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PREFACE

I have always been attracted to eliminating problems instead of solving them. The diﬀerence
is subtle yet important. To me, solving a problem implies that the problem still exists but the
consequences have been mitigated through some means. In contrast, eliminating a problem
means that the problem itself no longer exists and no compromises are made between design
and utility. For example, filling my car’s tires may fix the problem of reduced gas milage
and increased wear caused by under-inflated tires; however, the root cause of the problem
is that tires need to be filled with air to provide a safe driving experience and this air leaks
out over time. So while filling my tires regularly works, I would rather use tires that do not
need to be filled with air in the first place.
When I started my studies at the Georgia Institute of Technology I encountered a problem that I decided needed to be eliminated. It started with an idea that required a metalfilled, 10 nm wide, 100 nm long, 500 nm deep channel. More importantly, I needed to be
able to do it cheaply because the idea was relatively stupid and there was no way my advisor
was going to spend thousands of dollars for me to get it working using existing technologies
that were not well suited to the task. Looking around I didn’t see anything that could do
what I needed to do cheaply. This is unacceptable. There are only a handful of physical
laws in the universe; as such, only a handful of true limitations exist within this universe
and one should not concede an idea simply because of the limitations of human technologies.
To address this issue I modified a technique known as Metal-assisted Chemical Etching
(MaCE) that Yonghao Xiu, one of my a group members, was using to fabricate superhydrophobic silicon. At the time, the metal catalyst used in MaCE consisted of either
nanoparticles to form holes in the silicon or discontinuous thin metal films to form silicon
nanowires. Looking at the work of Yonghao, I ask a simple question that would end up
having a complex answer. Specifically, if a round catalyst particle etches a round hole,
can I change the shape of the catalyst particle to etch a non-round hole and then use that
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particle as a seed layer to fill the channel from the bottom-up using electroless deposition?
My initial tests started with Ag nanorods revealed that not only can non-round catalysts
be used in MaCE, but that MaCE could be used to fabricate 3D structures with a level
of complexity and feature fidelity not seen in nanofabrication techniques at the time. This
text outlines the basic concepts and experimental procedures that were used to take MaCE
from a method to fabricate small holes and nanowires in silicon, to one that is capable of
fabricating complex 3D geometry in a single lithography/etch cycle.
This work begins to fill a critical capabilities gap that exists within the tool bag that
human beings use to go from imagination to reality. Specifically, we should be able to
make structures of any arbitrary shape and at any arbitrary size, from the nano-scale to the
galactic. This work focuses on the nano.
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SUMMARY
Development of Metal-assisted Chemical Etching of Silicon as a 3D Nanofabrication
Platform
Owen J. Hildreth
253 Pages
Directed by Dr. C. P. Wong
The considerable interest in nanomaterials and nanotechnology over the last decade is
attributed to Industry’s desire for lower cost, more sophisticated devices and the opportunity
that nanotechnology presents for scientists to explore the fundamental properties of nature
at near atomic levels. In pursuit of these goals, researchers around the world have worked to
both perfect existing technologies and also develop new nano-fabrication methods; however,
no technique exists that is capable of producing complex, 2D and 3D nano-sized features of
arbitrary shape, with smooth walls, and at low cost. This in part is due to two important
limitations of current nanofabrication methods. First, 3D geometry is diﬃcult if not impossible to fabricate, often requiring multiple lithography steps that are both expensive and do
not scale well to industrial level fabrication requirements. Second, as feature sizes shrink
into the nano-domain, it becomes increasingly diﬃcult to accurately maintain those features
over large depths and heights. The ability to produce these structures aﬀordably and with
high precision is critically important to a number of existing and emerging technologies such
as metamaterials, nano-fluidics, nano-imprint lithography, and more.
To overcome these limitations, this study developed a novel and eﬃcient method to etch
complex 2D and 3D geometry in silicon with controllable sub-micron to nano-sized features
with aspect ratios in excess of 500:1. This study utilized Metal-assisted Chemical Etching
(MaCE) of silicon in conjunction with shape-controlled catalysts to fabricate structures such
as 3D cycloids, spirals, sloping channels, and out-of-plane rotational structures. This study
focused on taking MaCE from a method to fabricate small pores and silicon nanowires using
metal catalyst nanoparticles and discontinuous thin films, to a powerful etching technology

xxiii

that utilizes shaped catalysts to fabricate complex, 3D geometry using a single lithography/etch cycle. The eﬀect of catalyst geometry, etchant composition, and external pinning
structures was examined to establish how etching path can be controlled through catalyst
shape. The ability to control the rotation angle for out-of-plane rotational structures was
established to show a linear dependence on catalyst arm length and an inverse relationship
with arm width. A plastic deformation model of these structures established a minimum
pressure gradient across the catalyst of 0.4 – 0.6 MPa. To establish the cause of catalyst
motion in MaCE, the pressure gradient data was combined with force-displacement curves
and results from specialized EBL patterns to show that DVLO encompassed forces are the
most likely cause of catalyst motion. Lastly, MaCE fabricated templates were combined
with electroless deposition of Pd to demonstrate the bottom-up filling of MaCE with sub-20
nm feature resolution. These structures were also used to establish the relationship between
rotation angle of spiraling star-shaped catalysts and their center core diameter.
In summary, a new method to fabricate 3D nanostructures by top-down etching and
bottom-up filling was established along with control over etching path, rotation angle, and
etch depth. Out-of-plane rotational catalysts were designed and a new model for catalyst
motion proposed. This research is expected to further the advancement of MaCE as platform
for 3D nanofabrication with potential applications in thru-silicon-vias, photonics, nanoimprint lithography, and more.
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Chapter 1

INTRODUCTION

Nanotechnology is not a new technology. At a cellular level life has been constructing,
manipulating, and controlling objects at the nanoscale for billions of years to fashion membranes for cell walls, create composite inorganic/organic layers for high-strength shells and
bones, form molecular cages to act as low temperature catalytic reaction chambers, and
more.56 While the ability to fabricate nanostructures is intrinsic to life, it is only within
the last hundred and thirty years that human beings have been able to directly observe and
manipulate matter at this small scale for the purposes of creating objects that originate
from our imagination.
The foundations of nanofabrication can be traced to the turn of the 19th century, a
time marked by innumerable achievements in industry, culture, and of course, science. The
early work on X-ray diﬀraction of crystals by Laue and Bragg6, 7, 30, 112 firmly established our
ability to discern the structure of matter at a nanoscale, while work synthesizing “fine” gold
particles in 1898 by Zsigmonds125–127 demonstrated the direct synthesis of nanostructures.
Over the next 80 years scientists continued their early explorations into the nano-world
culminating in Feynman’s seminal 1974 talk There’s Plenty of Room at the Bottom 29 in
which Feynman detailed the ramifications of controlling matter at the level of individual
atoms while also outlining the basic technology required to usher in the nano-age.
One of the key requirements of the nano-age is a robust and powerful set of tools that
enable aﬀordable fabrication of arbitrary shapes and structures with feature sizes on the
order of 100 nm or less. These nanostructures have a wide variety of applications, including
high performance transistors, photonic crystals, negative index-of-refraction materials, drug
delivery, chemical synthesis, nano-fluidics, and more.4, 28, 51, 52 Nanostructures are manufactured using a number of diﬀerent techniques depending upon which best fits the intended
application. For example, sub-32 nm transistors are manufactured using high-resolution
photolithography,55 while field-emission devices can be made using carbon nanotubes.59 As
expected, the fabrication and integration of nanostructures into devices strongly depends on
the capabilities and limitations of the current manufacturing technologies and, even though
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millions of devices are fabricated out of sub-32 nm wide transistors every day, few devices
use carbon nanotubes due to their high cost and harsh growth conditions.
Unfortunately, despite the ability to manufacture nanostructures with varying degrees
of complexity, two fundamental trade-oﬀs exists for all current nanofabrication technologies
that limit the types of nanostructures that can be manufactured. The first and most inhibiting limitation is that complex 3D shapes with controlled features are diﬃcult to make.
This limitation hinders the development of applications such as optoelectronics, where a 3D
structure would enable both highly eﬃcient photonic band gap materials and chiral separation of light.31 The root cause of this limitation can be traced to the constraints of current
nanofabrication frameworks that are heavily dependent on wet chemical and dry etching
processes centered around stationary masks used in combination with lithography and thinfilm deposition/growth processes. While this combination is widely used to form cantilevers,
Microelectromechanical Systems (MEMS), photonic devices, and more,18 these shapes are
generally limited to simple undercuts or build-ups of 2D patterns and require multiple lithography, etching, and deposition cycles to create a 2.5D structure consisting predominately of
planar, 2D objects stacked horizontally on top of each other. Overall, this process can be
extremely time consuming, has limited feature fidelity, and is expensive.116, 123
The second limitation is that, as feature sizes shrink into the nano-domain, it becomes
increasingly diﬃcult to accurately maintain those features over large depths and heights;
features can be created with either high control and complexity but low aspect-ratios on
the order of 7:1 as in the case of photonic crystals,5, 19 or with high aspect-ratios but little
control and complexity, as exampled by carbon nanotubes.77 Deep Reactive Ion Etching
(DRIE) has been used to create high aspect-ratio silicon nanowires with aspect-ratios greater
than 50:1; however, the process leaves rough, scalloped sidewalls and requires specialized
equipment. Unfortunately, these trade-oﬀs limit the use and study of many nanotechnologies such as nano-imprint lithography, metamaterials, photonic crystals, and nano-fluidics
where complex, high aspect-ratios features are needed to improve device performance and
eﬃciency.5 As such, new technologies are needed that can controllably create both 2D and
3D nanostructures with high complexity, high aspect-ratios, and at relatively low costs.
This study details a new nanofabrication technique developed to overcome some of the
limitations discussed in the previous paragraphs. This new process centers around evolving Metal-assisted Chemical Etching (MaCE) from a process that uses nanoparticles and
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discontinuous thin films to form holes and nanowires, to one that uses shaped metal catalysts that take advantage of the MaCE galvanic etching reaction to travel through 3D
space. This study enables the facile fabrication of structures such as 2D channels less than
25 nm wide with aspect-ratios greater than 500:1, along with 3D structures such as subsurface cycloids, spirals, and sloping channels–some with more with aspect-ratios of 100:1
or greater.38–43, 97–99 Figure 1.1 (p. 4) schematically illustrates the basic MaCE process,
which begins when a metal catalyst is deposited onto a silicon substrate and then immersed
in an etchant solution of hydrofluoric acid (HF) and an oxidizing agent such as hydrogen
peroxide (H2 O2 ). The key to MaCE is that, on its own, this type of solution will not etch
undamaged silicon at an appreciable rate. However the etching process is greatly accelerated by the metal, which serves as a catalyst for H2 O2 reduction, consuming two electrons
(e– ) and two hydrogen ions (H+ ). The metal catalyst then injects holes (h+ ) deep into the
valence band of the silicon, creating a hole (h+ ) rich region of silicon (Si* ) surrounding the
metal catalyst. This hole (h+ ) rich region is then readily oxidized by the HF from Si0+ to
Si4+ to form soluble H2 SiF6 where ever HF comes in contact with Si* .11, 13, 70 This etching
process is propagated as the metal catalyst is driven into the substrate as the silicon around
and beneath the metal is dissolved. In short, the metal serves as a catalyst to form a highly
localized, traveling galvanic etching front.
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exposed to HF
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Figure 1.1 – Schematic showing chemistry of MaCE. The process
starts when a metal catalyst, such as Ag, Au, or Pt, is deposited onto
silicon substrate and immersed in an etchant containing HF and an
oxidizing agent such as H2 O2 . The metal then serves to as a catalyst
to reduce H2 O2 and inject holes (h+ ) into the valence band of the
silicon, forming a hole (h+ ) rich region of silicon surrounding the metal.
This region can then be oxidized by the HF to form soluble H2 SiF6
and the etching process continues as the metal catalyst is driven into
the substrate, forming a highly localized, traveling galvanic etching
reaction.
The power of MaCE centers around the fact that the catalyst that defines the etch profile
travels through 3D space. This is a new paradigm in etching small structures in materials as
compared to traditional etching processes as illustrated by the schematics in Figure 1.2 (p.
5). In traditional wet and dry chemical etching processes the etch profile is defined by a mask
that remains stationary on the substrate surface. For this type of system, the etch front
travels farther away from the object that defines the etch profile, resulting in lower feature
resolution and limited 3D capabilities. In contrast, the etch profile in MaCE is defined by
a metal catalyst that moves with the etching front. This key diﬀerence enables MaCE to
maintain extremely tight feature resolutions on the order of 1 – 2 nm, over extremely large
etch depths while also fabricating 3D structures as the catalyst travels through 3D space.
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Wet Chemical

Traveling Profile
MaCE

ICP

Figure 1.2 – Schematic highlighting diﬀerences between current etching processes, in which the etch profile is defined by a mask that remains stationary on the surface, as compared to MaCE, in which the
etch profile is defined by a metal catalyst that moves with the etching
front. This key diﬀerences enables MaCE to maintain extremely tight
feature resolutions over extremely large depths while also fabricating
3D structures as the catalyst travels through 3D space.

5

This work made a few important changes to general MaCE. Traditional research with
MaCE used either metal nanoparticles or discontinuous thin metal films to fabricate holes
or silicon nanowires.11, 13, 32, 49, 70, 89, 109 My researched was focused around the idea that
the tight feature resolution of MaCE can be harnessed to fabricate complex 1D, 2D, and
3D geometry using advance catalysts shapes fabricated using wet chemical or lithography
methods. The relationship between catalyst shape and etching path was established to show
how small changes in shape can be utilized to control the etching direction of the metal
catalyst. Pinning structures were designed such that, instead of traveling into the silicon
during etching, the catalyst rotates about an axis parallel to the silicon surface through a
predefined rotation angle while also providing data to calculate pressure gradients across the
catalyst.39, 97, 98 The pressure gradient data were then combined with force-displacement
curves to establish that Derjaguin-Landau-Verwey-Overbeek (DVLO) encompassed forces
are responsible for catalyst motion. This study also demonstrates that MaCE etched silicon
can be used as a mold for the bottom-up electroless filling of 3D templates; this provides a
relatively simple wet chemical process to create sophisticated composite nanomaterials.
This text is divided into five chapters. This Introduction chapter served to provide the
motivation for this study along with a brief introduction into MaCE. Chapter 2 will provide
some key information on silicon electrochemical etching in HF solutions that is necessary
to extrapolate the importance of certain processes and results along with the background
information necessary to understand MaCE processes. The bulk of the text is found in
Chapter 3 and details the evolution of MaCE as a 3D nanofabrication platform. It starts
with nanoparticle and thin-film catalyst as this was the state-of-the-art when this study
began in 2008; this section outlines unpublished studies that were conducted primarily to
familiarize myself with the basic parameter space of MaCE. The rest of the chapter focuses
on my contribution to MaCE, starting with Ag nanorod catalysts then moving to EBL
patterned catalysts, pinned out-of-plane rotational structures, spiral etching, and electroless
fillings. Chapter 4 examines the causes of catalyst motion and provides force-displacement
curves to show how catalyst motion is readily explained by standard DVLO encompassed
forces. The final chapter outlines future work that is needed to further the development of
MaCE as a 3D nanofabrication platform.
It is important to note that detailed experimental procedures for the majority of the
processes used throughout this study are found in the Appendices. These procedures were
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moved to the Appendix for the sake of brevity and clarity within the primary text. Any
questions the readers may have on exactly how to conduct a similar set of experiments
should be answered in these sections.
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Chapter 2

METAL-ASSISTED CHEMICAL ETCHING OF SILICON
2.1

Motivation: Limitations of Current Nanofabrication Technologies

Nanolithography techniques such as photolithography, Electron Beam Lithography (EBL),
and Nano-Imprint Lithography (NIL) are excellent at creating highly complex 2D monolithic
geometry on flat surfaces but are predominately limited to low aspect ratios. For example,
even though photolithography is used by the semiconductor industry to create features less
than 65 nm wide on billions of devices every year, those features are limited to low aspect
ratios of around 7:1 or less. EBL and NIL both posses extremely high feature resolutions of
10 nm and 5 nm respectively,3, 78 but are also limited to low aspect ratios. DRIE can be used
in conjunction with most lithography techniques to create higher aspect ratio features in
silicon; however, the process requires repeated cycles of protective film deposition followed
by ion etching to create a high aspect ratio structure. As a result, this process is time
consuming, expensive, requires specialized equipment, and leaves behind rough walls.77
Nanowires are one of the few high aspect ratio nano-materials that are relatively easy to
fabricate. They can be manufactured with a wide variety of material compositions with customizable material properties, making them an obvious candidate for applications ranging
from high strength composites, catalysts, energy storage, and more. These structures can be
manufactured with aspect ratios greater than 100,000:179 using a number of methods including wet-chemical, sol-gel, electrochemical, chemical vapor deposition (CVD), and selective
etching.28, 115 While these methods are useful for creating high aspect ratio nanostructures,
there are two major restrictions that have not been solved in a manner suitable for moderate
or even light volume manufacturing. First, the structures are limited to simple shapes such
as round, square, or rectangular wires; fractured spirals; and tubes.13 This low complexity
limits their use in high-end devices such as integrated circuits, photonic devices, etc. Second,
integrating nanowires into devices is diﬃcult because many of the fabrication methods are
not compatible with existing large-scale fabrication technologies and it is extremely diﬃcult
to accurately place billions of nanostructures with the precision and speed necessary for any
practical device.
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While the nanolithography and nanowires fabrication processes detailed above can be
used to manufacture nanostructures, there is still a need for a nanofabrication method that
has the large through-put capabilities of photolithography, high resolution of EBL, simplicity
of NIL, and high aspect ratio of nanowires without the high costs, specialized equipment,
rough walls, and low complexity limitations those current techniques. This study details a
new method I developed to etch complex 2D and 3D geometry with high aspect ratios into
silicon wafers that requires very little specialized equipment, is compatible with a number
of existing nanofabrication techniques, and can already take advantage of the large scale
fabrication facilities used by the semiconductor industry.
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2.2

Electrochemistry of Silicon in Hydrofluoric Acid

MaCE is essentially a highly localized electrochemical etching reaction. As such, this section
will briefly detail the electrochemistry of silicon in HF solutions under anodic potentials to
provide the background information necessary to understand MaCE. This section is necessarily brief as the topic of silicon electrochemistry is beyond the scope of this work and
readers seeking a more in-depth coverage on this topic are pointed to the books Electrochemistry of Silicon: Instruments, Science, Materials and Applications 63 by Volker Lehmann and
Electrochemistry of Silicon and its Oxide 35 by Xiaoge Zhang. These books provide a detailed
summary on silicon electrochemistry and while also serving as an excellent set of references
on early, seminal work in this field.
Under anodic potentials in acidic electrolytes free of fluoride, silicon is passivated by the
formation of an anodic oxide, consuming four holes (h+ ):
Si + 2H2 O + 4h+ ! SiO2 + 4H+

(2.1)

In alkaline electrolytes the silicon is dissolved chemically at the Open Circuit Potential
(OCP) as shown in Figure 2.1a-b (p. 14) and given by:
Si + 2OH + 4H2 O ! Si(OH)26 + 2H2

(2.2)

It is important to note that this chemical reaction at OCP is kinetically limited along
the (111) planes due to the lack of polarization of the Si back-bone by the lone OH group.
Under moderate anodic potentials, the silicon dissolution rate increases and the ratio of
H2 to Si is reduced while passivation will take place due to the formation of Si-O-Si bonds
according to reaction 2.1.
Silicon is stable at the OCP in acidic electrolytes with fluoride while electrochemical
dissolution takes place at anodic potentials. For anodic currents below the critical current
density, JP S , porous silicon is formed and the electrolyte-electrode interface surface is found
to be terminated by Si-H bonds. The active species in the dissolution process are HF, (HF)2 ,
or HF–2 and the proposed dissolution reaction for this regime is given by (see Figure 2.1c, p.
14):
Si + 2HF2 + h+ ! SiF26 + 2HF+H2 + e
11

(2.3)

This divalent dissolution reaction is initiated by a hole (h+ ) from the bulk silicon approaching the silicon-electrolyte interface, allowing a nucleophilic attack of the Si atom (step
1 in Figure 2.1c). This is the rate limiting step that is both the origin for pore formation
and the step that H2 O2 reduction in MaCE accelerates by directly providing holes (h+ ) at
the Si/HF interface. The F– ions in solution do not appear to be active in the dissolution
kinetics.103 Once the Si-F bond is formed, a second nucleophilic attack occurs under the
injection of an electron (e– ) or consumption of a hole (h+ ). It is important to note that
electron (e– ) injection is 1.1 eV more energetic than hole (h+ ) consumption; however, the
MaCE process is more likely to provide holes (h+ ) for consumption as opposed to electron
(e– ) injection given that H2 O2 reduction on the metal catalyst is more kinetically favorable
than H2 O2 oxidation. The highly polarized Si-F bonds polarizes the remaining two Si backbonds suﬃciently to be broken by HF or H2 O (steps 3 – 4 in Figure 2.1c) followed by the
hydrogenation of of the remaining silicon surface atoms in step 5. Lastly, the SiF4 reacts
with two HF and two H+ to form soluble SiF2–
6 .
The polarizing eﬀect of Si-OH and Si-F are similar and a level of crystallographic dependency is expected for the divalent reaction. Faceting along the (111) planes in HF electrolytes
is indeed observed when the current density is close to JP S and microporous silicon formation is suppressed. This is the most likely cause for the crystallographic dependence that
is observed in MaCE;14, 47 the fact that this dependence is only observed within a narrow
current density explains why the crystallographic dependency in MaCE is also only observed
within a narrow set of catalyst type, etchant composition, and silicon dopant levels.
As the anodic potential is increased, the corresponding anodic current also increases past
JP S and an intermediate anodic oxide film is formed with the reaction separated into two
steps as shown in Figure 2.1d (p. 14): an electrochemical oxide formation (1 - 2) followed by
chemical dissolution of the oxide due to HF, (HF)2 , or HF–2 . This tetravalent electrochemical
dissolution reaction can be described by:
Si + 2HF2 + 2HF ! SiF26 + 2HF + 2H2 O

(2.4)

As outlined by Lehman,25, 63 a OH– ion is assumed to be the active species in the
oxidation reaction and the applied potential accelerates OH– diﬀusion through the any oxide
film to the interface between the oxide and bulk Si to establish an Si-O-Si bridge, consuming
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two holes (h+ ), see steps 1 - 2 in Figure 2.1d (p. 14). In an aqueous electrolyte free of HF,
this oxide film passivates the silicon electrode; however, in an HF electrolyte the dissolution
reaction continues as the anodic oxide is dissolved through a nucleophilic attack by HF and
then again by H+ . In a tetravalent dissolution scheme, no hydrogen gas nor crystallographic
dependence is observed. The dissolution reaction in electrolytes composed of anhydrous HF
an an organic is proposed to be similar to the divalent dissolution reaction in aqueous HF
with a few minor changes. First, molecular hydrogen is not observed and four charge carriers
are consumed per dissolved silicon atoms.91, 94
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a

b

c

d

Figure 2.1 – Reaction schemes of silicon dissolution. (a) chemical
dissolution of (100) silicon in alkaline solution; (b) chemical dissolution
of (111) silicon in alkaline solution, note that the chemical dissolution
rate is negligible due to the insuﬃcient polarization of the Si backbonds by only one OH group. (c) anodic, divalent dissolution in HF;
(d) anodic tetravalent dissolution in HF. This reaction can be separated
into two parts: first the oxide is formed anodically (1 & 2), followed by
chemical dissolution of the oxide in HF.63
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Typical anodic i-V curves of silicon in HF, KOH, and non-fluoride, non-alkaline solutions
are shown in Figure 2.2 (p. 16). The large anodic current of HF curved shows that the
silicon electrode is active across the whole anodic region. In contrast, the KOH curve shows
a brief oxidation reaction that is quickly passivated at the passivation potential, Vp , while
the nonfluoride/nonalkaline solutions indicate that the silicon is essentially inert with a very
small anodic current due to the presence of a thin oxide film.
Figure 2.3 (p. 16) shows the i-V curves for dark and illuminated p- and n-Si electrodes
in a 2.5 wt% HF electrolyte. The diﬀerence in these curves is due to the diﬀerence in concentration of holes (h+ ) within the p-type and n-type silicon with and without illumination.
For p-type silicon, large anodic currents can be obtained by the increase in hole (h+ ) concentration at the electrolyte interface cause by the forward bias. In contrast, the anodic
current of n-type silicon is limited by the availability of holes (h+ ) that can be generated
under illumination. The two peak currents, J1 and J3 along with the two plateau currents,
J2 and J4 are shown and have particular significance for silicon etching in HF electrolytes.
For anodic potentials below J1 the system is characterized by uneven dissolution of the silicon surface leading to the formation of porous silicon. Potentials larger than J1 are referred
to the electropolishing regime, which results in a smoother surface caused by the formation
and dissolution of surface oxide film. The plateau currents are determined by the chemical
dissolution rate of the oxide film. The location of these J1 through J4 along with the corresponding i-V curves ultimately play a large role in MaCE in key parameters such a etching
rate, feature resolution, and etching direction.46
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Figure 2.2 – Typical i-V curves of silicon in HF, KOH, nonfluoride/non-alkaline solutions.35
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J3

J4
J1

J2

Figure 2.3 – i-V curves for dark and illuminated p- and n-Si electrodes
in a 2.5 wt% HF electrolyte.64

16

2.3

Metal-assisted Chemical Etching

2.3.1

History

MaCE can be traced back to the fabrication of porous silicon by etching an Al covered Si
substrate in a solution of HF, HNO3 , and H2 O and ultimately comes out of the work on
electrochemical stain etching for porous silicon formation.23, 24, 67–69, 124 Some of the best
and earliest work on MaCE was conducted by Li and Bohn, whom characterized the etching
of silicon with Au, Pt, or Au/Pd alloys to form pores and wires.13, 70–72 This work was then
picked up by others such as Harada,37 Sun,106 Yae,121 Rittenhouse,95, 96 to establish the
legitimacy and early foundation of MaCE. One of the most important works was conducted
Chartier et al.,11 whose characterization of the Ag catalyst system and subsequent discussion
relating MaCE to standard i-V curves provides the link between the electrochemistry of
silicon and MaCE. This link is necessary to approach MaCE in a systematic manner. The
work by Tsujino and Masumura is also of critical importance to MaCE as they demonstrated
the first 3D etching of MaCE.61, 108–110
These pioneering works established MaCE and have contributed to its increased acceptance within the broader scientific community. With this acceptance has come a host of
new groups both investigating MaCE’s parameter space and incorporating MaCE into their
fabrication processes.10, 12, 15, 45–49, 74, 86, 88–90, 118–120, 122 Along with the investigation of other
materials systems.72, 73, 95, 96 The readers are pointed to a decent review article on MaCE by
Huang et al. for further information on MaCE.46
2.3.2

Reactions

The basic MaCE process is shown in Figure 2.4 (p. 19). The cathodic reactions are reasonably well established as:11, 37, 70
H2 O2 + 2H+ + 2e ! 2H2 O

(2.5)

2H+ + 2e ! H2 "

(2.6)

with H2 O2 reduction being the dominate reaction for almost any etchant and catalyst system
as little to no etching is seen for systems without a strong oxidizing agent.11, 121
Three diﬀerent silicon dissolution pathways have been proposed:
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P1 - Direction dissolution of Si in the tetravalent state13, 37, 61, 70
Si + 4h+ + 4HF ! SiF4 + 4H+

(2.7)

SiF4 + 2HF ! H2 SiF6

(2.8)

P2 - Direct dissolution of Si in the divalent state11, 89
Si + 4HF2 ! SiF26 + 2HF + 2H2 " + 2e

(2.9)

P3 - Tetravalent Si oxide formation followed by dissolution of the oxide11, 90, 117
Si + 2H2 O ! SiO2 + 4H+ + 4e

(2.10)

SiO2 + 6HF ! H2 SiF6 + 2H2 O

(2.11)

The diﬀerence between models P1 and P2 as compared to P3 is the formation of an
oxide layer prior to silicon dissolution and whether any H2 gas is generated. There is some
evidence that the catalyst material and etchant composition play a role in determining the
ratio that these reactions occur as these two factors eﬀect where dissolution reaction lies
along the i-V curves detailed in the previous section.11, 14, 47 Chartier et al. proposed a
mixed reaction composed of divalent and tetravalent dissolution reactions:11
Si + 6HF + nh+ ! H2 SiF6 + nH+ +

4

n
2

H2 "

(2.12)

with an overall reaction of:

Si +

n
4 n
H2 O2 + 6HF ! nH2 O + H2 SiF6 +
H2 "
2
2

(2.13)

The ratio of these reactions control a critical number of MaCE features, including feature
resolution,11 etching direction,11, 47, 109 and etching rate.11
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Figure 2.4 – Schematic showing chemistry of MaCE
2.3.3

Metal catalysts

The metal catalyst is a key component of MaCE. The primary role of the catalyst is to set
the H2 O2 reduction rate, especially under highly concentrated etchant solutions where the
hole (h+ ) injection process is limited by the kinetics of H2 O2 reduction on the catalyst (see
Section 3.1.1, p. 28). In general, the etch rate of the noble metal catalyst can be set at Pd
> Pt > Au > Ag. It is important to note that Ag catalysts are not completely stable in
a MaCE etchant and the Ag catalyst can be oxidized into solution to form Ag+ ions that
diﬀuse some distance before re-deposited after reduction at the HF/Si interface through the
oxidation of silicon; this phenomena is not seen with the more stable Au and Pt catalysts.11
Once the oxidant is reduced on the catalyst, holes (h+ ) are injected into the valence band as
shown in Figure 2.5 (p. 20). This charge transfer process should be heavily eﬀected by the
surface band bending of the Si at the metal catalyst contact interface and Surface Barrier
Height (SBH) along with Potential of Valence Band Maximum (PVBM) calculations by
Huang et al. show that this band bending helps restrict hole (h+ ) transport away from this
area.45 These calculations provide the first quantitative explanation of the highly localized
etching observed in MaCE. Specifically, the Space Charge Region (SCR) within the silicon
should be on the order of 24 µm for many MaCE systems and one would expect etching over
this entire area; however, the actual etching is often confined to within a 1 – 100 nm of the
particle when the proper catalyst/etchant combination is selected and the model proposed
by Huang could explain this phenomena.
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MaCE, including AgNO3 ,85, 87–89 KAuCl4 or HAuCl4 ,87 K2 PtCl6 or H2 PtCl6 ,85 Fe(NO3 )3 ,
Ni(No3 )2 ,48, 89 Mg(NO3 )2 ,89 H2 O2 ,70 Na2 S2 O8 ,36 KMnO4 ,36 and K2 Cr2 O7 .36 It is important to note that fluorosilicate precipitates will form at the etching front if the ionic product
exceeds the solubility product as seen with K and Na based oxidizing agents.
A convenient notation for the etchant composition was established by Chartier et al. as
follows:

⇢=

[HF]
[HF] + [H2 O2 ]

(2.14)

However, this notation gives no indication on the concentration of the etchant itself and
the following modified version of Chartier et al.’s notation will be used throughout this text
when referencing a specific etchant.
x

⇢ =

✓

[HF]
[HF] + [H2 O2 ]

◆x=[HF]

(2.15)

For example, a ⇢ = 9013.4 would have [HF] = 13.4 mol/L while a ⇢ = 901.3 would be more
dilute with [HF] = 1.3 mol/L. This notation provides almost all the information necessary
to reproduced the specific etchant and allows one to easily compare the results of diﬀerent
etchant compositions and dilutions.
Figure 2.7 (p. 23) shows how the etched morphology changes with ⇢ for concentrated
etchants.11 Low ⇢ values have higher [H2 O2 ] and higher hole (h+ ) injection currents, leading
to the formation of large craters. As ⇢ increases, the hole (h+ ) injection current drops and
the etching morphology changes from crater formation to electropolishing, which is further
followed by microporous and porous silicon at higher ⇢ values. A post NaOH dip was also
used to quantify the amount of microporous silicon produced as this damaged structure
will dissolved faster than bulk Si. This work was heavily referenced while designing the
etching systems used in the 3D nanofabrication processes detailed in this thesis and most
etchant compositions were centered around a ⇢ = 90 etchant solution to increase the feature
resolution by minimizing the amount of microporous silicon generated. Also, these curves
are expected to shift as the catalyst and etchant dilution is changed, with Au, Pt, and
Pd catalysts shifting the curves in Figure 2.7a to the right. It is worth noting that the
high catalytic activity of Pd for H2 O2 reduction requires ⇢ = >99 solutions and substantial
dilution to even approach the porous Si regime. This reaction is extremely fast and can eject
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concentrated etchant solutions through vigorous bubbling if one is not careful; as such, I
recommend anyone using Pd catalysts to use diluted etchants of suﬃcient volume to inhibit
etchant ejection.

a

b

Figure 2.7 – SEM micrographs of p-Si etched in solutions of diﬀerent
⇢ values using a Ag catalyst, Notice the transition from the electropolishing regime for low ⇢ values to microporous silicon around for .11
The etching rate generally follows an Arrhenius equation with respect to temperature.
Most interesting however, is when the kinetic diﬀerences between H2 O2 reduction and Si
oxidation through HF and H2 O (Reactions pathways P1, P2 subtlety used of temperature
changes to turn the crystallographic dependency of etching direction on and oﬀ.47 This study
focused on showing that the catalyst can be induced to follow either the (100) direction,
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forming slanted nanowires in (111) silicon, or induce the catalyst to etch in the vertical
direction independent of crystallographic orientation.
2.3.5

Silicon type, dopant level and orientation

Overall, very little is known about the importance of silicon type, dopant level and orientation as very little systematic work has been done on these subjects. In my own studies, I
have found that highly doped silicon leads to poor or inhibited etching of large structures
and others have noted that no microporous silicon is generated for highly doped p-type silicon.122 This diﬀerence in etching might be originate from the diﬀusion of holes (h+ ) from the
etching front. The rapid and long-distance of hole (h+ ) diﬀusion away from the metal/silicon
interface lowers the etch rate and feature resolution of MaCE, as such, moderately doped
silicon was used throughout this work.
2.3.6

Catalyst motion

The study by Huang on inducing crystallographic dependencies on etching direction47 highlights how little is known about catalyst motion during MaCE. While a likely cause for
induced dependence on crystallographic orientation can be attributed to the small window
of crystallographic dependence Si etching in HF just before J1 (see Section 2.2, p. 11),
the change in etching direction is left to speculation. This is a common theme throughout
MaCE research and very little is conclusively known about the cause of catalyst motion in
these systems.
While the cause of catalyst motion will be discussed in detail in Chapter 4 (p. 155),
it is worth briefly looking at which forces could potentially cause non-vertical etching as
the catalyst motion will be brought up repeatably throughout this work. The results with
the cycloid-like etching shown in Figures 3.8 – 3.12 (p. 51 – 56) demonstrates that gravity is not the only force acting on the Ag nanorods during etching. Other potential forces
include pheoretic forces, which could arise from diﬀerences in the concentration of products and reactions during MaCE, Van der Walls and double-layer forces covered by the
Derjaguin-Landau-Vernway-Overbeek (DVLO) theory,9 along with non-DVLO forces such
as solvation forces, hydrophobic attractive forces, and steric forces. Peng et al. proposed an
electrophoretic model for catalyst motion based upon studies by Paxton et al. of autonomous
motion of striped Pt/Au nanorods in H2 O2 solutions.80, 83
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One of the goals of this work was to determine the cause of catalyst motion to aid
in the design of catalyst structures for 3D nanofabrication. Chapter 4 (p. 155) provides a
detailed analysis of Peng’s electrophoretic model and force-displacement curves showing that
DVLO encompassed forces provide suﬃcient driving forces for catalyst motion. However,
the influence of secondary eﬀects, such as phoretic forces, still needs to be investigated and
established.
2.3.7

Fabrication using MaCE

The vast majority of fabrication for MaCE is to create photo-luminescent silicon,12, 13 silicon
nanowires,20, 32, 49, 89, 122 or microporous silicon for applications that benefit from rough surfaces.118–120 Surprisingly, very little research on MaCE has focused on investigating catalyst
shapes beyond simple round structures. Prior to my involvement with MaCE, only a single
publication by Chun et al. of Li’s group deals with non-round EBL patterned catalysts.17
This is surprising omission remains the primary focus of this study and this text will detail
the development of MaCE as a platform for 3D nanofabrication
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Chapter 3

METAL-ASSISTED CHEMICAL ETCHING AS A
NANOFABRICATION TECHNOLOGY

As detailed in the last chapter, MaCE uses metal catalyst particles and a mixture of HF
and H2 O2 to form a traveling galvanic etching reaction that can etch structures in silicon
with extremely high feature fidelity even at high aspect ratios. As of 2007 all of the research on MaCE used either nanoparticles or discontinuous thin films as the catalyst and
no research had been conducted using non-round catalyst particles. The following chapter
details various methods developed by myself using shaped catalysts to fabricate complex
3D nanostructures with MaCE. It starts with parameter studies conducted by myself using
traditional nanoparticle catalysts in order to establish the how basic parameters such as
catalyst material, etchant composition, and silicon dopant level influence etching rate and
morphology. These results establish the foundation for the work detailed in this study.
Following the parameter studies, Section 3.2 (p. 49) details the use of Ag nanorods as the
catalyst material and represents a fundamental shift in MaCE capabilities as it establishes
that catalyst shape directly influences the etching path of the catalyst with Ag nanorods
etching not just vertically into the silicon, but also forming 3D cycloids. To further establish
that the etched profile follows the profile of the catalyst structure, Section 3.3 (p. 214) details
studies that used Pt catalysts fabricated using a Focused Ion Beam (FIB). As the feature
resolution of FIB deposited catalysts is extremely low (see Appendix A, p. 177) due to Ga+
ions implanted during FIB participating in the MaCE process, Electron Beam Lithography
(EBL) was used to fabricate the catalysts. Section 3.4 (p. 62) details how the catalyst
structure influences etching path with Section 3.5 (p. 77) building upon this knowledge with
external pinning structures used to induce-of-plane rotation of the catalyst while Section 3.6
(p. 114) shows how to fabricate 3D folding structures. How to control rotation direction
for spiraling stars is established in Section 3.4 (p. 217) while the utilization of electroless
filling in Section 3.8 (p. 139) shows how MaCE formed templates can be used to fabricate
complex 3D metallic structures by using the MaCE catalyst remaining at the bottom of the
etched hole as a seed layer for the electroless bottom-up filling of the MaCE template.

27

3.1

Nanoparticles and Discontinuous Thin-Films

To fabricate complex shapes in MaCE it is first necessary to understand how the basic
parameters such as catalyst material, etchant composition, and silicon dopant level influence
etch rate and hole morphology. The following section details a series of tests conducted to
establish this basic understanding starting with a basic catalyst and etchant composition
study followed by a study on how it is possible to both halt the etching process through
various methods and exploit these methods to create a maskless lithography process using
an Electron Beam Induced Deposition (EBID) of carbon.
3.1.1

Catalyst and etchant composition study

MaCE can be reduced to three primary components: the catalyst, the etchant, and the
silicon. Due to the complexity of reduction on metal catalysts and silicon dissolution in HF
mixtures, a significant amount of research is needed to fully map out the chemical parameter
space of MaCE and, while not the objective of my research, a small study was undertaken to
aid in the design of catalysts for 3D nanofabrication. Three catalysts, Ag, Au, and Pt, were
studied at three diﬀerent etchant compositions, = 60, 80, and 90, with SEM micrographs and
mass loss measurements taken to determine the etch rate and hole () injection currents. The
primary purpose of this study was to get an idea of which catalyst and etchant compositions
should be used to achieve specific etching results while also being able to properly interpret
any observations from the EBL patterned catalysts. For example, when trying to induce
out-of-plane rotation (see Section 3.5.2, p. 84) a Pt catalyst was used instead of just Au
due to the higher etch rate aﬀorded by Pt catalysts.
Experimental Procedure: A detailed experimental procedure can be found in Appendix
B.4 (p. 210). In short, a Signatron 4-point probe was used to measure the resistivity of 4
silicon wafers, which were freshly cleaned in a piranha solution of 4:1 and to remove any
organic contaminants followed by dilute 1 wt% HF solution to remove an oxide coatings.
The wafers were collected from various colleagues with resistivities measured at P(100) 0.0086, P(100) - 1.60 ⌦-cm, and P(111) 1.53 ⌦-cm. E-beam evaporation was then used to
deposit 2.2 nm coatings of Ag, Au, or Pt on the surface and the samples were then immersed
for 10 seconds in a ⇢ = 9013.8 etchant solution of HF and H2 O2 . Samples were cleaved and
Scanning Electron Microscope (SEM) micrographs of the top surface and cross section were
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taken using a LEO 1550 scanning electron microscope at 10 kV accelerating voltage with a
working distance between 3 and 5 mm. No conductive coatings were applied to the samples
prior to imaging.
Results: Note: Mesoporous and microporous silicon is observed in these samples. By
definition, micropores are less than 2 nm in diameter, mesopores are between 2 and 50
nm and macropores are anything larger than 50 nm. For brevity, the term micropores and
microporous silicon will be used even though size measurements were not conducted.
3.1.1.1

P(100) - 0.0086 ⌦-cm silicon

Etching depth and microporous silicon formation can be readily observed from SEM micographs
as shown in Figure 3.1 (p. 31). The top-down and side-view micrographs for the Ag, Au,
and Pt catalysts are shown in descending rows. The top surface of the silicon etched with Ag
catalyst shows both larger holes etched into the surface along with smaller micropores. The
size of the larger holes correlates well with the size of the Ag catalyst, which can be seen as
white dots just below the silicon surface; however, the surface is significantly rougher with
many holes smaller than the size of the catalyst particle. The diﬀerence between the pores
directly created by the Ag catalyst and the microporous silicon is more clearly shown in the
cross-section image. The catalysts are observed as large white dots within the large-diameter
holes, while the microporous silicon is observed as a lighter grey region; this is caused by
the increased electron emission caused by the large number of broken micropores. The Ag
catalyst etched 100 nm into the silicon in 10 seconds giving an etch rate of 10 nm/sec.
The results of the Au catalyst are shown in Figure 3.1 with changes in both the topsurface morphology and cross-section etching depth as compared to the Ag catalyst. Firstly,
the holes in the top surface are much larger; this could be from small diﬀerences that exist
between the target versus actual deposited thicknesses. However, there is still some surface
microporous/mesoporous silicon formation as seen on the Ag catalyst sample. The crosssection image shows that the microporous/mesoporous silicon forms as a unified front about
1 mm deep into the silicon surface; the fact that this layer is so obvious implies that the layer
consists of mesopores. Of particular interest is that the front of the mesoporous layer does
not tightly conform to the larger Au pores. This layer is between 700 and 850 nm thick
as measured from the top surface and between 80 and 550 nm thick from the Au surface
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particles. This implies that the formation of mesoporous silicon is limited not by the Au
particle etch rate, but rather the formation rate of mesoporous silicon in this particular
system of 0.0086 ⌦-cm p-type silicon with a hole (h+ ) injection current defined by H2 O2
reduction on Au catalysts. A mesoporous formation rate of 100 nm/second is within the
values reported in the literature and referenced by Zhang et al. for highly concentrated HF
etchants.124
The silicon sample etched with Pt formed nanowires. This is evident from the collapsed
structure in the top-down SEM images and the silicon nanowires that are hanging loose in
the cross-section images. There still appears to be a mesoporous silicon layer forming on the
top surface; however, the cross-section shows a very interesting mesoporous distribution.
The left side shows a clean Pt etch forming silicon nanowires; in this area the thickness
of the mesoporous silicon is around 60 nm. This is in contrast to the area on the right
where the Pt catalyst was, presumably, removed when handling the sample with tweezers.
In this region the mesoporous layer is 5.5 mm thick and extends from the top surface. The
Pt catalyst etched 5.5 mm in 10 seconds at 550 nm/sec assuming instantaneous quenching.
Overall, there is a big contrast between the Ag, Au, and Pt catalysts with etch rates ranging
from 10 to 550 nm/sec. A micro/mesoporous layer formed for all samples with a thickness
that depends primarily on the catalyst material but not catalyst position.

30

P(100) - 0.0086 Ω-cm
b - Ag

a - Ag

500 nm

200 nm

c - Au

d - Au

500 nm

200 nm

e - Pt

g - Pt

500 nm

5µm

1 µm

Figure 3.1 – SEM micrographs of P(100) - 0.0086 ⌦-cm etched for 10
seconds in ⇢ = 9013.8 etchant. (a-b) Ag catalyst etched 100 nm in 10
seconds with significant surface microporous or mesoporous formation;
(c-d) Au catalyst etched 700 nm; (e-f) Pt catalyst etched 5.5 mm. Notice
that the microporous silicon is quite evident in (d) as distinguished by
the small “whitish” tendrils proceeding the etch front.
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3.1.1.2

P(100) - 1.60 ⌦-cm silicon

There are a number of key diﬀerences between the 0.0086 ⌦-cm and 1.60 ⌦-cm silicon as
shown in Figure 3.2 (p. 33). The primary diﬀerence is the lack of a mesoporous silicon
layer, although a microporous silicon layer is evident in the first 20 nm of the Ag catalyst
layer. That said, comparing the top surface images between the 0.0086 and 1.60 ⌦-cm
silicon for Ag catalyst reveals a much cleaner surface for the 1.60 ⌦-cm silicon with less
surface etching. The Au catalyst also shows fewer large holes in the 1.60 ⌦-cm silicon as
compared to those in the 0.0086 ⌦-cm silicon. The lack of mesoporous silicon can explain
this diﬀerence; specifically, the mesoporous silicon in 0.0086 ⌦-cm has a lower flat-band
potential and resistance to hole (h+ ) injection, allowing a larger volume of space in the
silicon around the Au catalyst to be etched. In contrast, moderately-doped silicon, like 1.60
⌦-cm silicon, readily forms microporous silicon, which will limit the local hole (h+ ) injection
rate to a volume near the Au catalyst. The Pt catalyst forms silicon nanowires in 0.0086 and
1.60 ⌦-cm silicon. The formation of nanowires can be explained by the adhesion/bonding
properties of Pt versus Ag and Au. Both Ag and Au poorly wet silicon and will readily form
nanoparticles during e-beam evaporation. In contrast, Pt can form a silicide that wet the
silicon better during e-beam evaporation. Thus, there is less nucleation and more lateral
growth for Pt evaporated onto silicon as compared to Ag and Au. The larger diameter Pt
catalysts results in silicon nanowires due to the increase in the lateral size of the catalyst
particle. The curvature at the top surface of the Pt-etched 1.60 ⌦-cm silicon is due to the
collapse of the silicon nanowire arrays with the lower 5 µm of silicon remaining vertical.
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a - Ag

P(100) - 1.60 Ω-cm
b - Ag

500 nm

500 nm

c - Au

d - Au

500 nm

250 nm

e - Pt

f - Pt

5µm

5µm

Figure 3.2 – SEM images of P(100) – 1.60 ⌦-cm silicon etched with
Ag, Au and Pt catalysts in ⇢ = 9013.8 etchant for 10 seconds. Notice
that the silicon etched with Ag catalyst shows both large pores that
conform to the size of the catalyst particle and also micro/mesoporous
silicon. Etching depth varies from 300, 450, and 10,000 nm for the Ag,
Au and Pt catalysts respectively.
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3.1.1.3

P(111) - 1.53 ⌦-cm silicon

P(111) – 1.53 ⌦-cm silicon etched in a similar manner as P(100) – 1.60 ⌦-cm silicon. No
mesoporous silicon was seen except samples etched with Ag. No cross-section image is
available for the Ag catalyst; however, a section where the Ag catalyst did not etch into
the silicon. It is clear that the large holes in the silicon conform to the size of the catalyst
particles while mesopores are also formed. The formation of Au nanowires is interesting and
shows that the Au catalyst is most likely following the (100) planes on the silicon; this will
cause the Au catalyst particles to fall toward each other, decreasing the space between the
catalyst particles and causing the formation of silicon nanowires. The etching depth for the
P(111) is about 1/2 that of the P(100) oriented silicon; implying that the crystallographic
orientation of the silicon can aﬀect the etch rate. However, the low etching time of 10
seconds can be a large source of error as small changes in how the sample is handled during
etching can change the etch time. Further study is needed to evaluate the eﬀect of crystal
orientation.
It is important to note that only (100) oriented silicon was used throughout the rest of
this work due to the the simplicity of scribing (100) oriented wafers.
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a - Ag

P(111) - 1.53 Ω-cm
b - Ag

500 nm

100 nm

c - Au

d - Au

500 nm

100 nm

e - Pt

f - Pt

5µm

1 µm

Figure 3.3 – SEM images of P(100) – 1.53 ⌦-cm silicon etched with
Ag, Au, and Pt catalysts in ⇢ = 9013.8 etchant for 10 seconds. No
cross-section images were available for the Ag catalyst as the sample
was damaged. The etch depth of the Au and Pt catalysts were 0.45
and 10 µm.
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3.1.1.4

Summary of catalyst etching rates

Table 3.1 – Table of etch depth and rate for Ag, Au, and Pt catalysts
for various silicon dopant levels and orientations. Samples were etched
for 10 seconds in a ⇢ = 9013.8 etchant. It is clear that the rate varies
dramatically with catalyst selection, with Ag etching on the order of 10
– 30 nm/sec, Au from 20 – 70 nm/sec, and Pt around 10 times higher
at 500 – 1,000 nm/sec. It is important to note that the error associated
with these measurements may be large because the etching time was
only 10 seconds and it is unknown how long it takes to “quench” the
etching process.
Substrate

Etch Depth [ µm]

Etch Rate [nm/sec]

Type (orientation) - ⌦-cm

Ag

Au

Pt

Ag

Au

Pt

P(100) - 0086

0.10

0.70

5.5

10

70

550

P(100) - 1.60

0.30

0.45

10

30

45

1,000

P(111) - 1.53

-

0.23

4.7

-

23

470
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3.1.2

Mass loss tests

A detailed experimental procedure can be found in Appendix B.4 (p. 210). In short, this
test used the same samples as the previous section. Samples were cleaved into

e1

⇥ 1 cm2

pieces and etched in ⇢ = 405.0 , 607.9 , and 9013.8 etchants for 2 minutes. Three samples were
prepared of each silicon dopant level, catalyst type, and etchant solution, for a total of 36
samples. Samples were measured 3 times before and after etching using a mass balance
with a precision of 0.01 mg, for a total of 324 mass measurements. The mean mass for each
sample was used to calculate the change in mass due to etching. The 2 variance for the mass
balance was statistically measured at 0.04 mg, which is consistent with the manufacturer’s
stated accuracy of 0.1 mg at a precision of 0.01 mg. A 0.04 mg variance corresponds to an
equivalent current density error of 11.4 mA/cm2 , assuming four holes (h+ ) are consumed to
dissolve each silicon atom. It is important to note that the actual hole (h+ ) consumption
ratio may be closer to 1 – 2 holes/silicon atom at these high etch rates.
Results: The graphs in Figure 3.4 (p. 38) plot the calculated current density based upon
mass loss measurements for Pt and Ag catalysts for P(100) - 0.086 ⌦-cm and 1.59 ⌦-cm
silicon. Notice that the current density for the Pt catalyst is over ten times larger than the
Ag catalysts. Also, the lower 0.0086 ⌦-cm silicon shows a higher current density, indicating
that silicon resistivity does play a role determining etch rate, although the current density
does not scale linearly with resistivity. More importantly, these results show that the etching
rate is kinetically limited for highly concentrated etchants (not shown here are results with
Pd catalysts, which etch at 20 – 50 times faster than Pt catalysts). As such, only a thin
layer of Pt catalyst is necessary to achieve extremely high etch rates. This fact was exploited
in Section 3.5.3 (p. 96) to design a Ti/Au/Pt catalyst structure that had the high etch rate
needed to induce out-of-plane rotation without using Pt as the core material. This avoids
damage to the electron resist caused by the boiling temperature of Pt. The data from these
current density calculations is also used to examine if electrophoresis could be the driving
force for catalyst motion as detailed in Chapter 4 (p. 155).
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Current Density vs. Etchant Composition
Pt Catalyst

Ag Catalyst
0.0086 Ω-cm
1.60 Ω-cm

Current Density (mA/cm2)
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Etchant composition
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Etchant composition

Figure 3.4 – Graphs of the current density of Pt and Ag catalysts
etched for 2 minutes in ⇢ = 405.0 , 607.9 , and 9013.8 etchants. Note that
the dashed lines serve solely to aid the eye and that the error bars for
the Pt catalysts are too small to see at this scale.
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3.1.3

Eﬀect of hydrocarbon contamination on MaCE

MaCE depends on a number of chemical reactions. First, H2 O2 is catalytically reduced on
the metal particle, consuming electrons. Next, holes (h+ ) are injected into the valence band
of the silicon from the metal. Finally, a percentage of these holes (h+ ) are consumed at the
interface between the silicon and HF to oxidize the silicon forming soluble H2 SiF6 . Blocking
any one of these steps halts the etching process.
This section details the examination and exploitation of contamination during MaCE
processes. The first part details three simple tests that were conducted to show that blocking
any one of the three critical chemical reactions halts the etching process. The second part
details a resistless lithography process developed by myself and Rykaczewski that takes
advantage of the fact that thin layers of electrically resistive material can block the hole
(h+ ) injection step and locally inhibit MaCE.
Blocking H2 O2 reduction Catalytic H2 O2 reduction must occur for MaCE to proceed
at an appreciable rate. To prove this, a simple test was conducted by coating three 1 ⇥

1 cm2 silicon pieces with a discontinuous thin film of Au using a DC sputter coater with
each sample exposed to one of three diﬀerent surface treatments (see Table 3.2, p. 41) prior
to etching the sample for 2 minutes in a ⇢ = 9013.8 etchant. The first sample was cleaned
using a four minute exposure to UV-ozone and then immediately etched, resulting in the
formation of Si nanowires as the Au etched into the silicon. The second sample was cleaned
with the UV-ozone and then hydrocarbons were adsorbed onto the silicon surface by storing
the sample in an unsealed 25 ⇥ 25 mm2 box for one month followed by etching the sample

in a ⇢ = 9013.8 etchant solution for 20 minutes. However, after one month the thin layer of
adsorbed hydrocarbons was found to block the H2 O2 reduction process. The third sample
underwent a similar aging process but, after aging, was re-cleaned in the UV-ozone for 15
minutes immediately prior to immersing in the MaCE etching; the cleaning step re-enabled
catalytic H2 O2 reduction, resulting in the formation of Si nanowires as in the first sample.
This test shows that blocking the H2 O2 reduction process eﬀectively inhibits MaCE.
Blocking hole (h+ ) injection I have found that contamination between the catalyst layer
and silicon substrate inhibits MaCE. This type of contamination is readily encountered if
the silicon substrate is not properly cleaned prior to catalyst deposition. A simple test was
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conducted to establish if the silicon substrate must be cleaned using a piranha solution (or
O2 plasma) by depositing a discontinuous thin Au film using a DC sputter coater on two
“aged” 1 ⇥ 1 cm2 silicon pieces. The first piece was left as-is while the second piece was

cleaned using a piranha solution of 4:1 by volume of H2 SO4 (95-98 wt%) and H2 O2 (30 wt%)
for 30 minutes. Next, a discontinuous thin Au film was deposited on both pieces using a
DC sputter coater followed by a 5 minute cleaning in the UV-ozone before being immersed
in a ⇢ = 9013.8 etchant solution for 5 minutes. Only the sample that was cleaned prior to
Au deposition etched.
This indicates that small amounts of contamination between the silicon surface and the
metal catalyst will block the etching process.
Blocking Si oxidation The Si oxidation and dissolution step can be inhibited by using
an HF stable material to keep the HF from coming into contact with the hole (h+ ) enriched
silicon region surrounding the metal catalyst. This process was exploited using maN-2403, a
negative electron polymer resist, to create pinning structures that would locally pin the Au
catalyst to the silicon surface and locally block the HF from etching the silicon (see Section
3.5 p. 77).
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Table 3.2 – Eﬀect of aging an Au catalyst for one month and UVozone treatment for 15 minutes on MaCE. The aging process forms
a thin layer of hydrocarbon contamination on the surface of the Au;
blocking H2 O2 reduction and MaCe process. This thin layer can be
removed by cleaning the sample in a UV-ozone.
Sample
#

First
UV-Ozone
treatment

Aging

Second
UV-Ozone
Treatment

Etch

1

X

-

-

X

2

X

X

-

-

3

X

X

X

X
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3.1.4

Resistless lithography using EBID patterned carbon and MaCE

A resistless lithography process was developed based upon the principle that MaCE is easily
halted by small amounts of contamination.99 Working with Rykaczewski of Fedorov’s group,
we used an SEM to pattern a thin layer of solid, amorphous carbon using Electron Beam
Induced Deposition (EBID) prior to depositing Au. This thin carbon pattern serves to locally
block the hole (h+ ) injection process. In EBID an environmental SEM (ESIM) equipped
with a beam blanker and patterning software is used to direct a beam of high energy electrons
at the sample surface. The impinging electron beam generates backscattered primary and
secondary electrons that decompose surface adsorbed residual hydrocarbons, which adsorb
on any air exposed surface. This EBID formation process is a common contamination
problem dating back to the early days of electron microscopy100, 101, 111, 113 and while it
may be undesirable in most situations, it can be exploited to form a thin layer of carbon
that is stable in HF and has suitably high resistivity. One of the primary advantages of
EBID of amorphous carbon from residual hydrocarbons is that it is maskless, resist-free,
and can be performed in an unmodified electron microscope. Here, we demonstrated that
the deposition speed of amorphous carbon structures optimal for the developed fabrication
technique is comparable to the writing speed of electron beam lithography.
Experimental Procedure: A detailed experimental procedure can be found in Appendix
B.6 (p. 213). A schematic of the basic process is shown in Figure 3.5 (p. 43)99 where a
(100) silicon substrate is first cleaned using a piranha solution followed by a dilute HF step
to remove any native oxide. Next EBID amorphous carbon structures are fabricated using
a tungsten filament Quanta 200 ESEM by passing the electron beam along the surface and
locally dissociating surface adsorbed residual hydrocarbons. Next, a thin layer of discontinuous gold was sputtered onto the sample surface using a DC sputter coater followed by
etching in a ⇢ = 9013.8 etchant solution for various times.
The current and line doses were optimized by varying both the dose over 12-1200 mC/m
range, and using 1, 10, and 100 pattern passes (corresponding to 21 to 2.1 second refresh
times for 10 and 100 repetitions). The thickness of the Au films was optimized by sputtering
for 60, 120, 140, and 160 seconds, with corresponding average film thicknesses of 3.5, 6.7,
8.2, and 9.1 nm as determined using a Woolam M2000U spectroscopic ellipsometer.
The sample was imaged using the quanta 200 ESEM and an AFM imaging was performed
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using DI 3000 in light tapping mode with silicon tips (Mikromasch) with a spring constant
e 360

kHz.
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of 42 N/m and resonance frequency of

FIGURE 1. Schematic of steps involved in fabrication of EBID aC/MaCE patterns of (a) porous silicon from discrete nanoparticles, (b) silicon
nanowires from discontinuous
metal
films–orSchematic
high density nanoparticle
and (c)
silicon nanostructures
from slightly discontinuous
Figure
3.5
of steps layers,
involved
in3Dfabrication
of EBID
metal films.

aC/MaCE patterns of (a) porous silicon from discrete nanoparticles,
(b) silicon
nanowires
metal carbon
films or
high-density
structures can occur during
the etching
processfrom
(14). Indiscontinuous
this
Amorphous
Georgia
Tech (GT) logo structures are
nanoparticle
layers,
and
(c)
3D
silicon
nanostructures
from
slightlyGeneration System v8
work, we demonstrate that a very thin layer of amorphous
fabricated using Nanometer Pattern
99
discontinuous
metal
films.
carbon (aC) formed using EBID underneath of a metal
from J.C. Nabity Lithography Systems with center-to-center

surface (see Figure 1a) is sufficient for localized blocking of
and line distances of 2 nm, lines doses in the 12-1200 µC/m
the MaCE of silicon and acts as a negative “mask” for the
range, and 1, 10, and 100 pattern passes (corresponding to
etching process. Additionally, we determine the gold film
21 to 2.1 second refresh times for 10 and 100 repetitions).
thicknesses necessary for fabrication of either EBID-patThe Au films are sputtered using Denton Vacuum Desk IV
terned porous silicon (with deposition of Au particles, see
sputterer at a pressure of 50 mTorr for 60, 120, 140, and
Figure 1a), or EBID-patterned silicon nanowires (with depo160 seconds. The corresponding average film thicknesses
sition porous Au film, see Figure 1b), or EBID-patterned solid
of 3.5, 6.7, 8.2, and 9.1 nm are determined from thickness
3D silicon nanostructures (with deposition of almost conmeasurements at several locations of a sample using a
tinuous Au film, see Figure 1c).
Woolam M2000U spectroscopic ellipsometer equipped with
In the EBID process, a solid amorphous carbon deposit
WVASE32 modeling software (31) with resolution of (0.5
is formed at the point of impact of a focused primary
nm. All structures are etched in a mixture of 4 mL of HF
electron beam due to interaction of backscattered primary
(Aldrich, 49%), 1.2 mL of H2O2 (Aldrich, 30%), and 1.7 mL
of H2O (distilled) for 15 or 30 seconds. The dimensions and
and secondary electrons with surface adsorbed residual
morphology of the structures are characterized using scanhydrocarbons (22, 23). In surface imaging, EBID of amorning electron microscope (SEM) and atomic force microsphous carbon from residual hydrocarbons is a common
copy (AFM). The AFM imaging was performed using DI 3000
contamination problem that has been recognized since the
in light tapping mode with silicon tips (Mikromasch) with a
early days of electron microscopy (24-27). However, with
spring constant of 42 N/m and resonance frequency of ∼360
appropriate electron beam control this “parasitic” microskHz (31, 32).
copy process can provide a basis for 3D nanofabrication (28)
Figure 2a shows results of EBID-aC-patterned GT logos
and nanoscale metrology (29, 30). One of the primary
deposited under varied conditions followed by sputtering of
advantages of EBID of aC from residual hydrocarbons is that
6.7 nm of Au and 30 seconds of etching in the HF/H2O2/H2O
it is maskless, resist-free, can be performed in any unmodisolution. MaCE of the aC/Au-coated samples results in localfied electron microscope. Here, we demonstrate that the
ized etching of silicon where a metal catalyst is in direct
deposition speed of aC structures optimal for the developed
contact with Si, producing clearly distinguishable arrays of
fabrication technique is comparable to the writing speed of
Si nanowires (see Figure 3b) everywhere but in the areas
electron beam lithography.
defined by the aC patterns (11-13). In essence, the nonAll samples are prepared on a single-side-polished p-type
conductive aC (33-35) underfill beneath the gold layer
(1-100Ω cm) single crystal (100) silicon wafer cleaned using
blocks hole injection into silicon, which is needed for the
a 4:1 piranha solution of H2SO4:H2O2 and then a dilute HF
(1:100). The EBID aC structures are fabricated using a 43 etching process to proceed, thus making a “negative” mask
tungsten filament Quanta 200 ESEM by passing the electron
for MaCE. Higher EBID line doses result in detrimental and
beam along the surface and locally dissociating surfacenon-localized aC build-up due to residual hydrocarbon disadsorbed residual hydrocarbons. An electron beam energy
sociation by backscattered electrons (BSE) and secondary

Results: Figure ?? (p. ??) shows the post-etched results of a series of GT “Buzz” logos
etched for 30 seconds with a 6.7 nm thick Au DC sputtered film. In the SEM micrograph, the
areas not covered by carbon show the formation of collapsed Si nanowires, while those areas
exposed to the high enough dose were covered with a thin layer of amorphous carbon; forming
a negative mask that blocks the etching process. High line doses results in poor pattern
formation because a thick layer of non-localized EBID carbon is built up as hydrocarbons
are dissociated by backscattered electrons and secondary electrons that were generated far
away from the impact point of the primary electron beam. This non-localized EBID is
readily observed by the wide, circular region of unetched silicon with a

e5

µm radius that

correlates well with the 5 – 6 mm radius of the 30 keV PE interaction volume in bulk silicon.57
The optimum settings for high resolution EBID patterned carbon for masking MaCE are
best achieved by using a large number of repetitions with a low line dose rather than a
single, large exposure because the refresh time allows for hydrocarbon surface diﬀusion to
replenish the depleted precursor.100, 104, 105
Uniformly etching entire surfaces with MaCE can be challenging. This is because the
etch rate decreases as the width of the particle increases due to the fact that HF must
diﬀused underneath the catalyst to etch the silicon below. As a result, the practical catalyst
width for reasonably fast etching is on the order of a few microns or less. However, it is
possible to etch large areas of silicon in a uniform manner if the geometry of the catalyst
is optimized to have a suﬃciently dense set of pin holes to create a low diﬀusion length for
the HF that are small enough to dissolve any remnant Si wires that would be left behind.
This type of film is easier to fabricate using a DC sputter coater because the grain size is
typically larger than an e-beam deposited film due to the relatively high deposition vacuum
and non-directionality of DC sputter processes. The eﬀect of Au film thickness is clearly
shown in Figure 3.6 (p. 46) with the thin, 3.5 nm Au film resulting in discrete nanoparticles
that etch in random directions forming a network of porous silicon (diagram Figure 3.5a p.
43). Increasing the Au thickness to 6.7 nm results in larger, slightly merged Au particles
forming a porous Au film with holes large enough to form silicon nanowires during the
etching process (schematic in Figure 3.5b and experimental results in Figure 3.6b).46
An Au coating thickness of 8.2 nm results in a suﬃcient decrease in porosity of the
Au layer to prevent the formation of nanowires, yet still allows suﬃcient penetration of the
etchant solution to produce the desired rapid and spatially uniform etching of the silicon
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(diagram in Figure 3.5c and experimental results in Figure 3.6c). As shown in Figure 3.6d, a
further increase in the thickness of an Au film results in deposition of fully-dense, continuous
metal film preventing any significant etching of the silicon.
Figure 3.6 (p. 46) shows SEM and AFM images along with profile measures for a 15 and
30 second etch after the optimum dose and Au film thickness were identified with

e 225

nm

and e 700 nm of silicon removed respectively. The resulting etch rate of e 1 – 1.5 µm/min is

comparable to typical DRIE of 1.5 – 4 µm/min.76 The line widths were measured at 120 –
150 nm and correspond well to the 150 – 200 nm amorphous carbon line widths detailed in
Figure ??b (p. ??). The fabricated EBID carbon line widths are 2 – 3 times larger than the
e 40

nm wide electron bam due to surface mass transport eﬀects,100 scattering of secondary

electrons from the sides of the deposits, electron beam drift and sample drift.
This set of experiments showed that reasonably high resolution sub-micron structures
can be readily fabricated by using a thin film of amorphous carbon to block the hole (h+ )
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FIGURE 3. SEM images (under 30° tilt) of structures formed after 15

seconds
of etching
of EBID-aC/Au-coated
with Au film
Figure 3.6
– SEM
images
(under 30° tilt)samples
of structures
formed after
thicknesses of 3.5, 6.7, 8.2, and 9.1 nm in HF/H2O2/H2O solution.
15 seconds of etching of EBID-amorphous carbon/Au-coated samples
maximum
line height
∼46.7,
nm and
width9.1
of ∼150-200
with Au film
thicknesses
of of
3.5,
8.2,a and
nm in a ⇢= 9013.8
nm. For99these settings, the total per-pixel electron dose
solution.
of post 30 second MaCE of 6.7 nmetchant
thick

rlying EBID aC GT logos, acting as the
nment mark deposited with varied line
petitions (refresh times), and (b) AFM
aC-patterned GT logo deposited with line
pattern repetitions (refresh time of 2.1 s),
height of ∼4 nm and width of ∼150-200

d as unetched circular regions in the
Figure 2a. Furthermore, the ∼5 µm
circular region corresponds well to
he 30 keV PE interaction volume in
al conditions for fabrication of highare achieved by repeating exposure
wer line dose rather than a single
in-between exposure time (refresh
hment of depleted precursor into the
h surface diffusion (23, 37-39). This
onstrated by comparing results of
me total line dose of 1200 µC/m, but
e pass (bottom left corner of Figure
eatures of GT logo) and in 100 passes
ure 2a clearly shows an unetched GT
in Figure 2b shows the morphology
ptimized aC-masked GT logo deposdose of 90 µC/m and 100 pattern
me of 2.1 s) of EBID, resulting in a

required for aC deposition (∼1.2 × 107 electrons/pixel) is
comparable to per-pixel electron dose (5.0 × 107) used for
high-resolution electron beam lithography (40), thus resulting in similar deposition/writing speeds for the two processes.
Next we determine the influence of the Au film thickness
on the resulting structure and morphology of the etched
silicon and produced patterns as defined by aC structures
shown in Figure 2b. Figure 3 summarizes the effect of
etching Au films with thickness of 3.5 nm (Figure 3a), 6.7
nm (Figure 3b), 8.2 nm (Figure 3c), and 9.1 nm (Figure 3d),
in the presence of underlying aC structures, for 15 seconds.
While the aC structure successfully acts as a negative etching
mask for all Au layer thicknesses, the morphology of etched
silicon varies greatly with the Au layer thickness. The thinnest Au coating of 3.5 nm results in deposition of discrete
Au nanoparticles, which etch in random direction forming
porous silicon (diagram in Figure 1a and experimental
results in Figure 3a) (41). Increasing the Au coating thickness
to 6.7 nm results in merging of the Au particles into a dense,
but still discontinuous (porous) Au film with sufficiently high
Au particle density (42) to allow for formation of arrays of
silicon nanowires during the etching process (diagram in
Figure 1b and experimental results in Figure 3b) (12, 13, 17).
The Au coating thickness of46
8.2 nm results in a sufficient
decrease in porosity of the Au layer to prevent the formation
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LETTER
FIGURE 4. SEM images (under 30° tilt) and AFM topological maps of Si structures formed after (a, c) 15 and (b, d) 30 s of etching of EBIDaC/Au-coated samples (Au
film thicknesses
is 8.2 images
nm).
Figure
3.7 – SEM
(under 30° tilt) and AFM topological maps

of Si structures formed after (a, c) 15 seconds and (b, d) 30 seconds

In conclusion, in this work, we introduce a maskless and
of nanowires, but still allows sufficient penetration of the
of etching of EBID amorphous carbon/Au-coated samples (Au film
etchant solution to produce the desired rapid and
spatially
resist-free rapid prototyping method for making three99
thicknesses
is 8.2 in
nm).
uniform etching of the
silicon (diagram
Figure 1c and
dimensional structures using Electron Beam Induced Depoexperimental results in Figure 3c) (14). As shown in Figure
sition (EBID) of amorphous carbon (aC) from residual hy3d, a further increase in the thickness of an Au film results
drocarbons in combination with Metal-assisted Chemical
in deposition of fully-dense, continuous metal film preventEtching (MaCE) of silicon. We demonstrate that a 3-4 nm
ing any significant etching of the silicon.
tall EBID-aC-made barrier layer is sufficient for localized
The AFM and SEM topological images of structures formed
blocking of the MaCE of silicon, yielding a negative masking
after 15 and 30 seconds of etching of the EBID-aC/Au-coated
process for nanostructure fabrication. EBID settings of persamples with aC (Figure 2b) and Au (Figure 3c) deposition
pass line dose of 90 µC/m and 100 pattern repetitions with
settings are shown in Figure 4. Etching for 15 and 30 s
a refresh time of 2.1 s, in combination with ∼8 nm thick Au
resulted in removal of ∼225 nm and ∼700 nm of silicon,
layer for MaCE, are found to be optimal process parameters
respectively. The resulting etching rate of ∼1.4 µm/min is
for fabrication of solid 3D silicon nanostructures with sharp
comparable to the typical DRIE etching rate of 1.5-4 µm/
edges and straight walls. It is important to note that the
min (43). The attained line widths are in the 80-120 nm
morphology of the Au layer is highly dependent on the film
and 120-150 nm range for the porous/nanowire and solid
deposition method and may have an impact on the MaCE
3D silicon structures, respectively.
process. Thus, the optimal Au layer thickness might be
Decreased line widths on porous/nanowire silicon are due
dependent on the Au layer fabrication process, and in
to the fact that nanoparticles etch in random directions and
practice should be obtained through a simple calibration
thus can undercut the aC pattern. Line widths of 120-150
procedure introduced in this work. The speed of optimal aC
nm of the solid 3D structures (Figure 4) correspond well to
feature deposition is found to be comparable to the writing
the 150-200 nm aC line widths as deposited by EBID
speed of electron beam lithography, and the MaCE etching
(Figure 2b). The fabricated aC lines are 2-3 wider than the
rate is found to be in the range of etching rates of DRIE. Thus,
electron beam diameter (∼40 nm) due to surface mass
a hybrid EBID-MaCE process developed in this work is as
transport effects (22), scattering of SE from the sides of
fast in pattern definition and etching speed as any alternative
deposits (44), and non-idealities such as electron beam and
techniques, but, owing to its maskless and resist-free nature,
sample stage drift during the ESEM operation. However,
it is significantly simpler, more flexible and robust as
further optimization of conditions such as use of a field
compared to the current state-of-the-art 3D nanofabrication
emission SEM instrument with smaller beam diameters
techniques. Furthermore, the EBID-MaCE process also has
(sub-1 nm) and greater beam current would allow for EBID
potential for controllable pattern definition of sub-10 nm
fabrication of sub-10 nm aC mask features and should result
in an improved resolution of MaCE-etched Si nanostructures 47 features that enable formation of high-aspect-ratio 3D nano(28, 45, 46).
structures with smooth walls.
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3.2

Silver Nanorod Catalysts

Prior to my involvement in MaCE, the vast majority of research on MaCE focused on
catalyst nanoparticles or discontinuous thin metal films. However, in observing SEM micrographs available in literature it is reasonable to hypothesize that the shape of an etched
hole will closely follow the shape of the metal catalyst. If true, MaCE could be used as an
alternative to DRIE as a new nanofabrication method. To test this hypothesis, I synthesized
Ag nanorods under the reasoning that a round nanoparticle would etch a round hole while
a nanorod would etch a narrow channel with a width and length that would closely follow
the dimensions of the nanorod. A ⇢ = 9013.8 solution was chosen based upon the work of
Chartier et al.11 showing that etching with Ag nanoparticles in an etchant solution containing a high concentration of HF relative to H2 O2 will result in holes that closely follow the
diameter of the original nanoparticles.
Experimental Procedure A detailed experimental procedure can be found in Appendix
B.5 (p. 211). In short, silver nanorods were synthesized by reducing AgNO3 in a solution
of ethylene glycol using poly (vinyl pyrrolidone) (PVP) as the capping agent.106 The Ag
nanorod solution was then centrifuged 6 – 10 times in ethanol to remove excess PVP and
ethylene glycol. The Ag nanorods were then diluted with ethanol to form a lightly colored
solution and placed onto the silicon wafer to form a thin film that did not break apart during
drying. Once dry, the samples were placed into a UV-ozone stripper for 2 – 8 minutes to
remove the PVP capping agent prior to etching. For some samples, the PVP capping agent
was removed using thermal oxidation by placing the dried sample in a tube furnace and
heated to 400 ˚C under argon; O2 was then introduced for 10 minutes and the sample was
cooled under argon to room temperature. The Ag nanorods were found to maintain their
shape after the thermal oxidation process.
Ag nanodonuts were fabricated using the same chemical methods as the Ag nanorods,
but at higher temperature to form sub-micron particles that were then aged for 1 month
before being deposited onto the silicon wafer and distorted into a donut shape using UVozone. All Ag nanorod samples were etched for 10 minutes with ⇢ = 9013.8 etchant.
Results and Discussion Ag nanorod catalysts produce straight and cycloid channels
with widths and lengths that fall within the diameter and length distributions for the post

49

UV-ozone treated Ag nanorods. Note that the term “cycloid” is used loosely to indicate
that the Ag nanorod etched below the silicon surface and then changed direction to etch
through to the top surface, reemerging some distance away as shown in Figure 3.8a (p.51).
The SEM micrograph shows a top-down view of a e 70 nm wide, 1.4 µm long cycloid with a
380 nm pitch. The etching path is schematically illustrated in 3D and 2D in Figure 3.8b-c;
white dash circles were added to each image to show the sub-surface 4 wedge shape created
as the Ag nanorod etched upward, through the surface and then back down again; the Ag
nanorod can be seen just below the Au coated silicon surface on the right of Figure 3.8a.
The SEM images in Figure 3.9 (p.52) show the Ag nanorods after UV-ozone treatment and
how the etching path changes with position in the UV-ozone with vertical etching (Figure
3.9b-c) seen for areas of low ozone concentration near the mid-point between two ozone
outlet nozzles. A mix of vertical and sub-surface twisting (Figure 3.9d) is seen on samples
close to the ozone outlet nozzle while full cycloids (Figure 3.9e) were seen in areas of high
ozone concentration directly under the ozone outlet nozzles. The cycloid etching was mostly
confined to a plane perpendicular to the Ag nanorod’s longitudinal axis, although short
nanorods with aspect ratios less than 10:1 would often show more erratic etching paths.
Figure 3.9f shows that narrow channels
nanorod catalysts.

e 20

– 30 nm wide were readily formed using Ag

The etching path depends on how much PVP is removed. Samples with only 2 minutes of
UV-ozone did not etch at all and small clumps of polymer were observed on the Ag nanorods
under the SEM. Samples treated for 4 – 6 minutes resulted in a catalyst that would etch
with an etching path that depended on location within the UV-ozone as detailed in the
previous paragraph. I hypothesized that the vertical etching could be attributed to small
PVP remnants on sections of the Ag catalyst interfering with either the H2 O2 reduction or
hole (h+ ) injection steps, along with any DVLO type surface interactions. This hypothesis
was tested by burning oﬀ the PVP layer at 400 ˚C under O2 after Thermogravimetric
Analysis (TGA) showed that PVP burns at 385 ˚C in air. This process produced samples
that exclusively exhibited cycloid etching across the entire substrate with typical results
shown in Figure 3.10 (p. 53).
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a

SEM - top view

b

3-D schematic

c

2-D - side view

200 nm

Figure 3.8 – Etching with Ag nanorods after UV-ozone PVP removal
using ⇢ = 9013.8 etchant for 10 min. (a) Top view SEM micrograph. Ag
nanorod started at left-hand hole, etching into silicon and reemerged
300 nm and then etched back into silicon. Ag nanorod can be seen just
below the Si surface on far right. (b) 3D schematic of etching path.
(c) 2D side view schematic of etching path. The white dashed circles
on the images highlight the silicon wedge remnant just below the top
surface on all three images.
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a

b

2 µm

2 µm

c

d

300 nm

300 nm

e

f

1 µm

100 nm

Figure 3.9 – SEM images of MaCE using Ag nanorod catalysts treated
using UV-ozone. (a) dispersed nanorods after UV-ozone treatment; (b)
typical, vertical etching with properly treated Ag nanorods; (c) isolated
Ag nanorod etch; (d) image showing that Ag nanorod can twist during
etching for Ag nanorods; (e) cycloid etching seen for Ag nanorods with
longer UV-ozone treatment
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a

b

3 µm

200 nm

c

d

500 nm

100 nm

Figure 3.10 – Etching with Ag nanorods after Thermal oxidation for
PVP removal. Thermal oxidation completely removes the PVP layer,
with cycloid etching seen across entire sample.
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Focus Ion Beam (FIB) cross-sections of the cycloid etching Ag nanorods were taken by
Rykaczewski at the National Institute of Standards and Technology (NIST) to investigate
the sub-surface etching path of the Ag nanorods. The FIB milling process depicted in
Figure 3.11 (p. 55) begins in Figure 3.11a with the post-etch sample. Next a 2 – 3 µm
thick layer of Pt is deposited on the area of interest to protect the sub-surface channel from
filling with re-deposited silicon sputtered during the FIB milling process shown in Figure
3.11c. The resulting cross-sections detailed in Figure 3.12 (p. 56) show that the etching
path does not follow any specific crystallographic planes nor does it produce perfect cycloids.
These images also show that the Ag nanorod first etches downward e 200 – 300 nm, reverses

direction to penetrate the top surface, and then etches back downward. This suggests that
the Ag nanorod motion is not driven by the formation of any gaseous H2 , which could propel
the catalyst completely away from the silicon surface, but is rather driven directly into the
silicon substrate.
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a

Etched Cycloid Sample

300 nm
b

Deposit Protective Pt Layer

300 nm
c

FIB Mill Cross-Section

300 nm

Figure 3.11 – SEM micrographs showing the process flow used to
get the FIB cross-sections of Ag nanorod etching paths. Note that
a thin layer of Au was deposited to increase the surface contrast for
easier SEM imaging prior to FIB milling. (a) micrograph of the Ag
nanorod path at 60˚ angle; (b) deposit thick Pt layer to protect the
Ag nanorod etching path from filling in due to sputter redeposition
during FIB milling step; (c) use FIB to mill cross-section to reveal the
Ag nanorod etching path. Note the brighter “white” areas of Pt that
was deposited through the holes created when the Ag nanorod etched
through the surface of the silicon.
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a

b

200 nm

200 nm

c

d

200 nm

100 nm

E

F

200 nm

100 nm

Figure 3.12 – SEM micrographs of FIB cross-sections detailing Ag
nanorod etching paths. Notice that the etching path always drops
downward after the Ag nanorod etches through the silicon top surface.
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Based upon these results it is safe to conclude that a nanorod catalyst completely free
of PVP will follow a cycloid path and additional constraints are needed to create vertical
etching using Ag nanorods. The cycloid path produced by Ag nanorods contrasts sharply
with the random path of Ag nanoparticles etch with the same etchant composition.41, 109
The Ag nanorods appear confined to a plane perpendicular to their longitudinal axis, giving
them 3 Degrees of Freedom (DoF)
Ag nanodonuts were synthesized using the same solution based method as Ag nanorods
with some modifications. The reaction was conducted at 170 ˚C instead of 160 ˚C followed
by a one month storage in the dark. The sample was cleaned in the UV-ozone with submicron Ag particles distorting to nanodonuts in the process. The nanodonuts were etched
at ⇢ = 9013.8 for 30 seconds and 10 minutes. Figure 3.13a-c (p. 58) shows the sub-micron
Ag particles before UV-ozone and then as nanodonuts after 30 seconds and 10 minutes of
etching. The catalyst in Figure 3.13d was fabricated using Ag nanorods to form an oblong
donut shape.
The etched profile conforms to the shape of of the catalyst to within the 5 nm SEM
resolution. Notice that the etching path is almost perpendicular to the surface with some
slight rotation about the Z-axis. This is a radical shift from the random etching path of
Ag nanoparticles and the cycloid etching path of Ag nanorods. This further supports the
hypothesis that the catalyst shape directly influences catalyst motion.
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a

b

c

500 nm

250 nm

100 nm

d

250 nm

Figure 3.13 – SEM micrographs of MaCE with Ag nanodonut catalysts formed by aging Ag particles and nanorods and then distorting
the structure into a donut shape using UV-ozone. (a) aged Ag particle;
(b) example of Ag nanodonut formed using UV-ozone and etched for
30 seconds. Notice that the etched channel tightly conforms to the
shape of the catalyst particle; (c) etch path after 10 minute etch with
Ag nanodonuts; (d) 30 second etch with nanodonut formed from Ag
nanorod.
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3.3

Focused Ion Beam Catalysts

3.3.1

Pt catalysts through FIB deposition

Etching with Ag nanorods proved that the etch profile in MaCE can closely follow the
profile of the catalyst. However, there are limits to the types of shapes one can fabricate
through pure wet chemical methods and a further testing was needed to show that MaCE
can be used as a high fidelity etching process for complex shapes. The first set of tests using
catalysts of arbitrary catalysts focused on Pt catalysts fabricated using Focused Ion Beam
(FIB) deposition. In this process a Pt organometallic precursor vapor is introduced the FIB
chamber where it is adsorbed on the silicon surface and then decomposed by the impinging
ion beam in a manner that is similar to the EBID carbon discussed in Section B.6 (p. 213).
For these tests FIB deposited Pt structures were fabricated at on moderately doped
p-type (100) silicon using a FEI Nova FIB system at 30 kV accelerating voltage and beam
currents ranging from 0.20 pA to 5 nA and then etched in a ⇢ = 8011.4 etchant solution for
between 5 and 20 minutes before being rinsed in distilled water and dried using compressed
air. A representative set of before and after SEM images are shown in Figure 3.14 (p. 60).
These results show that the Pt catalyst does etch into the silicon and the etched hole roughly
follows the shape of the catalyst. However, the feature resolution is extremely poor and a
significant amount of secondary etching was seen for all tests. The slow etch rate of these
structures showed that the high amount of carbon contamination in FIB deposited catalysts
reduces H2 O2 reduction, which indicates that the secondary etching cannot be attributed
to high hole (h+ ) injection currents.
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A

B

250 nm

250 nm

C

D

250 nm

250 nm

Figure 3.14 – SEM micrographs of Pt catalyst deposited using FIB
deposition at 30 kV acceleration voltage and 0.20 pA (a) before and
(b) after etching in ⇢ = 8011.4 etchant for 20 minutes. This showed
that Pt deposited using FIB could act as a catalyst for MaCE but the
process was abandoned for e-beam lithography due to the low feature
resolution and low etch rate of FIB deposited Pt.
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3.3.2

Eﬀect of Ga+ ions in feature resolution

The results with FIB deposited Pt catalysts showed that it is possible to use FIB deposited
Pt catalyst in MaCE. However, the low feature resulting from the large amount of peripheral
etching makes FIB deposited catalysts impractical for high quality MaCE fabrication. While
etching these structures, it was noted that dark black squares were formed wherever the
sample had been exposed to the Ga+ ion beam. I hypothesized that Ga+ ions implanted
into the silicon during Pt deposition were participating in MaCE and reducing the feature
resolution of the Pt deposited catalysts. To test this hypothesis a series of experiments were
conducted to examine the role of Ga+ ions have in MaCE with the goal of determining
what, if any, settings should be used during FIB deposition to produce high quality MaCE
catalysts. Ultimately, this work shows that minute quantities of Ga+ lead to long-range
etching on the order of microns and that FIB deposited catalysts should be fabricated using
a diﬀerent ion source, such as helium.
For brevity, this study was moved to Appendix A (p. 177) as is is provides little insight
into 3D nanofabrication using MaCE. However, it may be of interest to those looking to use
FIB processes to fabricate MaCE suitable catalysts.
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3.4

Electron-Beam Lithography Patterned Catalysts

EBL is an extremely powerful lithography tool. The JOEL JBX-9300FS within the Nanotechnology Research Center at Georgia Tech is capable of 5 nm feature resolutions for
simple structures and it is easy to create 20 nm features with only a little optimization.
As such, EBL is an ideal tool for creating catalysts for MaCE that have the complex 2D
geometry to create novel 3D structures while allowing one to systematically study the role
that geometry plays in determining etching path so that MaCE can be used as a reliable
nanofabrication tool.
This section details my early work with EBL patterned catalysts which oﬃcially demonstrated that MaCE can be used to fabricate 3D geometry. This work also shows that etching
path is heavily dependent on catalyst shape.41
3.4.1

Eﬀect of catalyst shape on etching path

Experimental Procedure
EBL patterned catalysts: 100 mm wafers were first cleaned using the same procedure as those used for Ag nanorod etching and then coated with a 180 nm positive electron
resist of polymethyl methacrylate (PMMA). The pattern was exposed using a JEOL JBX9300FS EBL system at 100 kV accelerating voltage and 2 nA current, developed, and then
descummed using an O2 plasma. 10 nm of Ti and 50 nm of Au were deposited on the
developed pattern using a CVC E-Beam Evaporator followed by a 30 minute lift-oﬀ bath in
80 ˚C in n-methyl pyrrolidone to remove the unwanted metallization and PMMA, rinsed
with acetone and dried with N2 gas. Internal tests showed that the Ti adhesion layer slows
the etching rate so all EBL samples were etched for 40 minutes under ⇢ = 405.0 and 9013.8
etchants. Au nanogrids were also etched with ⇢ = 607.9 to show 3D spiral etching.
Etchant Compositions The Table 3.3 (p.63) below details the relative volumes and
molarities of the HF, H2 O2 , and H2 O in the etchants used along with the designated ⇢
values.
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Table 3.3 – Etchant compositions used with volumes used and molarities of HF (Aldrich, 49 wt%), H2 O2 (Aldrich, 30 wt%) and H2 O
(distilled).
*⇢ = 607.9 was only used for Au grid catalysts.

⇢
90
60⇤
40

Etchant Compositions
Volume (mL)
Molarity (M)
HF H2 O2 H2 O
4.0
1.2
1.7
4.0
7.2
9.4
4.0 15.6
0.0
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HF H2 O2
13.8
1.5
7.9
5.3
5.0
7.2

H2 O
42.5
42.5
42.5

3.4.1.1

Etching path of flat line shapes

The importance of cross-section shape, profile shape and line-width to thickness ratio on
etching direction is clearly demonstrated in Figure 3.15 (p. 65), which shows the etching path
of Au nanolines and dog-bone shapes with line-widths ranging from 200, 100, 50, and 25 nm
under in ⇢ = 405.0 and in ⇢ = 9013.8 etchants. The change from the circular cross-section of
Ag nanorods to the rectangular cross-section of Au nanolines (Figure 3.15c&e) dramatically
changed the etching path and clean, cycloid-like paths were rarely seen. Instead, the Au
nanolines appear to remain closer to the surface with 200 and 100 nm line-widths slicing just
below the surface while 50 and 25 nm line-widths appear to penetrate farther into the silicon
and re-surface less frequently. Etchant composition also changes the etching path of the
nanolines. The ⇢ = 405.0 etchant created less erratic etchings with 200 nm line-widths sliding
along the silicon surface, 100 nm line-widths sliding just below the surface with some bending
while the 50 and 25 nm line-widths appear to cycle near the surface a couple of times before
etching deep into the silicon. In contrast, the ⇢ = 9013.8 etchant showed very erratic etching
along with considerable catalyst distortion, bending. One possible explanation for this more
erratic etching is that the diﬀerence in etchant composition changes both the etching rate
of the silicon and the electric field strength across the catalyst particle which would change
the electrophoretic force across the particle if the catalysts are driven by self-electrophoresis
as proposed by K. Peng et al..90 It is also possible that simple DVLO forces are involved in
catalyst motion and that high etch rate associated with the catalyst and etchant composition
used in this study result in localized non-uniformities in the silicon dissolution rate along the
catalyst. As it will be shown in Chapter 4, DVLO forces are capable of exerting pressures
on the order of 20 MPa or greater and it is likely that the catalyst distortion and etching
path is solely the result of the catalyst conforming to localized, non-uniform etching.
The small addition of 400 nm long end caps to the Au nanolines to create Au dogbone catalyst completely eliminated the cycloid-like etching seen with Ag nanorods and
Au nanolines. The eﬀect of line-width on etching direction is clearly seen in Figure 3.15e-f
(p. 65), with 200 nm wide catalysts etching shallow, sliding paths; 100 nm wide catalyst
etching at a larger sliding angle with the catalyst completely below the silicon surface; the
50 nm wide catalyst etch at an even steeper angle and lastly, the 25 nm wide catalysts were
bent in the ⇢ = 9013.8 etchant while straight, vertical paths were observed for ⇢ = 405.0
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etchant. Unlike Au nanodiscs and nanolines, the dog-bone shapes do not change etching
direction, even if the catalyst is bent, as such they have 2 translational DoF before etching
starts confined to the Y and Z planes perpendicular to the long axis; however, because the
dog-bones do not change direction once etching starts, the catalyst is confined to a ½ DoF
along the initial direction of motion directed into the bulk silicon.
pre-etch

b

pre-etch

c

! = 40

c

! = 40

e

! = 90

f

! = 90

a

2 µm

Figure 3.15 – SEM micrographs detailing the etching path of EBLpatterned Au nanoline and dog-bone shaped catalysts for 40 min. Left
column shows Au nanolines. Right column shows Au dog-bone shapes.
Line widths are 200, 100, 50, and 25 nm from left to right. It is
important to notice the significant increase in catalyst distortion at ⇢
= 9013.8 etchant as compared to ⇢ = 405.0 etchant. Also, the small
change in shape from a line to a dog-bone dramatically increases the
etching stability of the catalyst.
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3.4.1.2

Etching path of Au squares and grids

Square catalyst continued the etching trend of Au dog-bones with more complex shapes
creating additional boundary conditions that restrict catalyst motion to some degree. From
top to bottom each row of Figure 3.16 (p. 67) shows the etching path of 25 nm, 50 nm,
and 100 nm line-width catalysts respectively, while the left and right columns are ⇢ = 405.0
and ⇢ = 9013.8 etchant respectively. The insets show the original catalyst before etching.
Once again the 25 nm and 50 nm line-width catalysts etched paths either perpendicular or
nearly perpendicular to the surface while the 100 nm line-width catalyst etch at an angle;
creating sloping channels and reinforcing the idea that line-width plays an important role in
determining catalyst direction. All of the 25 and 50 nm wide catalysts etched beyond the
secondary electron escape depth of
ratio of

e 6:1

e 300

nm for silicon (estimated)92 providing an aspect

or greater for the 25 nm wide catalysts. The square catalysts with 100 nm

line-widths can be seen beneath the silicon surface for the ⇢ = 405.0 etchant (Figure 3e);
the smaller, 350 nm and 1 µm long squares are not deformed while the longer, 2 µm square
is deformed; this indicates that, as expected, the long, narrow structures are more prone to
distortion during the etching process.
A close inspection of internal shadows in the channels of Figure 3.16f (p. 67) shows
that each nanosquare catalyst etches in a diﬀerent direction and angle; the 350 nm long
catalyst etched toward the bottom right (+X, -Y, -Z), the 500 nm long catalyst toward
the bottom left (-X, -Y, -Z) and the 1 µm long catalyst toward the upper left (-X, +Y,
-Z). These results show that MaCE is a dynamic process that not only depends on catalyst
shape, etchant composition, temperature, etc., but also local, dynamic changes in etching
rates and forces which allow each catalyst particle to etch independently. Looking at the
sidewalls in Figure 3.16f show that the walls are very smooth with straight lines.
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a

ρ = 40

b

200 nm

c

200 nm
ρ = 40

d
D

200 nm

e

ρ = 90

ρ = 90

200 nm
ρ = 40

f

500 nm

500 nm

Figure 3.16 – SEM micrographs of Si etched with Au squares for 40
min. Left column was etched with ⇢ = 405.0 etchant, right column was
etched with ⇢ = 9013.8 etchant: (a) 25 nm line width, ⇢ = 405.0 ; (b)
25 nm line width, ⇢ = 9013.8 ; (c) 50 nm line width, ⇢ = 40; (d) 50 nm
line width, ⇢ = 9013.8 ; (e) 100 nm line width, ⇢ = 405.0 ; (f) 100 nm line
width, ⇢ = 9013.8 .
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ρ = 90

Grid catalysts with 50, 100, and 200 nm line-widths etch straight, sliding and spiral
shapes that depend primarily on the line-width of the catalyst and if the lift-oﬀ process left
the center squares filled with gold or not. The Au grid patterns are shown in Figure 3.17a-c
(p. 70). For the grid catalysts, the etching direction does not appear to depend as much on
line-width as the Au nanolines and dog-bone shapes; instead, all catalysts appear to etch at
an angle while some catalysts rotate about the Z axis also. Both of the 50 nm line-width
catalysts show relatively smooth walls; however, it is clear from Figure 3.17a that the 50
nm line-width catalyst had very rough edges as compared to the 100 and 200 nm line-width
catalysts. The catalysts for the 100 nm line-width, ⇢ = 405.0 etchant (Figure 3.17e) and the
200 nm line-width, ⇢ = 9013.8 etchant (Figure 3.17i) are still visible in the SEM image and
the curved path that the catalysts took can be seen by the curvature of the silicon pillars.
While I did not intend to fabricate curved structures, these results clearly show that simple
3D structures can be fabricated using MaCE and, once the factors that influence etching
direction have been studied, there is the possibility that evermore complex 3D geometry may
be possible by controlling etching parameters such as catalyst shape, composition, multiple
layer catalysts, etchant composition, temperature and more. Extremely smooth walls are
clearly shown in all SEM images with Figure 3.17f&i being the smoothest.
A study by Lévy-Clément et al.11 on the eﬀect of etchant composition on etching
morphology suggests that increasing the [H2 O2 ] increases the hole (h+ ) injection current
and increases the distance holes (h+ ) can travel within the silicon before being consumed
at the Si*/HF interface, leading to straight, tight holes, to conical holes, craters and finally
polishing regimes for very high H2 O2 concentrations. Comparing the shape of the silicon
pillars left behind on 50 and 100 nm line-width catalysts under the ⇢ = 405.0 and ⇢ = 9013.8
etchants (Figure 3.17e, p. 70) and Figure 3.17h&i respectively) agree with Lévy-Clément’s
analysis. The silicon pillars formed in the low [H2 O2 ] (⇢ = 9013.8 ) etchant maintain their
width over the entire length while the pillars formed in the high [H2 O2 ] (⇢ = 405.0 ) etchant
appear to narrow toward the base with significantly more top-surface damage on the pillars
than in the surrounding, bulk silicon. This indicates that not only are more holes (h+ )
generated with ⇢ = 405.0 etchant, but that holes (h+ ) generated near the silicon pillars are
at least somewhat confined within the pillars, which leads to a higher etching rate for the
silicon pillars even after the catalyst particle has etched well over 1 µm away. For MaCE
to be used as a nanofabrication method, it will be necessary to study the eﬀect of etchant
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composition on resulting structure in more detail at an experimental and theoretical level.
However, I found a ⇢ = 9013.8 etchant to be a good etchant to start with for high feature
resolution, although, as we showed for Au nanolines and dog-bones, the forces on the catalyst
at ⇢ = 9013.8 appear to be either stronger or non-uniform, which can increase the amount
of catalyst distortion during the etching process. It is important to note that, although not
detailed in this work, the distortion can be reduced at the expense of etch rate by diluting
the etchant. Lastly, nanogrids were found to have 3 degrees of translational freedom with
some rotational freedom about the Z-axis.
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Figure 3.17 – SEM micrographs of silicon etched with Au nanogrids
for 40 min. The rows from top to bottom correspond to pre-etch catalyst, ⇢ = 405.0 etchant or ⇢ = 9013.8 etchant. The columns from left
to right correspond to 50, 100, and 200 nm line widths. Better feature resolution of the standing silicon pillars is seen for the ⇢ = 9013.8
etchant.
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ρ = 90

3.4.1.3

Feature resolution and spiral etching

The smooth walls and high feature resolution capabilities of MaCE are demonstrated in
Figure 3.18 (p. 72) where top-down SEM images of channels etched with Au dog-bone and
grid shaped catalysts in a ⇢ = 40 etchant have feature resolutions on the order of 10 nm
or less. The 200 nm wide, 1.5 µm long Au dog-bone catalyst in Figure 3.18a shows sharp
corners and smooth sidewalls over its entire length with small,

e 10

– 20 nm pits etched

into the sidewalls. The rougher edge, in the –Y direction, shows small pores in the silicon
indicating increased silicon etching on the leading edge of the catalyst rather than the tailing
end. Because the etching process is regulated by the local availability of holes (h+ ), these
results suggest that the leading edges either experience a higher hole (h+ ) injection current
or that, due to the wedge geometry, holes (h+ ) become confined within this narrow region,
leading to a porous structure. Clearly more fundamental studies are needed to explain these
results. Figure 3.18b shows 3 channels 50 nm wide ranging from 500 nm to 1.5 µm long all
etched to depths greater than 200 nm based upon secondary electron escape depth at 10
kV given these features aspect ratios of at least 4:1. The higher magnification Figure 3.18c
shows 50 nm wide features etched into silicon. Figure 3.18e shows a higher magnification
image of Figure 3.18d where a grid catalyst with a 50 nm line-width and incomplete lift-oﬀ
etched into the silicon. The higher magnification image once again shows relatively smooth
walls; however, the etched channel caused by the Au remnant square widens toward the base,
indicating the Au square’s path diﬀered from that of the Au grid. Although, this result was
not intended, it does highlight some of the interesting possibilities of MaCE in which the
motion of multiple catalysts are coordinated to fabricate increasingly complex structures.
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a

150 nm

b

c

750 nm

200 nm

d

f

300 nm

1 µm

Figure 3.18 – SEM micrographs showing smooth walls and high feature fidelity created using MaCE with ⇢ = 405.0 etchant: (a) 200 nm
wide Au dog- bone etching at slight angle perpendicular to the surface.
Notice the sharp angles and straight side walls. Inset shows the entire
1.5 µm long, 200 nm wide Au dog-bone. (b) Three 50 nm wide Au
dog- bones etched almost perpendicular to silicon surface. (c) High
magnification image of 50 nm wide, 1.5 µm long channel etched with
Au dog-bone etched almost perpendicular to the surface. Slight angle
can be seen in the shadow on right and left ends of the channel. (d)
Grid pattern with 50 nm line width with sections of fill-in squares. (e)
Higher magnification with an estimated roughness of e 10 nm or less.
Notice the high feature resolution of MaCE with the etched channel
matching the shape of the catalyst within the 10 nm resolution of the
SEM.
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In general, 3D spiral etching was seen for center-filled catalysts with protrusions. Spiral
etching of center-filled grid catalysts with 200 nm line-widths etched for 20 minutes in ⇢
= 405.0 , 607.9 , and 9013.8 etchants are shown in Figure 3.19 (p. 74). The rotation angles
ranged from 18˚ to 168˚ in both CW and CCW directions. Most fill-grid catalyst spiraled
about an axis near the centroid, although non-centroid rotation was also seen (Figure 3.19d).
AFM measurements of Figure 3.19b show that the catalyst is 2.1 to 2.5 µm deep with line
width of the spiral arms are 200 nm, providing an aspect ratio of at least 10:1, which is not
only comparable to DRIE but MaCE does not leave the rough scalloping seen with DRIE.
No conclusions on the eﬀect of etchant composition on spiraling can be made because only
few grid patterns remained filled after the lift-oﬀ process. Spiraling without translation
was only seen for filled or nearly filled catalyst grids; these catalyst structures have no
translational DoF and 1 rotational DoF about the Z-axis. Only one spirally structure was
seen for catalysts without protrusions for this set of experiments.
Almost all the star-shape catalysts etch spiraling 3D patterns that rotated about the +Z
or

Z-axis. As shown in Figure 3.20 (p. 75), the star shapes in the ⇢ = 405.0 etchant rotated

46˚ and 44˚ CW about an axis near their centroid with little translation in any direction
other than

Z. The stars-shape catalysts in the ⇢ = 9013.8 etchant rotated 32˚ CCW with

no translation in X or Y directions while the other catalyst rotated 11˚ CW with 80 nm of
translation in

X and 220 nm in +Y. The ⇢ = 405.0 etchant shows lower feature resolution

and an increase in non-localized etching in the spiraling directions suggesting that the hole
(h+ ) density is higher in these areas. Overall, star-shaped catalysts have no translational
DoF and 1 rotational DoF about the Z-axis.
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Figure 3.19 – SEM images showing that spiral etching depends on
coverage within the center catalyst region
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ρ = 40

a

400 nm

18 ˚ ccw
ρ = 60

b

168 ˚ ccw
ρ = 60

c

166 ˚ cw

Figure 3.20 – SEM images of spiral etchings paths in silicon etched
with Au center -filled nanogrids for 20 min under various etchants:
(a) ⇢ = 405.0 etchant, 18° CCW about centroid axis; (b) ⇢ = 607.9
etchant, 162° CCW about centroid axis; (c) ⇢ = 607.9 etchant, 168°
CW about centroid axis. Notice that the rotation angle depends on the
etchant composition and is consistent if both the etchant composition
and geometry are fixed. However, the rotation direction, clockwise
versus counter-clockwise, is not predetermined for this catalyst and
etchant configuration.
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Conclusions: This section sought to demonstrate the potential of MaCE as a maskless
nanofabrication technology capable of creating high-quality 2D and 3D nanostructures in
silicon by examining how catalyst shape directly influences etching direction. It also demonstrated how etchant composition can influence both feature resolution and, to a lesser degree,
etching direction. Ag nanorods demonstrated that both cycloid and straight channels can be
fabricated and that Ag nanorods have only 3 DoF as compared to the round particles used
in literature, which have a full 6 DoF. Ag nanodonuts were used to show that donut-like
structures have only 2 DoF that can rotate as they etch into silicon, leaving behind spiral
lines in the shaped template. Au nanolines also had only 2 DoF and showed the eﬀect of
sidewall shape with straight, sliding and cycloid-like etching seen. The change from nanolines to more complex shapes, such as dog-bones, squares and grids resulted in a remarkable
change in etching direction and provided insight into the importance of line-width on etching
direction. First, no cycloid etching was seen for any shapes more complex than a nanoline.
Second, the catalysts with 25 and 50 nm line-widths, which is less than the 60 nm catalyst
thickness, almost always etched vertical or near vertical etching paths while the thicker, 100
and 200 nm line-widths etched at large sliding angles. The eﬀect of etchant composition
on etching resolution and morphology was best shown using Au nanogrids with the ⇢ =
405.0 leading to a larger amount non-localized which provides insight into where the hole
(h+ ) rich regions of the silicon. Spiral etching was seen for filled-catalysts with protrusions,
specifically, the nanogrids with incomplete lift-oﬀ and the on-purpose star shapes.
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3.5

Out-of-Plane Rotation using Pinning Geometry

Figure 3.21 – Colored SEM micrographs of catalysts (yellow)
pinned with maN-2403 polymer lines (red) etching curved, sub-surface
nanohorns into silicon (blue)
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It is important to remember that the catalyst travels through 3D space during the etching
process. This includes etching upwards. This section introduces the concept of using pinning
geometry in conjunction with shaped catalysts to induce out-of-plane rotational etching in
which the catalyst itself rotates out of the plane of the silicon during the etching process.
This process is illustrated in the false-color SEM micrographs shown on Figure 3.21 (p. 77)
where gold catalysts (yellow) with decreasing arm widths are pinned by polymer lines (red).
The wide-arm catalyst at the top of the image shows both the shape of the original catalyst
structure and that the etching process can be inhibited if the catalyst is mechanically blocked
from moving or deforming. As the width of the arms decreases (top-to-bottom), the stiﬀness
of the arms decreases and the catalyst deforms during the etching process with half of the
catalyst remaining in contact with the silicon and the other half of the catalyst rotating
away from the catalyst and into the etchant solution.
Using this process, sub-micron and nanostructures were fabricated in silicon that included scooped-out channels and curved sub-surface nanohorns along with vertically oriented thin metal structures. Five diﬀerent etching modes induced by catalyst and pinning
geometry were identified including:
1. fully pinned – no etching
2. rotation via twist
3. rotation via delamination
4. in-plane bending
5. swinging.
The rotation angle was found to be roughly controlled through catalyst geometry. The
force and pressure gradients necessary to deform the catalyst were calculated and ranged
from 0.5 – 3.5 µN and 0.5 – 3.9 MPa respectively when elastic deformation models are
used. This introduces a new, simple method to fabricate 3D, heterogeneous sub-micron and
nanostructures in silicon with high feature fidelity on the order of tens of nanometers while
providing a method to measure the forces responsible for catalyst motion during MaCE.
The next section details self-pinning catalysts; followed by externally pinned catalysts
in Section 3.5.2 (p. 84) that use a second lithography process to deposit pinning polymer
lines. Section 3.5.3 (p. 96) refines the processing parameters to show that rotation angle
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can be well controlled by varying either either the arm widths or the arm lengths of the
catalyst structure and the resulting data combined with an analytical plastic deformation
model to determine the minimum torque, energy, and pressure gradient required to deform
the catalyst. Lastly, Section 3.5.4 (p. 103) details a catalyst that was designed using
the deformation data to rotate through 90˚ and also shows that catalysts with the same
geometry will all etch in the same displacement.
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3.5.1

Self-pinning catalysts

Experimental Methods A detailed experimental procedure can be found in Appendix
B.9.1 (p. 219). In short, all samples were prepared on p-type, 1–5 W-cm (100) silicon. A
350 ± 15 nm thick PMMA electron resist was spun on the sample and then exposed using a
JEOL EBL system at 100 kV accelerating voltage with a 2 nA beam current and 620 - 680
µC/cm2 base dose. The resist was developed for 120 seconds in a 1 : 1 mixture of MIBK :
IPA to ensure that the sample was fully cleared. The sample was descummed using an O2
plasma immediately prior to the sequential deposition of

e 10

nm Ti followed by

e 85

nm

of Au using a CVC e-beam evaporator and then immersed in 80 ˚C 1165 resist remover
for lift-oﬀ. The resulting thickness was measured at 92 nm using an AFM. The sample was
etched without any O2 plasma descum step by first immersing it in dilute HF to ensure
a uniform, hydrophobic surface followed by MaCE using a ⇢= 9013.8 etchant solution with
[H2 O] = 42.5M. The samples were dried using N2 and then imaged using a LEO 1550 SEM.
Results and Discussion Figure 3.22 (p. 82) shows a series of self-pinning catalysts in
which the gold outer ring is immobilized by a thin layer of remnant PMMA and does not
participate in the etching process; supplying the boundary conditions necessary for out-ofplane rotation. The center catalyst structures are 500 nm wide with 450 nm long, 69 nm
wide arms except for Figure 3.22b, which is 1 µm wide with 900 nm long, 125 nm wide arms.
The line-width of the circular ring structure is 69 nm for all catalysts. Figure 3.22a&d shows
rotation with twisting distortion over long sections of the catalyst arm while the “ring-less”
catalysts appear to twist the catalyst arm over only 100 nm or less. Figure 3.22d shows
how diﬀering geometric constraints can induce diﬀerent modes of rotation and bending with
out-of-plane rotation for arms located opposite of each other versus bending for arms located
along the same side.
The immobile outer ring is the result of small changes in the EBL lithography process.
First, the PMMA exposure was conducted without any Proximity Eﬀect Correction (PEC)
routines applied to the input files for the JEOL lithography system. Without PEC, the
entire pattern received the same base dose instead of each feature receiving the actual dose
required and the smaller, 69 nm lines were underexposed because smaller features require
higher doses. Second, no descum processes were applied to the PMMA pattern and it is
possible that a small amount of PMMA residue remains underneath the silicon surface,
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blocking the etching process. This is a plausible explanation given that I have already
shown how a layer of amorphous carbon less than 1 nm thick can block the etching process
(see Section 3.1.4 p. 42).99 As with any grey-scale lithography process, small changes in
resist thickness, baking time, baking temperature along with base dose, developer, develop
time, and cleaning procedures can if any PMMA remains. For example, an insuﬃcient does
results in a thick PMMA layer that blocks the etching process for all catalyst structures or,
for doses that are too high, the lines are fully developed and do not act as pinning structures.
Figure 3.23 (p. 83) shows the results of non-pinned or improperly pinned catalyst structures.
Without a properly implemented pinning structure, the catalyst forms a sloping channel in
the silicon or etches through a random path and the catalyst cannot be induced to rotate
in a controllable manner. More importantly, the deformation of the narrow catalyst arms in
Figure 3.23b clearly illustrate that the forces experienced by the catalyst structure during
MaCE are large enough to plastically deform the catalyst itself.
Ultimately, this technique has poor repeatability due to the narrow window of processing
parameters required to properly underexposed the thin, 69 nm pinning lines.
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a

b

500 nm

1 µm

c

500 nm
d

500 nm
Figure 3.22 – SEM micrographs of self-pinning rotational. The narrow, 69 nm lines forming the outer circle were underexposed during
the lithography process, leaving a remnant of PMMA that blocks the
etching of silicon and allows the narrow lines to act as pinning structures for rotational etching. (a) out-of-plane rotation etching with 500
nm wide catalyst with 250 nm wide hole and 450 nm long, 69 nm wide
arms within a 1.6 µm pinning circle. Notice that this structure exhibits pure rotational twisting. (b) 1 µm wide catalyst with 750 square
hole and 900 nm long, 125 nm wide arms. Notice that this structure
both twists and deflects. (c) 500 wide rotating catalyst without outer
stabilization ring. (d) both rotation via twisting along with bending
catalyst illustrates how the geometry of the catalyst can be used to
induce diﬀerent types and directions of etching.
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a

3 µm

b

3 µm

Figure 3.23 – SEM micrographs of erratic etching for non-pinned catalysts. (a) square cantilevered sections and arrays; (b) squared sections
with various arm configurations and outer ring.

83

3.5.2

Externally pinned catalysts

An externally pinned catalyst was designed to overcome the narrow processing window
necessary for self-pinning catalysts. To pin the catalysts, maN-2403 was used because it is
an HF stable negative resist. Also, working in parallel with Rykaczewski, a method was
developed that used FIB deposited amorphous carbon lines as the pinning structure.98
A detailed experimental procedure to fabricate the maN-2403 pinned catalyst structures
can be found in Appendix B.9.1 (p. 219). In short, a Ti/Au catalyst stack was patterned
using EBL, e-beam evaporation/metallization and lift-oﬀ processes to form a 92 nm thick
patterned catalyst stack as measured using an AFM. The Ti served as an adhesion layer
between the Au and the silicon to facilitate lift-oﬀ. A negative polymer electron resist, maN2403, was used as the pinning structure to induce out-of-plane rotation. The basic geometry
of the catalysts consists of a 1 ⇥ 1 µm2 square with two arms radiating opposite of each

other. The width of the arms ranged from 69 – 561 nm with three diﬀerent arm lengths
of 430, 930, and 1430 nm. Due to a 20 nm misalignment during maN-2403 patterning, the
right arm is

e 40

nm smaller than the left arm, and all force and torque calculations take

this asymmetry into account. All samples were first immersed in a solution of dilute HF
for 30 – 60 seconds to create a uniformly hydrophobic surface and then immersed in a ⇢ =
9013.8 MaCE etchant solution with [H2O] = 42.5M for 4 minutes.
Results: Unlike the work detailed in Sections 3.4 through 3.5.1 (p.62, 80) in which the
catalyst was allowed to travel freely though the silicon following an etching path dictated
primarily through catalyst geometry,39, 41 the maN-2403 polymer lines add additional constraints to the catalyst that limit catalyst motion. Figure 3.24 shows the square catalyst is
1 ⇥ 1 µm2 , 92 nm thick and with varying pinned arm length and width noted in the bottom
right corner. The first column shows schematically illustrates of the distorted catalyst along

with the rotation angle; the second column shows the catalyst and etched silicon along with
the arm width; the third column shows a higher magnification SEM micrograph of the catalyst arm and indicates the type of distortion/strain. Each row shows a diﬀerent type of
etching mode that depends on catalyst geometry as follows:
· Figure 3.24a-c (100nm, 450nm) (arm width, arm length average left/right sides) – no
detectable etching
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– This structure is “fully pinned” and the forces in MaCE are not large enough to
overcome the geometric constraints – no etching for any structures with 450 nm
arm lengths were observed.
· (D-F) (100nm, 930 nm) – 180˚ rotation with 38˚ relaxation, arm twists and 400 nm
deflection in +Y

– Catalyst etched through the silicon for a full 180˚ during the etching and relaxed
38˚ once the top surface of the silicon was removed. Notice that the catalyst
arms twists and distorts from the loads applied to the large 1 µm square during
etching.
· (G-I) (164nm, 930nm) – 94˚ rotation with 4˚ relaxation, arm twists and 530 nm
deflection in +Y

– Notice that increasing the arm width decreases the etching rotation and decreases
the amount of twist/distortion.
· (J-L) (210nm, 930nm) – 30˚ rotation, 361 nm translation in +Y
– Rotation angle is decreased and catalyst primarily bends into the silicon substrate
as the arm width increases.
· (M-O) (411nm, 1430nm) – 83˚ rotation, 842 nm deflection and 278 nm translation in
+Y

– Notice that the catalyst arm delaminates from the maN-2403 pinning structure
and the catalyst rotates without twisting the catalyst arm.
When possible, the rotation angle was calculated from the SEM micrograph using simple
trigonometric relationships while etching depth was estimated based upon the location of
the catalyst arms relative to the silicon. For example, the catalyst in Figure 3.24h etched
at least

e 550

nm because the left arm is just below the silicon surface while the right arm

is just slightly above.
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b

a - 0˚

c - no etching

500 nm
d - 180˚ w/34˚

100 nm

e

f - twist

100 nm
g - 90˚

h

i - twist

164 nm
j - 0˚

k

l - bending

210 nm
m - 83˚

n

o - delamination

411 nm
Figure 3.24 – SEM micrographs of out-of-plane rotation and in-plane
bending during MaCE of silicon with Ti/Au catalysts pinned with
maN-2403 and etched in a ⇢ = 9013.8 etchant solution for 4 minutes.
Notice that the etching mode varies with catalyst geometry and four
diﬀerent etching modes can be accessed by varying the arm width or
arm length. All scale bars are set to 500 nm s indicated in (B).
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Fully pinned structures do not show long-range etching. The lack of any peripheral
etching around the catalyst over the length of the space charge within the silicon (estimated
at e 24 µm for the p-type 1 ⌦-cm silicon with an overly conservative 0.1 mV potential) shows

that the catalyst did not participate in any long-range MaCE. This indicates that hole (h+ )
injection from H2 O2 reduction can no longer occur and the catalyst is no longer in contact
with the silicon.
Increasing the catalyst arm length to 930 nm enables MaCE while varying the arm
width controls whether the catalyst rotates or bends into the silicon substrate along with
the rotation angle. In Figure 3.24d-f (p. 86), a catalyst with arms 100 nm wide and 930 nm
long rotates through a complete 180˚ as evidenced by both the location of the 50 nm hole
after etching (toward the top of the image) versus the initial position (toward the bottom of
the image) and the fact that there is no silicon remaining above the catalyst. The catalyst
also bends 400 nm in the +Y direction during the etching process and relaxes 38˚ to come
to its final resting position as viewed in the SEM. This relaxation could be from the removal
of the MaCE force from either removal of the etchant solution after 4 minutes or as the last
of the silicon was removed. It is also possible that fluid motion during the post-etch rinse
step to remove any HF from the sample deformed the catalyst, although this is unlikely
in my experience. The higher magnification image clearly shows that rotation occurs via
twisting of the catalyst arm, which remains attached to the maN-2403 pinning structure
(Figure 3.24f).
The angle of rotation decreased to 94˚ with 4˚ of relaxation for the 164 nm wide arm, as
shown in Figure 3.24g-i (p.86). Table 3.4 (p. 3.4) shows that the area and polar moments of
inertia increased by 60% and 200%, respectively as compared to the 100 nm wide catalyst;
however, the force caused by the 1 ⇥ 1 µm2 catalyst area remains the same. Although

there is potentially a small diﬀerence in force from the increased surface area of the wider
catalyst arm, this diﬀerence in force is expected to be negligible. Thus, the catalyst rotates
through a smaller angle with roughly the same MaCE force due to the larger polar moment
of inertia. Notice that the rotation occurs via twisting of the catalyst arms; also, there is a
50 nm wide, curved horn created by the hole in the Ti/Au catalyst that remains attached
to the silicon sub-surface that clearly shows the etching path. This horn reiterates the high
feature fidelity capabilities of MaCE.
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Load of

Moment

Surface

Pressure on Catalyst

Table 3.4 – Load and torsion calculations based upon the lateral and rotational deformation of catalyst of various
arm widths and arm lengths.
rotation between 30˚ and 34˚
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A change in deformation mode from twisting rotation to bending is induced by widening
the catalyst arms to 210 nm (Figure 3.24j-l, p. 86). For this catalyst, the polar moment of
inertia is 6.2 times larger than the area moment of inertia, and the catalyst primarily bends
into the silicon along with a slight deformation/translation of 361 nm in +Y and potentially
a rotation of e 30˚ – 34˚. Although it is not as clear in this image, rotation can be inferred
from the white, ghostly outline clearly visible beneath the silicon surface, which is 866 –

902 nm from the bottom of the catalyst. This apparent shortening could be because either
the edge of the catalyst does not generate enough secondary electrons (e– ) to fully outline
the catalyst, or the catalyst has rotated during etching. I am inclined to believe the latter
because the measured width of the catalyst arms the increases from 200 nm for the catalyst
above the silicon to

e 250

for the catalyst arm beneath the silicon when the ghostly, outline

region is included. The force and moment calculations due to torsion on this sample have
been marked with “()” in Table 3.4 (p. 88) to indicate this uncertainty. Regardless of any
potential rotation, it is clear from Figure 3.24l that bending is the primary mode of catalyst
deformation for this geometry. The transition from twisting to bending is shown in greater
detail in Figure 3.25 (p.91).
Finally, in Figure 3.24m-o, the catalyst breaks away from the maN-2403 pinning structures and rotates without any noticeable twist in the arms. The polar moment of inertia is
20 times larger than the area moment of inertia for this structure and bends with almost
no twisting of the catalyst arms. Also, increasing the arm length to 1430 nm results in
a larger eﬀective moment and increased stress at the catalyst/maN-2403 interface, leading
to adhesive failure. As a result, the entire catalyst then rotates as it etches through the
silicon without twisting the catalyst arms. Note that, even though the catalyst deforms
significantly, the right arm still appears attached to the maN-2403.
Figure 3.25 (p.91) clearly shows the transition from a twisting rotation to in-plane bending as the primary deformation mode as arm width increases. The average right and left
arm lengths are 915 and 954 nm, respectively, while the arm widths range from 69 – 411
nm. The width of each arm is noted in the upper right corner of the image while the rotation angle and deflection are located in the lower right corner. All scale bars are 500
nm. This series of images clearly shows the transition from 180˚ twisting rotation for small
arm widths of 69 and 100 nm to smaller rotations of 90˚ and 30˚ angles for medium-sized
164 and 210 nm wide arms and finally pure bending for the larger 314 and 411 nm wide
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arms. Figure 3.25b-d was previously detailed in Figure 3.24; however, there are a number
of important details to notice in this series. First, the arms of the twisting/rotating catalyst remain near the top-surface of the silicon while the bending mode clearly sends the
catalyst arms into the silicon substrate. Also, Figure 3.25f was chosen because it highlights
the eﬀect of boundary condition on the active bending mode; specifically, the right side of
the catalyst is constrained by the standard 500 nm wide maN-2403 pinning line with the
catalyst bending as a simple support (dz = 0;

dz/dx

6= 0) and the end of the catalyst clearly

travels in –X (as evidenced by the lack of any catalyst sticking out on the right side of the
maN-2403 line as compared to the other catalysts), while the left side is constrained by a
1 µm maN-2403 line, which results in a fixed support, cantilevered arm (dz = 0;

dz/dx

= 0).

The diﬀerence between these boundary conditions can be explained by the smaller 500 nm
of maN-2403 coverage on the right versus 750 nm of coverage on the left, which leads to a
lower adhesive force between the Ti/Au arm and the maN-2403 polymer for the right arm
followed by adhesive failure at this interface. Thus, the forces experienced by the catalyst in
MaCE under this geometric configuration are large enough to overcome the adhesive force
of 500 nm of maN-2403 but not 750 nm of maN-2403. Increasing arm length and decreasing
arm/maN-2403 overlap can induce rotation without catalyst arm twist.
Figure 3.26 (p. 92) shows a series of SEM micrographs of catalysts with arm widths
ranging from 69 – 561 nm and an average arm length of 1430 nm. The slight 20 nm
misalignments between the PMMA and maN-2403 lithography steps resulted in diﬀerences
in the right and left arm lengths of 1415 and 1445 nm respectively. This 40 nm diﬀerence
in arm lengths caused a slight asymmetry in the forces, moments and stresses experienced
by both the catalyst and maN-2403 during etching for all samples; however, the influence
of this asymmetry was minimal for the 930 nm length arms shown in Figure 3.28 (p. 91)
as compared to the 1430 nm length arms in Figure 3.26. As shown in Figure 3.26a-c, all
of the samples etched downward and to the right with the right arm remaining adhesively
attached while the left arm was completely removed from the maN-2403 pinning structure.
It is possible that the longer arm results in a higher moment stress at the maN-2403/Au
interface, leading to an increased likelihood of adhesive failure for the left arm as compared to
the right. As the arm width increases, the catalyst rotates 83˚ with minimal twist during
the etching process, as shown in Figure 3.26d-e. The arms of these catalysts completely
delaminate from the maN-2403 pinning structure and induce rotational etching with MaCE.
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a

69 nm

500 nm

180˚
345 nm

b

100 nm

180˚
395 nm

c

164 nm

94˚
395 nm

d

210 nm

(30˚)
361 nm

e

314 nm

0˚
183 nm

f

411 nm

0˚
212 nm

Figure 3.25 – SEM micrographs of silicon etched by pinned Ti/Au
catalyst with 930 nm long catalyst arms showing the transition from
rotational etching to pure bending. The widths of the arms are indicated at the upper right corner of each image while the rotation angle
and deflection in +Y are located in the bottom right. (a-b) notice that
the 69 nm and 100 nm wide catalyst arms rotate through a full 180˚
before relaxing 38 – 40˚; (c) increasing the arm width to 164 nm reduces rotation to 94˚; (d) the 210 nm arm with catalyst rotates though
an estimated 30˚ (e) while further arm width increases changes the rotation to pure bending. (f) notice that increasing the overlap length
of the maN-2403 changes the bending conditions from a simply supported structure on the right (500 nm of maN-2403 overlap) to a fixed,
cantilever support (750 nm of overlap). All scale bars are 500 nm as
indicated in (a).
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a

69 nm

-

500 nm
b

100 nm

1514 nm

c

164 nm

0˚
383 nm

d

269 nm

74˚
900 nm

e

411 nm

83˚
842 nm

f

561 nm

0˚
535 nm

Figure 3.26 – SEM micrographs of silicon etched with pinned Ti/Au
catalyst with 1445 nm and 1415 nm long left and right arms showing
rotation without arm-twisting. The diﬀerence in arm length is due to 20
nm misalignment between lithography steps. The arm width is noted in
the upper right along with the rotation angle and deflection in the lower
right of each image. (a-c) catalysts with narrow arm widths completely
detach from the left maN-2403 pinning lines; (d-e) transition to rotation
via delamination. Entire catalyst structure rotates as it etches through
the silicon; (f) transition to mixed bending/rotation as catalyst arm
width increases to 535 nm. All scale bars are 500 nm as indicated in
(a).

92

Swinging Catalysts Changing the shape of the primary catalyst area to circular
shape can create “swinging” catalysts, as shown in Figure 3.27 (p. 94). The catalyst arm
lengths are 930 nm for the column on the far right and 1430 nm for the middle and left
columns. The catalyst arm width varies from 100 nm to 411 nm. The catalyst in Figure
3.27a first etched in a rotational motion in the +Y direction until it penetrates the silicon
surface. It is clear from the distorted ellipse that the center circle of the catalyst continued
to rotate at the top surface until it proceeded to change directions and rotate toward the –Y
direction where it once again penetrated the silicon surface. Figure 3.27b shows a number of
swinging catalysts. Notice that the larger, 1430 nm arm length catalysts are able to swing
back-and-forth, while the smaller, 930 nm arm length catalysts only swing in one direction.
This suggests that the swinging process was enabled by the increased flexibility of the longer
catalyst arms, which better enabled the catalyst to rotate/deform and maintain contact with
the silicon once the catalyst penetrated the surface.
We have already shown that catalyst motion is a critical component of MaCE and we
can now speculate as to how the longer catalyst arm enables swinging etching. The longer
catalyst arm will be more flexible than a short arm and, as a result, more able to bend and
maintain contact with the silicon substrate as the catalyst penetrates the silicon surface.
This deformation is clearly shown in the resulting, ellipsoid-like etched pattern that the
circular catalyst made at the top of Figure 3.27a (p. 94). By maintaining contact with the
silicon substrate at a new angle, the catalyst is able to shift etching directions and etch back
into the silicon substrate to re-emerge on the other side. This change in direction suggests
that the catalyst is actively driven toward the interface between the catalyst and the silicon.
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210 nm

a

500 nm
b

2 µm
Figure 3.27 – SEM micrographs of “swinging” catalyst etching. (a)
1430 nm arm length, 210 nm arm width. This catalyst rotates through
90˚ about the +X axis via a delamination method, penetrates the top
silicon surface before rotating 180˚ about the –X axis. (b) array of
swinging and non-swing catalyst with arm width increasing from 100
nm to 410 nm; the left and middle columns have 1430 nm arm lengths
while the far right column has 930 nm arm lengths. Notice that the
longer, 1430 nm arms swing back and forth while the shorter 930 nm
arms only swing through 90˚; indicating that once again, geometric
constraints play a large role in rotation etching.
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Conclusions This section introduces a new method to create micron, sub-micron, and
nanostructures in silicon with geometry that cannot be easily created using existing methods. These structures included scooped out channels and bowls, sub-surface channels, subsurface curved nano-horns, vertically oriented metallic structures, and more. This method
uses pinning structures to add additional constraints to a shaped catalyst during MaCE
that induce rotation about an axis parallel to the silicon surface instead of about an axis
perpendicular to the silicon surface.?, 16, 39, 41, 43, 97–99
Overall, it appears that the forces in MaCE are the limiting factor that controls whether
distortion is via rotation/twist, rotation/bending or pure in-plane bending. This section
shows that it is possible to completely or locally inhibit the etching process by constraining
the catalyst in the correct locations. The force experienced by MaCE and the geometry
of the catalyst was found to limit the rotation angle in the twisting mode, and from the
geometry of the catalyst after etching we were able to show that the catalysts experiences
forces over the range of 0.5 – 3.5 µN with pressures gradients on the order 0.5 – 3.9 MPa.
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3.5.3

Control over rotation angle

The previous section introduces the concept of using pinning structures to induce out of
plane rotation of the catalyst structure. This section details a systematic study on the
relationship between catalyst geometry and rotation angle to show that the rotation angle
can be well controlled. An improved plastic deformation model is used to calculate the
energy and pressure gradients necessary to plastically deform the catalyst structures with a
much narrower range of 0.4 – 0.6 MPa identified as the lower limit on the pressure gradient
necessary to induce catalyst rotation. These results are particularly significant as they not
only provide experimental results that can be used to test various models for catalyst motion,
but they also demonstrate a simple method to create vertically aligned, thin metal structures
with a single lithography/etch cycle.
Two diﬀerent catalyst structures were studied, a horseshoe shape that rotates up to
180˚ and a single-sided rectangular catalyst that rotates through 90˚ followed by a pure,
in-plane bending. The wide-cut horseshoe shaped catalyst undergoes consistent rotation for
all samples and was used to study the eﬀect of catalyst arm width and length on rotation
angle while the single-sided rectangle catalyst was used to induce 90˚ rotation followed by
pure bending and only a single arm width and arm length geometry was tested to study the
catalyst-to-catalyst variance within the same sample. The pure bending mode catalyst was
also developed to improve the accuracy of the displacement measurements used to calculate
pressure gradient across the catalyst as only the resting rotation angle can be calculated for
the rotating horseshoe shaped catalysts and not the maximum rotation angle.
Experimental Procedure: All samples were prepared on 1 ⇥ 2 cm2 cut from a 100

mm, single side polished, p-type (1 – 5 ⌦-cm), single-crystal (100) silicon wafer. Catalyst
structures were fabricated using EBL to first pattern a positive electron resist of PMMA
followed by e-beam evaporation of a Ti/Au/Pt catalyst stack with the Ti and Pt layers were
held constant at 10 nm and 5 nm respectively while the Au thickness was 103 and 130 nm
as measured using AFM for the horseshoe and asymmetric rectangle catalysts respectively.
The Pt top layer was added to increase the H2 O2 reduction rate and was found to improve
the repeatability for out-of-plane rotation. An Au core was utilized because the high boiling
point of Pt caused cracking in the PMMA, resulting in poor feature resolution for thick Pt.
The excess metal was removed using standard lift-oﬀ processes and was followed EBL of
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maN-2403 negative electron resist to form polymer lines that served as pinning structures
stable in an etchant solution of HF and H2 O2 while not participating in H2 O2 reduction.
The sample was then etched in a stagnant ⇢ = 9013.8 etchant with [H2 O] = 42.5 M for
4 minutes for the horseshoe shaped catalysts and 2 minutes for the asymmetric rectangle
shaped catalysts. The schematic shown in Figure 3.28 (p. 98) details the catalyst and
pinning structures along with top-down SEM images of the two diﬀerent catalyst geometries.
The arm widths, lengths, and thicknesses were varied for the horse-shoe shaped catalyst
and used to demonstrate that the rotation angle can be controlled while the single-sided
rectangle structure was used to induce a 90˚ rotation followed by pure bending; an array of
this catalyst structure with singular arm length, arm width and thickness was used to study
the within-sample variance and evaluate the pressure gradient across the catalyst.
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Catalyst

Arm
Length

Pinning
Polymer Line

Silicon
Substrate
b

c

500 nm

500 nm

Figure 3.28 – (a) Schematic of catalyst and important variables such
as arm length and arm width along with SEM micrographs of (b) the
horse-shoe and rectangle shaped catalyst for out-of-plane torsional rotation and (c) the single-sided rectangle for bending etching paths.
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Results: Rotation angle can be reasonably well defined by controlling the thickness,
arm width, and arm length of the catalyst. Figure 3.29 (p. 101) shows an array of 103
nm thick horseshoe shaped catalysts with arm widths that vary between 134 and 194 nm
(left to right) and arm lengths ranging from 1210 to 1750 nm (top to bottom). The bright
white regions are the gold catalysts while the grey is the silicon substrate and dark grey
is maN-2403 pinning polymer lines. The dark black regions show the areas etched by the
catalyst as it rotates and/or translates during the etching process. It is clear from this figure
that rotation angle decreases with increasing arm width while the rotation angle increases
with increasing arm length; showing that the rotation angle can be controlled by selecting
the correct catalyst geometry for a given etchant composition and catalyst. Figure 3.30 (p.
101) shows high magnification images of the 150 nm arm width catalysts making up Column
2 with arm lengths varying from 987 to 1526 nm. The arm length is shown on the left side
while the maximum measure rotation angle is shown on the right. The 1212 through 1346
nm arm length catalyst highlight an important limitation of using top-down SEM images
because the actual maximum rotation angle cannot be firmly established for any catalyst
that does not rotate through 180˚. However, Figures 3.29 and 3.30 do show that a range
of rotation angles can be selected using small changes in the catalyst and pinning geometry.
It is also important to notice the first three columns of Figure 3.29 showing catalysts with a
vertical, 90˚ ± 4˚, resting rotation angle. This was consistent across all samples containing
catalysts that rotated through 180˚ with narrow thickness, small arm widths less than
400 nm and long arm lengths, suggesting that the final resting angle for these geometries
established by capillary forces at the silicon-gold-air interface created during the drying
process.
The ability to “decouple” the final resting angle from rotation angle has important implications for micron and nanofabrication using MaCE with applications for MEMS and
NEMS devices. Specifically, this enables one to fabricate arrays of vertically aligned thin
film structures in a single pass by over-etching the sample and then taking advantage of
capillary forces during drying to set the catalyst in a vertical position. As a result, the processing window for creating vertically aligned structures with respect to catalyst geometry,
catalyst material layup and etching time is widened as the resting angle does not have the
strict requirement of balancing the forces on the catalyst during etching with the reaction
forces caused by catalyst deformation. It also avoids problems of individual catalysts etching
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at slightly diﬀerent rates.
This etching process is particularly advantageous for MEMS/NEMS device fabrication
in that the rotation during etching also creates a clear pathway for the post-etched metallic
structure to swing through if incorporated into a MEMS/NEMS device. As such, the metallic
structure, polymer support, and rotation pathway are all created with just two lithography
steps followed by a single etch process.

100

500 nm

Figure 3.29 – SEM micrographs of rotation of horseshoe shaped catalysts with pinned with polymer lines. The arm width increases from
134 to 194 nm (left to right) while arm length increases from 1210 to
1750 nm (bottom to top). Notice that the rotation angle varies with
both arm width and arm length while larger amounts of lateral bending and translation are seen for the catalyst with wide arms. It is also
important to note that 180˚ rotation catalysts returned to an e 90˚
vertical orientation, presumably due to capillary forces experienced by
the catalyst during drying.
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armlength
987 nm

max. rot. 0˚

1032

19˚

1077

21˚

1122

45˚

1167

52˚

1212

43˚

1256

43˚

1301

69˚

1346

70˚

1391

180˚

1436

90˚

1481

90˚

1526

180˚

500 nm

Figure 3.30 – SEM micrographs showing the change rotation of horseshoe shaped catalysts with 150 nm wide arms as the arm length increases from 987 nm to 1526 nm. The arm length is noted in the upper
left corner while the maximum measured rotation angle is in the upper
left corner. It is important to note that the maximum measured angle
may be less than the actual maximum rotation angle because the catalyst can and does relax after etching, as evidenced by the 90˚ vertical
resting angles for the 1391 and 1526 arm length catalysts that clearly
rotated through a full 180˚. All images are scaled to the 500 nm scale
bar on the bottom left image.
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3.5.4

Calculation of pressure gradient and energy from catalyst deformation

The rotation angle was found to vary linearly with arm length and is inversely proportional
to arm width, indicating that the catalysts deform plastically. Figure 3.31 (p. 105) shows
the resting ( ) and maximum ( ) rotation angles for four diﬀerent arm widths (a reduced
set of arm widths was used for clarity, see Figure 3.32 (p. 106) for graphs of all arm widths).
The first graph plots the rotation angles versus arm length, showing a linear increase of
rotation angle with arm length, while the second and third graphs were used to determine
if the catalyst deforms elastically or plastically by normalizing them to the polar moment of
inertia and arm width. Assuming that the pressure gradient, p, across the horseshoe shaped
catalyst is constant and produces a torque, T , on the catalyst arms, the resulting rotation
through ✓e requires an energy, Ue to elastically deform the catalyst as follows:

Tc =

pwc

2
1
2 lc

(3.1)

2

Te =
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JG
✓e =
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12la

(3.2)
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✓ =
✓e
2la e
24la

(3.3)

where wc and lc are the width and length of the center square of the catalyst, Tc , is the
torque on the catalyst caused by the pressure gradient, p, wa and la are the width and length
of the catalyst arms, h is the thickness of the catalyst, J is the polar moment of inertia for
a beam with a rectangular cross-section, G is the shear modulus. The subscripts e and
p designate elastic and plastic deformation respectively. In an elastic model the rotation
angle depends on the polar moment of inertia and, as a result, the arm width cubed. In an
elasto-plastic model, the plastic limit results in a plastic limit torque, Tp , and an energy Up ,
and define the minimum torque and energy of deformation necessary to plastically deform
the catalyst from the plastic limit angle, ✓p , to the maximum measured angle ✓max by:58
✓
Tp = wa h2a · 3

ha
wa

◆

103

· ⌧o

for ha  wa

(3.4)

Up = Tp · (✓max

✓p ) =

h2a wa

✓

· 3

ha
wa

◆

· ⌧o · (✓max

✓p )

(3.5)

where ⌧o is the ultimate shear stress. From these equations it is clear that the maximum
rotation angle will vary with 1/w, which fits well with Figure 3.31c (p. 105). It is important
to note that the catalyst will deform indefinitely as long as the torque applied to the catalyst
arms exceeds Tp and the rotation will continue until the driving force for catalyst motion
is exhausted (i.e. the etching process is halted by removing the etchant and quenching the
sample). Assuming the catalyst arms deform elastically to the plastic limit, the total energy
can be modeled as:

Utot =

✓
wa h3a G 2
✓p + h2a wa · 3
24 · la

ha
wa

◆

· ⌧o · (✓max

✓p )

(3.6)

giving the energy and energy density as calculated for the catalyst area in contact with
the silicon, needed to rotate the catalysts from 0.5 × 10-13 – 1.9 × 10-13 J and 80 – 360
mJ/m2 respectively. As a check, these values are
6.7 ⇥ 10

13

e3

orders of magnitude lower than the

J of chemical energy released by the H2 O2 reduction and Si oxidation; so,

thermodynamically, there is plenty of chemical energy available to deform the catalyst if
that chemical energy is adequately transferred to mechanical energy through methods such
as electrophoresis, surface tension, etc. Table 3.5 (p. 107) shows the torque experienced by
the catalyst arms, the pressure gradient across the catalyst along with the average energy and
energy density necessary to rotate the catalysts. The final two columns show the energy
and energy density for the catalysts that rotated through 180˚ to establish an ultimate
lower bound based catalysts in which the maximum rotation angle can be verified with a
top-down SEM image. The lack of accurate maximum rotation data on the catalysts that
did not rotate through 180˚ is evidenced by the 50% diﬀerence in calculated energy and
energy densities.
The calculated pressure gradients across the catalysts were on the order of 0.4 – 0.6
MPa. These represent the minimum pressure gradient necessary to deform the catalyst
because the pressure gradient does not increase with increased displacement once the plastic
limit torque has been reached. As such, I can claim that 0.4 – 0.6 MPa is the minimum
pressure gradient across the catalyst and cannot make any claims as to the maximum or
actual pressure gradient across the catalyst at this time.
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Rotation Angle vs. Arm Length - 103 nm thick catalyst
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Figure 3.31 – Graphs of the measured resting ( ) and maximum ( )
rotation angles versus a) Arm Length; b) normalized by Arm Length
/ Polar Moment of Inertia; c) normalized Arm Length / Arm Width.
Notice that the rotation angle does not scale with the polar moment
of inertia, which scales with the cube of the arm width. Instead, the
rotation angle scales linearly with the arm width. This agrees well with
a plastic deformation model in which the plastic deformation torque
scales linearly with arm width.58
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Figure 3.32 – Graphs of the all the measured resting ( ) and maximum ( ) rotation angles versus a) Arm Length; b) normalized by
Arm Length / Polar Moment of Inertia; c) normalized Arm Length /
Arm Width. Notice that the rotation angle does not scale with the
polar moment of inertia, which scales with the cube of the arm width.
Instead, the rotation angle scales linearly with the arm width. This
agrees well with a plastic deformation model in which the plastic deformation torque scales linearly with arm width.58
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Table 3.5 – Table of Torque and pressure gradient across the catalysts
along with the average energy required to deform the catalyst to the
maximum measure rotation and the energy required to deform the
catalysts that rotated through 180˚.
a designates catalyst arm widths that did not have any catalysts rotate
through 180˚
Arm
Width

Torque

Pressure
Gradient

Average Energy
✓

kJ
m2

◆

Energy of 180˚
Rotation
kJ
m2

(nm)

(fN-m)

(MPa)

(fJ)

134

52

0.37

90

170

130

230

147

59

0.42

90

190

180

330

151

61

0.44

110

190

180

340

160
180a

66

0.47

70

190

190

360

77

0.55

50

90

-

-

190a

84

0.60

50

80

-

-
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(fJ)

✓

◆

90˚ rotation followed by pure bending Using the pressure gradient calculations from
plastic deformation model along with the results in Section 3.5.3 (p. 96) catalyst structures
were designed that rotated through 90˚ followed by pure bending. These results show that
the same catalyst geometry results in the same etching path and displacement and that local
catalyst-to-catalyst variations can have a minimal eﬀect on the etching results if the proper
catalyst design and fabrication process are followed. The structures had a modified catalyst
geometry, as shown previously in Figure 3.28c (p. on page 98), with 130 nm thickness, 160
nm arm width, 1560 arm length and 4120 nm total length. The results are shown in Figure
3.33 and the catalyst displacements were 830 ± 50 nm for simply supported catalysts and
590 ± 70 nm for the single cantilever single support catalysts.
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Figure 3.33 – SEM micrographs of bending catalysts a) low magnification of an array of catalysts; b) high magnification of a single catalyst
showing rotation through 90˚ followed by bending; c) histogram showing displacements. The mean displacement was 830 nm ± 50 nm for
simply supported catalysts and 590 ± 70 nm for the single support
catalysts.
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The pure bending mode of these catalysts requires a diﬀerent plastic deformation model
and the plastic limit pressure, pp , and elastic limit displacement, ye , can be expressed by:58

pp =

ye (x) =

2h2
l2

(3.7)

o

5 pe wl4
1 l2
=
384 EI
4 Eh

o

(3.8)

where h is the thickness of the catalyst, l is the total length of the catalyst, w is the
width of the catalyst arm,

o

is the yield stress, and E is the Young’s Modulus. The elastic

limit for these catalysts is 106 nm, significantly smaller than the previous examples resulting
displacement of 800 nm. The upper limit of the measurable pressure gradient is 0.2 MPa
for this structure is and value is an order of magnitude lower than the upper measurable
limit for the torsional structures, indicating that the bending mode is easier to induce for
this particular geometry as compared to the torsion-based out-of-plane rotation geometry
detailed earlier.
There are also a number of key diﬀerences in the catalyst shape that were utilized to
induce the bending as opposed to pure rotation. Firstly, rotation is actually easier to induce
for the asymmetric catalyst at the etchant composition utilized, to counter this and arrest
the rotation at

e 90˚

we added a small cut-out section in the center arm of the catalyst to

create a force that would pull-up on the catalyst after a certain amount of rotation. The
success of this design is evidenced by the small silicon sliver remnants that are 200 nm
narrower than etch path of the catalyst, indicating that the catalyst did rise and penetrate
the top surface of the silicon substrate. Secondly, I increased the catalyst thickness to 130
nm to increase the polar moment of inertia relative to the area moment of inertia along with
the plastic limit torque as compared to the plastic limit moment under bending. The lower
etch time of 1 minute was used to keep the catalyst from continuing to etch and completely
pull away from the polymer pinning structures.
The eﬀect of catalyst shape is more clearly illustrated in Figure 3.34 (p.111). In this
experiment the width of the center cut-out was varied from (a) 100 nm, (b) 500 nm, (c)
completely removed. Notice that the narrow, 100 nm wide cut-out barely rotates and mainly
etches directly into the silicon. Widening the channel to 250 nm, increases the amount of
rotation while completely removing the channel results in complete rotation as seen in (c).
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a

300 nm

b

300 nm

c

300 nm

Figure 3.34 – SEM micrographs of etching path for after 4 minute
etching in concentrated ⇢ = 9013.8 etchant for (a) narrow-cut horseshoe catalyst bending in plane with the silicon surface; (b) wide-cut
horseshoe shape rotating; (c) single-sided rectangle rotating 90˚ and
then bending in a plane perpendicular to the silicon surface.
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Eﬀect of etchant dilution Out-of-plane rotation was only observed under highly concentrated etchant solutions. An experiment was conducted using a diluted ⇢ = 901.3 etchant
(1:10 etchant; resultant [H2 O] = 49.0 M) and the maN-2403 pinned, horse-shoe shaped
catalyst geometry that had exhibited out-of-plane rotation as detailed in Section 3.5.2 (p.
84). The catalysts were etched for between 10 and 40 minutes with all catalysts either fully
pinned, with no visible etching, or only showed slight in-plane bending as exampled in Figure 3.35 (p. 113). There could be two diﬀerent causes for this change in etching behavior.
The first is that the pressure gradient experienced by the catalyst increases with increasing etch rate and that the dilute etchant does not etch at a great enough rate to create
pressure gradients large enough to induce out-of-plane rotation. The other potential cause
is that the out-of-plane rotation requires large non-uniformities in the etch rate to ensure
that only one side of the catalyst is in contact with the silicon, thus only one side of the
catalyst can continue hole (h+ ) injection into the silicon, thereby confining volume of silicon
removed to that one side of the catalyst. The work on folding 3D structures detailed in
Section 3.6 showed that, at high etchant concentrations, the etch rate varies with 1/w3 with
narrower line-widths having higher etch rates.97 Under these conditions the silicon under
the narrow section of the horse-shoe shaped catalyst is expected to be fully removed before
the wider back-half of the catalyst, leaving the back-half of the catalyst in contact with the
silicon. Using the correct etchant and a properly designed catalyst that does not deform, it
is possible to exploit this transient shift in etching location to induce out-of-plane rotation.
However, the situation changes when a dilute etchant composition is used and only bending
is observed regardless of catalyst shape and etching time. This could be caused by either
a change in how the etch rate scales with line-width, possibly conforming to a diﬀusion
limited reaction that scales with 1/w2 , which would minimize the diﬀerence in etch rate
between the 100 nm wide cut-out arms of the catalyst and the 250 nm wide. Currently, the
relationship between etchant concentration and catalyst line-width has not been established
and a parameter study is needed to fully explore this area. The relationship between etchant
concentration and the forces experienced by the catalyst during etching will be discussed in
more detail in Chapter 4 (p. 155).
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500 nm

Figure 3.35 – SEM micrographs of catalyst etched with dilute ⇢ =
901.3 etchant (1:10 etchant:H2 O) for 20 minutes. At dilute etchant
concentrations the catalyst does not rotate but rather bend in the plane
of the silicon as it etches.
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3.6

3D Folding Structures
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To fabricate these structures Rykaczewski deposited a relatively thick, 50 nm Au film
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etching begins with catalytic reduction of H2O2 on the metal
surface which creates a local cathode on the etchant side of the
from a single, 2D catalyst structure.

of catalyst structure.
Experimental Procedure: Detailed Experimental Procedures can be found in the Supplementary Information section of Rykaczewski’s original text.97 In short, a thin 50 nm
thick was deposited using e-beam evaporation onto a clean (100) silicon substrate and then
patterns were then cut into the Au film using a FIB as shown in Figure 3.36a–c (p. 114).
The depth of the cuts can be controlled by varying the local ion beam dose with dose of 85
pC/µm2 resulting in a partial 35 – 45 nm deep cut while a higher dose of 270 pC/µm2 results
in a complete cut of the 50 nm thick Au along with some milling of the underlying silicon.
Samples were etched a ⇢ = 9015.7 etchant of HF:H2 O2 :methanol in a volumetric ratio
of 16 mL of HF , 4.8 mL H2 O2 , 6.8 mL methanol. A FIB to mill out large trenches
1 – 4 µm deep and 3D reconstructions were created using an automatic FIB slicing and
imaging routines. As demonstrated in Figure 3.36b&c, nano- as well as micro-scale vertical
structures can be fabricated by etching catalyst templates that have been perforated with
small and large through-holes. The remaining part of the Au film was found to adhere to the
silicon substrate while also blocking the etching process across the rest of the silicon surface.
Although it is important to note that Rykaczewski mentions some local deformation and
rupturing of the Au films occurred for etching times longer than 150 seconds, suggesting
that small pinholes do exist in the film but at a relatively low density.
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Results: The systematic study on the influence of catalyst template geometry on MaCE
etching rate is probably the most significant feature of this work as it provides a framework
for designing folding catalyst structures. In this, Rykaczewski fabricated a series of squares,
rectangles, and circular objects with varying widths, lengths, and diameters along with
grid structures with varying pillar width and pitch as shown in Figure 3.38a–c (p. 118).
Collecting FIB cross-section images, Rykaczewski was able to show that the etching rate (for
this short etching time) was constant and depended largely on the “characteristic length” of
the catalyst, where the characteristic length is the shortest, top-down geometric dimension
of the catalyst. The etch rate was found to scale with 1/L3 with narrower catalysts etching
faster. It is important to note that the rate limiting reaction does not appear to be a
standard diﬀusion limited process, which would have scaled with 1/L2 . The explanation
for this diﬀerence provided in the manuscript is rather “fuzzy” and is reasoned that the
decrease in characteristic length seen in the perforated squares of Figure 3.38d–g results in
both a minor decrease in surface area but a major increase in the edge distance; resulting
in a significant increase in the supply of the reagents near the etch site. Unfortunately, no
model was provided to neither prove nor disprove this hypothesis and more work is needed
to study the eﬀects of catalyst geometry on etch rate before MaCE can be fully utilized
for device fabrication. One of the primary challenges I foresee in developing such a model
will be accurately modeling the fluid flow of the reactants and products between the silicon
substrate and the catalyst as the etching front travels from the edge of the catalyst inward.
Key parameters that must be established for such a model include the thickness of the “slice”
of silicon removed, i.e. 1 nm, 2 nm, 4 nm, etc.; the role of ionic conductivity; geometry of
the space-charge region in the fluid surrounding the catalyst; geometry of the space-charge
region within the silicon; eﬀects, if any, of electric potentials resulting from these space
charge regions on the flow of ions; how does gas generation from Si oxidation aﬀect fluid
flow, etc. So, while the work by Rykaczewski provides an experimental fit for the etch rate
as a function of characteristic length for catalysts larger than 150 nm, a theoretical model
is still lacking.
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Figure 2. Inﬂuence of Au template geometry and size on etch rate: (a!d) Top and cross sectional SEM images of (a) ≈0.2 μm2, ≈1 μm2, ≈2.3 μm2,
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templates do not match the etch rates of the uniform ﬁlm
templates with similar areas, and the data are generally scattered
suggesting that the catalyst-to-Si area is not appropriate for
scaling. Furthermore, divergence of the etch rates for the uniform
ﬁlm templates and the perforated templates with large holes
increases with decreasing total area. In contrast, when plotted
against the characteristic length in Figure 2 g, the etch rates for
the uniform ﬁlm and the perforated structures match well and
follow a consistent trend. Speciﬁcally, the etch rate scales with the
inverse of the characteristic length raised to the one-third power
(the exponent obtained from a linear ﬁt of the log!log plot in
Figure 2g is !0.345 ( 0.0524). The dependence of the etch rate
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becomes diﬃcult as the characteristic length falls below
≈150 nm. This is due to a large deviation of the vertical etching
path which occurs during etching of small templates. Nevertheless, the choice of the characteristic length of the structures as
the relevant geometrical feature which determines the MaCE
etch rate is further illustrated by observations from the densely
perforated nanowire templates, which exhibited an exceedingly
fast etch rate (≈0.0175 μm/s or ≈1 μm/min). In this case, the
total area was very large (≈3 μm2) while the characteristic length
is only ≈40 nm.
The etch rate of a Au template can be controlled by one or a
combination of a number of processes involved in MaCE such as
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A hinge must be fabricated to create folding geometry. This was accomplished using the
FIB to mill a shallow trench, or “notch,” in sections of the Au catalyst that would plastically
deform as the catalyst etches into the silicon substrate as shown in Figure 3.39 (p. 120).
The ability to fabricate hinges combined with knowing the relationship between catalyst
geometry and etch rate enables the rapid design of folding structures and Figure 3.40 (p.
121) demonstrates that 3D folding geometry can be induced by segmenting the catalyst into
two parts with uneven etching rates. As shown in Figure 3.40, the larger center section
etches at a much lower rate than the perforated, notched ends. The high etch rate combined
with the geometric constraints of the hinge causes this end of the catalyst to rotate about
the hinge. This study shows that it is possible to create reasonably complex 3D geometry
in a single lithography/etch cycle using a properly designed catalyst.
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3.7

Controlling Spiral Direction

a

b

500 nm

500 nm

Figure 3.41 – SEM micrographs exampling spiraling structures fabricated using MaCE
3D spirals are easy to fabricate using MaCE as exampled in Figure 3.203.20 in Section
3.4.1.3 (p. 71). However, while these results are visually and mechanistically interesting,
few practical devices can take advantage of these spiraling structures unless the direction of
rotation can be well controlled and pre-determined by either catalyst geometry or processing
parameters.31 The following section will detail a method to control the rotation direction of
a simple spiral stars by adjusting parameters such as catalyst shape and thickness.
In order to control rotation direction a series of experiments were conducted that examined the role of catalyst shape, catalyst material, etchant composition, pre-etch sample
preparation parameters, and catalyst thickness. The end result shows that catalyst spiraling is readily induced and controlled for simple star-shaped catalysts when the following
conditions are met:
1. Protruding arms of suﬃcient length
(a) Spiraling is seen for structures that have a center “core” that serves to slow down
vertical etching rate along with protrusions radiating from this center structure
that transform the lateral force experienced by the catalyst during MaCE into a
rotation inducing torque.
2. Controlled catalyst deformation
(a) The deformation of the catalyst plays a critical role in inducing rotation along
specific directions. Too little deformation and the catalyst structure will rotate
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in a direction determined mostly by initial perturbations. Too much deformation
and the catalyst profile no longer induce a torque for etching while also resulting
in a distorted etch profile (which may or may not be desirable).
It is important to note that these conditions were established through an extensive parameter
investigation focused on star shapes with center diameters ranging from 1 – 4 µm. Since these
conditions were not established by any fundamental study it is entirely likely that a diﬀerent
set of catalyst structures, etchant compositions, etc. exist that also enable controlled rotation
of arbitrary shapes. However, meeting the above conditions can be used as a baseline for
anyone seeking to fabricate spiral structures with controlled chirality.
Experimental Procedure: A detailed experimental procedure can be found in Appendix
B.11 (p. 225). In short, all samples were prepared on p-type, 1–5 W-cm (100) silicon with
star-shaped catalysts deposited using EBL in a manner similar to those used in Section 3.4
(p. 62). The thickness of the catalysts were varied from sample to sample by exposing four
sets of patterns on a 10 ⇥ 50 mm2 silicon substate spaced 4 mm apart. Then an Al foil mask

was used during e-beam evaporation to deposit a diﬀerent catalyst stack for each of the four
pattern sets. Using this process I was able to identify a set of catalyst thicknesses that
showed the transition from erratic, deformed etching for thin catalysts to excellent control
over rotation, and finally less control for thick catalysts. The majority of the data presented
in this section comes from a sample with catalyst thicknesses measured at 51, 65, 79, and
92 nm using a Dimension Edge AFM. The samples were cleaned prior to MaCE using an
O2 plasma at 22 W for 45 seconds and then etched for 5 minutes in a ⇢ = 9013.8 etchant
solution followed by imaging in an SEM.
It is important to note that no dilute HF was used in these samples because as the dilute
HF was found to reduce control over rotation direction. For non-pinned catalysts the dilute
HF step appears to loosen the catalyst from the native oxide that lies between the catalyst
and silicon substrate and the star-shaped catalysts were often seen displaced a small distance
from their initial position when the MaCE etchant was applied even though no displacement
was observed just after the dilute HF was applied. As such, I recommend that MaCE of
non-pinned catalysts should be conducted with only a short, low power O2 plasma cleaning
step and with narrow substrates if possible as these factors help limit etchant flow as the
substrate transitions from hydrophilic to hydrophobic.. Another option not explored in this
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study would be to remove any native oxide immediately prior to metallization to ensure that
the metal is intimately bonded with the silicon substrate instead of a native oxide.
As mentioned earlier, the control over rotation resulted from an extensive study with a
large number of parameters varied in a systematic manner. Figure 3.42a (p. 125) marks out
the primary geometric parameters of number of arms, arm length, center core diameter, and
arm shape. Figure 3.42b examples a typical array set up with the number of arms varied
from 3 – 5, organized by column and arm lengths of 1.5 µm and 2.25 µm grouped in two
sets of three columns. The center core diameter was varied from 2.0 – 4.0 µm over 0.5 µm
increments organized by row and the arm type (curved versus straight) was grouped in two
sets of 5 rows separated top to bottom. Figure 3.42c shows a set of spiraling star structures
illustrating how to determine rotation direction by studying the shape of the back-edge.
Note that all catalyst structures were patterned such that rotation toward the long-edge is
counter-clockwise (CCW) and rotation away from the long-edge is clockwise (CW). 3.42d
shows an SEM micrograph of overall pattern with the number of arms ranging from 1 – 8
and a wide range of geometric parameters.
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Figure 3.42 – SEM micrographs of catalyst parameters and study
layout. (a) Marked up SEM micrograph showing primary geometric
parameters including number of arms, arm length, center core diameter, and shape of arms; (b) example array detailing the number of
arms (3 – 5) organized by column, length of arms grouped by three
columns, diameter (2.0 – 4.0 µm) organized by row, and arm shape
(curved vs. straight) grouped top and bottom. (c) examples of CCW
and CW rotation and how to diﬀerentiate the rotation from a top-down
SEM image; (d) SEM micrograph of overall pattern with the number
of arms ranging from 1 – 8 and a wide range of geometric parameters.

125

Straight

Catalyst Arm Shape The shape of the catalyst arms plays an important role in establishing catalyst rotation. Three catalyst shapes were tested as shown in Figure 3.43 (p. 127).
The symmetric stars showed a 50/50 ratio in rotation direction independent of any other
processing parameters such as catalyst thickness, catalyst top layer (i.e. Ag, Au, Pt, or Pd),
etchant composition, or edge lips induced by e-beam shadowing. The shape was changed to
a sawtooth structure with either straight or curved arms as recommended by Dr. Fedorov.
The graphs in Figure 3.44 (p. 128) summarize the data from the catalyst sets shown in
3.42a (p. 125), with 60 diﬀerent geometric configurations tested with 16 catalysts per array
at 4 diﬀerent catalyst thicknesses (3840 catalysts were examined in total). These graphs
show the percent of CCW rotation versus catalyst geometry parameters such as center core
diameter, arm shape (straight vs. curved), and catalyst thickness. It is clear that the curved
arms show improved performance with up to 100% of the curved armed catalyst rotating
in the desired CCW direction as opposed to the straight arm catalysts, which max out at
around 75%. There is also a clear dependence on center core diameter and catalyst thickness with control over rotation increasing with increased core diameter for all but the 51
nm thick, straight armed catalysts where SEM micrographs revealed that the catalyst arms
quickly bent about the center core, removing their ability to create the torque necessary to
induce rotation.
Overall, a properly designed catalyst had 75% CCW for straight edge catalysts while
the curved-edge had up to 100% rotation in the CCW direction. The next section will detail
the results for curved catalysts as these structures showed better controllability.
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a - symmetric

1 µm

b - sawtooth, straight

1 µm

c - sawtooth, curved
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Figure 3.43 – SEM micrographs of catalyst star shapes. (a) symmetric star with straight arms; (b) sawtooth stars with straight arms;
(c) sawtooth stars with curved edges. The symmetric stars showed a
50/50 ratio in rotation direction; sawtooth stars with straight edges
showed an increase in rotation control up to e 75% for certain shapes;
the sawtooth stars with curved edges showed up to 100% control over
rotation direction.
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Figure 3.44 – Graph showing the % CCW rotation as a function of
the arm shape, center core diameter, and catalyst thickness. Notice
that the curved arms show improved performance over straight arms
and that a larger center core diameter also shows better control over
rotation direction.
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3.7.1

Catalyst thickness, number of arms, and center core diameter

Catalyst deformation seems to control rotation direction. As such, the geometric parameters
such as catalyst thickness, number of arms, and arm shape play an extremely important role
in determine rotation direction. Catalyst thickness is the easiest parameter to understand
and the aﬀect of this parameter on rotation direction is shown in Figure 3.45 (p. 130). This
figure shows SEM micrographs of the 4 ⇥ 4 arrays consisting of catalyst stars with 4 µm

center core diameters and 2.25 µm arm lengths. Each image shows results for a diﬀerent
thicknesses of 51 nm, 64 nm, 79 nm, and 92 nm with the ratio of CCW rotation versus the
total number of catalysts along with the catalyst thickness is detailed at the top of each
SEM micrograph. Note that any CW rotations are boxed in black to aid the reader. It is
also important to notice that the ratio or percentage of CCW rotation (or rotation toward
the long edge) decreases with increasing thickness. Examination of these images reveals that
the deformation mode of the catalyst changes as the thickness changes with thin catalysts
showing bending with 4-fold symmetry while thicker catalysts transition to bending with
2-fold symmetry. Interestingly, the deformed shape of the catalysts is extremely consistent
within an array for thicker catalysts but starts to change as the catalyst thins, indicating that
thinner catalysts are more sensitive to small diﬀerences in any localized etching conditions.
The higher magnification images of Figure 3.46 (p. 131) illustrate the translation from
bending with 4-fold symmetry to 2-fold symmetry as the catalyst thickness increases. The
diﬀerence in thickness between the 51 nm thick catalyst and 64 nm thick catalyst shown
in Figure 3.46a-b is slight for this particular geometry; however, it is important to notice
that the amount of deformation for the 64 nm thick catalyst is smaller than the 51 nm
thick catalyst as evidenced by the decrease in “shadowing” seen within the deformed region
along with the increase in arm width for the deformed catalysts. As the catalyst thickness
increases, the deformation mode transitions to the 2-fold symmetry exampled by the 79 nm
and 92 nm thick catalysts in Figure 3.46c-d. This transition marks the start of poor control
over catalyst rotation direction as the 2-fold rotation shows poorer consistency across the
sample.
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Figure 3.45 – SEM micrographs of catalyst star arrays with the same
geometry but with diﬀerent thicknesses of 51 nm, 64 nm, 79 nm, and 92
nm. For these structures the center diameter was 4 µm, arm length was
2.25 µm, and all catalysts had four arms. The ratio of CCW rotation
versus the total number of catalysts is given and the top and any CW
rotations are boxed in black. Notice that the ratio of CCW rotation
decreases with increasing catalyst thickness. All scale bars are 5 µm as
designated in (a).
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Figure 3.46 – SEM micrographs showing the diﬀerence in catalyst
deformation as thickness increases for catalysts with same geometry
but with diﬀerent thicknesses of 51 nm, 64 nm, 79 nm, and 92 nm. For
these structures the center diameter was 4 µm, arm length was 2.25
µm, and all catalysts had four arms. (a) The 51 nm thick catalyst
bends with 4-fold symmetry; (b) the 64 nm catalyst bends with 4-fold
symmetry but the deformation is reduced as evidenced by the lower
amount of shadowing in the deformed region; (c) the 79 nm catalyst
transitions to bending with 2-fold symmetry and starts to show reduced
rotation constancy; (d) 92 nm catalyst bends with 2-fold symmetry and
shows even less catalyst deformation as evidenced by the visibility of
the deformation side arms. All scale bars are set to 1 µm as designated
in (a).

131

The number of arms on the catalyst also plays a role establishing rotation direction.
Figure 3.46 (p. 131) shows representative SEM micrographs of star structures as the number
of arms increases from 1 to 7 with the center core diameter and arm length kept at 4 µm
and 2 µm respectively while the thickness was measured at 51 nm, 65 nm, 79 nm, and
92 nm. The ratio of CCW rotations to total number of catalysts (25) is detailed in the
upper-right corner of each SEM micrograph and this data is further summarized in Figure
3.48 (p. 134), which graphs the % CCW rotation versus the number of arms for each
catalyst thickness. These graphs clearly illustrate the influence that catalyst geometry plays
in determining rotation direction with three and four arm catalysts maintaining the correct
geometric configuration for consistent CCW rotation for all but the 94 nm thick catalysts.
The importance of catalyst deformation is also highlighted in the trend toward a 50/50 split
in rotation direction as the thickness of the catalyst increases and the amount of deformation
decreases.
It is important to note that low CCW numbers below five are typically seen in catalyst
geometries that did not exhibit any rotation, such as the 1 arm catalysts or for thin catalysts
the experienced extensive deformation as extensively seen for the 51 nm and 64 nm catalysts
in Figure 3.46 (p. 131). These thin catalysts quickly collapses into a “ball shape” with very
short arms that buckle instead of transferring torque to the center structure in a manner
that induces rotation. Higher magnification SEM micrographs of the 3 and 4 arm catalysts
shown in Figure 3.49 (p. 135) better illustrate the deformation modes of these outliers. It
is clear that this geometry shows excellent control over rotation direction due to the fact
that the deformation mode largely maintains the protrusion geometry in a manner that
properly transfers the torque necessary for rotation. There is also a marked transition in
the deformation symmetry at 79 nm thick catalysts. The deformation symmetry of thinner
catalysts matches the symmetry of the catalyst itself while thicker catalysts exhibit 2-fold
symmetry that is largely independent of catalyst shape and thus reduces the ability to
control the direction of rotation from catalyst shape alone.
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Figure 3.47 – SEM micrographs showing the diﬀerence in catalyst
deformation as the number of arms varies from 1 to 7 for 51, 64, 79,
and 92 nm thick catalysts. Each catalyst geometry was repeated in a 5
⇥ 5 array and the number of CCW rotation is designated in the upper
right corner of each image. It is important to note that low CCW
numbers below five are typically seen in catalyst geometries that did
not exhibit any rotation. All scale bars are set to 2 µm as designated
in the top-left figure.
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Figure 3.48 – Graph showing the % CCW rotation as a function of
the number of arms and the catalyst thickness. Notice that 2 arms is
the minimum number to induce rotation and that three or four arms
gives the best results across the widest number of catalyst thicknesses.
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Figure 3.49 – Higher magnification SEM micrographs showing the
diﬀerence in catalyst deformation for 3 and 4 arm catalyst. Notice
that the deformation symmetry changes from one that matches shape
of the catalyst to 2-fold symmetry for the thicker 79 and 92 nm thick
catalysts. All scale bars are set to 2 µm as designated in the top-left
figure.
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From the images in Figure 3.46 (p. 131) one can conclude that catalyst thickness and
the number of arms plays an important role in determining rotation direction. However, it
is important to also examine the role of center core diameter and arm length. The graphs
in Figure 3.50 (p. 137) plot the % CCW rotation for the 4 ⇥ 4 arrays of curved and

straight arm catalysts . The center core diameter was varied from 2.0 to 4.0 µm with 0.5 µm
increments while the arm length was set to 1.50 and 2.25 µm. As with earlier trends, the
rotational controllability increases decreasing thickness; however, this data shows that the
controllability also increases with increasing center diameter for curved catalyst arms while
straight catalyst arms show a sharp decrease in controllability at 4.0 µm.
The data presented in this section is intended as a guide for those seeking to develop
chiral structures. As such, I would recommend 4 armed catalysts with center diameters of
3.0 - 3.5 µm and arm lengths on the order of 1.0 - 2.5 µm for anyone starting out. However,
this type of structure is 15 times too large for photonic devices operating over the visible
spectrum and studies are needed to identify the correct geometry and etchant compositions
for smaller catalysts. A number of smaller catalysts were included in earlier experiments
and were found to either show poorer control over rotation direction, i.e. a 50/50 split, or
tended to etch sloping paths instead of vertical paths with rotation. This lack of control is
attributed to two diﬀerent eﬀects. First, smaller catalysts will deform less during etching
and a thinner catalyst may be needed to induce controlled rotation. Second, the high [HF]
and [H2 O2 ] used in this study lead to extremely fast etch rates along the peripheral of
the catalyst, which can easily lead to localized non-uniformities in the etching path. As
such, future work will examine the role of etchant composition in both ⇢ and dilution along
with changing the catalyst from Au to Ag to slow down the etching rate. These studies
will provide a broader picture of MaCE in general while establishing a better set of design
principles for 3D nanofabrication in MaCE.
Chiral nanostructures can still be readily fabricated using MaCE even though the parameters to control the rotation direction for sub-micron wide catalysts are still under investigation. Figure 3.50 (p. 137) demonstrates how a larger catalyst structure can be patterned
with holes to create chiral, coaxial nanostructures by taking advantage of the stability found
in larger catalyst structures.
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Figure 3.50 – Graph showing the % CCW rotation as a function of
the center core diameter, arm length, and catalyst arm shape for 51, 64,
79, and 92 nm thick catalysts with 4 arms. Notice that the curved arms
typically perform better than straight arms and that the larger center
core diameter improves the stability of the catalysts. The diﬀerence in
arm length is relatively minor.
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Figure 3.51 – SEM micrographs showing 3D coaxial chiral nanostructures fabricated using MaCE.
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3.8

Electroless Filling of 3D MaCE Templates

a

b

1 µm

4 µm

Figure 3.52 – SEM micrographs exampling electroless filling of Pd
into MaCE templates of spiraling star structures
People often make holes just to fill them. For example, the Thru-Silicon-Vias (TSV) for
3D packaging of electronic circuits need to be filled with metal to serve as electrical interconnects, while waveguides etched into SiO2 for photonic devices are often filled with
silver to enhance device performance. However, the small size and high aspect ratio of these
structures can make filling them diﬃcult as evaporation and sputtering processes are not
well suited for filling high aspect ratio structures, and electroless filling is challenging as the
vertical deposition rate must be significantly larger than the lateral deposition rate to avoid
problems with voiding. While scientists can and do fill these structures, the process can be
quite laborious as each device might require a slightly diﬀerent deposition conditions. As
such a template manufacture process that is enables the bottom up filling of 1D, 2D, and
3D templates would have a wide variety of applications.
It is important to remember that, in MaCE, the metal catalyst travels with the etching
front. This traveling catalyst not only enables 3D nanofabrication as detailed in Chapter
2, but it also enables facile, void-free filling of 3D templates by using the metal catalyst
remaining at the bottom of the etched structure as a seed layer for the bottom-up electroless
deposition of metal. This process avoids voiding complications caused by lateral pinchoﬀ because the metal is electroless deposited solely from seed layer at the bottom. This
enables the filling of blind vias not attached to a metal seed plane. A schematic and SEM
micrographs of this process are shown in Figure 3.53 (p. 141) and begins by depositing a
catalyst structure and then etching a template into the silicon using MaCE. Next the metal
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catalyst remaining at the bottom of the template is used as a seed layer for the bottom-up
filling of metal through electroless filling. Then a transfer substrate is deposited using ebeam evaporation followed by removal from the silicon template using TMAH (25 wt% in
water at 80˚C) to leave behind a fully 3D structure that follows the shape of the original 3D
MaCE template. This process was found to be extremely fast and presents a new method
to create metallic 3D micron to nano-sized structures.

140

a

Deposit Catalyst
MaCE
Electroless Pd
Au and polyimide
transfer substrate
Dissolve silicon
template
b

c

1 µm

d

e

Figure 3.53 – Schematic and SEM micrographs showing electroless
filling process. First a catalyst is deposited on the silicon substrate
followed by MaCE to form a 3D template. Next Pd is electrolessly deposited from the bottom-up using the MaCE catalyst as the seed. Next
a transfer substrate is deposited on top and then the silicon template
is removed.
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Experimental Procedure: A detailed experimental procedure can be found in Appendix
B.11 (p. 225). Many of the electroless Pd samples came from samples used in Section 3.7 (p.
122), Controlling Spiral Direction. In short, star-shaped catalysts deposited using the same
EBL process as detailed in Section 3.7 (p. 122) and after etching, the samples were imaged
using the LEO 1550 SEM and then set in a drawer from 3 – 5 months until the electroless
Pd process was perfected.
The electroless Pd process used a commercial plating solution manufactured by Atotech
supplied by Dr. Sundaram of the Packaging Research Center at the Georgia Institute of
Technology and administered by Chinmay Honrao of Dr. Sundaram’s group. The process
consisted of three sequential baths including a 4 minute pre-dip at 50˚C, a 4 minute activator
at 30 ˚C, and then a 1.25 hour Pd deposition bath at 55 ˚C with the path depositing at
3 µm/hr for an target thickness of 4 µm.

e

The samples were dried using N2 and then an Au transfer substrate was deposited
using e-beam evaporation using either Pd or Ti as the adhesion layer. Pd was found to be
the preferred adhesion layer because its lower adhesion to silicon allows for faster template
removal. The MaCE formed Si templates were removed by dissolving the silicon in a 25 wt%
solution of TMAH in water at 80 ˚C for either one hour for samples with the Pd adhesion
layer or 24 hours for samples with the Ti adhesion layer (See Appendix B.11 (p. 225) for
more details). The samples were then carefully rinsed in DI water and then allowed to dry
for one hour in air at 60 ˚C. The samples were then imaged using a LEO 1550 SEM using
both the in-lens and SE2 detectors with the stage tilted at 0˚ to measure the final rotation
angle or 45˚to measure the etching depth.
A note for future processing optimizations; if a metal base plane is allowable/desirable,
then I would recommend over filling the Pd by at least 4 microns followed by a quick DC
sputter coat to deposit an Au seed layer across the top surface of the silicon template and
then another 1 – 2 hours worth of electroless Pd deposition. The overfilling will ensure that
the molded structures are fully bonded to one another while the DC sputter coat of Au
will ensure that a thick layer of Pd is conformally deposited between the 3D templates and
the silicon. The second electroless Pd step will form a thicker substrate for easier handling
as the 2.5 µm of e-beam evaporated Au both failed to conformally coat the structures and
proved to be too thin to handle without damaging some of the arrays.
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Results: The SEM micrographs in Figure 3.54 (p. 145) show the resulting Pd 3D structures for four and five arm spiraling star catalysts. The micrographs on the left used an
In-Lens detector for higher feature resolution while the micrographs on the right show the
same Pd structure imaged with the SE2 detector, which results in “shadowing” eﬀects that
emphasize the 3D nature of the structure and aid in visualization. This set of images clearly
illustrates the capabilities of MaCE combined with electroless filling. By using the remnant
MaCE catalyst as a seed, I am able to fill the 3D template manufactured using MaCE from
the bottom up in a manner the preserves the structure of the template. The resulting 3D
Pd structure is nearly void-free (along the peripheral at least).
Another huge advantage of the electroless filling process is that it allows one to examine
the complete etching path of the catalyst. For example, the prior post-etch SEM images
presented throughout this work were all top-down images and could only examine those
features exposed to the electron beam. However, by electrolessly filling the MaCE templates,
we can now visualize the entire etch path. For example, the four catalysts Figure 3.54 (p.
145) show that the spiraling process stops after e 90˚ rotation or e 1 µm of vertical etching.
The top-down images of the etch structure detailed in Section 3.7 (p. 122), could only

discern the initial rotation and rarely revealed the halting of this rotation. Also, by tilting
the sample in the SEM to a known angle, i.e. 45˚, it is possible to quickly measure the etch
depth across a large array to determine if and how geometry eﬀects the etch rate. A set of
4000 catalyst samples were measured for the 92 nm thick, curved arm sample detailed in
Section 3.7 and found that the etch depth was e 2 ± 0.2 µm with an etch rate of 6.7 nm/sec

and was largely independent of center core diameter, number of arms, and arm length. This
result is not entirely unexpected given that the core diameter ranged from 2.0 – 4.0 µm and
the etch rate model developed by Rykaczewski flattens out at around 7 nm/sec for structures
with a characteristic length larger than 300 nm.97
Angle measurements were taken from 9600 Pd structures fabricated from the 92 nm thick
catalysts with core diameters ranging from 2.0 – 4.0 µm. The arm length varied at 1.5 and
2.25 µm while the number of arms were varied from three to five. This data is summarized
in the histograms of Figures 3.56 and 3.57 (p. 147, 148). Figure 3.56 shows the measured
angles with negative values equivalent to CCW rotation toward the long-edge of the catalyst
arms as in Section 3.7 while Figure 3.57 shows the absolute angles. As expected, the 92
nm thick catalyst shows a bimodal distribution in rotation angle. Interestingly, the rotation
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angle varies with center core diameter with larger diameters leading to both smaller angles
and a tighter distribution. This eﬀect is easier to see in histograms of the absolute angle
given in Figure 3.57.
The median absolute rotation angle versus center core diameter was plotted for the
various geometries of the three arm (red circle), four arm (blue triangle), and five arm
(green square) catalysts in Figure 3.58 (p. 149). The top and bottom rows separate the
straight versus curved arms with the left and right columns separate the 1.50 µm and 2.25
µm arm lengths. The linear fit for each set of arm data is listed in the bottom left corner
of each graph and is also listed in Table 3.6 (p. 150). It is important to note that the
data points were shifted 0.03 µm about the actual core diameter to aid visualization while
the actual center core diameter was used in the linear fit. From this data it is clear that
the rotation angle decreases linearly with increasing core diameter with relatively consistent
slopes and intercepts for all but the catalysts with three arms. There also appears to be
some change in slope as the arm length varies; however, no trends can be discerned as only
two arm lengths were tested.
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a

b

1 µm

c

d

Figure 3.54 – SEM micrographs taken with the In-Lens (left column)
and SE2 (right column) detectors showing 3D structures formed by
electrolessly filling 3D templates formed using MaCE. (a-b) four arm
catalyst; (c-d) five arm catalyst. The In-Lens detector was used for
higher feature resolution while the SE2 detector results in “shadowing”
eﬀects that emphasize the 3D structure for easier visualization.
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2 µm

Figure 3.55 – Example top-down SEM micrographs of five arm Pd
structures taken with the In-Lens detector used to measure the rotation
angle of the MaCE catalysts for various geometries.
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Figure 3.56 – Histograms for straight arm (left columns, red) and
curved arm (right columns, blue) of the rotation angle for various catalyst geometries but all 92 nm thick. Each column is divided into three
sub-columns for the three, four, and five arm catalysts. There are five
rows, one for each center core diameter, with each of these rows subdivided into arm length as listed on the left of the columns. Negative
rotation angles correlate with CCW rotation toward the long-side of
the catalyst arms. Notice the bimodal distribution typical of a thicker
catalysts and also that the rotation angle decreases with increasing
thickness. Straight arms show slightly better constancy. Note that all
bins are 10˚ in size.
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Figure 3.57 – Histograms for straight arm (left columns, red) and
curved arm (right columns, blue) of the absolute rotation angle for
various catalyst geometries but all 92 nm thick with the same configuration as Figure 3.56 (p. 147). Examining the absolute angles
reinforces the trend that larger center core diameter decreases rotation
angle with curved arms showing a tighter distribution. All bins are
10˚ in size.
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Figure 3.58 – Graphs of median absolute rotation angle as a function
of center core diameter for three arm (red circles), four arm (blue triangles), and five arm (green squares) catalysts. The top row shows the
results for straight arm catalysts while the bottom row is for curved
arm catalysts. The columns are separated by arm lengths: 1.50 µm
(left) and 2.25 µm (right). A linear fit of median rotation angle versus
center core diameter for each set of arms is given in the bottom left corner of the graphs. Notice that the slopes and intercepts are relatively
consistent within each graph except for the three arm catalysts, which
showed more erratic etching. *2.0 diameter, three arm catalyst was
removed from the fit in graph c because only three catalysts actually
etched .
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4.0

Table 3.6 – Table of slope and angle intercepts for rotation angle
versus center core diameter.
Straight Arm

Curved Arm

Arm
Length

Number
of Arms

Slope

Intercept

Slope

Intercept

[µm]

[-]

[˚/µm]

[˚]

[˚/µm]

[˚]

1.5

3

-36.9

176

-33.6

157

1.5

4

-35.8

177

-31.8

157

1.5

5

-38.4

188

-35.8

176

2.25

3

-42.7

196

-22.8

122

2.25

4

-17.2

124

-32.6

152

2.25

5

-16.1

118

-34.2

161
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While the arm lengths were not tested in a systematic manner for this particular experiment, I did try a few variations to show that short arms on wide structures do not induce
very much rotation as shown in Figure 3.59 (p. 152). Future tests will examine the role
of arm length, center core diameter, and number of arms in greater detail now that the
electroless Pd filling enables rapid and systematic analysis of these types of structures.
Another benefit of electroless deposition into MaCE templates is that it allows one to
examine the distorted catalysts structure. For example, the SEM micrographs in Figure
3.60 (p. 153) illustrate the consistency in catalyst distortion when the geometry is kept
the same. It is also clear from these images that the four arm catalysts bend with 2-fold
symmetry as discussed in Section 3.7.
The last point I would like to make is that the electroless Pd conforms to silicon template.
As such, any nanostructure remnants within the silicon template will end up as holes within
the electroless Pd structure. This is well exampled by the coaxial, spiraling structures shown
in Figure 3.61 (p. 154). Here, a silicon template with four, 50 nm wide spiraling pillars was
filled with Pd. The resulting Pd structure (Figure 3.61B & C), retain the small coaxial
nanostructures as voids within the large Pd structure. The combination of MaCE with
bottom-up electroless filling enables the rapid fabrication of complex, coaxial geometry in a
simple and facile manner. Future tests will focus on developing these types of structures for
photonic applications.
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a

500 nm

b

500 nm

c

500 nm

Figure 3.59 – SEM micrographs of two, three, and ten arm catalysts
with (a) two arm, 1 µm center; (b) three arm, 1 µm center; (c) ten arm,
5 µm center. Notice that the 10 arm catalyst with short arms shows
almost no rotation despite having an eﬀectively larger torque due to
the larger center core diameter and increased number of arms.
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a

b

1 µm

c

4 µm

d

3 µm

4 µm

Figure 3.60 – SEM micrographs four arm catalysts taken with the
In-Lens (top row) and the SE2 detector (bottom row) showing how the
four arm, 92 nm thick catalyst deforms during MaCE along with the
resulting etch path.
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a

500 nm

b

1 µm

c

200 nm

Figure 3.61 – SEM micrographs of (a) 3D co-axial spiraling structures
in Si template; (b&c) holes within electroless Pd showing structure
showing that 3D nanostructure can be fabricated using MaCE silicon
template and electroless filling
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Chapter 4

MOTILITY OF CATALYSTS IN METAL-ASSISTED CHEMICAL
ETCHING

The primary goal of this research is to elevate MaCE from a novel, fledgling idea into a
robust nanofabrication technology with well established processes and defined mechanisms.
As such, it is important to understand the underlying cause of catalyst motion so that
structures can be designed to travel in pre-defined directions. Unfortunately, no model that
explains and describes catalyst motion in MaCE has been developed to date. However,
the 0.4 – 0.6 MPa pressure gradients calculated from the out-of-plane rotating catalysts in
Section 3.5.4 (p. 103) establishes a baseline for discussing which forces may play a part
in MaCE. The following section will compare these results with the forces in other selfassembly/folding techniques, such as Brownian Motion, internal stresses within the e-beam
evaporated catalysts, grain coalescence, van der Waals and other DVLO modeled forces,
along with other likely forces such as electrophoresis of the first and second kind.
Ultimately, this section will show that DVLO encompassed forces could easily be responsible for catalyst motion with support from both literature and AFM force-distance
measurements in representative systems. However, it is worth noting that despite the limited evidence I will present against electrophoresis, the extreme non-linearities associated
with electrophoretic phenomena mean that models of electrophoretic forces can be dramatically changed over 4 – 6 orders of magnitude with very small changes in key parameters
such as the cross-section that ions flow through, the conductivity of the double layer, etc.,
with some models agreeing well with my 0.4 – 0.6 MPa results while others showing the
electrophoresis would only produce 2 Pa at low etch rates. As such, it is important to note
that, while an electrophoretic model does not appear to fit MaCE, the work presented here
cannot entirely rule out that electrophoresis may play a role in catalyst motion.
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4.1

Forces that are not Driving Forces for Catalyst Motion

Certain phenomena can be ruled out rather quickly. For example, research by myself and others has shown that gravity is not the dominate driving force for catalyst motion14, 39, 41, 46, 99
and would only impart

e2

Pa of pressure for the thin EBL patterned catalysts used in this

research; this is 5 orders of magnitude smaller than the pressure needed to torsionally distort
the out-of-plane rotating catalysts.
Brownian motion can be ruled out because the out-of-plane catalysts did not move in a
random direction; rather, all the catalysts rotate about the −x axis. Brownian motion also
does not fit with the extensive results of others which show the catalyst continually etching
in one direction.49, 122
Although the internal stresses within Au thin films immediately after e-beam evaporation
can be on the order of 10 MPa1 and could potentially be responsible for twisting the catalyst,
it does not appear that the internal stresses could be responsible for MACE catalyst motion
for a number of reasons. First, these forces are negligibly small in nanoparticles and Ag
nanorods detailed in Section 3.2 (p. 49) and cannot explain the cycloid and random etch
paths of unconstrained catalyst reported by others and myself.14, 41, 43 Second, the samples
were held at 80 °C for 24 hours during the lift-oﬀ process, which is long enough for the Au
layer to relax to low internal stresses.1
Grain coalescence forces are widely utilized to fabricate self-folding and curved 3D nanostructures and are capable of deforming metallic thin films.65, 111 However, the environment
necessary to drive grain coalescence based folding is dramatically diﬀerent from MaCE and
the catalyst deformation due to temperature gradients caused by the MaCE H2 O2 reduction and Si oxidation reactions. As such, grain coalescence can be ruled out given the low
temperature the low temperature, low energy environment of MACE as compared to highly
energetic plasma environment used in self-folding and rolling structures produced via Sn
coalescence under O2 and CF4 plasma.65, 111
This leaves electrophoresis along with the van der Waals and double layer forces encompassed by DVLO theory. The electrophoretic model is based around the work established
by Paxton et al. on the autocatalytic motion of striped Pt/Au nanorods in H2 O2 solutions
along with calculations of a theoretical pressure gradient that would be experienced by a
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round catalyst particle with an ionic flux established by the current density calculations detailed earlier in Section 3.1.1 (Figure 3.4, p. 38). In contrast, the DVLO model is based upon
Force-Displacement measurements between an Au or Pd tip and an Si of SiO2 substrate in
solutions that mimic a ⇢ = 9013.8 etchant solution. These results do not rely heavily on
extrapolated theoretical models, but rather, directly shows that DVLO encompassed forces
can easily provide upwards of 18 MPa of pressure when the catalyst is within 4 nm of the
substrate surface. As the following sections will show, the DVLO model fits a wider range
of etching conditions and experimental attempts to control etching direction based upon
electrophoretic principles failed to yield expected results.
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4.2

Electrophoresis

Electrophoretic phenomena could possibly drive catalyst motion. Recently, Peng et al.
proposed that electrophoresis could be responsible for the motility of Ag nanoparticles in
MaCE,90 citing the work by Paxton et al on the self-propulsion and electrophoresis of striped
Pt/Au nanorods in H2 O2 solutions.80, 81, 83 In Paxton’s system, the H2 O2 is reduced on the
Au while oxidized on the Pt end of the striped nanorods, which creates both a [H+ ] gradient
and a large electric-field gradient that drives the catalyst toward the Pt end of the nanorods
through electrophoresis. The 2006 paper by Paxton also re-examined whether surface tension
could be responsible for catalyst motion and found that electrophoresis is still the most likely
cause for catalyst motion.80, 82, 84 From these papers it was found that the force on the 2
mm long, striped nanorods is

e 72

mN/m or 0.14 mN over the length the striped nanorods.

This force translates to a pressure gradient of 38,000 Pa, which is only one to two orders of
magnitude lower than our calculated pressures.
While Paxton did a thorough job justifying the use electrophoresis as a model for the selfinduced catalytic motion of striped Pt/Au nanorods in H2 O2 solutions, Peng did little more
than notice that both Paxton’s striped Pt/Au nanorods and MaCE share a similar chemical
configuration, i.e. anodic reactions on one side of a catalyst produce H+ ions while a cathodic
reaction on the other side consumes them. Peng did not conduct any actual experiment
examining the hypothesis nor provide calculations based upon electrophoretic models. As
such, it is necessary to first examine the basics of electrophoresis and then Paxton’s model for
electrophoretic based autocatalytic motion before applying an electrophoretic model to the
MaCE. The end result of this analysis will show that, while electrophoresis at a fundamental
level has the potential to induce catalyst motion in MaCE, a number of key environmental
parameters show that the model breaks down under the MaCE compositions used in this
research and by others.
Electrophoresis of the first kind, or traditional electrophoresis, is an electrokinetic phenomena that the describes the motion of charged particles relative to a fluid while under
the influence of an electric field and was first noted in 1807 by Reuss when observing clay
particles move in an electric field while dispersed in water22, 93 While, at first glance, it
seems intuitive that a charged particle would move under the influence of an electric field,
the actual phenomena is quite surprising once one recognizes that the charge on a particle
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is quickly screened by a double layer that forms in any ionic fluid. Thus, there should be no
net charge for a control volume of suﬃcient size, i.e. greater than the double layer round
the particle, and without a net charge, the electric field should not cause a net force on the
particle. However, it is important to remember that the particle and the fluid are not point
charges and are separated over the length of the double layer. The electric field actually distorts the double layer and transfers an electrostatic force from the surrounding fluid to the
particle through shear stresses. Figure 4.1 (p. 159) shows the basic process and the readers
are pointed to the work by Anderson2 and Dukhin et al. for more in-depth discussion on
the topic.26, 27
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Figure 4.1 – Schematic showing electrophoresis forces as ions surrounding a charged particle transfer an electrostatic force caused by
the Electric Field to the charged particle through shear stress.2
Traditional electrophoresis describes the motion of a charged particle suspended in a
fluid while under the influence of an external electric field that induces ion motion and
distortion of the electric double layer surrounding the charged particle. The induced ion
motion results in a net force on the particle leading to particle motion with a velocity that
scales linearly with the magnitude of the electric field as described by the Hückel50 where
the viscous force per unit area, Fh , on the particle can be described by:

Fh = ⌘

U
 1
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(4.1)

where ⌘ is the viscosity of the fluid, U is the bulk velocity, and 

1

is the Debye Length as

described by:

1/d

==

N
X
1
zi e 2 n 1
i
"r "o kT
i=1

!1/2

(4.2)

where, "r and "o are the relative and vacuum permittivity, k is the Boltzmann constant, T
is the temperature in Kelvins, zi is the charge on species i and ni is the number of species
per unit volume. As detailed by Hückel, the velocity as a function of the electrophoretic
mobility, µ, and the electric field, Ek is given by:
U = µ · Ek

(4.3)

where µ depends on the permittivity and viscosity of the solution, zeta potential, ⇣, of the
particle, and a shape correction, f (a) is a geometric shape factor that ranges from 2/3 to
1. The electrophoretic mobility and bulk particle velocity can be described by:
"r "o
⇣ · f (a)
⌘

(4.4)

"r "o
⇣ · f (a) · Ek
⌘

(4.5)

µ=

U=

in total, the shear stress along the edge of the catalyst is the same as Fh and is given by:

F =⌘

U
"r "o
=
⇣ · Ek · f (a)
1



(4.6)

this equation shows that there is a linear relationship between the strength of the electric field
and velocity and subsequent shear on the particle. Traditionally, electrophoretic phenomena
relies on an external electric field to induce particle motion. However, studies into on the
transport of ions within cellular systems have shown a self-induced electric field can create
a flow of ions that propel the cell.2, 60 Building upon this idea, Paxton et al. showed
that a conducting colloidal particle that catalyzes an oxidation reaction on one side and
an reduction reaction on the other end would generate is own ion gradient with a resulting
electric field that induces particle motion in a manner that follows an electrophoretic model
as shown in Figure 4.4a (p. 165). It is important to notice that no external electric field is
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used in Paxton’s system, but rather, an extremely strong electric field is generated across
the length of the nanorod due to the diﬀerence in conductivity experienced by the electrons
(e– ) traveling down the nanorod as compared to the H+ ions traveling through the double
layer outside of the particle. Since the next flow of electrons and hydrogen ions will be equal
under steady state conditions, the current density can be described J = ie /Af lux where
Af lux is the cross-sectional area through which the electrons or ions flow. This area for the
electron flux is the cross-sectional area of the nanorod and the ion flux primarily occurs
within the double layer surrounding the particle as shown in Figure 4.4 (p. 165).
The electric field, E, can then be estimated from Ohm’s Law, E = J/ , where

is the

conductivity of the transport medium. While the conductivity of the particle is extremely
high, >105 S-m-1 , the double layer conducivity can me must smaller, < 105 S-m-1 . This
means that the electric field established by the particle double layer can be up to 1010 greater
than that in the particle itself. As such, Paxton found that the velocity of the striped
nanorods can be by:

U=

"r "o
J +
⇣ · f (a) · M d
⌘
K

where JM + is the ionic current density and K

d

(4.7)

is the conductivity of the electric double

layer as described by the Bikerman Equation. At first glance, this model seems to fit
MaCE, for example, MaCE has a set of paired redox reactions separated by a metal catalyst
as illustrated by Peng in Figure 4.4b90 and current density calculations from Section 3.1 (p.
36) upwards of 4 orders of magnitude higher than the 5 ⇥ 10-4 mA/cm2 current density
Paxton calculated for the Pt/Au striped nanorods. However, the conductivity of the MaCE
etchant is dramatically diﬀerent from the conductivity the H2 O2 solution used by Paxton.
As expressed in Equation 4.7, the force and velocity on the particle is inversely proportional
to the conductivity within the electric double layer and Paxton has shown that the addition
of small amounts sodium nitrate to the H2 O2 solution drops the particle velocity from 20
µm/sec to the level of Browian motion. As such, while the current density of MaCE may
be 4 orders of magnitude larger, the conductivity of a ⇢ = 9013.8 with [H2 O] = 42.5 M
is correspondingly 6 orders of magnitude larger and calculations show that the expected
pressure gradient from electrophoresis for a MaCE particle is on the order of 100 – 10,000
Pa. It is important to note that catalysts such at Pt and Pd, are capable of producing much
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higher current densities and could potentially be large enough to enable catalyst motion
through electrophoresis.
The EBID process used as a maskless lithography process outline in Section 3.1.4 (p. 42)
was used to test electrophoresis by depositing a thin layer of carbon on half of the top side
of catalysts. A basic schematic is shown in Figure 4.2 (p. 163) where an array of dog-bone
shaped catalysts are first patterned using EBL processes and then selective areas of each
catalyst are coated with EBID grown carbon to locally block the H2 O2 reduction reaction.
The top two rows were coated in the +Y side while to bottom two rows are coated on the -Y
side. In an electrophoretic model, the catalyst should etch toward the carbon coated side as
the [H+ ] should be higher. However, all of the catalyst etch the same direction, toward the
top of the image. Large structures were also tested and no correlation was found between
the carbon coating and the etching direction.
The uniform etching direction of these structures is particularly interesting and could be
caused the diﬀerence in catalyst composition along the edges of the catalyst. Specifically,
due to shadowing eﬀects between the electron resist and the evaporation, a layer of the Ti
adhesion layer will coat one side of the resist prior to Au deposition. As a result, one set
of edges on the catalyst structure will be Ti terminated while the other will be terminated
in Au as illustrated in Figure 4.3a (p. (4.3)). A last-minute test was conducted to examine
if these shadowing eﬀects from the mask play a role in determining the direction of MaCE
by purposely tilting two samples diﬀerent directions while in the e-beam evaporator and
the etching them for 10 minutes in a ⇢ = 90 etchant solution without any dilute HF pretreatment. As shown in Figure 4.3b-c, the catalysts always etched in the direction of the
the Ti edge. The exact cause of this motion is not known at this time. It could be that the
Ti edge remains in contact with the silicon due to the slight increase in thickness at this
side, pulling the Ti side of the catalyst into the substrate through DVLO forces. Another
potential cause is that the diﬀerence in catalytic H2 O2 reduction between the Ti and Au
edges induces an electric field gradient across the catalyst and electrophoresis does come
into play. One way to diﬀerentiate between these phenomena would be to test the same
catalyst structure with a Pt adhesion layer, this type of catalyst stack would show reversed
H2 O2 catalytic roles and the catalyst would be expected to etch in the opposite direction
if the electrophoretic model were true. Unfortunately, not enough catalysts survived the
lift-oﬀ step and the lift-oﬀ process using the Pt adhesion layer needs to be improved for
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statistically meaningful results.
a

Expected
Electrophoretic
Direction

Gold

Carbon
Coated Gold

b

Actual
Direction

5 µm

Figure 4.2 – Schematic and SEM micrographs results showing the
experimental set up to test the electrophoretic model. (a) dog-bone
shaped catalyst were fabricated using EBL and then a layer of EBID
carbon was grown on half of each catalysts to locally block the H2 O2
reduction along half of the catalyst structure. Notice that the top two
rows are coated on the +Y side while to bottom two rows are coated on
the -Y side. In an electrophoretic model, this might cause the catalysts
to etch in opposite directions. (b) SEM images showing all the catalyst
traveling the same direction.
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A

B - etch in +Y

C - etch in -Y

Deposit Catalyst
with different tilts

Lift-off

Etch

Figure 4.3 – Schematic and optical microscope images showing that
dog-bone shaped catalyst etch in the direction of the shadow created
lip on the catalyst.
While the majority of my research uses highly concentrated etchant with highly active
catalysts, the etch rate of Ag catalyst in an etchant composition with low [H2 O2 ] can be
less than a nm/min with current densities on the order of 5 µA/cm2 yet with conductivities
still 6 orders of magnitude greater than those seen in Paxton’s work. Even with extremely
generous assumptions for the conductivity, the calculated electrophoretic pressure gradients
would be on the order of 2 – 10 Pa. While this pressure gradient can indeed drive the
catalyst, as the next section will show, it is 7 orders of magnitude lower than standard
DVLO encompassed forces.
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a

b

Pt/Au electrophoresis

MaCE electrophoresis

Figure 1. A schematic illustrating self-electrophoresis. Hydrogen peroxide

c

Figure 4.4 – Schematic showing electrophoretic induced autocatalytic
motion of (a) striped Pt/Au nanorods as described by Paxton et al.80
and (b) Ag nanoparticle motion in MaCE as proposed by Peng et al..90
In both systems the particle is driven toward the anodic reaction, where
H+ ions are generated, by the flow of these ions toward the cathodic
H2 O2 reduction where electrons (e– ) and H+ ions are consumed; (c)
schematic showing cross section of H+ ions flowing along the length of
the striped Pt/Au nanorod.80
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4.3

DVLO Encompassed Forces

While an electrophoretic model is promising, it does not appear to be a robust enough
model to cover the entire MaCE parameter space and other competing forces exist with the
potential to drive catalyst motion. As mentioned in the previous section, at low etch rates
the calculated pressure gradient of an electrophoretic force is on the order of 2 - 10 Pa.
This is an extremely small pressure gradient and cannot compete with the upwards of 18
MPa of pressure that DVLO encompassed forces, such as van der Waals and electrostatic
interaction, can create when a silicon and metal particle are brought to within 4 nm of
each other. This section presents a set Force-Displacement data between an Au or Pd tip
and a silicon or silicon oxide substrate immersed in one of three solutions: 1) DI water; 2)
dilute HCl with the same pH as the ⇢ = 9013.8 etchant solution widely used through this
text; and 3) a dilute HF mixed with HCl. This data will show that pull-on forces between
an Au tip and silicon substrate can be in excess of 20 MPa, a value that agrees well with
literature. Based upon these measurements I am proposing DVLO encompassed forces as a
new mechanism for catalyst motion in MaCE. This model is relatively straight forward and
the readers are pointed to Cappella’s Force-distance curves by atomic force microscopy 9 for
a thorough treatise on the subject.
Experimental Procedures: A detailed experimental procedure can be found in Appendix B.12 (p. 228). In short three diﬀerent fluids were tested. A dilute HCl solution with
a measured pH of 0.62 to match the pH of a ⇢ = 9013.8 , [H2 O] = 42.5 M etchant solution,
the same dilute HCl solution with HF added to 1 wt%, and DI water. All solutions were
made using DI water with a measured resistivity of 1 M⌦. Note that the resistivity of the
DI water was originally measured at 15.5 M⌦ at the source but the resistivity was reduced
to 1 M⌦ after stored in a glass container for up to two days.
Two substrates were tested, a silicon substrate and a SiO2 on silicon substrate. The
silicon substrates consisted of 10 ⇥ 30 mm2 pieces of silicon scribed from a 100 mm diameter,

p-type, 1–5 W-cm (100) silicon purchased from UltraSil. The substrates were maintained in
the cleanroom until use. To measure the force-displacement curves between SiO2 and the
AFM tips a 107 nm thick thermal oxide was grown on the same silicon wafers as above using
dry O2 at 1100 ˚C for four hours. As the wafer was prepared well before use, the substrate
was cleaned for 10 minutes in a 200 W O2 plasma and then 10 ⇥ 30 mm2 samples were
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scribed from the 100 mm wafer for use.
The two substrates were tested because a thin layer of SiO2 can form between the
MaCE catalyst and silicon substrate when the hole (h+ ) injection currents exceed the silicon
dissolution rate and Si is oxidized to SiO2 by H2 O faster than the HF can consume the holes
(h+ ) at the Si/HF interface. As such, it is important to also test the interaction forces
between not only silicon and the metal, but also SiO2 and the metal. Three diﬀerent fluids
were tested to span the surface conditions that a metal catalyst would see at low etch rate,
high pH conditions. The dilute HCl was used to match the pH of the a concentrated ⇢ =
9013.8 etchant solution without exposing the AFM to the extremely harsh and potentially
damaging HF vapor. However, the HCl solution will not inhibit the formation of a native
oxide on the silicon substrate, which would not properly mimic a ⇢ = 9013.8 etchant at a slow
etch rate. To more accurately simulate the target environment, a dilute HCl:HF solution
was made using a 1 wt% HF solution. This solution was found to remove any native oxide
and prevent its reformation.
NPG-10 tips coated top and bottom with Cr/Au (10 nm, 40 nm) were purchased from
Burker and used as received. The radius of the tips were consistently 30 ± 2 nm and the

contact radius was conservatively estimated using a Hertzian model at 2 nm.9 The cantilever
was calibrated by first gathering a force-displacement curved between the silicon and tip in
air and the µm/V was calculated from the slope. Next the spring constant was measured
using using the thermal tune method.9
Force-displacement curves were taken for each substrate first in air, then in DI water,
and then in the target fluid. The force-displacement curves within water were found to
be consistent within each tip/substrate set. Due to the extremely low spring constant
cantilevers used, the automated approach method could not be used as the cantilevers were
found get overly close to the substrate and quickly displace outside the 10 V range of the
four quadrant photodetector. As such, a manual method was used by slowly approaching
the substrate until the tip engaged the surface, and then manually shifting the cantilever
up by

e 30

– 40 µm to fully disengage the tip before slowly approaching 8 µm at a time

taking 11 µm long force-displacement curves with 1 µm/sec approach velocities and a 1 V
engagement target until the tip was found to engage the sample within a force-displacement
curve. Next, a 1 – 3 µm long force-displacement curve was taken at an approach velocity
that was around 0.05 – 0.25 µm/sec until a clear curve was acquired.
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Due to the chemically harsh solutions involved, typically only 3 – 5 clear curves were
gathered for each sample set to minimize the AFM’s exposure to vapors. Attempts were
made to gather in-situ force-displacement curves; however the process is complicated by the
formation of H2 bubbles and the low HF concentration used to protect the equipment.
Results: The results of these tests show that simple DVLO encompassed forces are capable of producing over 18 MPa of attractive pressure over distances of 2 – 4 nm. This
will well above the 0.4 – 0.6 MPa needed to plastically deform the out-of-plane rotation
catalysts detailed in Section 3.5.4 (p. 103). This is also above the pressure gradients that
an electrophoretic model can produce at low etching rates and high solution conductivity.
Representative force-displacement curves for Si in the dilute HF:HCl and SiO2 in dilute
HCl are shown in Figure 4.5 and 4.6 (p. 170, p. 171) and all the data is summarized in
Table 4.1 (p. 172). Figure 4.5 shows the original displacement-position curves along with
the calibrated force-position curves showing clear pull-on force operating over a distance of
2 – 4 nm for all substrate and fluid combinations. The pull-on force is the only force worth
noting for MaCE because the chemical etching process provides suﬃcient energy to dissolve
the silicon away from metal. As such, these pull-on forces the only restorative forces between
the substrate and the metal catalyst.
A Hertzian model based upon the trigger force, which is much larger than the pull-on
force, was used to estimate the contact radius. This model and force where chosen in an
attempt to overestimate the contact radius and conservatively underestimate the pull-on
pressure. The pressure-position curves in Figure 4.6 (p. 4.5) show that the pull on pressure
between Au and silicon in dilute HF:HCl are on the order of 18 MPa. This pull-on pressure
drops to 13 MPa for Au and SiO2 in dilute HCl. This drop in pull-on pressure is also seen
between Au and Si in dilute HCl where no dilute HF was present to remove the native
oxide on the silicon (see Table 4.1, p. 172). These values agree with those presented in
literature8, 9, 44, 53, 54, 66, 75, 114
This data is important for a number of reasons. First, it is clear that the attractive
DVLO encompassed forces are large enough to pull the catalyst to the substrate surface
even if an SiO2 layer is present. The low distance that these forces occur over also help
explain a lot of the catalyst motion reported in this work. Specifically, the importance of
etchant composition, catalyst composition, and shape. For example, it is diﬃcult to induce
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spiral rotation of star shaped catalysts if a thin layer of Pt is used in highly concentrated
MaCE etchants. In this type of system, it is possible that the silicon etch rate below the arms
of the catalyst could be high enough that the distance between the arms of the stars and the
silicon becomes greater than the

e4

nm that DVLO forces operate over while the center of

the catalyst may not have etched yet; this would remove the influence of the catalyst arms
too early and destabilize the entire catalyst structure.
In summary, while the electrophoretic hypothesis is attractive, there is little evidence
indicating that electrophoretic phenomena dominates catalyst motion. In contrast, catalyst
motion is adequately modeled using standard DVLO encompassed forces with abundant
evidence from literature and direct experimental data that DVLO forces can provide the
force and pressure gradients necessary to meet the 0.4 – 0.6 MPa pressure gradient minimum
determined from the out-of-plane rotational structures.
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Figure 4.5 – Force-displacement curves showing the measured displacement and calibration calculated force in nN. (a-b) between Au tip
and silicon substrate in dilute HF:HCl showing pull-on forces of 300 pN
operating over 3.2 nm; (c-d) between an Au tip and a SiO2 in dilute
HCl showing pull-on forces of 220 pN operating over 2.0 nm.
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Figure 4.6 – Graph of pressure-displacement curves in MPa between
the Au tip and (a) Si in dilute HF:HCl; (b) SiO2 in dilute HCl. The
pull on pressures were 18.3 and 13.1 MPa respectively.

171

Table 4.1 – Force-Displacement measurements between Silicon or SiO2
substrates in dilute HCl or HF:HCl solutions. Notice that the pull-on
pressures are larger than the pressure required to deform the catalysts
detailed in Section 3.5.4 (p. on page 103)
Substrate

Solution

Distance

Force

Pressure

Pull-on

Pull-Oﬀ

Pull-on

Pull-Oﬀ

Pull-on

Pull-Oﬀ

[nm]

[nm]

[nN]

[nN]

[MPa]

[MPa]

[-]

[-]

Silicon

HF:HCl

3.2

15.8

0.3

1.5

18.3

90.4

Silicon

HCl

3.9

21

0.2

1.3

10.9

77.3*

SiO2

HCl

1.7

5.9

0.2

0.4

12.8

22.3
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Chapter 5

FUTURE WORK

This research focused on improving the capabilities of nanofabrication technologies. To
accomplish this goal a systematic investigation of 3D nanofabrication using MaCE was
conducted to evolve MaCE from a technique used make simple shapes such as holes and
nanowires, to a platform that is capable of fabricating moderately complex 3D nanostructures in simple, fast, and aﬀordable manner. 3D structures such as cycloids, spirals, sloping
channels, vertically aligned thin metal films, sub-surfaced curved nano-horns, and template
inversion were demonstrated while force-displacement curves were used to determine the
most likely cause for catalyst motion.
Despite the advancements detailed in this study, a considerable amount of work is needed
to advance MaCE to a reliable and robust fabrication platform. First, there is little systematic research that ties the traditional electrochemistry of silicon to the electrochemistry
of MaCE . Research is needed to better integrate MaCE into the broader and more well
established field of silicon electrochemistry with the goal of predicting MaCE results like
etching rate, hole morphology, hole (h+ ) injection currents, oxide formation, crystallography dependencies, etc. from a set of mathematical models. This type of information will
require extensive parameter investigation and can be expected to take the better part of a
decade.
Second, there is almost no research, beyond that presented in this document, that examines catalyst motion in MaCE. While this study does advanced the state of knowledge, a more
thorough treatment is necessary. Specifically, phoretic phenomena such as electrophoresis
and diﬀusiophoresis need to be investigated using both theoretical and experimental methods to accurately establish if and with what magnitude these phenomena influence catalyst
motion. Also, a theoretical treatment of DVLO encompassed forces needs to be conducted.
Third, while a number of interesting and novel shapes have been fabricated using MaCE,
these shapes are still overly simple relative to the needs of the broader scientific community.
Ultimately, this problem will only be addressed once 3D MaCE is used to fabricate real devices and researchers are forced to examine MaCE within the constraints of their own needs;
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only then will human imagination be truly spurred to work wonders and transform MaCE
from novel to powerful. From this work the theoretical treatments detailed in the previous paragraphs can be tested, refined, and ultimately incorporated into standard modeling
packages such as Comsol Multiphysics. At that point engineers will be able to evaluate and
refine their designs before actual testing them and MaCE could be considered a legitimate
engineering tool.
Lastly, the nano-age ultimately requires the ability to fabricate arbitrary shapes on the
nanoscale. While MaCE adds another tool for fabricating nano-devices, it is fundamentally
limited because it merely sweeps a 2D object through 3D space using methods centered
around controlling etching path through shaped catalysts. This limited method of controlling the catalyst ultimately constrains the ability of MaCE as arbitrary shapes cannot be
fabricated, but rather only those that fit within the parameter space of catalyst sweeping.
While I will continue to work with MaCE to fabricate photonic devices, future work will
focus on Metal-assisted Chemical Machining (MaCM) and Magnetically Controlled MaCE,
Figures 5.1 and 5.2 (p. 175, 176) illustrates my early work on the subject.
While there will always be a place for a simple method like MaCE that can fabricate
complex shapes over large areas in a single pass, the nano-age will ultimately require more
powerful tools capable of fabricating arbitrary shapes; my future work will continue toward
this goal.
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Figure 5.1 – Schematic and AFM scans illustrating principle behind
MaCM and early results
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Figure 5.2 – SEM micrographs showing early results of magnetically
controlled MaCE
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Appendix A

EFFECT OF GA+ IONS ON FEATURE RESOLUTION

The results with FIB deposited Pt catalysts showed that it is possible to use FIB deposited
Pt catalyst in MaCE. However, the low feature resulting from the large amount of peripheral
etching makes FIB deposited catalysts impractical for high quality MaCE fabrication. While
etching these structures, it was noted that dark black squares were formed wherever the
sample had been exposed to the Ga+ ion beam. I hypothesized that Ga+ ions implanted
into the silicon during Pt deposition were participating in MaCE and reducing the feature
resolution of the Pt deposited catalysts. To test this hypothesis a series of experiments were
conducted to examine the role of Ga+ ions have in MaCE with the goal of determining
what, if any, settings should be used during FIB deposition to produce high quality MaCE
catalysts. Ultimately, this work shows that minute quantities of Ga+ lead to long-range
etching on the order of microns and that FIB deposited catalysts should be fabricated using
a diﬀerent ion source, such as helium.
Experimental Procedure A detailed experimental procedure can be found in Appendix
B.7.2 (p. 215). In short, 1⇥ 1 cm2 silicon substrates scribed from a 100 mm diameter p-type
(1 – 5 W-cm) single crystal (100) silicon wafer. The native oxide was removed immediately
prior to FIB exposure using dilute HF. A FEI Nova Nanolab 200 FIB/SEM equipped with
a Ga+ ion source was used to locally expose regions of the silicon at 5000× magnification
relative to a Polaroid 545 standard, resulting in an exposed region of 25.4 × 20.3 µm2 . The
accelerating voltage was set to either 10 kV or 30 kV with ion beam currents of 0.41 and
0.30 nA respectively; these currents were the closest available ion beam currents based upon
the aperture sizes available on the FIB system used. A 5.0 nA aperture was also tested at
an accelerating voltage of 30 kV to examine the eﬀects of higher doses. Areas were exposed
by varying the number of single-pass scans at 512 × 442 px2 resolution with a 10 µs dwell
time. Since the beam current varies with the aperture used, the actual doses are listed in
Tables A.1 – A.3 (p.181, 181, 189). Lastly, to study the individual eﬀects of isolated Ga+
implantation, individual spot exposures spaced 1 µm apart using Ga+ ion doses of 7.2 ×
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10-15 and 10.8 × 10-15 C were also examined. FIB Pt catalyst structures mentioned in the
introduction and shown in Figure 3.14 (p.60) were deposited with the FEI Nova Nanolab at
30 kV and low beam currents of 30 pA and then etched in a ⇢ = 80 etchant for 10 minutes.
All samples were etched in the dark using a stagnant ⇢ = 80 etchant solution with [H2 O] =
42.5M. Samples were rinsed with deionized water and then dried with N2 .
AFM micrographs in tapping mode were taken of samples before and after etching using
a Bruker Dimension Edge with AFM profile measurements taken with the scanning direction
rotated 90˚ to avoid any etch overlap that might occur between the exposed regions while
maintaining good line profile accuracy. Low resolution, long-range scans (100 µm wide, 1024
scans/line, 256 lines/scan) were taken to determine the extent of any peripheral etching along
with higher resolution, short-range scans (10 – 20 µm wide, 1024 scans/line, 512 lines/scan)
to detail the edge profile of the exposed regions.
Results Profile data taken from AFM scans for 10 and 30 kV exposures are plotted in
Figure A.1 (p.180), showing the etch depth versus distance across the edge of the exposed
regions as a function of Ga+ ion dose after 3.5, 20, and 60 minute etching times; it is
important to note that the pre-etch depth was less than 3 nm for all samples at these low
Ga+ ion beam currents and was not plotted. The Ga+ ion dose in the figure is designated
using the number of single-scan passes (hereafter referred to as passes) with the base and
full doses listed in Tables A.1 and A.2 (p. 181, p. 181) for 10 kV (with 0.41 nA ion beam
current) and 30 kV (with 0.30 nA ion beam current) respectively.
It is evident from Figure A.1 (p. 180) that the etch depth for samples etched for 3.5
minutes depends on both the accelerating voltage and the Ga+ ion dosage. For the seven
doses tested, the 10 kV samples had an etch depth increasing from 15 nm to 25 nm with
increasing dose while the 30 kV samples had an etch depth increasing from 19 nm to 29
nm. Increasing the etch time to 20 minutes results in a small increase in etch depth ranging
from 23 nm to 29 nm for the 10 kV sample, while the 30 kV sample showed a much larger
increase in etch depth along with a much narrower range of 59 nm to 61 nm (59.6 ± 2 nm
with reported uncertainty equal to two standard deviations) showing that the etch depth is
largely independent of dose for 30 kV samples. It is important to note that the etch depth
of the 10 kV and 30 kV samples at 20 minutes corresponds reasonably well with the depth
of Ga+ ion concentrations, which increases with increasing acceleration voltage.21, 33, 34, 107
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The correlation between etching depth and accelerating voltage for longer 60 minute etch
times is harder to discern based upon Figure A.1 (p.180) alone due to the large increase
in surface roughness of those areas exposed to Ga+ . However, roughness analysis of the
samples shows a 40 nm diﬀerence between the 10 kV and 30 kV samples in the minimum,
mean, and maximum measured etch depths; it is important to note there is a significant
amount of variance from dose-to-dose as detailed in Tables A.1 and A.2 (p.181, 181)
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Figure A.1 – Graphs showing edge profile of etched areas with between
1 and 7 passes in a ⇢ = 80 etchant with (left) 10 kV accelerating voltage
at 0.41 nA and (right) 30 kV accelerating voltage at 0.30 nA. (a) 3.5
minutes; (b) 20 minutes; and (c) 60 minutes. Notice that, for short
etch times, the etching depth depends primarily on the accelerating
voltage and the exposed area is relatively smooth. After 60 minutes
of etching, the etch depths are roughly the same and the exposed area
shows a dramatic increase in roughness. Also notice in (c) that the
dosage aﬀects the amount of peripheral etching with the accelerating
voltage determining the depth of the peripheral etching.
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Table A.1 – Dosage, etch depth and peripheral etch width for samples
etched 3.5, 20, and 60 minutes after exposure to 10 kV accelerating
voltage at 0.41 nA beam current. Ga+ beam exposed areas etched
for 60 minutes showed increase roughness with (min – max) range as
designated. Notice that the etch depth is largely independent of dosage
while the peripheral etch width increases with increasing dosage.

# of Passes
1
2
3
4
5
6
7

10 kV Accelerating Voltage with 0.41 nA Beam Current
Dose
Etch Depth (nm)
Peripheral Etch Width (µm)
(µC/cm2 ) 0 min 3.5 min 20 min
180
<3
15
23
360
<3
16
24
540
<3
18
24
720
<3
20
26
900
<3
22
28
1080
<3
25
27
1260
<3
25
29

60 min
3.5 min 20 min
105 (75 - 170)
0.5
0.8
125 (40 - 195)
0.9
1.0
115 (60 - 180)
1.2
1.3
105 (60 - 180)
1.6
1.9
110 (55 - 170)
2.1
2.0
110 (40 - 175)
2.0
2.4
90 (50 - 150)
2.0
2.5

60 min
6
7
13
16
19
21
22

Table A.2 – Dosage, etch depth, and peripheral etch width for samples
etched 20 and 60 minutes after exposure to 30 kV accelerating voltage
at 0.30 nA beam current. Notice that the etch depth is 59 ± 2 nm.

# of Passes
1
2
3
4
5
6
7

30 kV Accelerating Voltage with 0.30 nA Beam Current
Dose
Etch Depth (nm)
Peripheral Etch Width (µm)
(µC/cm2 ) 0 min 3.5 min 20 min
132
<3
19
59
264
<3
18
59
396
<3
18
57
528
<3
20
59
660
<3
22
58
792
<3
27
59
924
<3
29
61
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140
145
155
150
150
155
140

60 min
3.5 min 20 min
(105 - 185)
0.08
0
(115 - 205)
0.24
0.4
(130 - 205)
0.27
0.6
(110 - 195)
0.28
0.7
(130 - 200)
0.36
0.8
(135 - 210)
0.38
0.9
(130 - 215)
0.40
1

60 min
2
8
9
11
12
17
21

Two diﬀerent etching regimes are identified in our experimental results. The primary
etching, detailed in the previous paragraph, lies directly within the region exposed to the
Ga+ ions with an etch depth that depends on accelerating voltage but is independent of dose.
This area is also characterized by a relatively sharp drop-oﬀ at the edge of the exposed region
that occurs over 0.2 nm to 0.5 nm lateral width with slopes that range from 100 nm to 200
nm of vertical drop per 1000 nm of lateral displacement. The secondary etching regime
consists of peripheral etching around the primary exposed region. This region appears early
in the etching process with an AFM measurable width and slope that vary with accelerating
voltage, dose, and etching time. Figure A.2 (p.183) plots the etching depth, width, and
slope for the peripheral region after a 60 minute etch for 10 kV (triangles, 0.41 nA) and 30
kV (circles, 0.30 nA) for the seven doses. It is clear from this figure that the etching depth
is largely independent of dose while the width of the peripheral region (as measured with
an AFM) scales linearly with dose up to the width of the space charge region.
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Depth (nm)

100

Peripheral Etching - 60 min.

50

Width (µm)

0

20

Slope (nm/µm)

0
10 kV
30 kV
10

0
0

500

1000

Dose (µm/cm2)
Figure A.2 – Graphs showing the peripheral etching versus dose for
10 kV (red triangles, 0.41 nA) and 30 kV (blue circles, 0.30 nA) after
etching for 60 minutes. Notice that the etching depth depends largely
on accelerating voltage, the width scales linearly with dose up to the
space charge region width while the slope increases with accelerating
voltage while decreasing with increasing dose for 30 kV.
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Optical microscope images were taken at 0, 5, 10, 15, and 20 minutes during etching to
investigate the evolution of the black regions mentioned in the introduction to this section.
These regions are associated with the peripheral etching measured with the AFM for 20 and
60 minutes. Figure A.3 (p.186) shows the evolution of the peripheral etching for 30 kV (top
row) and 10 kV (bottom row), the numbers at the top of Figure A.3 a (p.180) indicate the
number of exposures, with the actual doses listed in Tables A.1 and A.2 (p.181, 181). It is
important to note that the first column in Figure A.3 (p.180) was exposed with four passes
to act as a visual and AFM marker to aid pre-etch measurements. From these images it is
clear that the dark/black areas are the result of secondary etching around the periphery of
the exposed regions, indicating the presence of extensive micro and/or mesoporous silicon.63
The width of these regions, up to 10 µm, is significantly larger than the Ga+ ion lateral
translation that would be expected for 10 or 30 kV Ga+ ion beams.33 This darkened area
is also larger than the lateral etching length as measured with the AFM for the 20 minute
samples as detailed in Tables A.1 and A.2 (p.181, 181). This discrepancy is most likely due
to the fact that the etching depth at the edges of the peripheral etching is extremely small
and that any surface roughness caused by the microporous silicon is too small to be reliably
detected for the AFM tip and scanner settings used.
The fact that the microporous layer forms early in the etching and that the etching
is confined to regions immediately surrounding the Ga+ ion exposed silicon can occur for
three diﬀerent reasons: electron confinement, limited band bending, or Ga+ dissolution and
re-deposition. Electron confinement by the formation of a microporous layer within the
Ga+ ion exposed area can locally increase the hole (h+ ) injection resistance into the small,
sub-5 nm branches of remnant silicon which can forces the holes (h+ ) to travel farther before
reaching the Si/HF interface.35, 62–64 The other possibility is that the Potential of Valence
Band Maximum (PVBM) for Ga+ dopants at low concentrations does not result in the large
shift that Huang et al. attributed to the high feature fidelity of Ag nanoparticles in contact
with silicon.45 The width of the peripheral etching at long etching times matches the width
of the space charge region for 1 – 5 W-cm silicon suggesting that electron confinement is
one likely cause for the observed peripheral etching. Ga+ ion dissolution and re-deposition
is the third potential cause. It is well known that Ag+ and Cu+ ions in an HF solution
will electrolessly reduce to form a metal solid onto a silicon surface, creating a pit, pore,
or region of microporous silicon as silicon is oxidized in the process.70, 102 Knowing that
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the standard redox potential of gallium (-0.53 V vs. SHE) lies within the standard redox
potentials of H2 O2 reduction (1.76 V vs. SHE) and Si oxidation (-1.24 V vs. SHE), it is
entirely possible that the Ga+ implanted into the silicon is oxidized into the etchant when the
surrounding silicon is dissolved and then participates in a cycle of reduction and oxidation in
a manner similar to Ag catalysts.11 This cycle would result in an increase in the peripheral
etching width as the Ga+ diﬀuses through solution away from the primary exposed region.
Unfortunately, the current set of experiments cannot properly determine which of these
three phenomena create the peripheral etching seen in our experiments. Therefore, further
testing is needed.
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Figure A.3 – Optical microscope images of FIB exposed silicon etched
for various times in a ⇢ = 80 etchant. The top row was exposed with
a 30 kV accelerating voltage at 0.30 nA while the bottom row was
exposed with a 10 kV accelerating voltage at 0.41 nA. The numbers
above the top row in (a) show the number of exposure passes; the first
column was exposed four times to act as a visual and AFM marker for
pre-etch measurements. Notice that the width of peripheral etching
increases with both time and dose but is largely independent of the
accelerating voltage. All scale bars are 50 µm as indicated in (a).
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The primary and peripheral etching were also examined at high current/doses using a 3.5
minute etch with the etch profiles shown in Figure A.4 (p.188) and the results summarized in
Table A.3 (p.189). A short etch time was used because the optically black region was formed
within the first 2 minutes. This sample is particularly interesting because the higher beam
current results in initial milled depths that increase from 2 nm to 24 nm with increasing
dose, yet the etch depth is still independent of dose and was measured at 70 nm ± 4 nm.
As expected, the higher dose resulted in a large increase in etching rate in both the primary
exposed region along with the peripheral etching. It is important to note that the etch
depth for the samples exposed to 30 kV accelerating voltages with 5.0 nA ion beam current
resulted in larger etch depths than the 0.30 nA ion beam current samples etched for 3.5
minutes. This indicates that dose does play a role in etch rate for short etch times.
The final sets of tests examined the etching of spot exposures of 7.2 and 10.8 femtoCoulombs (fC) spaced in a 1 x 1 µm2 grid and with the ion beam set to 30 kV and 0.30
nA. Etching was done for 3.5 minutes. The results are shown in the plotted profiles and
AFM topology images in Figure A.5 (p.190). The 7.2 fC dose formed a small round dot
that was 0.8 nm tall and 2.5 nm wide while the dot for the 10.8 fC dose was slightly larger
at 1.6 nm tall and 4 nm wide. The resulting etched pitches maintained the width of the
original dots while etching into the silicon. Most notable is the fact that the 7.2 fC dose
barely etched 7 nm into the silicon while increasing the dose 50% to 10.9 fC increased the
etch depth 600% to 42 nm, indicating that an extremely small, yet observable, critical dose
is needed to enable deep etching at low etching times. The AFM topology images in Figure
A.5 (p.190) clearly show that the etching is highly confined to the regions directly exposed
to the Ga+ ion beam when low doses and etch times are used.
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30 kV - 5.0 nA - 3.5 min etch
Post-Etch

Pre-Etch
Etch Depth (nm)
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4
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Figure A.4 – Graphs showing pre-etch and post-etch edge profiles of
areas exposed to FIB Ga+ ion beam with an accelerating voltage of 30
kV and an ion beam current of 5.0 nA. The number of passes correlate
to the dosages listed in Table A.3(p.189). As expected, 5.0 nA beam
current showed significantly more milling than the 0.30 nA, which was
less than 3 nm; however, the resulting etch distance was maintained at
70 ± 4 nm.
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10

Table A.3 – Dosage, etch depth and peripheral etch width for samples
etched 30 minutes after exposure to 30 kV accelerating voltage at 5.0
nA beam current. Notice that the etch depth is 70 ± 4 nm independent
of dosage, indicating that etch depth is either limited by Si dissolution
or by the Ga+ ion penetration depth.
30 kV Accelerating Voltage with 5.0 nA Beam Current
Dose
Etch Depth (nm)
Peripheral Etch
# of Passes
Width (µm)
1
2
3
4
5
6
7

(µC/cm2 ) 0 min 3.5 min Diﬀerence
2194
2
72
70
4388
2
74
71
6582
9
77
68
8776
12
78
67
10970
16
83
67
13164
20
87
71
15358
24
94
74
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3.5 min
1.3
1.4
1.3
1.9
2.0
2.4
2.5

a

Pre-Etch

Post-Etch

Etch Depth (nm)

0
2
0

!20
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2.0
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Figure A.5 – Graphs and AFM images of areas spot-exposed to Ga+
ion beams at low doses. (a) before and after etching profiles for of 7.2
(blue) and 10.8 (red) femto-coulombs; inset shows pre-etch profile at
higher scale. Notice that even a very small amount of Ga+ can result
in very deep holes. (b) AFM image of 10.8 femto-coulomb exposure
showing slightly raised bumps in exposed regions; (c) post-etch AFM
image showing deep holes; inset showed 3D isometric view.
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2.0

Appendix B

EXPERIMENTAL PROCEDURES

The Experimental Procedures sections throughout the primary were shortened to solely
those details necessary to understand the processes used and results discussed. This avoided
unnecessary verbiage and repetition throughout this document. However, this work is the
result of sometimes hundreds of tests and a set of exacting experimental procedures were
developed that are required to not only achieve the desired results, but also achieve them in a
repeatable manner. This Appendix describes the Experimental Procedures used throughout
this work in detail suﬃcient for someone to repeat and build upon this work so long as
that person is versed in basic lab and cleanroom practices. This section is also intended to
answer any questions that a reader might have on what steps were taken to control for any
process-based influences. For example, a reader might note that minority carriers within the
silicon substrate can be generated just by exposing the substrate to ambient light, leading
to small amounts of etching on the silicon surface. Although not detailed in any of the
Experimental Procedures in the primary text, all samples were etched in the dark to avoid
this issue. Hopefully, the reader will find these types of questions fully answered within this
section.
It is also important that the reader understand the notation used to designate the etchant
composition. I have chosen to use a modified version of the notation started by Chartier et
al. with ⇢ = ([HF]/([HF] + [H2 O2 ]))x etchants, where x is the HF molarity. The addition
of the molarity in the superscript allows one to quickly identify the concentration of the
etchant and provides almost all of the information necessary to describe the composition of
the solution (missing is the type of solvent(s) used).
This Appendix is divided into two parts. The first part details the equipment used
throughout this work, focusing on make, model, and the general settings used along with
information any extra details necessary to avoid small mistakes. The second part details
specific details associated with each experimental section with any references to equipment
limited to parameter settings.
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B.1

Chemical Hazards

The etchant used in Metal-assisted Chemical Etching of silicon uses highly concentrated, hazardous Hydrofluoric Acid (HF) (>10M) and proper safety methods and precautions should
be taken. Proper laboratory safety equipment should be worn at all times when handling
HF including but not limited to safety glasses, face shield, lab coat, acid apron of a suitable
material, disposable gloves, and long-arm acid gloves. A supply of calcium glutamate gel
should be on-hand near any location where HF is stored or handled. HF should only be
used in a properly vented fume hood with the sash properly closed or positioned. HF readily
etches glass and should be handled only in HF compatible container. HF waste should be
disposed of properly and can readily destroy the pipes of non-acid drain systems.
Other chemical hazards include strong oxidizing agents such as concentrated H2 O2 ,
corrosive resists such as maN-2403, bases such as tetramethyl ammonium hydroxide (TMAH)
and common solvents such as methanol, acetone or isopropyl alcohol.
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B.2
B.2.1

Equipment
Metrology Tools

Zeiss LEO 1550 Scanning Electron Microscope (SEM)
Type: Scanning Electron Microscope
Make: Zeiss
Model: LEO 1550
Source: Thermally Assisted Field Emission (TFE)
Purpose: Image micron to nano-sized features and topology of samples
Conditions:
Samples were secured to the stage using conductive, carbon black double-sided tape and
loaded into the SEM chamber. The system was pumped down to 1 ⇥ 10

5

Torr before

the Extreme High Tension (EHT) was turned on. The pressure within the column was
typically on the scale of 10

9

Torr. Most images were taken with the accelerating voltage

set to between 10 kV and 15 kV with 10 kV selected to minimize sub-surface imaging or
“ghost” images while 15 kV was selected to increase image resolution in cases were subsurface imaging was not an issue. The working distance was typically set to between 3 – 4
mm and the image was taken using the InLens detector for increased resolution as compared
to the SE2 detector. This increased resolution came at a small price in that only top-down
images were taken form most samples and these images record significantly less topology
information. The magnification was set relative to the Polaroid 545 standard; this facilitates
any rapid comparisons made between images taken on diﬀerent SEMs.
Additional care and procedures must be taken when samples are imaged prior etching. As
shown in Section 3.1.4 (p. 42), primary and secondary electrons generated by the impinging
electron beam decompose surface hydrocarbons and form an amorphous carbon layer that
block the MaCE process. In order to gather SEM images prior to etching either an extra
set of samples were made, one for imagining and one for etching, or a descum process was
used after imaging to remove the amorphous carbon buildup. The two descum processes
utilized in this work where either UV-ozone cleaning using the for between 4 and 30 minutes
or oxygen plasma cleaning using the Plasma-Therm SLR RIE for between 30 seconds and 2
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minutes. The exact times and conditions varied slightly depending on the amount of descum
required and over time as the etching process was optimized.
Macros were used to capture images for many of the out-of-plane rotation and Spiraling
Star structures detailed in Sections 3.5 and 3.7 (p. 77 and 122). These EBL patterned
catalyst were laid out in a consistent grid that facilitated the use of automated SEM imaging.
The macros typically began with a series of images centered at one spot for the beginning
of each new section. These images started at low magnification, 50⇥ and then increased
(250⇥, 500⇥, 1500⇥, 2500⇥, 5000⇥, 10k⇥) to provide a clear series of reference images that
properly located the images in relationship to the rest of the sample. Next macros were used
to automatically move, scan, and save a series of images that focused on individual catalysts
or group of catalysts that shared the same geometry. This allowed me to take thousands
of images in a consistent, thorough manner which facilitated the data analysis routines I
developed while increasing the amount of data available to calculate statistical variances.
In order to use Macros eﬀectively, it is important to understand that the black carbon tape
holding the sample will slowly deform as it degasses in the low pressure SEM chamber. This
degassing stage typically last 30 – 60 minutes and care must be taken to refocus the SEM
at the beginning of high magnification scans higher than 5000⇥. After the degassing phase
the image is typically stable and focussing was only necessary after large stage translations
greater than 500 µm.
Lastly, the cooling motor on the Energy Dispersive Spectrometer (EDS) attached to the
LEO 1550 SEM was typically turned oﬀ to reduce vibration induced artifacts in the SEM
image. It is important to turn this back on at least 30 minutes before and EDS data is
collected.
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Zeiss Ultra60 FE-SEM
Type: Scanning Electron Microscope
Make: Zeiss
Model: Ultra60
Source: Field Emission
Purpose: Image micron to nano-sized features and topology of samples.
Conditions:
Same conditions as for the LEO 1550 detailed earlier. The Zeiss Ultra60 FE-SEM has higher
resolution capabilities but was rarely used due to cost and tool availability.
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Bruker Dimension Edge
Type: Atomic Force Microscope (AFM)
Make: Bruker
Model: Dimension Edge
Mode: Tapping and Contact
Use: Used to image and measure the topology of sample substrates. Measure the thickness
of deposited metal films. Force-displacement curves were collected in Contact mode.
Conditions:
Tapping: Tapping mode was used to collect topology information about the samples
including etch depth and etch profile. This mode was also used to measure the thickness
of metal films deposited using electron-beam deposition or DC sputter coating. Bruker
RTESP silicon cantilever on silicon chip with stated resonance frequency and stiﬀness of the
cantilever was typically between 358 – 382 kHz and 20 - 80 N/m respectively were used. The
laser was aligned to the cantilever tip using a white cloth and then signal was optimized by
monitoring the voltage out from the photodetector. Next the photodetector was aligned to
center the laser and the samples were placed on the stage with or without a vacuum assisted
mounting. The scanner head is then brought into close proximity to the sample surface
such that the optical image from the AFM camera scope was in focus. The laser was then
realigned to cantilever tip by observing the reflected tip image in the AFM camera with the
photodetector position once again optimized.
The resonance frequency of the cantilever was then calibrated and then the cantilever
was engaged to the sample surface. A low resolution, 128 ⇥ 128 px image was obtained by
scanning over a 50 ⇥ 50 µm2 area at 1 Hz. This low resolution image was then used to

center in the on feature of interest and a high resolution 1028 ⇥ 256 px2 image was taken of
a 5 ⇥ 5 µm2 area with a scanner head surface speed of no more than 1 µm/sec. For the Ga+

tests detailed in Section 3.3.2, the scan area was typically reduced by changing the aspect
ratio of the scan to 0.25. For example a 4 ⇥ 1 µm2 will be examined at 1028 ⇥ 256 px2 to
maintain the same pixel density in X and Y.
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Contact: Contact mode was only used to calibrate the scanner head for force-displacement
measurements.
Force-displacement: Force-displacement measurements were taken in contact mode.
The cantilever µm/V calibration was conducted in air with a bare silicon substrate. Next
the N/m were calibrated using the Thermal Tune method in air.
Calibration: The AFM was routinely calibrated at the beginning of each sample set
using a calibration grid supplied by Bruker consisting of 5 ⇥ 5 µm2 ,180 nm deep square

holes on a 10 µm pitch. System level noise measurements were taken each day with the
typical measured noise level of 0.06 ± 0.01 nm.
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Veeco Dimension 3100 Scanning Probe Microscope
Type: Atomic Force Microscope (AFM)
Make: Veeco
Model: Dimension 3100 SPM
Mode: Tapping
Purpose: Used to measure the 3D topology of samples and measure the thickness of deposited metal films
Conditions:
Tapping mode was used with a Bruker RTESP silicon cantilever mounted on a silicon substrate purchased from Bruker AFM Probes division. Manufacturer stated resonance frequency and stiﬀness of the cantilever was typically between 358 – 382 kHz and 20 – 80 N/m
respectively. The laser was aligned to the cantilever tip by first observing the cantilever
shadow using a white cloth and then signal was optimized by monitoring the voltage out
from the photodetector. Next the photodetector was aligned to center the laser and the
samples were placed on the stage without the use of any tape nor vacuum based mounting
methods. The scanner head is then brought into close proximity to the sample surface such
that the optical image from the AFM camera scope was in focus. The resonance frequency
of the cantilever was then calibrated and then the cantilever was engaged to the sample
surface. A low resolution image was obtained by scanning over a 20 ⇥ 20 µm2 area at 0.75
Hz. This low resolution. 128 ⇥ 128 px2 image was then used to center in the on feature of
interest and a high resolution 512 ⇥ 512 px2 image was taken of a 5 ⇥ 5 µm2 area with a
scanner head surface speed of no more than 1 µm/sec.

The Veeco Dimension 3100 AFM was only used for early images of silicon etched with
Tungsten. The vast majority of AFM images and data was collected using the Bruker
Dimension Edge System
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Nanospec Reflectometer
Type: Film Thickness Monitor
Make: Nanometrics
Model: Nanospec 3000
Use: Used to measure the thickness of electron resist films
Conditions:
A dark reference was created by selecting covered objective. A blank silicon wafer was used
as the reflected reference. The film thickness was measured using the reference calibration
files for the specific electron resist supplied by the NanoResarch Center. The accuracy of
these reference files were verified by comparing the thickness measured by the Nanospec to
the thickness measured by the Bruker AFM with the measured thicknesses agreeing within
1%.
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Tencor P15 Profilometer
Type: Profilometer
Make: Tencor
Model: P15
Use: Used to measure the thickness of deposited metal films and electron resists
Conditions:
Sample is loaded and secured by vacuum. The stylus is brought into contact and scanned
across the area of interest.
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B.2.2

Fabrication Tools

JEOL JBX-9300FS Electron Beam Lithography System
Type: Electron Beam Lithography (EBL)
Make: JEOL
Model: JBX-9300FS
Parameters: ZrO/W thermal field emission source with 100 kV accelerating voltage and
2 nA electron beam current to form a

e4

nm diameter Gaussian spot electron beam.

A 50 MHz scan speed was utilized along with vertical autofocus and < 20 nm field
stitching error.
Use: Used to pattern electron resists for metal catalyst fabrication. Features as small as 10
nm were fabricated using this tool.
Conditions:
Pattern Preparation: Patterns were designed using AutoCAD and then translated
into the correct file format for the JEOL using LayoutBeamer. The Proximity Eﬀect Correction (PEC) function of LayoutBeamer was used to account for additional exposure caused
by long-range secondary electrons generated within the silicon. This PEC function increased
feature resolution while ensuring that small features were fully exposed or “cleared” after
develop. The .jdi file from PEC was scaled using a custom program written in Objective-C
called JDIScaler. This allowed me to write patterns at a number of base doses using the
same .jdf and .sdf files.
Electron Resists: The electron resist was spun onto the wafer using a CEE 100 Resist
Spinner with typical settings, bake temperature, bake time, and resulting resist thickness
shown in Table B.1 (p. 202). It is important to note that the actual thickness of the resist
will vary ±25% depending on the amount of solvent that evaporated over time. The following
procedure was used to spin the electron resist onto the silicon wafer. All silicon wafers were
kept triple-bagged in the NRC cleanroom and only opened within the Class 10 section of
the cleanroom. The CEE 100 Resist Spinner parameters were set for the particular resist
and target thickness, next a test wafer was loaded and spun to verify that the vacuum on
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the CEE 100 Resist Spinner was working properly. The actual wafer was then loaded and
centered. Next a plastic pipette was filled with 3 mL of electron resist with the first three
drops discarded to minimize contamination from the pipette. The resist was then deposited
onto the wafer (with the last 10% of resist left remaining to minimize contamination from
the pipette) and then the wafer was spun on the CEE Resist Spinner. After spinning, the
solvent remaining in the resist was removed by “baking” the resist using the temperature
and time detailed in Table B.1 (p. 202). The thickness of the resist was measured using the
Nanospec Reflectometer.
The resist is stable for up to six weeks after the resist was spun and baked. As such,
typically a wafer was spun and then broken up into smaller, 100 ⇥ 50 mm2 pieces that

were used over the next month. The patterns were exposed and then developed using the
developer and develop time detailed in Table B.1 (p. 202) and the rinsed in either water or
IPA for the maN-2403 or PMMA respectively to stop the develop process. The sample was
then dried using N2 .
Table B.1 – Electron resist process settings.
Resist
[-]
maN-2403
PMMA A4
PMMA A6

Ramp

Spin

Rate

Rate

[rpm/sec] [rpm]

Bake

Bake

Measured

Temperature

Time

Thickness

[sec]

[˚C]

[sec]

[nm]

[-]

[sec]

MF-319

70

Time

1500

1500

30

90

60

300

1500

3750

60

180 ˚C

90

225

5000

2500

60

180 ˚C

90

350
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Developer

IPA:MIBK
(1:1)
IPA:MIBK
(1:1)

Develop
Time

120
120

Base Dose Optimization: The base dose for each pattern can vary depending on
pattern density, pattern size, and minimum line width. Even though Proximity Eﬀect
Correction is suppose to account for extra exposure caused by secondary electrons generated
by the primary electron beam, the base dose still needs to be optimize to ensure that the
minimum feature is resolved while high density features are not over exposed. To optimize
the base dose, each pattern was sent through PEC and then exposed at 3 – 5 diﬀerent base
doses. The pattern was then inspected after develop in an optical microscope to determine
the optimum base dose.
Typical Fabrication Process: Pattern was drawn in AutoCAD, sent through PEC.
Next a 100 ⇥ 50 mm2 piece of wafer with a PMMA resist already deposited on it was loaded
into the JEOL EBL system, exposed typically around 620 – 680 µC/cm2 , developed, and

inspected in the optical microscope to determine if the base dose and develop procedure was
good. The pattern is then descummed in the Plasma-Therm SLR RIE O2 plasma for 30
seconds at 22 W to remove any remnant PMMA that would block the hole (h+ ) injection
step required for MaCE. The sample was then metalized in the CVC e-beam evaporator to
deposit a metal layup as the desired thickness(es). The typical layup consisted of 5 nm Ti,
100 nm Au, 5 nm Pt. The excess metal was removed by immersing the sample in Microposit
1165 resist remove at 80 ˚C (bath measured) for at least 24 hours. The sample is next
rinsed in Acetone, Methanol, Isopropanol (AMI) to remove any partially lifted oﬀ metal
and then visually inspected in the optical microscope and either placed back in the 1165
for 4 – 12 more hours or cleaned for 30 – 60 seconds in the Plasma-Therm SLR RIE in O2
plasma to remove any remnant polymer surface contamination. The sample could then be
etched using MaCE or further processed by adding maN-2403 polymer lines to induce the
out-of-plane rotation detailed in Section 3.5 (p. 77 ).
To pattern the maN-2403 the pattern is developed using the same procedure as the
PMMA and then resist is spun on as detailed in Table B.1 (p. 202) with the thickness
measured using the NanoSpec Reflectometer. The pattern is then exposed using the JEOL
at with a typical base does of around 180 µC/cm2 and then developed using MF-319 for 70
seconds and then rinsed for 120 seconds in water followed by inspection using an optical
microscope. The sample is then descummed for 45 seconds in the Plasma-Therm SLR RIE
in O2 plasma at 22 W. The sample is now ready for MaCE.
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Plasma-Therm SLR RIE
Type: Reactive Ion Etcher (RIE)
Make: Plasma-Therm
Model: SLR RIE
Use: Descum EBL samples, remove organic contaminants prior to etching
Conditions:
N2 was used to blow any dust and debris of the sample. Sample was then placed in the
loading chamber surrounded by four glass slides to ensure that the sample remained in the
center of the platen. Process was run and sample was removed.
Table B.2 – Plasma-Therm SLR RIE settings
Substrate

Power Time

Pressure

O2 Flow

Actual Reflected

Rate

Power

Power

DC Bias

Thickness

[-]

[W]

[sec]

[mTorr]

[sccm]

[W]

[W]

[V]

[nm]

maN-2403

21

60

75

40

20

.1

80 – 90

20

PMMA - A4

21

30

75

40

20

.1

80 – 90

25

PMMA - A6

21

30

75

40

20

.1

80 – 90

25

metal descum

21

60

75

40

20

.1

80 – 90

-
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CVC DC Sputter Coater
Type: Sputter Coater
Make: CVC
Model: DC Sputter Coater
Use: Used to deposit thin films
Conditions:
Samples are placed in the loading chamber, pumped down, and then sputter coated at the
specified power and time. A test wafer is typically sputtered first for a target film thickness
of 100 nm with the actual thickness measured using a profilometer. This data is used to
calculate the actual deposition rate for the power settings used.

205

CVC Electron Beam Evaporator
Type: Electron Beam Evaporator
Make: CVC
Model: Electron Beam Evaporator
Use: Deposit thin metal films on EBL patterns.
Conditions:
Deposition rate was typically characterized prior to deposition by either A) depositing 100
nm of metal onto a test wafer coated with scratched PMMA and then measuring the actual
deposited thickness using a profilometer or B) using AFM thickness measurements from
previous depositions. Two diﬀerent throw distances were used depending on if shadowing
would be needed. The typical throw distance is 0.36 m (14”). A riser was used to increase the
throw distance to 0.50 m (20”) for patterns sets that were wider than 50 mm or if ultra-fine
features (sub-50 nm) were needed. The deposition rate must be calibrated for each throw
distance.
Samples were tapped to the platen using Kapton tape and then loaded into the chamber
with care taken to properly center the sample over the crucible. The chamber was pumped
down to at least 5 ⇥ 10

6

Torr prior to deposition. The crucible was allowed to cool at

least 3 minutes between metals when multiple metals are deposited. After the last metal is
deposited the system was allowed to cool for at least 15 minutes before venting the chamber.
The actual deposition thickness of the catalyst stack was measuring using the Bruker
Dimension Edge AFM.
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Denton Electron Beam Evaporator
Type: Electron Beam Evaporator
Make: Denton
Model: Explorer
Use: Deposit thin metal films on EBL patterns
Conditions:
Same as the CVC Electron Beam Evaporator. Rarely used to reduce the number of processing variables between samples.
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B.3

General Procedure for Etching using MaCE

Silicon wafer preparation: Almost all samples were prepared from 100 mm2 single
side polished, p-type single crystal (100) silicon wafers. Early work on Ag nanorods used
medium quality silicon wafers that had a large range in resistivity, from highly doped p-type
(0.01 ⌦-cm) to moderately doped n-type (100 ⌦-cm). Once the EBL process was developed,
a new set of p-type silicon wafers were purchased with resistivity values between 1 – 5 ⌦-cm.
Care must be taken when choosing the resistivity of the substrate as highly doped silicon
shows reduced feature resolution due to a significant amount of long-range etching.
The silicon substrate must be clean prior to catalyst deposition to ensure that holes (h+ )
are injected from the metal catalyst into the valence band of the silicon. Any wafers that
were taken out of the cleanroom were cleaned using a piranha solution of 4:1 by volume of
H2 SO4 (Sigma-Aldrich, 95-98 wt%) and H2 O2 (Sigma-Alrich, 30 wt%). The Si pieces were
then rinsed with distilled H2 O (de-ionized, 18 M⌦) three times followed by a three minute
immersion in a dilute HF (2:100, H2 O:HF) and rinsed 3 more times with distilled H2 O
then dried with compressed air. This process is eﬀective at removing surface hydrocarbon
contamination. For any EBL experiments, the silicon wafers were stored tripled bagged in
the cleanroom with the bags only opened in the class 10 section of the cleanroom. This is
to reduce particulate contamination, which distorts the electron resist and lowers feature
resolution. For these samples, the surface hydrocarbons were removed using the PlasmaTherm RIE SLR with a low power, 20 – 30 W O2 plasma. This low wattage was used to
ensure that the EBL mask was not damaged while any surface hydrocarbons remaining in
the exposed/developed regions were fully removed.
Pre-Etch cleaning: Just as with a clean substrate, the catalyst must also be clean
prior to MaCE. This ensures that the metal surface is clean enough to properly serve as
a catalyst for H2 O2 reduction. Metal films deposited using DC sputter coating or e-beam
evaporation can be etched without any further treatment as long as the samples are etched
within one or two days (max.). If samples are stored for longer than two days then the metal
surface is cleaned using either the UV-ozone for 15 - 30 minutes or under on O2 plasma in
the Plasma-Therm RIE SLR at 20 – 30 W for 2 – 10 minutes.
Catalysts patterned using EBL were cleaned using O2 plasma at 20 – 30 W for 45 sec.
to 5 min. in the Plasma-Therm RIE SLR. Samples were etched within one hour of cleaning.
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Etching: Unless otherwise noted, all etching was conducted in the dark with stagnant
etchant. When applying the etchant to the wafer, care must be taken to ensure that the
etchant flows slowly and smoothly over the catalyst surface; depending on the size of the
substrate, it may be necessary to create a uniformly hydrophobic surface using dilute HF
otherwise the etchant will flow too fast as the substrate surface transitions from hydrophilic
to hydrophobic.
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B.4

Experimental Procedures for Catalysts and Mass Loss Tests

Catalyst Tests: A Signatron 4-point probe was used to measure the resistivity of 4 silicon
wafers freshly cleaned in a piranha solution of 4:1 H2 SO4 and H2 O2 to remove any organic
contaminants followed by dilute 1 wt% HF solution to remove an oxide coatings. The wafers
were collected from various colleagues with resistivities ranging from P(100) - 0.0086 ⌦-cm,
P(100) - 1.60 ⌦-cm, and P(111)) 1.53 ⌦-cm. E-beam evaporation was then used to deposit
2.2 nm coatings of Ag, Au and Pt on the surface and the samples were then immersed
for 10 seconds in a ⇢ = 9013.8 etchant solution of HF and H2 O2 . Samples were cleaved
and micrographs of the top surface an cross section were taken using a LEO 1550 scanning
electron microscope at 10 kV accelerating voltage with a working distance between 3 and 5
mm. No conductive coatings were applied to the samples prior to imaging.
Mass Loss Tests: A Signatron 4-point probe was used to measure the resistivity of two
silicon wafers freshly cleaned in a piranha solution of 4:1 H2 SO4 and H2 O2 followed by dilute
1 wt% HF. The resistivity of the highly and moderately doped silicon wafers were measured
at 0.0086 and 1.58⌦-cm respectively. The wafers were then cleaved into 4 quarters and then
2.2 nm of Ag, Au, Pt or Pd was deposited on a quarter section of each wafer using a CVC
e-beam evaporator at 0.2 nm/sec. Each quarter was divided into 1 ⇥ 1 cm2 pieces for mass
loss measurements. For this initial test, samples with Ag and Pt catalysts were chosen and

⇢ = 405.0 , 607.9 and 9013.8 were used to etch for 2 minutes the silicon with⇢ = ([HF]/([HF]
+ [H2 O2 ]))x etchants, where x is the HF molarity. Three samples were prepared each silicon
dopant level, catalyst type and etchant for a total of 36 samples. A 1% NaOH solution was
used to etch away the microporous silicon after MaCE etching. Each sample was weighed
three times using Dr. Nadler’s mass balance with a precision of 0.01 mg before etching, three
times after MaCE and three times after NaOH etching for a total of 648 mass measurements.
The mean mass for each set of measurements was used to calculate the change in mass for
each process. The 2 value for Dr. Nadler’s mass balance is 0.04 which is consistent with
the manufacturer’s stated accuracy of 0.1mg with a 0.01 mg precision. This corresponds to
an equivalent current density error of 11.4 mA/cm2 if you assume 4 holes (h+ ) are consumed
to dissolve each silicon atom; although 1–2 electrons/silicon atom would be a more accurate
assumption at these HF and H2 O2 concentrations.
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B.5

Experimental Procedures for Ag nanorods and Nanodonuts

The following section details the experimental procedure used to fabricate, etchant, and
characterize the Ag nanorod and nanodonut catalysts detailed in Section 3.2 (p. 49).
Silicon wafer preparation:

All samples were prepared on 100 mm2 single side

polished, p-type (1-100 ⌦) single crystal (100) silicon wafers. The wafers were cleaned at
room temperature for 20 minutes using a piranha solution of 4:1 by volume of H2 SO4 (SigmaAldrich, 95-98 wt%) and H2 O2 (Sigma-Alrich, 30 wt%). The Si pieces were then rinsed with
distilled H2 O (de-ionized, 15.5 M⌦) three times followed by a three minute immersion in
a dilute HF (2:100, H2 O:HF) and rinsed 3 more times with distilled H2 O then dried with
compressed air. For Ag nanorod samples, the silicon wafer was cleaved into
pieces prior to cleaning.

e1

x 6 cm2

Ag nanorods synthesis: Ag nanorods were synthesized using a slightly modified
ethylene glycol method described by Xia et al.106 with KAuCl4 used as the seed solution
instead of PtCl2 . 20 mL of ethylene glycol (BDA 99%) was heated to 160˚C in a 100 mL 3
port round bottom flask in a silicon bath with a 1 meter water cooled condensation column
attached to the center port. A 25.4 mm magnetic stir bar was used to stir the solution at
500 rpm. A 0.3 mM solution of KAuCl4 (Aldrich 99.995%) made by dissolving 0.5 mg of
KAuCl4 in 2 mL of ethylene glycol and then added drop-wise to the heated ethylene glycol.
After e 4 min, a 20 mL, 0.59 M ethylene glycol solution of AgNO3 (0.200 g, Aldrich, 99+%)
and 10 mL ethylene glycol solution of poly(vinyl pyrrolidone) (PVP, 0.550 g, Aldrich, MW
⇡29,000) was added drop-wise to the ethylene glycol containing gold seeds. This reaction

was kept at temperatures between 160 and 165 ˚C for e 60 min. The solution was cooled to
room temperature, diluted 2:1 with ethanol (VWR, denatured) and then centrifuged at 5000

rpm for 30 minutes to remove the ethylene glycol and excess PVP. The supernatant was
removed using a plastic pipette and the remaining Ag nanorod precipitate was diluted using
ethanol and dispersed using sonication for 3 minutes. This process was repeated at least 6
times until the supernatant remained clear with centrifuge speeds ranging from 2000 to 5000
rpm. The synthesized and centrifuged Ag nanorods are then diluted with ethanol to form
a light, slightly colored solution and dispersed onto a cleaved piece of cleaned silicon wafer
using a 2 mL pipette with 1-2 drops of solution per cm2 of Si such the solution formed a
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thin film that did not break apart as the ethanol evaporated oﬀ the Si at room temperature.
The Si piece was placed into a UV-ozone Dry Stripper (Samco, model UV-1, 0.5 mL/min
O2 ) for 5 to 8 minutes. Depending on position in the UV-ozone stripper, time and particle
size the PVP was completely or partially removed without damaging the Ag nanorods, not
removed at all or damaged the Ag nanorods.
Ag nanodonut synthesis:

Ag nanodonuts were synthesized using the same solution

based method as detailed in the Ag nanorod synthesis with a couple modifications. First, the
reaction was conducted at 170 ˚C instead of 160 ˚C. Second, the solution was separated
and cleaned via centrifugation using the same conditions and then stored as an ethanol
solution for 1 month. The particles were then diluted using ethanol and dispersed onto a
cleaned silicon wafer using a plastic pipette and then placed into a UV & Ozone Dry Stripper
(Samco, model UV-1, 0.5 mL/min O2 ) for 5 to 7.5 minutes. Depending on position in the
UV-Ozone stripper, time and particle size, a portion of the sub-micron Ag particles and Ag
nanorods are distorted in the process to form Ag nanodonuts and nano-racetracks (roughly
truncated circles). This process also removes any PVP capping agent and cleans the catalyst
for MaCE. PVP removal used UV-Ozone was found to be dependent on position and time
within the UV-ozone Stripper.
Etching: All samples were etched in the dark with a stagnant ⇢= 9013.8 etchant for
10 minutes.
Observations: A LEO 1550 SEM was used to characterize the samples. Cross-section
images were obtained with the help of Rykaczewski at NIST using a FEI FIB Nova.
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B.6

Experimental Procedures for Blocking MaCE using SEM Deposited
Amorphous Carbon

The following section details the experimental procedure used to fabricate, etchant, and
characterize the use of SEM deposited amorphous carbon to block locally block the MaCE
process detailed in Section 3.1.4 (p. 42).
Catalyst Fabrication: All samples are prepared on a single-side-polished p-type (1100W cm) single crystal (100) silicon wafer cleaned using a 4:1 piranha solution of H2 SO4 :H2 O2
for 30 minutes followed by a 2 minute rinse in DI water and dried using compressed air.
The native oxide was then removed using a dilute HF solution (HF:H2 O = 1:100). A thin
amorphous carbon structure was deposited via Electron Beam Induced Deposition (EBID)
using a tungsten filament Quanta 200 ESEM by passing the electron beam along the surface and locally dissociating surface- adsorbed residual hydrocarbons. An electron beam
energy of 30 keV, current of
pressure of

e1

⇥ 10

5

e 24

pA, and diameter of

e 40

nm with background (chamber)

Torr. The Georgia Tech (GT) “Buzz” logo and lines were patterned

using Nanometer Pattern Generation System v8 from J.C. Nabity Lithography Systems with
center-to-center and line distances of 2 nm, line does in the 12 – 1200 µC/m range and 1,
10, 100 pattern passes, corresponding to 21 and 2.1 second refresh times for 10 and 100
repetitions.
The catalyst consisted of Au files sputtered using a Denton Vacuum Desk IV sputterer at
a pressure of 50 mTorr for 60, 120, 140, and 160 seconds. The resulting film thicknesses were
measured at 3.5, 6.7, 8.2, and 9.1 nm as determined using a Woolam M200U spectroscopic
ellipsometer equipped with WVASE32 modeling software with a resolution of ±0.5 nm.
Etching All structures were etched in the dark using stagnant ⇢ = 9013.8 etchant
solution for 15 or 30 seconds.
Characterization The dimensions and morphology of the structures were characterized using SEM and AFM. The AFM imaging was performed using a DI 3000 in light
tapping mode with silicon tips (Mikromash) with a spring constant of 42 nm and a resonance
frequency of

e 360

kHz.
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B.7

Experimental Procedures for Focused Ion Beam Catalysts

B.7.1

Focused Ion Beam deposited Pt catalysts

The following section details the experimental procedure used to fabricate, etchant, and
characterize the Ag nanorod and nanodonut catalysts detailed in Section 3.3.1 (p. 59).
Experimental Procedure: All samples were fabricated on 1⇥ 1 cm2 silicon substrates scribed from a 100 mm diameter p-type (1 – 5 W-cm) single crystal (100) silicon
wafer. The native oxide was removed immediately prior to FIB exposure using dilute,
2:50 by volume, HF:H2O (48 wt% HF; 18 MW deionized H2 O). A FEI Nova Nanolab 200
FIB/SEM using Ga+ as the ion source was used deposit platinum lines
Etching All structures were etched in the dark using stagnant ⇢ = 9013.8 etchant
solution.
Characterization The dimensions and morphology of the structures were characterized using SEM.
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B.7.2

Eﬀect of Ga+ ion implantation

The following section details the experimental procedure used to fabricate, etchant, and
characterize the Ag nanorod and nanodonut catalysts detailed in Section 3.3.2 (p. 61).
Experimental Procedure All samples were fabricated on 1⇥ 1 cm2 silicon substrates
scribed from a 100 mm diameter p-type (1 – 5 W-cm) single crystal (100) silicon wafer. The
native oxide was removed immediately prior to FIB exposure using dilute, 2:50 by volume,
HF:H2O (48 wt% HF; 15.5 MW deionized H2 O). A FEI Nova Nanolab 200 FIB/SEM using
Ga+ as the ion source was used to locally expose regions of the silicon at 5000× magnification
relative to a Polaroid 545 standard, resulting in an exposed region of 25.4 × 20.3 µm2 . The
accelerating voltage was set to either 10 kV or 30 kV with ion beam currents of 0.41 and
0.30 nA respectively; these currents were the closest available ion beam currents based upon
the aperture sizes available on the FIB system used. A 5.0 nA aperture was also tested at
an accelerating voltage of 30 kV to examine the eﬀects of higher doses. Areas were exposed
by varying the number of single-pass scans at 512 × 442 px2 resolution with a 10 µs dwell
time. Since the beam current varies with the aperture used, the actual doses are listed in
Tables A.1 – A.3 (p.181, 181, 189). Lastly, to study the individual eﬀects of isolated Ga+
implantation individual spot exposures spaced 1 µm apart using Ga+ ion doses of 7.2 ×
10-15 and 10.8 × 10-15 C were also tested. FIB Pt catalyst structures mentioned in the
introduction and shown in Figure 3.14 (p.60) were deposited with the FEI Nova Nanolab
at 30 kV and low beam currents of 30 pA and then etched in a ⇢ = 8011.4 etchant for 10
minutes.
Etching: All samples were etched in the dark using a stagnant ⇢ = 8011.4 etchant
solution (⇢ = [HF]/([HF] + [H2 O2 ]); [H2 O] = 42.5M) with the [HF]:[H2 O2 ]:[H2 O] volumetric
ratio set at 4:3:2.7 ([HF] = 48wt%, Aldrich; [H2 O2 ] = 30 wt%, Aldrich; H2 O = 15.5M⌦
deionized). Samples were rinsed with deionized water and then dried with N2 .
Observations: Atomic Force Microscope (AFM) images in tapping mode were taken
of samples before and after etching using a Bruker Dimension Edge that was calibrated
immediately prior to use with a reference sample consisting of 180 nm deep, 5 × 5 µm2
squares; system level noise measurements were between 0.06 nm and 0.07 nm. AFM profile
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measurements were taken with the scanning direction rotated 90˚ to avoid any etch overlap
that might occur between the exposed regions while maintaining good line accuracy. Low
resolution, long-range scans (100 µm wide, 1024 scans/line, 256 lines/scan) were taken to
determine the extent of any peripheral etching along with higher resolution, short-range
scans (10 – 20 µm wide, 1024 scans/line, 512 lines/scan) to detail the edge profile of the
exposed regions.
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B.8

Experimental Procedures for Electron Beam Lithography Patterned
Catalysts

The following section details the experimental procedure used to fabricate, etchant, and
characterize the EBL patterned catalysts detailed in Section 3.4 (p. 62).
EBL patterned catalysts:

All procedures except for etching, SEM imaging and

AFM measurements were conducted in a class 100 or 10 cleanroom environment; all silicon
wafers were handled only in the cleanroom prior to catalyst patterning. All samples were
prepared on p-type, 1–5 W-cm (100) silicon purchased from UltraSil. 350 ± 15 nm, as
measured by a Nanospect Reflectometer, of polymethyl methacrylate (PMMA) (MicroChem
- PMMA-A6) positive resist was spun onto the silicon wafer and baked for 90 seconds at
180 ˚C. The PMMA was exposed using a JEOL JBX-9300FS (detailed on page 201) at
100kV accelerating voltage at 2 nA beam current with a base dose of 650 µC/cm2 and
developed for 120 seconds in a 1 : 1 by volume mixture of methyl isobutyl ketone (MIBK)
: isopropyl alcohol (IPA) followed by a 120 second rinse in IPA.

e 20

nm of PMMA was

removed using a descum procedure in a PlasmaTherm RIE SLR using O2 for 30 seconds
at 20 W. Sequentially,

e 10

nm of Ti followed by

e 85

nm of Au was evaporated onto the

patterned substrate using a CVC E-beam evaporator. The thickness of the catalyst stack
was measured at 92 nm using atomic force microscopy. Metal lift-oﬀ consisted of a 24 hour
immersion in (Mircoposit - 1165 resist remover) at 80 ˚C as measured using a mercury
thermometer. Substrate was cleaned using AMI (sequential acetone, methanol, IPA rinse),
dried using N2 (Airgas, 99.99%), baked at 180 ˚C for at least 15 minutes to remove any
adsorbed water and then allowed to cool to room temperature immediately prior to

e 470

nm of maN-2403 (Micro Resist Technologies) negative resist spun onto the substrate which
was then baked at 90 ˚C for 120 seconds followed by exposure using the JEOL JBX-9300FS

system. The sample was then descummed using O2 plasma in the Plasma-Therm SLR RIE
at 20 W for 45 seconds.
Etchant Compositions All samples were etched in the dark with the etchant kept
stagnant. Also, care was taken to drop the etchant directly over the EBL pattern to minimize
any fluid flow over the catalysts. Internal tests showed that the Ti adhesion layer slows the
etching rate so all EBL samples were etched for 40 minutes under ⇢ = 9013.8 and 405.0

217

etchants. Au nanogrids were also etched with ⇢ = 607.9 to show 3D spiral etching. The
Table B.3 (p.218) below details the relative volumes and molarities of the HF, H2 O2 , and
H2 O in the etchants used along with the designated ⇢ values.
Table B.3 – Etchant compositions used with volumes used and molarities of HF (Aldrich, 49 wt%), H2 O2 (Aldrich, 30 wt%) and H2 O
(distilled). *⇢ = 60 was only used for Au grid catalysts.

⇢
90
60⇤
40

Etchant Compositions
Volume (mL)
Molarity (M)
HF H2 O2 H2 O
4.0
1.2
1.7
4.0
7.2
9.4
4.0 15.6
0.0

HF H2 O2
13.8
1.5
7.9
5.3
5.0
7.2

H2 O
42.5
42.5
42.5

Observations: A LEO 1550 SEM was used to characterize the samples. Cross-section
images were obtained using a FEI FIB Nova.
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B.9
B.9.1

Experimental Procedures for Out-of-Plane Rotation
Self-pinning Catalysts

The following section details the experimental procedure used to fabricate, etchant, and
characterize the pinned catalysts used to induced out-of-plane rotation as detailed in Section
3.5.1 (p. 80).
EBL Patterned Catalyst All procedures except for etching, SEM imaging and AFM
measurements were conducted in a class 100 or 10 cleanroom environment; all silicon wafers
were handled only in the cleanroom prior to catalyst patterning. All samples were prepared
on p-type, 1–5 W-cm (100) silicon purchased from UltraSil. 350 ± 15 nm, as measured by a
Nanospect Reflectometer, of polymethyl methacrylate (PMMA) (MicroChem - PMMA-A6)
positive resist was spun onto the silicon wafer and baked for 90 seconds at 180 ˚C. The
PMMA was exposed using a JEOL JBX-9300FS (detailed on page 201) at 100kV accelerating
voltage at 2 nA beam current with a base dose of 650 µC/cm2 and developed for 120 seconds
in a 1 : 1 by volume mixture of methyl isobutyl ketone (MIBK) : isopropyl alcohol (IPA)
followed by a 120 second rinse in IPA.

e 20

nm of PMMA was removed using a descum

e 85

nm of Au was evaporated onto the patterned

procedure in a PlasmaTherm RIE SLR using O2 with Ar carrier gas for 30 seconds at 20W.
Sequentially,

e 10

nm of Ti followed by

substrate using a CVC E-beam evaporator. The thickness of the catalyst stack was measured
at 92 nm using atomic force microscopy. Metal lift-oﬀ consisted of a 24 hour immersion in
(Mircoposit - 1165 resist remover) at 80 ˚C as measured using a mercury thermometer.
Substrate was cleaned using AMI (sequential acetone, methanol, IPA rinse), dried using
N2 (Airgas, 99.99%), baked at 180 ˚C for at least 15 minutes and then allowed to cool to
room temperature immediately prior to

e 470

nm of maN-2403 (Micro Resist Technologies)

negative resist spun onto the substrate which was then baked at 90 ˚C for 120 seconds
followed by exposure using the JEOL JBX-9300FS system under the same conditions as the
previous PMMA process. The maN-2403 was developed in MF-319 (2.5 wt.% tetramethyl
ammonium hydroxide, TMAH with surfactant – Microposit) for 70 seconds, rinsed for 5
minutes under gently flowing deionized (DI) water, and dried using N2 . Lastly, the samples
were descummed in the PlasmaTherm RIE SLR for 60 seconds under the same conditions
as earlier.
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Etching Samples were removed from the cleanroom and immersed in a dilute solution
of 1:100 by vol. HF:H2 O (Aldrich – 48 wt.% : deionized, 15.5M⌦) to ensure a uniform,
hydrophobic surface prior to MaCE. MaCE was conducted in the dark using a stagnant ⇢=
9013.8 etchant solution of HF:H2 O2 :H2 O = 4:1.3:2.8 ml (Aldrich – 48wt% : Aldrich – 35
wt.% : DI water) with [H2 O] = 42.5M. The etchant was carefully applied to the sample
to ensure that the etchant solution flowed slowly over the silicon wafer during application;
in our previous work we found that the etchant solution can move the catalyst during the
etching process if it is applied carelessly. The etchant solution was kept stagnant during
etching and the only opportunities for external excitation were when the etchant was applied
or removed from the sample. No bubbles were observed on the Si nor catalyst region during
etching of maN-2403 pinned catalysts while bubbles were observed during etching of nonpinned catalyst structures in our earlier work. Once etching was complete the sample was
immersed for 5 minutes in ample DI water maintained at room temperature ( e 27 ˚C) to
halt the etching process.

Observations All samples were imaged using the in-lens detector of a Zeiss LEO 1550
Thermally Assisted Field Emission (TFE) Scanning Electron Microscope (SEM) operating
at 10kV accelerating voltage and 3 – 4 mm working distance. The thickness of the catalyst
stack was measured using a Bruker Dimension Edge SPM in tapping mode.
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B.9.2

Experimental Procedures for Externally Pinned Catalysts

The following section details the experimental procedure used to fabricate, etchant, and
characterize the pinned catalysts used to induced out-of-plane rotation as detailed in Section
3.5.2 (p. 84). In this test the arm widths, lengths and thicknesses were varied for the horseshoe shaped catalyst was used to demonstrate that the rotation angle can be controlled
while the single-sided rectangle structure was used to induce a 90˚ rotation followed by
pure bending; an array of this catalyst structure with singular arm length, arm width and
thickness was used to study the within-sample variance and evaluate the pressure gradient
across the catalyst.
EBL All samples were prepared on 1 ⇥ 2 cm2 cut from a 100 mm, single side polished,

p-type (1 – 5 ⌦-cm), single-crystal (100) silicon wafer. Catalyst structures were fabricated

using EBL to first pattern a positive electron resist of poly- methyl methacrylate (PMMA)
followed by e-beam evaporation of a Ti/Au/Pt catalyst stack with the Ti and Pt layers were
held constant at 10 nm and 5 nm respectively while the Au thickness was 103 and 130 nm
as measured using AFM for the horseshoe and asymmetric rectangle catalysts respectively.
The Pt top layer was added to increase the H2 O2 reduction rate and was found to improve
the repeatability for out-of-plane rotation. An Au core was utilized because the high boiling
point of Pt caused cracking in the PMMA, resulting in poor feature resolution for thick Pt.
The excess metal was removed using standard lift-oﬀ processes and was followed EBL of
maN-2403 negative electron resist to form polymer lines that served as pinning structures
stable an etchant solution of HF and H2 O2 while not participating in H2 O2 reduction.
Etching For these samples, no dilute HF was used prior to MaCE as in previous EBL
samples. It was found that the dilute HF step used to create a uniformly hydrophobic surface
resulted in less control over the etching and rotation directions, presumably by causing
variations in the initial and boundary conditions for individual catalysts. All samples were
etched in the dark using stagnant ⇢ = 9013.8 ( HF : H2 O2 :H2 O = 4 : 1.3 : 2.8 mL; [H2 O] =
42.5 M) for 4 minutes for the horseshoe shaped catalysts and 2 minutes for the asymmetric
rectangle shaped catalysts. The schematic shown in Figure 3.28 (p. 98) details the catalyst
and pinning structures along with top-down Scanning Electron Micrograph (SEM) images
of the two diﬀerent catalyst geometries.
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Observations All samples were imaged using the in-lens detector of a Zeiss LEO 1550
Thermally Assisted Field Emission (TFE) Scanning Electron Microscope (SEM) operating
at 10kV accelerating voltage and 3 – 4 mm working distance. The thickness of the catalyst
stack was measured using a Bruker Dimension Edge SPM in tapping mode.
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B.10

Experimental Procedures for Spiraling Stars

EBL Patterned Catalyst All procedures except for etching, SEM imaging and AFM
measurements were conducted in a class 100 or 10 cleanroom environment; all silicon wafers
were handled only in the cleanroom prior to catalyst patterning. All samples were prepared
on p-type, 1–5 W-cm (100) silicon purchased from UltraSil. 350 ± 15 nm, as measured by a
Nanospect Reflectometer, of polymethyl methacrylate (PMMA) (MicroChem - PMMA-A6)
positive resist was spun onto the silicon wafer and baked for 90 seconds at 180 ˚C. The
PMMA was exposed using a JEOL JBX-9300FS (detailed on page 201) at 100kV accelerating
voltage at 2 nA beam current with a base dose of 680 µC/cm2 and developed for 120 seconds
in a 1 : 1 by volume mixture of methyl isobutyl ketone (MIBK) : isopropyl alcohol (IPA)
followed by a 120 second rinse in IPA.

e 20

nm of PMMA was removed using a descum

procedure in a PlasmaTherm RIE SLR using O2 with Ar carrier gas for 30 seconds at 20W.
The thickness of the catalyst stack was measured an AFM. Metal lift-oﬀ consisted of a 24
hour immersion in (Mircoposit - 1165 resist remover) at 80 ˚C as measured using a mercury
thermometer. Substrate was cleaned using AMI (sequential acetone, methanol, IPA rinse),
dried using N2 (Airgas, 99.99%). Lastly, the samples were descummed in the PlasmaTherm
RIE SLR for 60 seconds under the same conditions as earlier.
Etching Samples were removed from the cleanroom with some samples used as-is
while others were immersed in a dilute solution of 1:100 by vol. HF:H2 O (deionized, 18M⌦)
(Aldrich – 48 wt.%) to ensure a uniform, hydrophobic surface prior to MaCE. MaCE was
conducted in the dark using a stagnant ⇢= 9013.8 etchant solution of HF:H2 O2 :H2 O =
4:1.3:2.8 ml (Aldrich – 48wt% : Aldrich – 35 wt.% : DI water) with [H2 O] = 42.5M was
carefully applied to the sample to ensure that the etchant solution flowed slowly over the
silicon wafer during application. The etchant solution was kept stagnant during etching and
the only opportunities for external excitation were when the etchant was applied or removed
from the sample. Once etching was complete the sample was immersed for 5 minutes in ample
DI water maintained at room temperature ( e 27 ˚C) to halt the etching process and then
dried using N2 gas.

Observations All samples were imaged using the in-lens detector of a Zeiss LEO 1550
Thermally Assisted Field Emission (TFE) Scanning Electron Microscope (SEM) operating
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at 10kV accelerating voltage and 3 – 4 mm working distance. The thickness of the catalyst
stack was measured using a Bruker Dimension Edge SPM in tapping mode.
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B.11

Experimental Procedures for Electroless Filling

EBL Patterned Catalyst All procedures except for etching, SEM imaging and AFM
measurements were conducted in a class 100 or 10 cleanroom environment; all silicon wafers
were handled only in the cleanroom prior to catalyst patterning. All samples were prepared
on p-type, 1–5 W-cm (100) silicon purchased from UltraSil. 350 ± 15 nm, as measured by a
Nanospect Reflectometer, of polymethyl methacrylate (PMMA) (MicroChem - PMMA-A6)
positive resist was spun onto the silicon wafer and baked for 90 seconds at 180 ˚C. The
PMMA was exposed using a JEOL JBX-9300FS (detailed on page 201) at 100kV accelerating
voltage at 2 nA beam current with a base dose of 650 µC/cm2 and developed for 120 seconds
in a 1 : 1 by volume mixture of methyl isobutyl ketone (MIBK) : isopropyl alcohol (IPA)
followed by a 120 second rinse in IPA.

e 20

nm of PMMA was removed using a descum

e 85

nm of Au was evaporated onto the patterned

procedure in a PlasmaTherm RIE SLR using O2 with Ar carrier gas for 30 seconds at 20W.
Sequentially,

e 10

nm of Ti followed by

substrate using a CVC E-beam evaporator. The thickness of the catalyst stack was measured
at 92 nm using atomic force microscopy. Metal lift-oﬀ consisted of a 24 hour immersion in
(Mircoposit - 1165 resist remover) at 80 ˚C as measured using a mercury thermometer.
Substrate was cleaned using AMI (sequential acetone, methanol, IPA rinse), dried using N2
(Airgas, 99.99%). Lastly, the samples were descummed in the PlasmaTherm RIE SLR for
60 seconds under the same conditions as earlier.
Etching Samples were removed from the cleanroom with some samples used as-is
while others were immersed in a dilute solution of 1:100 by vol. HF:H2 O (deionized, 18M⌦)
(Aldrich – 48 wt.%) to ensure a uniform, hydrophobic surface prior to MaCE. MaCE was
conducted in the dark using a stagnant ⇢= 9013.8 etchant solution of HF:H2 O2 :H2 O =
4:1.3:2.8 ml (Aldrich – 48wt% : Aldrich – 35 wt.% : DI water) with [H2 O] = 42.5M was
carefully applied to the sample to ensure that the etchant solution flowed slowly over the
silicon wafer during application; in our previous work we found that the etchant solution can
move the catalyst during the etching process if it is applied carelessly. The etchant solution
was kept stagnant during etching and the only opportunities for external excitation were
when the etchant was applied or removed from the sample. Once etching was complete the
sample was immersed for 5 minutes in ample DI water maintained at room temperature ( e
27 ˚C) to halt the etching process and then dried using N2 gas.
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Electroless Filling: After etching the samples were typically stored for months and
must be cleaned prior to electroless filling. The samples were cleaned using a PlasmaTherm
RIE SLR O2 plasma for 8.5 minutes at 100 W. Next the samples were transferred in an N2
filled zip-lock back to the PRC cleanroom where electroless Pd was deposited using the PdTech (Atotech) Pd electroless plating solution. The sample was first placed for four minutes
in a pre-dip activating bath of Pd-Tech Activator Additive and deionized water (8%:92%
vol.) held at 30 ˚C. The samples were then transferred and immersed for four minutes in a
mixture of Pd-Tech Activator Additive:Pd Tech A Concentrated:DI water (8%:6%:86% vol.).
Next the sample was rinsed with DI water for one minute and then immersed for 1 – 1.25
hours in a Pd-Tech PC bath of Pd-Tech PC Reducer Solution:Pd-Tech Makeup Solution:DI
water (15%:10%:75% vol.) and then rinsed for one minute in DI water and dried under N2
gas.
The expected Pd deposition rate was 3 µm/hour and 4 µm deep templates were properly
filled with a slight amount of overfill after 1.25 hours.
Template Removal: A thin layer of Au was deposited via e-beam evaporation using
the CVC E-beam Evaporator. For the first sample a 5 nm thick adhesion layer of Pd was
deposited at 1 Å/sec. followed by a 500 nm thick layer of Au deposited at 3 Å/sec. For the
second sample a 5 nm thick layer adhesion layer of Ti was deposited at 1 Å/sec.. followed
by a 500 nm thick layer of Au deposited at 3 Å/sec. The sample was then immersed in a
25 wt% solution of TMAH:water at 80 ˚C bath temperature as measured using a mercury
thermometer.
The adhesion layer was found to have a huge eﬀect on the speed and quality of the
mould release. Specifically, the Pd layer has poorer adhesion to silicon and the sample was
freed from the silicon template within one hour with little damage to the Pd/Au negative;
however, the sample with the Ti layer took 24 hours to fully release from the silicon mould
with significant damage seen within the Au film and at the Au/Pd interface. The problems
appears to be the strong adhesion between the Ti and Si layer restricts the Si dissolution at
the interface and a relatively thick layer of Si must be removed before the Pd/Au is fully
removed. Also, H2 generated by the silicon dissolution is trapped between the silicon and
Au layer and will generate holes within the Au layer as the pressure builds. This problem
was particularly noted at the Au/Pd interface where, due to shadowing eﬀects, small gaps
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between the Au and Pd existed.
Future tests will utilize a slight change in Pd and Au deposition. First, the Pd electroless
deposition time will be lengthened to allow the Pd filling the individual holes to overflow
the Si template and merge together; forming a stable platform. Second, following an initial
Pd deposition to fill the Si template, a thin layer of Au should be sputter coated on the top
surface followed by electroless deposition of Pd for two hours to form a stable, thick 2 µm
Pd layer across the sample surface. This would provide a better substrate for handling the
released Pd 3D structures.
Observations All samples were imaged using the in-lens detector of a Zeiss LEO 1550
Thermally Assisted Field Emission (TFE) Scanning Electron Microscope (SEM) operating
at 10kV accelerating voltage and 3 – 10 mm working distance and angles of 0˚ – 60˚.

227

B.12

Experimental Procedures for Force-Displacement Measurements

Sample Preparation: Three diﬀerent fluids were tested. A dilute HCl solution with a
measured pH of 0.62 to match the pH of a ⇢ = 9013.8 , [H2 O] = 42.5 M etchant solution, the
same dilute HCl solution with HF added to 1 wt%, and DI water. All solutions were made
using DI water with a measured resistivity of 15.5 M⌦. Note that the resistivity of the DI
water was originally measured at 18 M⌦ at the source but the resistivity was reduced to 1
M⌦ after stored in a glass container for up to two days.
Two substrates were tested, a silicon substrate and a SiO2 on silicon substrate. The
silicon substrates consisted of 10 ⇥ 30 mm2 pieces of silicon scribed from a 100 mm diameter,

p-type, 1–5 W-cm (100) silicon purchased from UltraSil. The substrates were maintained in
the cleanroom until use. To measure the force-displacement curves between SiO2 and the
AFM tips a 107 nm thick thermal oxide measured using a Nanospec Reflectrometer was
grown on the same silicon wafers as above using dry O2 at 1100 ˚C for four hours. As the
wafer was prepared well before use, the substrate was cleaned for 10 minutes in a 200 W O2
plasma and then 10 ⇥ 30 mm2 samples were scribed from the 100 mm wafer for use.
Cantilever Tuning: NPG-10 tips coated top and bottom with Cr/Au were used in the
Force-displacement curves. The tip radius was measured at 30 nm using the LEO 1550 at
5:00 AM to minimize noise from any vibrations within the building (i.e. cooling fans). The
sensitivity in µm/volt of each tip was measured by gathering a force-displacement curve
between the cantilever and a fresh silicon substrate in air. The measured sensitivities were
between 0.095 and 0.1078 µm/V across the tips used with a 0.002 µm/V range across multiple
measurements for individual tips. Next the spring constant of the AFM tips were measured
using the thermal tune method in air for spring constants between 0.056 and 0.902 N/m.
Force-Displacement Curves: Force-displacement curves were taken for each substrate
first in air, then in DI water, and then in the target fluid. The force-displacement curves
within water were found to be consistent within each tip/substrate set. Due to the extremely
low spring constant cantilevers used, the automated approach method could not be used as
the cantilevers were found get overly close to the substrate and quickly displace outside the 10
V range of the four quadrant photodetector. As such, a manual method was used by slowly
approaching the substrate until the tip engaged the surface, and then manually shifting the
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cantilever up by

e 30

– 40 µm to fully disengage the tip before slowly approaching 8 µm

at a time taking 11 µm long force-displacement curves with 1 µm/sec approach velocities
and a 1 V engagement target until the tip was found to engage the sample within a forcedisplacement curve. Next a1 – 3 µm long force-displacement curve was taken at an approach
velocity that was around 0.05 – 0.25 µm/sec until a clear curve was acquired.
Due to the chemically harsh solutions involved, typically only 3 – 5 clear curves were
gathered for each sample set to minimize the AFM to excess vapors.
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Appendix C

RAW DATA

C.1

Raw Data for Out-of-Plane Rotation

Table C.1 – Raw data for out-of-plane rotation

Row Arm

Resting

Length Rotation

Max.

Elastic

Min.

Energy

Energy

Total

%

Measured

Limit

Plastic

Elastic

Plastic

Energy

Elastic

Angle

Angle

Energy

[-]

[nm]

[˚]

[˚]

[˚]

[N-m]

[J]

[J]

[J]

[%]

1

0

0

0

0.00

-

-

0

-

-

2

45

0

0

0.07

1.82E-17

0.0

0.0

0.0

-

3

90

0

0

0.14

3.63E-17

0.0

0.0

0.0

-

4

135

0

0

0.21

5.45E-17

0.0

0.0

0.0

-

5

179

0

0

0.28

7.22E-17

0.0

0.0

0.0

-

6

224

0

0

0.35

9.04E-17

0.0

0.0

0.0

-

7

269

0

0

0.42

1.09E-16

0.0

0.0

0.0

-

8

314

0

0

0.49

1.27E-16

0.0

0.0

0.0

-

9

359

0

0

0.56

1.45E-16

0.0

0.0

0.0

-

10

404

0

0

0.63

1.63E-16

0.0

0.0

0.0

-

11

449

0

0

0.70

1.81E-16

0.0

0.0

0.0

-

12

494

0

0

0.77

1.99E-16

0.0

0.0

0.0

-

13

538

0

0

0.84

2.17E-16

0.0

0.0

0.0

-

14

583

0

0

0.91

2.35E-16

0.0

0.0

0.0

-

15

628

0

0

0.98

2.53E-16

0.0

0.0

0.0

-

16

673

0

0

1.05

2.71E-16

0.0

0.0

0.0

-

17

718

0

0

1.12

2.90E-16

0.0

0.0

0.0

-

18

763

0

0

1.19

3.08E-16

0.0

0.0

0.0

-

19

808

0

0

1.26

3.26E-16

0.0

0.0

0.0

-
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20

853

0

0

1.33

3.44E-16

0.0

0.0

0.0

-

21

897

21.1

22.1

1.40

3.62E-16

3.62E-16

2.15E-14

2.18E-14

1.7

22

942

0.0

0.0

1.47

3.80E-16

0.0

0.0

0.0

-

23

987

0.0

0.0

1.54

3.98E-16

0.0

0.0

0.0

-

24

1032

6.3

6.3

1.61

4.16E-16

4.16E-16

4.88E-15

5.29E-15

7.9

25

1077

0.0

0.0

1.68

4.34E-16

0.0

0.0

0.0

-

26

1122

49.5

49.5

1.75

4.53E-16

4.53E-16

4.94E-14

4.99E-14

0.91

27

1167

53.5

53.5

1.82

4.71E-16

4.71E-16

5.35E-14

5.39E-14

0.87

28

1212

53.5

54.0

1.89

4.89E-16

4.89E-16

5.39E-14

5.44E-14

0.90

29

1256

36.4

36.4

1.96

5.07E-16

5.07E-16

3.57E-14

3.62E-14

1.40

30

1301

51.5

51.5

2.03

5.25E-16

5.25E-16

5.12E-14

5.17E-14

1.01

31

1346

33.7

33.7

2.10

5.43E-16

5.43E-16

3.27E-14

3.33E-14

1.63

32

1391

117.8

117.8

2.17

5.61E-16

5.61E-16

1.20E-13

1.20E-13

0.47

33

1436

51.0

51.0

2.24

5.79E-16

5.79E-16

5.05E-14

5.11E-14

1.13

34

1481

71.5

180.0

2.31

5.97E-16

5.97E-16

1.84E-13

1.84E-13

0.32

35

1526

124.1

124.1

2.38

6.16E-16

6.16E-16

1.26E-13

1.27E-13

0.49

36

1571

0.0

0.0

2.45

6.34E-16

0.0

0.0

0.0

-

37

1615

121.4

180.0

2.52

6.51E-16

6.51E-16

1.84E-13

1.84E-13

0.35

38

1660

90.0

180.0

2.59

6.70E-16

6.70E-16

1.84E-13

1.84E-13

0.36

39

1705

82.6

180.0

2.66

6.88E-16

6.88E-16

1.83E-13

1.84E-13

0.37

40

1750

90.0

180.0

2.73

7.06E-16

7.06E-16

1.83E-13

1.84E-13

0.38
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Appendix D

CONSTANTS

D.1

Si Prefixes
Table D.1 – Table of SI Prefixes
Prefix

SI Prefixes
Symbol

peta
tera
giga
mega
kilo
hecto
deca

P
T
G
M
k
h
da

deci
centi
milli
micro
nano
pico
femto

d
c
m
µ
n
p
f
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10n
1015
1012
109
106
103
102
101
100
10 1
10 2
10 3
10 6
10 9
10 12
10 15

D.2

Physical Constants

http://en.wikipedia.org/wiki/Physical_constant
Table D.2 – Table of Universal Constants

Universal Constants
Symbol

Name

Value

Units (reduced)

c

Speed of Light in Vacuum

3.00 ⇥ 108

m
s

G

Newtonian Constant of
Gravitation

6.67 ⇥ 10

11

h

Plank Constant

6.62 ⇥ 10

34

Reduced Plank Constant

1.05 ⇥ 10

34

~=

h
2⇡
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m3
kg · s2
m2 · kg
(J · s)
s1
m2 · kg
(J · s)
s

Table D.3 – Table of Electromagnetic Constants

Electromagnetic Constants
Units (reduced)

Value

Symbol

Name

µo

Permeability of Free Space
(Magnetic Constant)

1.26 ⇥ 10

6

Permittivity of Free Space
(Electric Constant)

8.85 ⇥ 10

12

"o =

1
µo c2

Zo = µo c

ke =

1
4⇡"o
e

N
A2
F
m

Characteristic Impedance of
Free Space

376.7

⌦

Coulomb’s Constant

8.99 ⇥ 109

N · m2
C2

Elementary Charge

1.60 ⇥ 10
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19

C
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Table D.4 – Table of Atomic and Nuclear Constants
Atomic and Nuclear Constants
Symbol
↵
4⇡R1

Bohr Radius

5.29 ⇥ 10

11

m

e2
4⇡"o me c2

Classical Electron Radius

2.82 ⇥ 10

15

m

me

Electron Mass

9.11 ⇥ 10

31

kg

mp

Proton Mass

1.67 ⇥ 10

27

kg

Fine Structure Constant

7.30 ⇥ 10

3

-

ao =

re =

↵=

Units (reduced)

Value

Name

µo e2 c
e2
=
2h
4⇡"o ~c

R1 =

↵ 2 me c
2h

Rydberg Constant

237

1.10 ⇥ 107

1
m
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Table D.5 – Table of Physico-Chemical Constants
Physico-Chemical Constants
Units (reduced)

Value

Symbol

Name

mu = 1u

Atomic Mass Unit

1.660 ⇥ 10

27

kg

NA , L

Avogadro’s Number

6.022 ⇥ 10

2

1
mol

k = kb = R/NA

Boltzman Constant

F = NA e

Faraday Constant

R

1.38 ⇥ 10

23

m2 · kg
s2 · K

8.314
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J
K

◆

C
mol

9.649 ⇥ 104

Gas Constant

✓

m2
K · s2

✓

J
K · kg

◆
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