on the surface and the original DB was displaced. d) The same area as in a
after two of the created DBs were successfully repassivated.
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3.7 Outlooks

The integration of improved automated HL with controlled and reliable STM-
based HR has led to a leap in atomic-scale fabrication capabilities on the H-Si(100)-
2x1 surface, as demonstrated by the largest error-free structures ever created from
DBs. The previously stringent condition of error-free HL can now be relaxed with
the introduction of HR for error correction, making the process more scalable and
realistic from a production standpoint. New applications have also emerged from the
ability to controllably replace hydrogen in the form of ultra-dense rewritable data
storage arrays created from DBs.

Inherent in the HR procedure, however, is the limited amount of hydrogen avail-
able on the tip surface. This is a hurdle for the mass production of circuitry and
practical implementations of data storage. It was discussed in Section 2.3.3 that
other tip materials such as Pt may provide a solution, as others have shown the
capability to hold over a thousand atoms of hydrogen at a time [84]. Even with a
relatively large supply compared to what is possible right now on a tungsten tip,
when circuit structures and data arrays begin to approach the size of tens of thou-
sands of DBs, the speed bottleneck of needing to replenish the tip would still remain.
The use of multiple tips during fabrication can ease this bottleneck to some degree,
although designing suitable equipment still presents a significant engineering chal-
lenge. The next chapter approaches this problem from a different angle, where no
new equipment needs to be designed. Rather, the strengths of HL can be harnessed
to create a faster, more efficient and scalable repassivation procedure.

The next stage of study for HL and HR is to begin a thorough exploration of
these processes and procedures on p-doped silicon. The studies described in this
chapter have all so far been performed on n-type silicon. It will be imperative in
the future to ensure that the observations and procedures described here function as
intended on silicon substrates with both different dopant types and concentrations,
as these parameters will change the native charge occupation and properties of the
surface DBs [26,27,91,103].
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This chapter has been reproduced from the published article with permission
from R. Achal, M. Rashidi, J. Croshaw, T. Huff, R. A. Wolkow, “Detecting and
Directing Single Molecule Binding Events on H-Si(100) with Application to Ul-
tradense Data Storage,” ACS Nano (Nov, 2019) 10.1021/acsnano.9b07637, Copy-
right 2019 American Chemical Society. The full manuscript is available at: http:
//dx.doi.org/10.1021/acsnano.9b07637 [Open Access] [44].

This article was one of the 365 selected in 2019 from the entire ACS family of
journals to be featured in ACS Editors’ Choice. As such, it was sponsored for Open
Access. I was both excited and grateful for this, because while I fully support the
open access of scientific work, I am not always in support of the associated fees.

4.1 Abstract

Many diverse material systems are being explored to enable smaller, more capable
and energy efficient devices. These bottom-up approaches for atomic and molecu-
lar electronics, quantum computation, and data storage all rely on a well-developed
understanding of materials at the atomic scale. Here, we report a versatile scanning
tunneling microscope (STM) charge characterization technique, which reduces the
influence of the typically perturbative STM tip field, to develop this understanding
even further. Using this technique, we can now observe single molecule binding events
to atomically defined reactive sites (fabricated on a hydrogen-terminated silicon sur-
face) through electronic detection. We then developed a simplified error correction
tool for automated hydrogen lithography, quickly directing molecular hydrogen bind-
ing events using these sites to precisely repassivate surface dangling bonds (without
the use of a scanned probe). We additionally incorporated this molecular repas-
sivation technique as the primary rewriting mechanism in ultra-dense atomic data
storage designs (0.88 petabits per in2).
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4.2 Introduction

As the end of the current silicon technological roadmap draws closer, ever more
capable tools for atomic-scale fabrication are enabling the use of hydrogen-terminated
silicon as a platform for a number of alternative avenues [5,7,10,69,79,104,105]. The
technique known as hydrogen lithography [10,34,37] (HL) has been used on this sur-
face in the creation of atomic-scale logic elements [5], quantum structures [40], ultra-
dense rewritable memory arrays [10], and controlled chemical reactions [105–107] in-
cluding the precise placement of dopant atoms [7,79,105]. Using the tip of a scanning
probe microscope, single atoms of hydrogen are removed from the surface to create
atomically defined dangling bond (DB) patterns. With HL, tailored reactive sites can
even be created for specific molecules [91,105–109] (Supplementary Figure 4.5). The
precise and reproducible spatial integration of molecules into electronic devices is an
important consideration towards scalable production, although it remains a consid-
erable challenge. There is a particular focus on the integration of molecules on silicon
surfaces to complement and enhance existing technologies [86, 90, 110–112]. This is
because molecules can exhibit an array of properties, adding specific functionalities
to a given device [110, 112–116]. The reactivity of a variety of molecules with the
silicon surface has been studied, including simple molecules like hydrogen [91, 108],
and more complex molecules such as alkenes [90,109,110] and phosphine [117,118].

To propel the spatially controlled integration of molecules with the silicon sur-
face forward, new tools that are capable of uncovering atomic-scale details of single
molecule reactions are required. Typical scanning tunneling microscope (STM)-based
dynamics studies rely on the observations of the motion and state of molecules, or DB
sites, to gain insight into their reactivity. This approach is somewhat limited as the
smallest intervals between scans are often many seconds to minutes apart [119,120],
making real-time observations difficult. There is also the impact of the STM tip
as it scans over the area of interest, which can inadvertently deposit material, or
strongly influence local dynamics through electric field effects and the injection of
charge [35, 119, 121–123]. The latter aspects can additionally complicate the char-
acterization of the amount of charge in DB structures when using only STM mea-
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surements, although it is possible to determine the exact charge of defects in some
systems through careful analysis and comparison to theory [124,125].

Here, we report an all-STM method, which incorporates HL and hydrogen repas-
sivation (HR) techniques [10, 25, 33] to readily characterize the total charge of DB
structures at the single electron level, with reduced influence from the STM tip. With
this STM method we were able to reproduce results [5,75] taken at zero bias with an
atomic force microscope (AFM). Once we characterized the number of charges in a
given DB structure, such as in an atomically defined reactive site, we then extended
this technique to the detection of externally induced charge changes in the DB site
and surrounding area. We showed that a single molecule binding event occurring at
the DB site can be electronically detected by monitoring for changes in charge. The
event can be detected with temporal resolution up to real time, with the possibility
of observing multiple bonding events at different DB sites. Combining the ability to
precisely create tailored reactive DB sites using HL and the ability to detect a sub-
sequent binding event at those sites provides a framework to study single molecule
reactions, and to test the reliability of theoretically predicted pathways [126–130].

In this work, we also further the prospect of the scalable fabrication of atomic elec-
tronics and ultra-dense room-temperature stable memory on hydrogen-terminated
silicon. The recent discovery of HR [10, 25, 33] to complement automated HL [10]
has already resulted in significant fabrication advances [5, 10, 75], although there is
still room to improve repassivation speeds. Currently, the only method to control-
lably add hydrogen to the surface is to sequentially repassivate DBs with atomic
hydrogen attached to a scanned probe [10, 25, 33]. When the probe is depleted of
hydrogen, it must travel to gather more. By using HL to create specific DB sites
we have demonstrated that we can precisely direct where hydrogen molecules re-
act on the surface of both hydrogen-terminated and deuterium-terminated silicon
(Supplementary Figure 4.6) to repassivate DBs without a probe, while leaving other
DB structures unreacted. This technique is not only simpler, but also faster than
HR because it is unencumbered by the finite number of hydrogen atoms that can
be adsorbed to a probe [10, 25, 33], resulting in a more convenient tool to repair
fabrication errors in HL. We then integrated this improved repassivation method as
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the primary rewriting process in a proof-of-concept atomic memory array, with a
maximum storage density of 1.36 bits per nm2.

4.3 Results and discussion

4.3.1 STM charge characterization of atomically defined struc-
tures

Single DBs on an otherwise hydrogen-passivated silicon surface introduce an iso-
lated electronic state within the silicon band gap [35,40,64]. The current through a
DB, as measured by an STM tip, can be influenced by the DB’s local electrostatic
environment [39, 64], including by the charge state of subsurface dopants [64]. Due
to the sample preparation method there is a dopant-depleted region extending over
60 nm from the surface, which largely isolates surface DBs and dopants in this layer
from the bulk [63]. At 4.5 K, dopant atoms laterally separated from the tip by up to
15 nm and at a depth of approximately 5 nm to 15 nm remain un-ionized (neutral)
until a critical tip voltage is reached [64]. When one such dopant is field ionized
by the tip, the now positive ion core causes downward bending of the local energy
bands, thereby creating a conduction channel between the bulk silicon conduction
band and the DB level, resulting in a measurable increase of current to the STM
tip [64]. The DB acts as a window into the dopant ionization state, with this sudden
onset of current manifesting as a sharp step in its current-voltage, I (V ), spectrum
taken over the DB [64] (Figure 4.1). The step is commonly observed in the I (V )
spectra of most DBs (enabling their use as sensors), however, the exact strength and
critical value of this signature depends on several factors. The sharpness of the tip
can alter the value of the critical voltage, as when the tip changes, the strength of
its field at the dopant atom changes as well, causing it to ionize at a different critical
voltage. The critical voltage also depends on the random proximity of the dopant to
the surface and a given DB [64]. By controllably adding local negative charges on
the surface, so as to introduce upward band bending, it is possible to increase the
magnitude of the critical voltage where this onset occurs, therefore requiring a larger
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tip field to achieve dopant ionization. We take advantage of this effect to develop an
STM procedure to characterize the amount of net charge in fabricated DB structures
(Figure 4.1a-e). This was previously achieved with sensitive AFM frequency shift
measurements of the charge state transitions of a sensor DB itself [75], or by using
an AFM to map the spatial localization of charge in DB structures [5].
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Figure 4.1: Characterizing charge occupations (V = -1.6 V, I = 50 pA,
T = 4.5 K, 6.4 x 6.4 nm2).
a) A scanning tunneling microscope (STM) image of a dangling bond (DB) on the
hydrogen-passivated Si(100)-2x1 surface. The DB (DB1) exhibits a sharp current
onset in its I (V ) spectrum (f-blue) due to the ionization of a subsurface arsenic
dopant atom caused by the STM tip field. b) A second DB (DB2), containing a net
charge of one electron is added to the surface 5.4 nm away from DB1, causing the
step in the I (V ) spectrum of DB1 to shift to the left (f-dark green). c) A third
DB (DB3) is added near DB2, no shift in the I (V ) spectrum of DB1 is observed
(f-light green). d, e) The distance between DB2 and DB3 is varied to determine
the net charge in the structure for each case. f) The I (V ) spectra taken over DB1,
associated with a-e, showing the sharp onset of current.

It has been predicted that two closely spaced DBs (<1 nm) on the surface of
highly arsenic-doped hydrogen-terminated silicon will share a net charge of one elec-
tron, whereas two isolated DBs will have a charge of one electron each [20]. While
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recent AFM experiments have verified the single net electron occupation of two
closely spaced DBs [5,75], the analogous capability has been lacking in STM. This is
principally because the STM applies a large perturbative field while imaging and is
capable of injecting or removing charge on the surface. By working with sharp tips
(approximately 5 nm radius) at voltages between -1.2 V to -1.6 V and characteriz-
ing structures in excess of 5 nm laterally removed from the STM tip, the possible
effects of both charge injection and field perturbations can be greatly reduced (see
Methods).

To determine the net charge of a DB structure with an STM, we first recorded a
baseline reference I (V ) spectrum over a sensor DB (DB1) (Figure 4.1a,f-blue), which
was selected because it exhibited the sharp current onset due to the ionization of a
nearby isolated arsenic dopant. We then added a second isolated DB (DB2) 5.4 nm
away (Figure 4.1b), and a new spectrum was taken over DB1. At this distance, AFM
experiments performed with zero applied voltage have shown that DB2 will have a
net charge of one electron [5, 75]. In this STM measurement, we observed that the
presence of DB2 has increased the critical voltage required to ionize the subsurface
dopant, shifting the onset of current observed in the I (V ) spectrum of DB1 to a
larger negative voltage by -0.06 V (Figure 4.1f-dark green). The direction of the shift
indicates that DB2 is negatively charged. The magnitude of the shift is essentially
independent of the distance between the two DBs, as they are not interacting when
separated by more than 5 nm [75], but rather depends on the distance between
DB2 and the dopant atom [64]. Another DB (DB3) was then added 0.768 nm from
DB2 (Figure 4.1c), and the spectrum of DB1 was measured once more (Figure 4.1f-
light green). The presence of DB3 did not shift the spectrum this time, as would
be expected if another negative charge was added into the area, further increasing
the critical voltage required to ionize the subsurface dopant. We then erased DB3
using HR and created a new DB 1.15 nm from DB2 (Figure 4.1d). With this new
placement, the spectrum taken over DB1 (Figure 4.1f-orange) showed an additional
shift of -0.065 V, indicating the presence of another charge of one electron in the local
area. Repeating this process, DB3 was positioned 1.92 nm from DB2 (Figure 4.1e),
and no additional shift of the I (V ) spectrum of DB1 was observed (Figure 4.1f-red).
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Since the induced shifts from one and two electrons were very close in magnitude
in the I (V ) spectrum, we surmise that the un-ionized dopant was sufficiently deep,
such that the change in lateral separation of the two DBs in the structure (DB2
and DB3) did not alter their distance to the dopant significantly. Through these
STM measurements, we can conclude that 0.768 nm separating DB2 and DB3 gives
a net charge of one electron within the pair (due to inter-electron repulsion [20]),
while when the spacing is increased to 1.15 nm or more there is a net charge of two
electrons within the structure/local area. These results are in agreement with recent
AFM studies [5,75] (also see Supplementary Figure 4.7 for additional AFM results).

Using HL and HR to create and erase a number of isolated DBs (with a charge
of one electron) in a particular area, we have demonstrated the capability to cali-
brate the shifts in the I (V ) spectrum of a sensor DB in order to characterize the
amount of net charge in larger DB structures, with reduced tip field effects. This
technique enables minimally perturbative studies of charge occupation using only
an STM (Supplementary Figures 4.8, 4.9). In variable-temperature scanned probe
systems, we expect it will be possible to observe the I (V ) step over a range of tem-
peratures up to approximately 40 K, above which the dopants in the depleted region
begin to thermally ionize [131]. Using this technique, we have determined that two
immediately adjacent DBs (as shown in Figure 4.2), forming an inter-dimer site, have
a net charge of one electron among them (Supplementary Figure 4.8).

4.3.2 Detection of single-molecule binding events

Once the amount of charge in a particular reactive site (like the inter-dimer
site) is known, it is possible to use the techniques described above to electronically
detect a molecular binding event by periodically recording the I (V ) spectrum of a
laterally-removed sensor DB (or, to achieve greater time resolution, rapidly sampling
the current through it at a fixed bias voltage). If there is a change of at least one
electron locally when a molecule binds, then there will be an associated change in
the I (V ) spectrum (or current). While hydrogen molecules are generally found to
be unreactive toward the clean silicon surface [90, 91], they are extremely reactive
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with inter-dimer sites on an otherwise hydrogen covered surface [91]. The sites
have zero net charge after hydrogen molecules dissociatively adsorb, repassivating
their constituent DBs with hydrogen atoms. This is because the two DB states are
eliminated upon each DB reforming a bond with a hydrogen atom.

Previous studies were in disagreement over the preferred pathway (inter-dimer
[132] vs. intra-dimer [133]) for the dissociative adsorption of hydrogen molecules
on the silicon surface. It was eventually shown that the inter-dimer pathway was
the dominant one [108], corroborated by theoretical calculations, which predicted
it to be barrierless [126–129]. These results relied on sequential STM observations
of random adsorption events on the surface [108]. With HL, instead of observing
random events, we created both the inter- and intra-dimer sites in the same area
on the hydrogen-terminated surface. We observed that only the inter-dimer sites
reacted with hydrogen molecules, providing additional, very direct support for the
dominance of the inter-dimer pathway (Supplementary Figure 4.10).

Figure 4.2 shows the electronic observation/detection of a single hydrogen molecule
binding event to a fabricated inter-dimer site. To detect the event, we created an
inter-dimer site 10.2 nm (thereby reducing any STM field effects) from a sensor DB
exhibiting a sharp onset in its I (V ) spectrum (Figure 4.2a,b,e). We then controllably
introduced hydrogen gas (H2) into the vacuum chamber to establish a pressure of
4·10−7 Torr, external to the cryo-shielding, and recorded a spectrum over the sen-
sor DB at 35 s intervals (see Methods). After 875 s elapsed, the step in the I (V )
spectrum was detected to have shifted back to its original position (Figure 4.2e), in-
dicating that a binding event occurred, and a hydrogen molecule had dissociatively
reacted with the inter-dimer site. Subsequent imaging of the reaction site confirmed
the DBs of the inter-dimer site had been repassivated with hydrogen (Figure 4.2c).
This technique has the potential to be extended to observe multiple reactive sites,
with each site shifting the step of a sensor DB an additional amount (Supplementary
Figure 4.11).

The time for a hydrogen molecule to bind to an inter-dimer site depends on the
pressure of hydrogen gas at the sample surface. Due to the design of the STM
chamber, the pressure measurement outside of the cryo-shielding is not an entirely
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accurate representation of the pressure in the vicinity of the tip and sample, where
there is no pressure sensor. There is low flux of gas through the shielding and the cold
shield surfaces lower the pressure further through cryo-pumping effects. We believe
that the hydrogen molecules are arriving at the inter-dimer sites from gas phase, as
the pressure and temperature of the system are such that H2 cannot exist in a liquid
phase [134, 135]. By measuring the reaction time of inter-dimer sites with hydrogen
molecules, the pressure in the vicinity of the sample surface can be estimated (see
Methods).
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Figure 4.2: Electronically detecting a binding event (V = -1.6 V, I =
50 pA, T = 4.5 K, 11.3 x 7 nm2).
a) Scanning tunneling microscope (STM) image taken of the area around a sensor
dangling bond (DB) exhibiting a sharp current onset in its I (V ) spectrum. b) STM
image after the creation of an inter-dimer site 10.2 nm from the sensor DB. c) STM
image after hydrogen gas was added into the vacuum chamber, and the reaction of
a hydrogen molecule with the inter-dimer site was electronically detected by a shift
in the I (V ) spectrum taken over the sensor DB. d) The geometry of the surface,
showing the sensor DB (dashed red square), and the location where an inter-dimer
site has been created from DBs (dashed red rectangle) to react with an ambient
hydrogen molecule (light blue). e) The I (V ) spectra taken periodically over the
sensor DB associated with a, b, c.

4.3.3 Directing single-molecule binding events (molecular hy-
drogen repassivation)

We explored the relative reactivity of hydrogen molecules with a variety of DB
structures on both a hydrogen-terminated and deuterium-terminated surface, in-
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cluding with inter-dimer sites positioned in situations relevant to HL (with different
proximities to other DBs and defects) (Supplementary Figures 4.6a,b, 4.11a-e). We
observed a lack of reactivity of non-inter-dimer structures with hydrogen molecules
(Supplementary Figures 4.5, 4.6a,b, 4.10). We also did not observe any prohibitive
effects on the reactivity of the inter-dimer sites during our chosen timescales, instead
finding them to be highly reactive, even when close to or part of other multi-DB
structures. The reactions occurred even while the tip was fully withdrawn from the
surface (Supplementary Figure 4.11). This robust nature and the speed of reaction
of hydrogen molecules with inter-dimer sites, at an estimated pressure of 1·10−9 Torr
(see Methods for estimation), allowed us to use spatially controlled chemistry to re-
alize a faster and simplified method for both error correction in automated HL and
rewritable binary data storage.

Recent advances in HL have enabled the erasure/repassivation of isolated DBs
by bringing in individual hydrogen atoms bonded to a probe tip [10, 25, 33]. These
HR techniques have led to the demonstration of rewritable ultra-dense information
storage [10] and atomic circuitry [5]. One limitation of these techniques, however,
is that they require the tip to gather hydrogen atoms from locations outside of the
fabrication area whenever the tip becomes depleted of available hydrogen. This can
slow the fabrication process when many sequential corrections are required and is one
of the rate-limiting factors in the rewriting speed of the atomic memory arrays [10].
Instead of bringing in external hydrogen atoms on a probe for HR we can now direct
the reaction of ambient molecular hydrogen to erase DBs. This technique is also more
generally accessible as it relies on the well-established process of removing hydrogen
atoms from the surface, which is less restricted by specific tip geometries or materials,
to achieve repassivation [10,54].

To initiate spontaneous molecular hydrogen repassivation (M-HR), we first cre-
ated an additional DB adjacent to a target DB so as to form a reactive inter-dimer
site (Figure 4.3). Then, by working at sufficiently high hydrogen gas pressures (in
vicinity of the sample surface, approximately 1·10−9 Torr), both the targeted DB
and the one created adjacent to it were spontaneously repassivated with hydrogen
when a hydrogen molecule dissociatively reacted with the site, leaving all other DBs
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unaltered. The inter-dimer site in Figure 4.3c reacted between the acquisition of Fig-
ure 4.3c and 4.3d, taking less than 52 s (working at even higher pressures can reduce
the time further), while the tip was available to perform other tasks. Working at
higher hydrogen pressures has not appeared to impact the long-term stability of the
structures fabricated from single DBs (Supplementary Figures 4.5, 4.10). Figure 4.3f
shows the same structure in Figure 4.3e unchanged six days later in an environment
of an estimated pressure of 1·10−9 Torr.
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Figure 4.3: Molecular hydrogen repassivation (I = 50 pA, T = 4.5 K, 8 x
8 nm2).
a) (V = 1.4 V) A Scanning tunneling microscope (STM) image of an 8-bit dangling
bond (DB) memory array, with a fabrication error, taken to visualize the location
of the surface hydrogen atoms. When imaging DB structures in empty states, there
is a dynamic interplay between charge injection from the tip, discharging rates into
the bulk, and tip-induced band bending, which causes a dark region to appear sur-
rounding the structure [35, 74, 136]. It has also been proposed that the additional
corrugation between neighboring DBs in the structure is due to contributions from
excited states [40]. b) (V = 1.6 V) The same structure in a, taken at a negative
sample bias to better visualize the location of the DBs in the array. c) (V = 1.4 V)
An STM image taken after the erroneous DB in a was converted into an inter-dimer
site, by removing an additional hydrogen atom from the surface. d) (V = -1.6 V)
The STM image taken immediately after c (52 s later), during which time the inter-
dimer site reacted with an ambient hydrogen molecule to erase the erroneous DB.
e) (V = -1.6 V) The error-free 8-bit memory array structure, after the removal of
the correct hydrogen atom from the surface. f) (V = -1.6 V) The same structure
shown in e unchanged after 6 days in an environment of an estimated pressure of
1·10−9 Torr of hydrogen gas.
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This “create-to-erase” style of error correction eliminates the need to bring in
external hydrogen atoms on a probe for the majority of situations where erroneous
DBs need to be corrected during fabrication of atomic circuitry. Desired circuit
patterns need not employ any reactive pairings of DBs [5], making all other parts of
the circuit immune to the corrective H2 exposure. The reduction in tip movements
to gather atomic hydrogen realized by implementing M-HR compared to HR will
additionally result in a time savings per correction/rewriting operation. M-HR has
the potential to reduce the complexity of the machine learning algorithms [73, 137]
required for the scalable automation of atomic-scale fabrication and of rewriting
atomic memory arrays as well. This is because with M-HR, a single step (the removal
of a surface hydrogen atom) can now be used for both fabricating and erasing, as
opposed to additionally training neural networks to gather and recognize when a tip
is loaded with hydrogen.

With M-HR there is also no physical limitation on the amount of hydrogen avail-
able for corrections, as more H2 can always be added into the chamber. In situations
where it is not possible to convert an erroneous DB into an inter-dimer site, previ-
ously established HR techniques can still be used to compliment M-HR, providing
a more complete and efficient fabrication toolset. Furthermore, the selective reac-
tion of hydrogen with inter-dimer sites has been observed at room temperature [108]
and above [132], making it a viable tool for hydrogen lithography in non-cryogenic
conditions [34].

4.3.4 Improved ultra-dense atomic data storage

The use of DBs as bits in ultra-dense rewritable atomic memory arrays was re-
cently demonstrated on the hydrogen-terminated silicon surface [10]. Such arrays
are a promising candidate for future data storage applications because in addition to
the ultra-high densities that are possible, there are high barriers to diffusion for DBs
along the surface, providing stability well above ambient room temperature [28,29].
The primary rewriting mechanism of these arrays is currently HR; however, they can
now be redesigned to incorporate M-HR as the main means of altering the stored
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information (Supplementary Figure 4.12). In these arrays, each bit/DB is placed
along a dimer row, with one lattice site acting as a buffer on each side to separate
unit memory cells (Supplementary Figure 4.12a). The primary rewriting mechanism
of bits/DBs in this configuration is currently HR. M-HR cannot be incorporated into
this design, as removing a buffer atom to change a particular bit into an inter-dimer
site would also affect the neighboring bit. However, the arrays can be redesigned to
incorporate M-HR as the main means of altering the stored information by shifting
the geometry by 90◦ and redefining the area of a unit memory cell (Supplementary
Figure 4.12b,c). In these alternative designs, each bit/DB can now be converted
into an inter-dimer site to be rewritten as needed, unlike in the original implemen-
tation [10] (Supplementary Figure 4.12a). By incorporating M-HR, the maximum
storage density of the arrays is reduced from 1.70 bits per nm2 to 1.36 bits per nm2

(Supplementary Figure 4.12b). The slight reduction in maximum storage density is
compensated for by the simplicity and increased maximum speed of rewriting mul-
tiple bits, compared to HR (where the tip needs to travel away from the array to be
loaded with multiple hydrogen atoms). Additionally, the unlimited local supply of
hydrogen molecules removes any restriction on the number of possible write/rewrite
cycles of the memory arrays.

We have demonstrated the use of M-HR to rewrite a small 24-bit memory array
created using automated HL [10] (Figure 4.4a,b). With M-HR, once the bits/DBs
to be overwritten were converted into inter-dimer sites (see Methods), the tip was
available to perform other tasks, while the repassivation could proceed in the back-
ground in a quasi-parallel fashion. We were able to use the tip to record images in
between the acquisition of Figure 4.4e and Figure 4.4h (Supplementary Figure 4.13),
as well as condition it further. This is unlike the HR procedure, which is inherently
serial, where the tip is actively involved during the entire repassivation process.

Since the process to replace surface atoms now only requires the technique for
atom removal, techniques like M-HR provide a possible path forward from purely
scanned probe-based atomic-scale fabrication. In the future, as ion and electron
beam-based fabrication techniques become increasingly capable of imaging and ma-
nipulating single atoms [12,138], it is conceivable that the STM probe used to remove
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hydrogen atoms from the silicon surface could eventually be replaced. Should such a
transition occur for the removal of atoms, M-HR presents the ability to add material
back in a controlled manner, with the prospect of completely scanned probe-free
writing/rewriting for data storage applications.
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Figure 4.4: Rewriting a 24-bit memory array (V = -1.65 V, I = 50 pA,
T = 4.5 K, 4 x 7.5 nm2).
a) A schematic of a 24-bit memory array created from dangling bonds (DBs). The
first line of the array is blank (01111111), the next two lines are the ASCII binary
forms of the letters H (01001000) and R (01010010). b) An STM image of the 24-bit
array created from DBs (using automated hydrogen lithography [10]) with a storage
density of 1.36 bits per nm2. The data in the first line will be rewritten to store the
letter M (01001101). c) Using the automated scanning tunneling microscope (STM)
tip, the surface hydrogen atoms highlighted in red will be removed to create reactive
inter-dimer sites in order to rewrite the array. d) A schematic of the surface after the
three hydrogen atoms shown in c have been removed. e) An STM image of the 24-bit
DB array after three surface hydrogen atoms have been removed with the STM tip to
create inter-dimer sites. f) Hydrogen gas is introduced into the vacuum chamber to
bind with the inter-dimer sites (highlighted in red). The three reactions proceeded in
the order indicated. The full sequence of images is available in Supplementary Figure
4.13. g) The first line of the array shown in a has been rewritten to the letter M,
now that hydrogen molecules have dissociatively reacted with the inter-dimer sites
shown in d. h) An STM image of the 24-bit memory array after the inter-dimer
sites have reacted with hydrogen molecules, rewriting the stored information. i) The
remaining hydrogen gas in the chamber does not react with the isolated DBs in the
array and can be used in further rewriting operations.
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4.4 Conclusions

We have demonstrated a process that can be used to conveniently characterize
the charge occupation, or changes, of fabricated DB structures down to a single
electron level, with only an STM. Using HL and HR techniques to create and erase
single isolated DBs with a charge of one electron, the shifts of a feature in the I (V )
spectrum of a sensor DB can be calibrated to compare against those induced by a
structure of interest. With this technique we verified prior AFM results with an
STM.

We electronically detected the binding event of a hydrogen molecule at a prepared
inter-dimer site on the surface, with the tip laterally removed by greater than 10 nm.
We expect that the same techniques employed here can also be applied to study
the adsorption dynamics of additional molecules of technological interest, including
diverse alkenes and aromatic molecules by using other tailored DB reactive sites (such
as in Supplementary Figure 4.5). The inter-dimer and intra-dimer sites presented
here can directly be used to study cycloaddition reactions on silicon [110], including
with ethylene [109, 139]. Due to their charged nature, reactive DB sites can also
be directly integrated into field-controlled atomic electronic circuitry designs [5],
providing yet another route for sensing applications. The ability to exactly position
reactive sites in a particular area will also further the study of the effects of atomic-
scale surface variations on the reactivity of otherwise identical DB sites.

We applied the ability to create selective DB sites tailored to react with hydrogen
molecules as a more efficient means to correct fabrication errors in automated HL.
The unified technique of atom removal and replacement offers several improvements
over HR, including no longer requiring external hydrogen atoms to be brought in on
a probe. M-HR was then incorporated into alternative designs of atomic memory
arrays to improve the future rewriting speeds and overall usability of atom-based data
storage, illustrated with a small-scale demonstration. Although this demonstration
only contained 24 bits, there are no physical limitations preventing the technique
from scaling to larger arrays.
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4.5 Methods

4.5.1 Equipment

All measurements were performed with a commercial low-temperature Omicron
LT-STM (or LT-AFM) operating at 4.5 K. Polycrystalline tungsten wire (0.25 mm
diameter) was used for the STM tips. The tips were electrochemically etched in a
solution of 2 M NaOH, then were processed under ultra-high vacuum (UHV) con-
ditions in a field ion microscope to further sharpen them via a nitrogen gas etching
process [52].

4.5.2 Sample preparation

The highly arsenic-doped Si(100) (0.003-0.004 ohm-cm) samples were degassed
at 600 ◦C under UHV conditions for 24 h. Using resistive heating, the samples were
brought to a temperature of 1250 ◦C three to five times via rapid flashes in order
to remove all native oxide. We then exposed the samples to 1·10−6 Torr of 99.999%
pure hydrogen gas (or 99.7% pure deuterium gas), flowed through a liquid nitrogen
trap. A nearby tungsten filament held at 1900 ◦C was used to crack the gas into its
atomic constituents. The samples were exposed to the gas for 120 s without heating,
then were rapidly flashed to 1250 ◦C. The temperature was then quickly brought
down to 330 ◦C for 150 s, giving the hydrogen(or deuterium)-terminated 2x1 surface
reconstruction.

4.5.3 Reducing tip field effects

For sharp tips/probes, with radii of less than 20 nm, there is a significant reduc-
tion in the strength of the local tip field and charge injection/extraction along the
surface with increasing lateral separation from the tip [35, 40, 74, 136, 140–142]. Ex-
perimentally, on this substrate, the effects of charge injection from an STM tip into a
DB have been observed with lateral separations of approximately 2-4 nm depending
on the tip radius [35,40,136], with sharper tips requiring closer tip-DB separations for
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charge injection to occur [35, 136]. The effects of the tip field, without the injection
of charge, have been observed at up to 7 nm of lateral tip-DB separation, depending
on the tip geometry and applied voltage [35,40,75,136]. By working with single atom
tips and restricting voltages to between -1.2 V to -1.6 V, and additionally charac-
terizing structures five or more nanometers laterally removed from the STM tip, we
greatly reduce the possible effects of both charge injection and field perturbations.

4.5.4 Electronic molecular detection

Once a sensor DB was identified, a baseline I (V ) spectrum was recorded, and the
desired number of inter-dimer sites were created. The STM tip was then positioned
over the sensor DB and the measurement program was initiated to periodically record
the I (V ) spectrum. We then introduced 99.999% pure hydrogen gas into the system
until a pressure of 4·10−7 Torr was achieved, via a manual leak valve (the initial base
pressure inside of the STM was 5·10−11 Torr). The time interval was selected such
that the entire I (V ) spectrum of the sensor DB could be recorded (both forward
and backward sweeps), and the hydrogen gas pressure could be manually corrected
in between measurements. The time window also provided sufficient delay for the
majority of the mechanical vibrations of the STM tip (due to the manual actuation
of the leak valve) to dissipate before each spectrum was acquired. To undertake real-
time measurements, where the acquisition of the full I (V ) spectrum is not required,
the tip can be held at a fixed voltage and the tunneling current (or z-height) can be
monitored for sudden changes in the DB conductivity (Supplementary Figure 4.14).
The jump in the tunneling current can be detected in an identical way to the detection
of current changes used in HL, with a maximum sampling rate of 10 kHz [10].

4.5.5 Estimating pressure

Using the observations of the reaction time of inter-dimer sites with hydrogen
molecules, we can estimate a bound on the pressure of hydrogen inside the shielding,
where there is no pressure sensor available. To estimate the hydrogen pressure in
the vicinity of the tip and sample (Pest) we assume a perfect sticking coefficient

86



CHAPTER 4. DETECTING AND DIRECTING SINGLE MOLECULE BINDING
EVENTS ON H-SI(100) WITH APPLICATION TO ULTRA-DENSE DATA STORAGE

due to the barrierless nature of the reaction of molecular hydrogen with inter-dimer
sites [126–129] (along with our observation of the reaction at 4.5 K). Using the
ideal gas law, and the thermal distribution of the velocities and number of hydrogen
molecules incident on the silicon surface, the pressure is given by [143]:

Pest =
d ·

√
2π ·mH2 · kb · T

trx

(4.1)

where d is the number of surface sites per unit area (for Si(100)-2x1: d ≈ 1019

sites per m2), mH2 is the mass of a molecule of hydrogen, kb is the Boltzmann
constant, T is the temperature (4.5 K), and trx is the observed time for all sites to
react. Using conventional sequential STM image acquisition for slower dynamics, we
observed three inter-dimer sites react over 45 h (Supplementary Figure 4.10), giving
an estimated pressure of approximately 1·10−12 Torr. With observations taken using
the electronic detection technique after the introduction of H2 into the chamber,
including Figure 4.2, we estimated a local pressure of approximately 1·10−10 Torr.
In Supplementary Figure 4.11, all three inter-dimer sites reacted within 120 s after
creating the third inter-dimer site. Including this observation, along with Figure
4.3 (52 s), we estimated a pressure at that time of at least 1·10−9 Torr near the
sample surface, recognizing that the reactions may have occurred in less than 120 s
in Supplementary Figure 4.11. Given an H2 pressure of 1·10−9 Torr at a temperature
of 4.5 K, Equation 4.1 predicts that trx ≈ 60 s. The average measured trx of the inter-
dimer sites at an estimated H2 pressure of approximately 1·10−9 Torr at 4.5 K agrees
well with this prediction. The agreement between the predicted and the measured
reaction time further supports our notion that the hydrogen molecules arrive at the
inter-dimer sites from the gas phase.

4.5.6 Rewriting atomic memory array

Once the bits/DBs identified to be rewritten were converted into inter-dimer sites
(Figure 4.4), hydrogen gas was introduced into the vacuum chamber to achieve the
same conditions as in Figure 4.3. Because the initial hydrogen background pressure
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in the chamber external to the cryo-shielding was low (<1·10−11 Torr), it took ap-
proximately 30 minutes before the pressure in proximity to the tip and sample was
sufficiently high for the first M-HR event to occur. The remaining events occurred
within one minute of each other after an approximate pressure of 1·10−9 Torr was
achieved near the sample surface.

4.6 Supplementary information

Figure 4.5: Reactive sites (V = 1.4 V, I = 50 pA, T = 4.5 K, 6.34 x
6 nm2).
a) A scanning tunneling microscope (STM) image of an area where an inter-dimer
site (red) has been created along with a site containing three adjacent bare dimers
(blue), and two single dangling bonds (DBs) (pink). The inter-dimer site is highly
reactive with hydrogen molecules, while the site with three bare dimers is reactive
with phosphine molecules [105]. b) An STM image of the same area in a after sitting
in a vacuum chamber with a base pressure of 5·10−11 Torr for 44 hours. In this time,
only the inter-dimer site has reacted with a hydrogen molecule, despite the 3 bare
dimer site containing areas with equivalent geometry to an inter-dimer site. c) An
STM image of the same area in b after sitting for an additional 97 hours in the
vacuum chamber. The cryogens in the STM had to be replenished twice during this
time, so the sample was subjected to temperature spikes up to 15 K and pressure
spikes of up to 1·10−8 Torr during this process. Again, no reactions were observed
in this time.
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Figure 4.6: Reactions with deuterium-terminated Si(100)-2x1 (I = 50 pA,
T = 4.5 K).
a) (V = -1.8 V, 15 x 15 nm2) A scanning tunneling microscope (STM) image of a
deuterium-terminated Si(100)-2x1 surface, with various dangling bond (DB) struc-
tures. b) (V = -1.8 V, 15 x 15 nm2) The same area as in the previous figure after
27 hours in an environment of 9·10−11 Torr of hydrogen gas (negligible deuterium
background). At each inter-dimer site, a hydrogen molecule has reacted. In the
structure with three directly adjacent DBs (containing an inter-dimer site), a hy-
drogen molecule reacted with two of the DBs, leaving an isolated DB remaining.
c) (V = 1.4 V, 4 x 4 nm2) An STM image of two inter-dimer sites created on the
deuterated surface, ready to react with an ambient hydrogen molecule. d) (V =
1.4 V, 2.7 x 2.7 nm2) An STM image of the area highlighted in c after the reaction
of two hydrogen molecules. With the present imaging techniques, the hydrogen and
deuterium atoms could not be differentiated. Inelastic tunneling spectroscopy [144]
was also unable to resolve a discernible signal to identify the atoms. e) (V = -1.8 V,
4 x 4 nm2) Filled states image of c. f) (V = -1.8 V, 2.7 x 2.7 nm2) Filled states
image of d.
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Figure 4.7: AFM measurements of net charge in DB structures.
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Figure 4.7: cont. AFM measurements of net charge in DB structures.
a-c) (V = 1.3 V, I = 50 pA, T = 4.5 K, 3 x 3 nm2) Scanning tunneling microscope
(STM) images of two dangling bonds (DBs) with various separations. d-f) (V =
-1.8 V, I = 50 pA, T = 4.5 K, 3 x 3 nm2) Filled state STM images of the same
DBs in a-c. g-i) (V = 0 V, Zrel = -300 pm, T = 4.5 K, 3 x 3 nm2) Constant height
AFM frequency shift images of the structures in a-c. The dark depressions represent
the location of an electron within each structure [5]. In g and h there is only a net
charge of one electron within the structures. In i there are two net electrons present.
j) (V = -1.8 V, I = 50 pA, T = 4.5 K, 2 x 4 nm2) An STM image of an inter-dimer
site. k) (V = 0 V, Zrel = -300 pm, T = 4.5 K, 2 x 4 nm2) Constant height AFM
frequency shift image of the inter-dimer site in j, showing the presence of only one
net electron. l) (V = 1.3 V, I = 50 pA, T = 4.5 K, 3 x 3 nm2) An STM image of
an intra-dimer site. m) (V = 0 V, Zrel = -300 pm, T = 4.5 K, 2 x 4 nm2) Constant
height AFM frequency shift image of the intra-dimer site (bare dimer) in l, showing
the presence of only one net electron.
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Figure 4.8: Net charge in an inter-dimer site (V = -1.8 V, I = 50 pA,
T = 4.5 K, 8 x 8 nm2).
a) A scanning tunneling microscope (STM) image of a dangling bond (DB) on the
hydrogen-passivated Si(100)-2x1 surface. This DB exhibits a sharp current onset in
its I (V ) spectrum due to the ionization of a subsurface arsenic dopant atom caused
by the STM tip field, making it suitable to act as a charge sensor. b) A second
DB, containing a net charge of one electron, is added to the surface to calibrate the
sensor. c) The DB in b is converted into an inter-dimer site. d) The I (V ) spectra
taken over the first DB, associated with a-c, showing the shift in the sharp onset of
current.
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Figure 4.9: Net charge in other structures (V = 1.4 V, I = 50 pA, T =
4.5 K, 12 x 12 nm2).
a-d) Scanning tunneling microscope (STM) images of the dangling bond (DB) struc-
tures associated with the spectra in e. e) The I (V ) spectra taken over the sensor DB
in a-d. After the shift in the I (V ) spectrum of the sensor DB was calibrated in b,
the structures in c and d were determined to have a net charge of one electron. These
results correspond with the AFM measurements shown in Supplementary Figure 4.7.
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Figure 4.10: Various dangling bond structures (V = 1.4 V, I = 50 pA,
T = 4.5 K, 14 x 8 nm2).
a) A scanning tunneling microscope (STM) image of an area where a number of
various DB structures have been created. Inter-dimer sites are denoted in red, while
the intra-dimer sites (bare dimers) are denoted in blue. b) An STM image of the
same area after sitting in a vacuum chamber with a base pressure of 5·10−11 Torr for
45 hours. c) A difference image between a and b. Only the inter-dimer sites have
reacted after 45 hours, with no other significant changes occurring in this time with
any of the isolated DBs or other DB structures.

4.6.1 Multiple inter-dimer sites

We created three inter-dimer sites 6.6 nm to 8.9 nm from a sensor DB, with the
intention of detecting three sequential binding events. The observation of multiple
sites is possible because the presence of each subsequent inter-dimer site shifted the
I (V ) step used for electronic detection to increasingly negative voltages, as seen
in Supplementary Figure 4.11f. While the tip was withdrawn from the surface (in
preparation of adding additional H2 into the chamber before initiating monitoring),
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however, all three sites reacted within 120 s. The sites reacted so quickly because the
base-pressure near the sample surface remained elevated after earlier trials (estimated
to be at least 1·10−9 Torr). With an improved experimental procedure and lower
hydrogen background pressure such multi-reaction sequences can be monitored.
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Figure 4.11: Multiple inter-dimer sites (V = -1.7 V, I = 50 pA, T =
4.5 K, 15 x 13 nm2).
a) A scanning tunneling microscope (STM) image of an isolated dangling bond (DB)
on the hydrogen-passivated Si(100)-2x1 surface, which exhibits a sharp current onset
in its I (V ) spectrum (f-blue). b-d) STM images of a sequence of inter-dimer sites
being added at various distances and locations relative to the sensor DB (6.6 nm,
8.9 nm, 8.4 nm). e) An STM image taken 120 s after the creation of the inter-dimer
site in d, before any additional hydrogen gas was added into the vacuum chamber.
f) The I (V ) spectra taken over the sensor DB, associated with a-e.
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Figure 4.12: Ultra-dense atomic memory designs (8 bits per line).
a) The original design of the ultra-dense memory array using dangling bonds (DBs) to
represent one bit of information [10], with a maximum bit density of 1.7 bits per nm2.
The unit memory cell is denoted in red, containing one bit, the sites where hydrogen
atoms are removed or replaced to store information are highlighted in green, the
area in grey represents sites used to space each bit from the next. This memory was
designed to be rewritten by bringing in external hydrogen atoms on a probe tip, which
presented a potential bottleneck for the speed of rewriting operations. b) An altered
array design for DB-based atomic storage, with a maximum storage density of 1.36
bits per nm2. In this scheme the surface geometry has been rotated by 90◦ relative
to a. The memory cell denoted in red now contains two bits highlighted in green
(one upper bit and one lower bit). Each bit within the cell can now be rewritten
by converting the DB into an inter-dimer site, which subsequently reacts with an
ambient molecule of hydrogen. This removes the need to bring in hydrogen atoms
externally. The sites that are used to convert the upper and lower bits in the cell to
inter-dimer sites are highlighted in orange and pink respectively. In this design, the
upper and lower bits within the same unit cell cannot both be converted into inter-
dimer sites during the same rewriting operation because a hydrogen molecule could
then instead react in between the upper and lower bits, leaving them unaltered. The
array would have to be rewritten line by line in this case or employ an optimization
algorithm to ensure no pair of upper and lower bits are converted into inter-dimer
sites during the same rewriting cycle. c) This issue can be overcome at the expense
of storage density. Here, the unit memory cell denoted in red contains one bit, which
can also be rewritten through molecular hydrogen repassivation. The array has a
maximum bit density of 1.13 bits per nm2 and a more analogous geometry to a, where
a given bit can be rewritten without consideration of any other bit. The choice in
design between b and c depends on the particular application, where factors such
as density and computational overhead for optimizing rewriting cycles need to be
considered. 97
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Figure 4.13: Full - rewriting a 24-bit memory array (V = -1.65 V, I =
50 pA, T = 4.5 K, 4 x 7.5 nm2).

98



CHAPTER 4. DETECTING AND DIRECTING SINGLE MOLECULE BINDING
EVENTS ON H-SI(100) WITH APPLICATION TO ULTRA-DENSE DATA STORAGE

Figure 4.13: cont. Full - rewriting a 24-bit memory array (V = -1.65 V,
I = 50 pA, T = 4.5 K, 4 x 7.5 nm2).
a) A schematic of a 24-bit memory array created from dangling bonds (DBs). The
first line of the array is blank (01111111), the next two lines are the ASCII binary
forms of the letters H (01001000) and R (01010010). b) An STM image of the 24-bit
array created from DBs (using automated hydrogen lithography [10]) with a storage
density of 1.36 bits per nm2. The data in the first line will be rewritten to store the
letter M (01001101). c) Using the automated scanning tunneling microscope (STM)
tip, the surface hydrogen atoms highlighted in red will be removed to create reactive
inter-dimer sites in order to rewrite the array. d) A schematic of the surface after
the three hydrogen atoms shown in c have been removed. e) An STM image of
the 24-bit DB array after three surface hydrogen atoms have been removed with the
STM tip to create inter-dimer sites. f) Hydrogen gas is introduced into the vacuum
chamber to bind with the inter-dimer sites (highlighted in red). g-l) Schematics
and associated STM images with each molecular hydrogen repassivation event. The
first event took 30 minutes to occur while the system reached a working pressure of
1·10−9 Torr of hydrogen gas. The following events occurred within a minute of each
other. m) The first line of the array shown in a has been rewritten to the letter M,
now that hydrogen molecules have dissociatively reacted with the inter-dimer sites
shown in d. n) An STM image of the 24-bit memory array after the inter-dimer
sites have reacted with hydrogen molecules, rewriting the stored information. o)
The remaining hydrogen gas in the chamber does not react with the isolated DBs in
the array and can be used in further rewriting operations.
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Figure 4.14: Tunneling current spike during molecular monitoring.
Live sampling of the tunneling current while periodically monitoring a sensor dan-
gling bond (DB). The periodic I (V ) measurements were taken every 25 s beginning
at a bias of -1.6 V. When a hydrogen molecule binds to the monitored inter-dimer
site, the conductivity of the sensor DB changes, causing a spike in the tunneling cur-
rent, before the feedback control adjusts the tip height to return to the set current.
The spike in current just after 1900 s indicates that the monitored inter-dimer site
reacted with a hydrogen molecule. For fast time resolution of binding events, the
tunneling current can be monitored for spikes, rather than recording I (V ) traces
periodically.
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Chapter Five

Extended details - Detecting and
directing single molecule binding

events on H-Si(100) with
application to ultra-dense data

storage

5.1 Selecting a sensor DB

Most DBs on the surface display the characteristic step in their I (V ) spectra due
to the ionization of a subsurface dopant [64], making them suitable to act as a sensor
DB. The exact strength and critical value of this signature depends largely on the
random depth and lateral separation between an un-ionized dopant atom and the
sensor DB [64]. The deeper the dopant, the larger the tip field required to cause
ionization. In practice, despite the random nature of the dopant placement, it is
always possible to find a suitable DB to act as a sensor or to position a DB on the
surface (using HL and HR/M-HR) until a step is observed in its spectroscopy. Once
a sensor DB has been selected (or positioned) that is at sufficient lateral separation
along the surface (to reduce tip effects, as described in 4.5.3) from a target area,
isolated DBs can be created and removed from there to calibrate the shifts of the
sensor DB for charge characterization. The induced shifts of the sensor DB are
generally independent of the absolute distance along the surface between the DBs in
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the target area and the sensor DB itself. This is valid so long as the distance between
each respective DB in the target area and the subsurface dopant is approximately
the same (DB-target area distance � individual lateral DB-DB separations within
the target area). It also requires that the target area is further than 5 nm away from
the sensor DB along the surface to ensure that the sensor DB will not interact with
the DBs in the target area [75].

Instead, the induced shifts of the sensor DB are dependent on the distance be-
tween the subsurface dopant and the DBs in the target site, which alters the Coulom-
bic gating effect on the dopant [64]. Changing this distance significantly (by moving
the target area) will alter the field caused by the charges in the target area at the
dopant, causing it to ionize at a different critical voltage. Supplementary Figure
4.11 illustrates this effect, where the first two inter-dimer sites are made 6.6 nm and
8.9 nm from a sensor DB respectively, yet induce approximately the same shift in
the I (V ) spectrum, indicating that they are approximately the same distance from
the randomly positioned subsurface dopant, while being different distances from the
sensor DB. The third inter-dimer site created 8.4 nm from the sensor DB actually
induces a larger shift, indicating that it is closer to the dopant atom.

If the sensor DB is to be used for charge characterization, then care must be taken
to build the structure of interest in just one target area, to reduce any substantial
distance changes between its constituent DBs and the dopant atom. If the sensor DB
is being used to detect molecular binding events, quantifying the induced shifts from
different target areas (as in Supplementary Figure 4.11) is less necessary. Instead,
the main focus in this scenario is to detect when the position of the step changes
over time, signaling a binding event.

5.2 Decreasing variability of sensor signatures

As discussed in Section 4.3.1 and 5.1, the exact strength and voltage of the
dopant ionization signature in the I (V ) spectrum of a sensor DB depends on the
random proximity of the dopant atom and sensor DB. With the current STM imaging
techniques, it is not possible to determine the position and depth of the subsurface
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dopant atom. As such, there is no reliable way to control the variability in the
strength and voltage of the signature of a particular sensor DB. While this does not
limit their practical use for charge characterization and sensing, standardizing their
signature will allow for better and more reliable devices to be made.

A recent AFM result showed that it was possible to estimate the depth of a
dopant atom using a movable DB as a quantum dot probe [75]. Such a technique
will make it possible to eventually correlate dopant position with the corresponding
ionization signature in the I (V ) spectrum of a sensor DB. Once such measurements
have taken place, an ideal dopant depth/position can be identified. Pioneering work
in using precisely placed dopant atoms has established techniques to position dopant
atoms on a hydrogen-terminated silicon surface [46, 79], and subsequently cover it
with additional layers of silicon [46,79,145]. These techniques can enable the control
over both dopant placement and depth, which are necessary for fabricating identical
devices.

5.3 Long-term sensing stability

Depending on the experimental parameters and the properties of the entity of
interest (such as its sticking coefficient), long-term measurements over a sensor DB
spanning many hours may be required before a binding event occurs. This can pose
a potential problem as thermal drift and creep of the piezoelectric scanner will even-
tually cause the tip to move away from the sensor DB, making it impossible to sense
a binding event. One solution to this problem is to utilize active “atom tracking” to
ensure that the tip remains centred on the sensor DB during the entire experiment.
The Nanonis control software for the STM includes such an atom tracking module.
By moving the tip in small circles and mapping height, the software determines the
height gradient of whatever feature it is positioned over. By moving the tip posi-
tion along the gradient until the highest point of the feature is reached, it is able to
maintain position there by correcting for any negative changes in gradient (caused
by the tip drifting away from the highest point).
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Figure 5.1: Atom tracking settings in Nanonis SPM control software.
The settings used for long-term molecular sensing experiments to ensure that the tip
stays centred over the sensor DB. These settings are suitable for tracking the position
of a DB with a negative sample bias below -1.3 V. These settings have been found
to not alter any features measured in an I (V ) spectrum of a DB once the tracking
loop has stabilized.

When using the atom tracking module, with the parameters in Figure 5.1, the
radius of the tip movements to map the gradient was sufficiently small such that the
I (V ) spectrum recorded of a sensor DB did not differ significantly from a spectrum
taken with a static tip. This is an important consideration, as the tip position over
the sensor DB can affect the strength of the current onset signature observed, so
the smallest radius possible to achieve stable tracking is optimal. During several
hydrogen molecule sensing trials at low base pressures (less than 10−12 Torr), where
it takes over 45 h for some events to occur, the atom tracking module kept the tip
centred over the sensor DB. Figure 5.2 shows the spectrum of a sensor DB after
positioning the tip over it and measuring in 10 minute intervals for 19 h with the
atom tracking module active. No event was observed in this window due to the low
hydrogen gas pressure in the vicinity of the tip and sample. However, the spectrum
at the beginning and end of that time interval were identical as atom tracking kept
the tip in the same location over the sensor DB.
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Figure 5.2: Active atom tracking for sensing (V = 1.4 V, I = 50 pA, T
= 4.5 K, 8 x 8 nm2).
After the creation of an inter-dimer site, the tip was positioned over the sensor
DB and the atom tracking module was initiated (inset image, green). After 19 h,
the position of the sensor DB in the scan frame has shifted (inset image, orange)
due to thermal drift and creep of the piezoelectric scanner. However, thanks to
the atom tracking module, the tip remained centred over the sensor DB during the
entire measurement, ensuring that a binding event could be detected. No event was
detected in this time interval due to the low hydrogen gas background pressure.

5.4 Current limitations of sensing multiple events

Using the sensing techniques of Section 4.3.2, it is possible to monitor multi-
ple reactive DB sites using one sensor DB. Supplementary Figure 4.11 shows three
inter-dimer sites inducing shifts of the current step of a sensor DB. While the same
temporal resolution is maintained when monitoring multiple reactive sites compared
to a single site, there is no way at present to exactly determine the order in which
each site reacts using electronic detection. This lack of spatial specificity is due to
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the fact that if the dopant is sufficiently deep, there are only small variations in
distance between each site and itself. Since the shifts in the ionization threshold
are due to the total field at the dopant location, then removing any particular site
would remove a roughly equal fraction of the total induced field, making it difficult
to determine which site reacted. The lack of spatial resolution does not limit the
general utility of sensing multiple events with a single sensor DB. In uses such as
pressure sensing, the order in which the sites disappear is not an important quantity,
but rather detecting when all the sites have reacted.

5.5 Characterizing charge in larger DB structures

It was mentioned in Section 4.3.1 that the critical voltage shift of a sensor DB
is essentially independent of the distance between the sensor and target DBs when
it exceeds approximately 5 nm. The charge characterization application relies on
the relative insensitivity of the critical voltage step of a sensor DB to the separation
between itself and the target DBs of a structure. This is important when characteriz-
ing larger structures because the electrons within them will be at different distances
from the sensor DB. If the critical voltage was very sensitive to such differences,
then it would be difficult to properly characterize multi-DB structures relative to the
calibrated one-electron shifts of the critical voltage induced by isolated DBs. This
is because the isolated DBs may not have been at equivalent distances to the sensor
DB as the DBs in the current structure. In Figure 4.1 for example, the two DBs in
the structure induce nearly identical shifts of the critical voltage, despite being at
different distances from the sensor DB. This is because the spectral feature is due
to the tip-field ionization of a subsurface dopant atom, rather than the field at the
sensor DB itself. This is valid if the subsurface dopant is sufficiently deep that the
distance between any of the target DBs and dopant is nearly identical throughout
the entire target site (so that their respective fields are only a small fraction different
at the dopant).

Figure 5.3 shows a large fabricated DB structure before and after the addition
of one DB, and the corresponding I (V ) spectra of the sensor DB. It was possible
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to detect a charge change in Figure 5.3 because the already present DB box only
altered the background field at the dopant atom. The additional field contribution
of the newly created DB in the centre (one electron) still introduced a shift in the
I (V ) spectrum of the sensor DB. This is an example of just how sensitive the charge
characterization technique described in Section 4.3.1 is, even when characterizing
charge changes of larger structures. It is important to note that the DBs at the
target site (including the box) are distant enough as to not interact with the sensor
DB, so it cannot be concluded if the box would provide any shielding of DB-DB
interactions in this situation.

Figure 5.3: Detecting charge in larger DB structures (V = -1.65 V, I =
50 pA, T = 4.5 K, 10 x 20 nm2).
a) A filled states STM image of a large 2D DB box structure consisting of 20 DBs. b)
STM image of the structure after a single DB has been made inside of the box using
HL. c) STM image of the same area after the DB inside the box has been removed
using HR. d) The corresponding I (V ) spectra of the sensor DB to the images in a
to c.
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One of the initial thoughts when it was observed that the introduction of a target
DB caused the I (V ) step of a sensor DB to shift was that it was due in part to
a DB-DB interaction. The investigation in Figure 5.3 was carried out to see if a
fabricated DB box surrounding a newly introduced target DB could “shield” it from
the sensor DB and prevent its I (V ) spectrum from shifting. In Figure 5.3, the target
DB created inside the DB box still shifted the step in the I (V ) spectrum of the
sensor DB. This result agrees with the improved understanding that the primary
mechanism of the charge-induced shifts of the sensor DB is the effect of the target
DB (Coulombic gating) on a nearby dopant atom’s ionization state [64, 146], and
that the sensor DB and the target DB are not interacting with each other at this
separation (no DB-DB interactions) [5].

It would be interesting to calibrate the sensor DB shifts with 5 or more isolated
DBs and then repeat this measurement to characterize the net charge of the box
structure itself. Based on the experiments in Section 4.3.1, since each DB is spaced
about 0.768 nm apart, there should be less than one electron per DB within the
structure. The charge characterization technique described in the previous chapter
would enable the measurement of the number of charges in the box. However, their
spatial location within the structure could still only be visualized at present using
an AFM.

5.6 Inter-dimer site reactivity in high DB density

In order for M-HR to be a reliable tool for rewriting atomic memories, and atomic-
scale fabrication, binding to inter-dimer sites must occur unencumbered by the pres-
ence of other DB structures and defects. This notion was already introduced in
Section 4.3.3, where inter-dimer site reactions were found to be robust, reacting with
hydrogen molecules in a number of different configurations with varying proximity
to other DBs and defects.
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Figure 5.4: Inter-dimer site in a DB box (I = 50 pA, T = 4.5 K, 10 x
10 nm2).
a) (V = -1.6 V) A filled states image of a 2D DB box enclosure. b) (V = 1.4 V) An
empty states image of the same 2D DB box. c) An inter-dimer site was created in
the centre of the box. d) An image acquired 38 s after the creation of the inter-dimer
site. It has reacted with an ambient hydrogen molecule during this time.

One scenario that remained was to test whether or not an inter-dimer site that was
fully surrounded by other DBs would also bind with an ambient hydrogen molecule.
Figure 5.4 shows a crude 2D box made of DBs, inside of which an inter-dimer site
was made. After sufficient time had passed, the site did indeed react with a molecule
of hydrogen. The ability of an inter-dimer site to react even while enclosed from
all sides by other DBs is important for both fabrication and memories, as in both
situations there will be dense arrangements of DBs surrounding any site that needs
to be erased. The ability itself is not surprising, as it is expected that the molecules
are arriving at the sites in gas phase (Section 4.3.2), and as such should not be
greatly influenced by structures on the surface.

5.7 Surface reactivity

While inter-dimer sites on an otherwise hydrogen-passivated surface are highly
reactive to ambient hydrogen molecules [91], sites which contain areas with seemingly
equivalent geometries have not been observed to react at 4.5 K (Supplementary
Figures 4.5 and 4.10). In order for dissociative adsorption to occur, the anti-bonding
orbital of the hydrogen molecule must be able to hybridize with the two surface DBs
in order for the molecule to be destabilized. If the DBs are at different energies
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from each other, then this process does not proceed as easily [91]. Intra-dimer sites
(bare dimer) undergo a Jahn-Teller relaxation in order to reduce the surface energy,
leading to a tilt in the dimer that causes an energy difference between the now
upper and lower DBs (in the z direction) [55,91]. This also occurs to a lesser extent
for the inter-dimer sites [91, 103, 147, 148], although it does not appear to hamper
reactivity of longer lines of inter-dimer sites along a dimer row (Supplementary Figure
4.6a,b, also observed in [148]). On the bare silicon surface, each subsequent adjacent
dimer is tilted in the opposite direction to its neighbour to form an alternating
pattern [55,149]. Such an asymmetry also reduces the reactivity of adjacent DBs in
an inter-dimer configuration within a line of multiple intra-dimer sites. This can be
seen in Supplementary Figure 4.5, where no binding was observed to a line of three
intra-dimer sites.

There is an additional consideration for the dissociative adsorption of hydrogen
onto the surface for both the inter- and intra- dimer pathways: the ability of the
substrate to distort into a more symmetric transition geometry. This type of rear-
rangement as a hydrogen molecule approaches the site can symmetrize the two DBs
to reduce their energy difference in order to promote effective hybridization, and
ultimately a reaction (so long as the rearrangement energy cost is not too high) [91].
The distortion of an intra-dimer site towards a symmetric transition geometry, while
bringing the energy of the two constituent DBs closer together, causes the strength-
ening of a π-bond between them [55, 91], negating the otherwise beneficial ener-
getic/geometric rearrangement for reactivity [91].

5.7.1 Surface condition after 18 days

One of the most important considerations for the viability of DBs as building
blocks for atomic-scale memories and devices is their thermal stability (the ability to
remain in place at specified temperatures) and their reactive stability (the ability to
not bond with another entity). These aspects were discussed at the end of Section
2.3.3 in relation to a memory array observed for 72 h. Slightly longer observations
of a surface/structure were undertaken spanning 6 days in an environment of higher
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background pressure (1·10−9 Torr) than is typical inside the cryo-shielding. The
surface/structure showed no migration or chemical reactions of isolated DBs in this
time period (Figure 4.3). In this same baseline environment, observations were taken
18 days apart of an area with several different types of features in order to observe if
any changes occurred. In an 18 day span the cryogens used to keep the STM at 4.5 K
needed to be replaced 9 times. During this time, the sample typically experienced
temperature spikes up to 12 K (the cryogens were sufficiently depleted once that the
sample temperature reached 19 K) and pressure spikes near 10−8 Torr. Figure 5.5a
shows an area at the beginning of the 18 day period with many isolated DBs, and
a patch of bare silicon where the STM tip was used in the coarse lithography mode
(field emission regime) to desorb hydrogen atoms in a square shape. After the 18 day
period, the Figure 5.5b shows that none of the isolated DBs have diffused or reacted
with any ambient molecules. One of the DBs does not appear in this image due to a
change in the tip state over the 18 days. However, imaging at a different bias voltage
reveals it is still present (Figure 5.5c). Additionally, no hydrogen molecules have
reacted within the bare silicon patch as well, despite the availability of inter-dimer
sites. This is expected because of the surface relaxation considerations discussed
above, reducing their reactivity due to electronic and geometric distortions along
each row of dimers (Section 5.7).

112



CHAPTER 5. EXTENDED DETAILS - DETECTING AND DIRECTING SINGLE
MOLECULE BINDING EVENTS ON H-SI(100) WITH APPLICATION TO
ULTRA-DENSE DATA STORAGE

Figure 5.5: Surface condition after 18 days (I = 50 pA, T = 4.5 K).
a) (V = -1.6 V, 50 x 50 nm2) A filled states image of a large area with many isolated
DBs and a square area of bare silicon. b) (V = -1.6 V, 50 x 50 nm2) The same area
as in a, 18 days later. c) (V = 1.4 V) An empty states image of the area highlighted
in b, showing the remaining presence of a DB that does not image under the filled
states conditions in b.

5.8 Supplementary movie

A video showing the sequential reaction of three molecules of hydrogen to rewrite
the 24-bit memory array shown in Figure 4.4 can be viewed on YouTube at:
https://youtu.be/-HPX2fMS1Uk.

5.9 Outlooks

The results of Chapter 4 presented the culmination of a number of STM obser-
vations and techniques, which now form the basis for a more accessible and versatile
fabrication toolkit for atomic-scale sensing, fabrication, and data storage. Some
future experiments and ideas are detailed in the following sections.
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5.9.1 Atomic-scale fabrication and data storage

The demonstration of M-HR to further enhance the capabilities of HL and HR
has led to a new implementation of ultra-dense data storage at the atomic scale.
Although there is a very long road ahead, I believe it has the potential to eventually
be realized without the need for probes or an STM. This is because the ability to
manipulate single atoms with electron/ion beams [12, 138] is continually improving,
and may eventually reach the required resolution to remove single atoms of hydrogen
from a hydrogen-passivated surface.

Until now, there has not been a method to add material back to a surface with
true atomic precision without a probe. The future combination of precision beams
and precision controlled surface reactions could lead to a massive change in both
atomic-scale fabrication and data storage. In the case of data storage, the produc-
tion of gas filled hard drives already exists. High capacity conventional mechanical
hard drives, which have been filled with helium gas (in order to reduce drag on the
spinning disk) are currently in production and available, so memory in a hydrogen gas
environment is not unreasonable. The storage density of such atomic-scale schemes
has the potential to be increased even further as well. By using hydrogen-passivated
carbon(100)-2x1, the maximum theoretical storage density of the memories described
here can be increased by approximately 30% due to the stronger C-C bonds creating
a tighter surface geometry [150,151].

The removal of the need to pick up and deposit atoms on the surface with a probe
to correct fabrication errors or rewrite arrays will also lead to significant speedups
as the size and complexity of storage arrays and circuitry increase. The speedup in
the context of atomic-scale fabrication is important for the economical and scalable
production of devices. M-HR has the potential to increase fabrication yields by
reducing the total “downtime” of the tip, as it moves to gather hydrogen atoms and
then participate in the repassivation process. Under this new implementation, the
tip never has to travel to gather materials (ambient hydrogen molecules are always
available locally), and once a site to be repassivated has been created, the tip is able
to move onto the next task instead of needing to be actively involved.
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Moving forward, another aspect that needs to be addressed for atomic-scale data
storage is the operating temperature, as it is impractical to require a constant supply
of cryogens. The removal of hydrogen atoms and thermal stability of the resulting
structures has already been established at room temperature (discussed in Section
2.3.3, 2.4). However, M-HR needs to be thoroughly tested at these conditions as
well to ensure it is a viable tool for rewriting data at real-world temperatures. The
prospects look promising, as inter-dimer sites have already been observed reacting
with ambient molecules of hydrogen at room temperature [108].

5.9.2 Fabrication considerations for DB wires and circuitry

There are a number of proposals for the fabrication of DB wires to act as electrical
interconnects between device elements. Some experimental and theoretical work has
been completed in search of ideal geometries and properties of DB wires [152–156].
One of the main candidates is a 1D DB wire (no hydrogen atoms between DBs),
however, there is still a lack of consensus in the community of whether they are
metallic [152] or semiconducting [153,154] in nature.

Another consideration that now needs to be made in light of the results of the
previous chapter and the discussion in Section 5.7 is the reactivity of these wires with
ambient gas molecules. The geometry of the 1D wire for instance is highly susceptible
to reactions with hydrogen gas molecules, as it is essentially a long string of ideal
inter-dimer sites (Supplementary Figure 4.6a,b). This may pose a problem for the
longevity of atomic circuit elements that require such interconnects. With this in
mind, it seems that the optimal design for DB wires must balance their conductive
properties with their reactive properties to ensure functional circuitry.

A possible candidate that meets these two criteria is the use of lines of intra-dimer
sites as wires. Calculations have predicted that long wires in such a configuration are
sufficiently conductive for application in circuits [153,154]. Since each intra-dimer site
within the lines tilts in the opposite direction to its neighbours, the overall reactivity
of the wires is reduced (Section 5.7). Other larger and wider DB wire designs, more
closely resembling a patch of bare silicon have been proposed as well [154], which
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will also benefit from a reduced reactivity for the same reason.
The present logic gate designs for binary atomic silicon logic field-controlled com-

puting do not require the inclusion of 1D DB wires or single inter-dimer sites [5,43].
As such, by having at least one surface site in between each DB, this type of circuitry
is robust against random reactions with ambient molecules. Reactivity constraints
such as this will help guide the design of future elements as well.

5.9.3 Studying and sensing chemistry

The ability to exactly direct and detect the reaction of hydrogen molecules with
atomic precision is hopefully just the tip of the iceberg of what is now possible.
These tools for the creation of, and subsequent detecting at, tailored reactive sites
has the potential to enable very detailed investigations of chemical reactions and
their dependence on atomic-scale properties. As mentioned in Section 4.4, it is
expected that they can be applied to create tailored reactive sites to study the
adsorption dynamics of alkenes and aromatic molecules. Cycloaddition reactions
can possibly be studied as well using the reliably reproducible inter-dimer and intra-
dimer sites presented here [109, 110, 139]. By creating candidate-tailored sites with
different geometries (as was done for H2 in Supplementary Figure 4.10), theoretical
predictions of the most reactive sites may be investigated for other specific molecules.
At cryogenic temperatures, laser light might be able to introduce sufficient energy
to overcome energy barriers for different reaction pathways as well. The precise
inclusion of light with the tip may allow for studies of photo-induced chemistry at
reactive DB sites, where a site with the tip present (coupling light) can be directly
compared to an identical site in absence of the tip [157,158].

There are a number of studies still related to the simple case of hydrogen molecule
adsorption that would be interesting to undertake, with additional implications for
atomic-scale devices. One such study would be to investigate the reactivity of inter-
dimer sites on silicon substrates with varying doping concentrations and types. The
charge of DBs on the surface depends on the substrate doping concentration and
type. When the anti-bonding level of a hydrogen molecule begins interacting with
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the DBs of an inter-dimer site, the availability of negative charges at the DBs (DB
level is close to the Fermi-level) helps destabilize the molecule to promote disasso-
ciation [91]. With lower doping levels, the DBs could be neutral and the reaction
may not proceed as easily. This might also be the case for p-type doped silicon
samples, where the DBs can be made positive. Another interesting study would
be to investigate the reactivity of inter-dimer sites on hydrogen-terminated germa-
nium [31, 159] or diamond [150, 151] to see just how universal the adsorption mech-
anism is. Chlorine-terminated silicon surfaces have also been created and studied,
where similar lithographic capabilities to what is now possible on silicon may eventu-
ally be realized [72,94]. Much like what was done with H2 on the deuterated silicon
surface in Supplementary Figure 4.6, it should even be possible to fabricate inter-
dimer sites on the chlorinated surface to pattern hydrogen-passivated areas (lines,
wires) otherwise surrounded by chlorine.

The ability to sense the reaction of a molecule at a given DB site with minimal
perturbations from the STM tip also opens up the door for new investigations of
molecular dynamics and applications of DBs. While the dopant-ionization-based
sensing described in the previous chapter is currently restricted to studying dynamics
and reactions below 40 K, the charged nature of the reactive sites makes them ideal
for integration within the proposed DB-based field-controlled electronics [5]. For
example, the inter-dimer site has a charge of one electron, so it can be used as an
input of each terminal of the logical-OR gate shown in [5] (Figure 1.2) in lieu of the
single DBs. Now, when both sites/inputs react, the output state of the gate will
transition from “1” to “0”. At present, this change can be detected by the AFM
tip, which is useful for small-scale demonstrations. Eventually, as the technology
matures, I believe using the exact same mechanism, it should be possible to integrate
tailor-made single molecule detectors within other logic gates and real electronic
devices.

117



Chapter Six

Conclusions

Chapter 2 introduced the main methodology for the automation of HL, along with
the development of the HR technique. HL and HR were then used to demonstrate
the fabrication of perfect DB structures and rewritable atomic memory. Chapter 3
further explored the versatility of the HR technique, including the use of deuterium,
and the underlying transfer mechanism of atoms from the tip. Chapter 4 detailed
the use of particular sensor DBs to characterize the charge of, and electronically
detect single molecule binding events to, reactive DB sites created using HL. These
reactive sites were shown to be able to direct chemical reactions of hydrogen molecules
with atomic precision, leading to their use in an improved error correction/rewriting
technique, M-HR, that was incorporated into new data storage designs. Chapter 5
further explored the reactivity of DB sites with hydrogen, along with the reliability
of the charge characterization and molecule detection technique. Considerations
and experiments related to future chemical and technological applications were also
discussed.

Now that many of the limitations of atomic-scale fabrication on the hydrogen-
terminated Si(100)-2x1 surface have been addressed and overcome, the path towards
scalable low-power circuit elements [5] is less winding. The lithographic capabilities
have reached a point where larger numbers of interconnected gates can now be created
without errors for tests and demonstrations. Even in the short term, making and
testing the individual functionality of new gate designs [43] would be a significant
advance. One of the most important gates to successfully demonstrate is an inverter
(NOT-gate), which can subsequently be connected to the already demonstrated OR-
gate. The resulting NOR-gate is important because it is functionally complete. That
is, with multiple NOR-gates, all other logic gates can be constructed, enabling the
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creation of fully capable circuits.
As the need to scale further towards mass production arises, continued improve-

ments to the accuracy and ease of HL, HR, and M-HR will eventually be realized
through future automation. For example, the work of Jeremiah Croshaw to continue
the integration of machine learning into the fabrication process has already resulted
in the ability to automatically identify and avoid surface defects during lithogra-
phy [137]. The development of better piezoelectric scanners that respond linearly
to an applied voltage will also improve lithographic accuracy by entirely eliminating
scanner creep. Work led by Mark Salomons, Dr. Robert Wolkow, and Jason Pitters
has already made significant progress towards this end.

The fact that all of these techniques translate to other material systems such
as hydrogen-terminated germanium or diamond substrates offers many interesting
avenues for fundamental studies of chemical reactivity. Such surfaces may even prove
to be the next candidates for device applications. If hydrogen-terminated diamond,
in particular, could be used for the data storage applications presented here, then the
maximum storage densities of the memory designs (Figure 4.12) could be increased
by approximately 30%. This is due to the approximately 30% decrease in bond
lengths in diamond compared to silicon. The increase in density would essentially
close the storage density gap between the current demonstrations of atomic-scale
storage and the best implementation of DNA data storage (Section 1.1.4).

Just 150 years after the elements were organized into the periodic table [160], real
spatial control over the placement of single entities of the first element on the table,
hydrogen, has now been reproducibly demonstrated for its atomic and molecular
forms. Despite its age, the STM has also proven that it is not too old to learn
new tricks. Together, the improvements in writing atomic-scale patterns [10], the
discovery of atomic white-out [25], and the realization of molecular erasers [44] form
a veritable nano-stationery set that is available to craft the next generation of devices
and memories. It is my hope that these tools help move candidate technologies
towards the realization of their potential, as well as to lay the foundation for future
innovations and explorations.
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Study of the Pathway for Dissociative Adsorption of H2 on Si(001),” Physical
Review Letters 88 no. 4, (Jan, 2002) 046104.
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Gallery of additional images

Figure B.1: A nanoscale note (V = -2.0 V, I = 80 pA, T = 4.5 K).
This image is representative of the state of HL in 2013. When I was being introduced
to the STM and lithography this was one of the first times I had the opportunity to
design a pattern and see it roughly appear at the atomic scale. If you squint, you
might be able to make out the nanoscale note: “HAPPY BDAY”.
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Figure B.2: Pursuit of perfection (V = 1.4 V, I = 50 pA, T = 4.5 K).
These images are representative of the state of HL throughout 2016. The fabrication
accuracy of larger structures had progressed significantly towards the end of the year.
However, in spite of the improved algorithms and techniques for HL, the goal of a
perfect 20 atom pattern had yet to be realized. These designs caused many late
nights, only to be one atom off. If only there had been a way to repair them instead
of starting again from scratch each time...
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Figure B.3: Perfection (V = -1.6 V, I = 50 pA, T = 4.5 K, 11 x 22 nm2).
This image is representative of the state of HL in 2017, after the development of HR.
Now it was possible to repair the one or two erroneous DBs to achieve perfect large
DB structures. The leaf consists of 32 DBs, and it is one of my favorite images.
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Figure B.4: Asymmetric DB box (I = 50 pA, T = 4.5 K).
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Figure B.4: cont. Asymmetric DB box (I = 50 pA, T = 4.5 K).
First row) (8 x 8 nm2) An asymmetric box structure made of DBs, imaged at
various empty state conditions. The ability to create perfect DB structures will
make it possible to study the rich electronic properties of such structures in the
future. Second row) The same DB structure as above with a single extra DB in
the centre. Third and fourth row) (13 x 19 nm2) The same structure as above,
with an isolated DB to the left for comparison with the DB in the centre of the box.
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Figure B.5: p-type preparation considerations. (V = 1.6 V, I = 50 pA,
T = 77 K, 100 x 100 nm2).
These images come from some work done on highly boron-doped silicon (0.0018 ohm-
cm) that was outside the main scope of this thesis. In the typical preparation method
for hydrogen-terminated Si(100)-2x1, the sample surface is facing directly in line with
the hydrogen gas cracking filament (approximately 20 cm away). We noticed a high
surface concentration of negative “dark DBs” (shown with the yellow arrow) when
the surface was prepared this way. By tilting the sample away from the filament
during preparation, we noticed that the concentration of dark DBs dropped signif-
icantly. Different orientations during sample preparation of n-type silicon has not
been observed to result in different DB character such as this.
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Figure B.6: Solar implications (V = 1.7 V, I = 50 pA, T = 77 K, 100 x
100 nm2).
We decided to see if exposing an already hydrogen-terminated sample with a low
concentration of dark DBs to the filament would induce the same effect as above.
The sample was placed in the standard preparation position, without heating or
the addition of hydrogen gas into the chamber as in a typical preparation, and
the filament was brought to the normal cracking current (1.5 A). The sample was
exposed to the illuminated filament for 4 min and 30 s. Upon imaging the sample,
there appeared to be a large increase in the number of dark DBs. We then gently
annealed the sample at 270 ◦C for 2 min. Upon re-imaging the sample, the number
of dark DBs appeared to have been reduced again. Due to experimental limitations,
it was not possible to image the exact same area of the sample after each step. These
experiments need to be repeated and future studies will need to explore larger areas
of the sample to collect sufficient statistics on the changes. However, these initial
results may be evidence of atomic-scale modifications of electronic properties of the
surface due to light exposure. Degradation of p-type silicon solar cell efficiency is
known to be caused by exposure to light, which leads to the formation of positively
charged boron-oxygen complexes [162,163]. The decrease in the number of dark DBs
after heating also corresponds well with the known recovery of solar cell efficiency
after annealing to similar temperatures [162, 163]. One thought I have to explain
these observations is defect-induced modification of the local electrostatic landscape
of each DB. The downward band bending caused by the presence of positive defects
can reduce the emptying rate of electrons from the DB into the bulk, giving them a
net negative charge when imaged by the tip in empty states [136]. We have observed
that imaging the dark DBs at sufficiently high positive voltages causes them to appear
bright. The required voltage is different for each DB, as its proximity to a defect is
random. This observation is consistent with the fact that higher biases increase the
emptying rate, preventing the DBs from being net negative.
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Figure B.7: Merry molecular erasers.
I made this festive image for public outreach to help explain one of the last results
of my PhD work. I have made the joke about it quite a few times now (to many eye
rolls), but one more time couldn’t hurt. With this last image on the last page, my
thesis is officially wrapped up!
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