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ABSTRACT

The development of hybrid strategies combining chemical self-assembly with
conventional fabrication techniques for the advancement of lithography into the
sub-100 nm regime has been the focus of the research presented in this thesis. The main
objective was the development of the “molecular ruler” process, which utilizes selfassembled multilayers as nanoscale resists for the definition of metal electrode structures
with precise nanogap spacings in the 10-100 nm regime. These self-assembled
multilayers were composed of alternating, coordinated α,ω-mercaptoalkanoic acid
molecules and Cu2+ ions.
The molecular ruler process begins with a lithographically defined gold structure,
henceforth called the “parent”. Subsequently, the self-assembled multilayers are grown
selectively on this parent structure to form a type of lift-off resist. After metal deposition,
this resist is removed chemically leaving behind only the newly created “daughter”
structure and the lithographic parent structure. The width of the gap between the created
daughter structure and the parent structure is measured out precisely by the tailored
thickness of the multilayer resist. Gaps of differing sizes between parent and daughter
structures can be generated through changing both the number of molecular ruler layers
deposited as well as by altering the length of the molecular ruler itself. This process has
been characterized by field emission scanning electron microscopy, and gap sizes have
been demonstrated routinely in the 10-50 nm range.
The molecular ruler process has been extended to fabricate complex hierarchical
architectures. Tertiary structures (granddaughters) have been created by depositing
iii

multilayers on the daughter structures as well as the parent structures. Removing a
sacrificial parent and/or daughter structure by selective chemical etching can isolate the
tertiary structures. Using reactive ion etching and the parent and daughter structures as
an etch mask, nanogaps can be transferred into the underlying substrate to create precise
recessed features. The molecular ruler process has also been combined with nanosphere
lithography to display the versatility of the molecular ruler resists around nonplanar
edges.
Aligned microstructures with precisely defined nanometer-scale spacing and edge
resolution were produced by combining multiple levels of photolithography with the
molecular ruler process. Photolithography was used to define the structures’ orientations
and self-assembled multilayer resists were used to tailor the structures’ spacings
precisely. This work opens the door for future device fabrication by demonstrating the
compatibility and robustness of hybrid strategies employing molecular rulers with
conventional photolithographic fabrication processes.
The integrity of the nanoscale gaps produced by this hybrid technique has been
investigated by electrical and structural characterization. The primary failure mode that
caused shorting in these structures was identified. Methods for improved lithographic
processing were developed and optimized to eliminate the identified failure mode and to
create high quality structures.
Another important aspect of the hybrid strategies incorporating molecular rulers is
that the lithographic resist must be robust enough to withstand the deposition of selfassembled multilayers without compromising their formation. The use of a lithographic
resist compatible with self-assembly has opened an avenue for directed chemical
iv

patterning of multi-component self-assembled films. A major advantage of this
technique is that the different components of the film are shielded by the resist against
displacement and intercalation. Additional benefits of this process over other
unconventional methods for chemical patterning are the ability to have multiple levels of
alignment, reproducible one-to-one feature size transfer, and parallel processing.
This thesis research has focused on addressing precision for the creation of
nanostructures. Self-assembly and lithographic processing have been used in tandem for
the formation of tailored, lithographically defined metal electrodes. Necessary for the
development of hybrid strategies, the compatibility between the materials requirements
for chemical self-assembly and conventional lithographic processing has been
investigated and demonstrated.
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Chapter 1
NANOLITHOGRAPHY
1.1. Introduction
Litho comes from the Greek word for stone, and graph comes from the Greek
word for writing, so lithography is “writing on stone”.1 Lithography, a technique first
developed at the end of the 18th century, is a planar printing process used to transfer
information from a master template to another surface. A design is created on a stone
surface using grease, rendering certain regions of the stone hydrophilic and others
hydrophobic. Then, the surface is treated with ink, which adheres only to the designed
regions. A sheet of paper may then be pressed against this stone to transfer the design.2
Today, this technique is still used in the art world just as it was intended
originally; a modified version dominates the processing methodologies used to fabricate
state-of-the-art electronic devices. Both the original and the adapted printing processes
are based on the same fundamental chemical properties of hydrophilicity and
hydrophobicity. The modern printing process of photolithography is the transfer
technology enabling the development of the integrated circuit, which is the basic
electronic component in modern conveniences such as cell phones or laptop computers.
For this technique, a photosensitive organic coating on a substrate is patterned by
irradiation through a mask with opaque designs. The hydrophilic or hydrophobic
properties of the exposed regions are altered from the unexposed regions, so certain
regions are rendered soluble and removed by a development step.
1

The photosensitive organic coating (photoresist) that transfers the pattern to a
substrate is sacrificial and is used in conjunction with other techniques that modify the
substrate permanently. Oftentimes, the general term of “microlithography” is used to
incorporate photolithography and related processing methodologies at the micron scale.
During the initial utilization of photolithography for patterning integrated circuits, the
feature dimensions were 1 μm. Over time, an exponential downward trend in feature
sizes produced by microlithography has been observed; this trend is referred to as
Moore’s Law.3, 4 A lot of process development has been undertaken to reduce feature
sizes in accordance with this trend. However, it is not straightforward to continue into
the 0.1 μm regime utilizing conventional techniques. Nanolithography is a general term
that refers to the patterning and related processing methods that are being pursued to
fabricate features in the sub-100 nm regime.
This is the size regime of the chemist. Chemists have been important in the field
of photolithography from its conception as the inventors of the photosensitive organic
polymeric coatings used to transfer the pattern.5, 6 The basic size of a molecule is on the
single-nanometer regime and chemists can control this with sub-nanometer resolution
through simple chemical reactions, making and breaking bonds. It is only natural that
chemists find themselves actively involved in advancing the field of nanolithography;
from the development of resists for conventional lithography to the invention of new
methodologies for the synthesis of nanostructures from the bottom-up with atoms and
molecule as the basic building blocks.
Bottom-up lithography has potential to advance the field of lithography, but one
should not overlook the impressive strides taken by the traditional top-down lithography
2

technique of photolithography. Forty years ago, Moore predicted that “Integrated circuits
will lead to such wonders as home computers – or at least terminals connected to a
central computer – automatic controls for automobiles, and personal portable
communications equipment.”3 This prediction is not as impressive as his observation that
with minimal increased cost the number of components per chip had doubled every year
since the introduction of the first planar transistor in 1959 until Fairchild’s “Micrologic”
chips in 1965 with 50-60 components.3 From this, he predicted that this exponential
trend would continue for the next ten years, so that in 1975 there would be 65,000
components in an integrated circuit. Also, he foresaw from that point on the trend would
shift to doubling every one to two years. He was accurate on both accounts and the trend
continues today; hence, it is known as Moore’s Law.3, 4
For this trend to continue, the substrates (silicon wafers) have increased from
2 inches in 1968 to 12 inches today, while the feature sizes decreased from a line
resolution of 5 μm in the late 1960’s to 65 nm today.7, 8 A variety of challenges face the
future of this trend, but manufacturing cost may be prohibitive. In 1968, a piece of
fabrication equipment cost ~$12,000 and it now costs ~$12 million. Moore suggests,
“When you are looking at new technology, please look at how to make that technology
affordable as well as functional.”4 This is perhaps one of the strongest motivations
behind the search for other approaches to nanolithography and bottom-up methodologies
in particular.

3

1.2 Top-down and bottom-up lithography
The demand for smaller feature sizes for devices fabricated in traditional
semiconducting electronic materials as well as in emerging materials and assemblies
requires the development of novel techniques that can supplement conventional
lithographic patterning. When device dimensions decrease, a wide variety of advantages
are encountered -- cost decreases, speed increases, power consumption decreases, system
reliability increases, and waste decreases.4 For ultrahigh resolution, the “top-down”
technique of producing patterns is approaching its fundamental limits and prohibitive
costs. It may yield to “bottom-up” approaches for fabrication, where atomic and
molecular building blocks are hierarchically assembled (often through self-, directed, and
positional assembly techniques) to make gradually larger structures.
The ultimate sizes of features produced by conventional lithographic methods are
both distributed and limited by tolerances introduced by etching, pattern transfer, and
other fabrication processes. However, the shapes, geometries, chemistries, and electronic
properties of molecules and their assemblies can be engineered with atomic precision
through synthetic chemistry. Therefore, techniques are being investigated to establish
nanometer-scale features that take advantage of the ultra-high tolerance and high
throughput that the manufacturing of organic, inorganic, and hybrid molecules or
assemblies provide. Self-assembly has been used to fabricate nanostructures as well as to
create well-defined surfaces upon which the nanostructures can be defined.
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1.2.1 Conventional lithography (top-down)
In 1960, Eastman Kodak introduced photosensitive organic coatings that could be
patterned by UV radiation through a glass printing mask. These negative resists that
cross-linked upon exposure to light were designed for the electronics industry. 5-7, 9, 10
Prior to this, wax was used to define patterns and protect the underlying regions from
pattern transfer by etching and implantation.11 This invention of the photoresist and the
development of lithographic processes have enabled the rapid advancement of the
integrated circuit as has been discussed.
The resolution of photolithography is defined by the Rayleigh equation
R = kλ/NA,

(Equation 1-1)

where R is the smallest printable feature (minimum linewidth), λ is the exposure
wavelength, NA is the numerical aperture for the optics of the lithographic tool, and k is a
constant for a specific lithographic process. Note that the terms NA and k are typically
between 0 and 1.7, 11, 12
Going to shorter wavelengths is the most direct way to improve the resolution.
However, this requires great expenditure for the development of photoresists that are
sensitive at that wavelength. The first radiation source was a mercury lamp and
development progressed from the G line (436 nm) to the I line (365 nm). Advancing to
the deep UV utilizing a KrF laser source (248.3 nm) required the invention of chemically
advanced resists. In this type of resist, the photons do not change the hydrophobicity of
the polymer directly, as was the case in former resist systems. Instead, a photogenerated
catalyst is activated, initiating a cascade of reactions. Thus, one photochemical
conversion is amplified generating multiple chemical reactions, which affect the
5

hydrophophobicity of the resist. Current technology uses 193 nm lithography, utilizing
an ArF laser source; and for future processing with shorter wavelengths, methods
utilizing F2 at 157.6 nm and extreme UV at 13.5 nm are in development. For F2 there are
prototype fluorinated polymer resist materials, but serious challenges remain in the areas
of optics and masks.11-14
Other than decreasing the wavelength, the principal means for improving the
resolution is by increasing the numerical aperture, primarily through improvement of the
optics. However, the numerical aperture is inversely related to the depth of focus (DOF)
DOF = k2λ/NA2,

(Equation 1-2)

where k2 is another constant specific to a lithographic process. So, as the NA is
increased, the DOF is reduced, limiting factors such as the thickness of the resist and the
height of surface topography.7, 11
The fundamental limitations described here, as well as the astronomical costs
associated with the development of new photoresists and lithographic equipment,
highlight the need for the establishment of novel patterning technologies for the
semiconductor industry and other applications. Basic requirements for production are
high resolution, high overlay capability, high fidelity, and high throughput.
Electron-beam lithography at the state of the art has a resolution of approximately
10 nm, but it is expensive, tedious, and not practical for industrial-scale fabrication. This
is the highest resolution technique commonly used by photomask vendors and in research
laboratories using the highest energy input to drive the chemistry directly. This and the
serial nature of the method are the primary reasons for low throughput.11, 15
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Other lithographic technologies, such as imprint lithography, are making headway
into this sub-100 nm regime as a means to circumvent cost and technology challenges.
However, difficulties including maintaining pattern consistency across wafers that may
not be perfectly flat as well as maintaining alignment between multiple patterning steps
have kept this from becoming a mainstream technique for production fabrication.16-18
Much of the work in this thesis focuses on the fabrication of sub-50 nm gaps
between metal features. Electron-beam and imprint lithography have been the most
common methods of producing these nanogaps,19-22 while other methods, such as
mechanical or electromigration break junctions,23, 24 have also been pursued with lower
yields. All of these techniques are imprecise in the tailoring of the gap with nanometerscale resolution. Other than the motivation for decreased feature sizes as described
previously, the pursuit of molecular electronics has been a driving force. To make
molecular nanoelectronics a reality, a significant fabrication challenge is how to connect
these molecules reliably and reproducibly to the outside world.

1.2.2 Self-assembled monolayers and multilayers (bottom-up)
Self-assembled monolayers (SAMs) are formed when organic molecules
spontaneously chemisorb on a surface and form an ordered monolayer. SAMs are
excellent models to explore the physical chemistry of two-dimensional systems, because
their chemical and physical properties can be easily controlled by modifying the
component molecules. SAMs can serve as model systems for studying molecular
electronics, corrosion, lubrication, wetting, adhesion, and catalysis. SAMs have potential
applications in the areas of electronics, biosensors, nanopatterning techniques, and
7

corrosion inhibitors.25-28 The most commonly studied SAMs are composed of
alkanethiolates on gold, which were discovered in the early 1980’s by Nuzzo and
Allara.29
Self-assembled monolayers of n-alkanethiolates on gold surfaces have been
extensively studied and characterized, 25-34 and thus are poised to serve as excellent
systems for the development of surface-bound assemblies and nanostructures. Selfassembly of monolayers can be performed on a wide variety of substrates; including
metals,28, 29, 35 semiconductors,36-38 insulators,39, 40 superconductors,41-43 and
nanoparticles.44-46 The formation of alkanethiol SAMs is governed by both the rapid
kinetics of the bond that forms between the Au surface and the sulfur headgroup and the
subsequent close-packing between the overlying hydrocarbon chains (Figure 1-1a).
Order is imparted to the structure by the surface attachment, the crystallization of the
hydrocarbon tails over time due to enthalpic van der Waals forces, and entropy-driven
solvent exclusion.47 The scanning tunneling microscope (STM) has been used to probe
the local structure (Figure 1-1b). Fundamental studies with the STM and with other
techniques have elucidated many of the mechanisms driving SAM formation and the
consequent structural features.25, 31, 48-50
Self-assembled multilayer films can be built from the bottom-up using a selfassembled monolayer as the initial anchor unit. The first example of controlled layer-bylayer self-organization of molecules at a solution-substrate interface was developed by
Netzer and Sagiv. First, they deposited a monolayer of a bifunctional molecule with an
anchoring group (trichlorosilane) to bind the molecule to the substrate (silicon) and a
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Figure 1-1 a) Schematic of a SAM with decanethiol and n-dodecanethiol coadsorbed
upon a gold substrate. The sulfur headgroups are chemisorbed to the atomically flat gold
substrate, and the overlying hydrocarbon matrix densely packs to form a well-ordered
array. b) 200 × 200 Å2 STM image (Vsample = +1 V, It = 2 pA) of the same bicomponent
SAM described previously, revealing that the two adsorbates are randomly intermixed.
The dodecanethiol molecules appear as the protrusions (displayed as brighter spots) due
to their physical length being two methylene units longer than the decanethiol, which
appears as the lower lying (displayed as gray) regions. Each circular spot corresponds to
a terminal methyl group of one individual adsorbate. The lowest (displayed as black)
areas are substrate vacancy islands (surface defects).
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convertible terminal group (vinyl). This terminal group was then activated to become a
binding site (hydroxyl) for a subsequent layer of this same bifunctional molecule.51
Polyelectrolyte multilayers are based on the deposition of charged polymers; an
example system consists of sulfonated polystyrene (polyanion) and poly(diallyldimethyl
ammonium chloride) (polycation). These films can incorporate active elements without
affecting the multilayer formation and have potential applications for the development of
electrical, optical, and electrochemically active materials. Often, they are deposited on a
base SAM and can even be selectively deposited onto a surface that has been patterned
with different SAMs. However, this type of self-assembly differs from other selfassembled multilayers because it does not yield a highly ordered structure.52-54
Metal-organic coordinated multilayers are based on single molecular layers built
upon one another. These multilayers have a framework composed of bifunctional
organic molecules and coordinated metal ions. A basic structure for this type of
multilayer system is shown in Figure 1-2. Some examples of these systems are
α,ω-mercaptoalkanoic acid/Cu2+, α,ω-alkylbisphosphonic acids/Zr4+ multilayers, and
dicyanobenzene/Co2+.55-59 Each of these systems will be discussed in detail in
Chapters 2 and 3.
Self-assembly is a chemical method that has been exploited to develop new
avenues for lithography. A few examples of the patterning methods that have gained
recognition are soft, scanning probe, and block copolymer lithography.
Microcontact printing is the most common form of soft lithography; and a typical
example of this process utilizes a patterned elastomeric stamp to transfer alkanethiols to a
gold substrate.60 This concept holds true for a wide variety of material systems and
10

Figure 1-2 Schematic representing metal-organic coordinated multilayer system, in
which layer-by-layer deposition is required to build alternating layers of bifunctional
organic molecules and coordinating metal ions.
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different approaches have been developed, such as microdisplacement printing and
nanotransfer printing.61, 62 Scanning probe lithography “writes” a pattern of molecules on
a substrate. 63, 64 Dip-pen nanolithography is a positive tone method, depositing
molecules from the tip to the substrate;65 nanografting is a negative tone version,
removing molecules in selected regions.66 These previously described methods primarily
utilize self-assembled monolayers, while block copolymer lithography utilizes the selfassembly of diblock copolymers to create periodic nanoscale domains. These
copolymers are composed of two units, which can be tailored individually to determine
the morphology of the film; one unit can be removed selectively yielding a threedimensional patterned film.67, 68
Although these methods use molecules as the building block for the patterns
generated, they do not have control over the structures’ dimensions with molecular
precision. These techniques have not been implemented to replace conventional
lithography for the fabrication of electronic devices, but they have potential to
complement one another in advanced hybrid methodologies.

1.3 Background
All of the research described within this thesis pertains to self-assembly and
lithographic methods. Integral for most of the studies undertaken were the processing
techniques of photolithography and metal deposition, as well as the characterization
techniques of ellipsometry and field emission scanning electron microscopy. The
following is a brief description of these four techniques.
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1.3.1 Photolithography
Photolithography is the printing process for patterning semiconductor materials
for use as integrated circuits. The essential components of contact photolithography are
the UV light source, the quartz photomask with chrome (non-transparent) designs for
pattern transfer, and the photo-sensitive resist. The basic process begins by coating a
substrate, typically by spin-casting with a photoresist (Figure 1-3a). Then, the substrate
is placed in the photolithography tool, where a photomask is brought into contact with it
and the sample is exposed to the UV light (Figure 1-3b). This exposure alters the
chemical properties of the resist in the regions that were not blocked by the chrome
designs of the photomask. Then, the sample is developed in a wet chemical process,
yielding the desired pattern in the photoresist on the substrate. For a positive photoresist,
the exposed regions of the resist are developed away, resulting in the same pattern as the
chrome (Figure 1-3c); in the case of the negative resist, the exposed regions are retained
and the unexposed areas are developed away (Figure 1-3d).
All photolithographic processing was conducted at Penn State Nanofabrication
Facility utilizing a MA-6 contact aligner (Karl Suss America, Inc., Waterbury Center,
VT). This photolithography tool uses a low-pressure mercury vapor bulb as the UV
radiation source and all exposures were done using the I line (365 nm) wavelength with
an intensity of 12 mW/cm2. Specific details of the process are given in Chapter 2 and
when relevant in subsequent chapters.
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Figure 1-3 Schematic of the photolithographic process for patterning the photoresist. a)
Photoresist is spin-cast on a SiO2 substrate. b) For contact photolithography, the
substrate is brought into intimate contact with a photomask (transparent quartz material
with patterned opaque chrome) and the photoresist is exposed to UV radiation. c) During
development, the exposed areas of the positive resist are removed because they were
rendered soluble during the UV radiation. d) After development, the unexposed areas of
the negative resist are removed because the exposed areas are rendered insoluble during
the UV radiation.
14

1.3.2 Metal deposition
Evaporation is a common method for metal deposition to transfer material to a
substrate with controlled deposition rates to produce films or structures with precise
thicknesses. Electron-beam evaporation has been the dominant means of metal
deposition for this research (Figure 1-4). High energy electrons are generated from a
filament by applying a high voltage and then directed to the metal source by a magnetic
field. By adjusting the emission current, the metal can be sublimed or melted and
evaporated with control over the deposition rate and thickness, which are monitored by a
quartz crystal microbalance.69
For metal deposition, the primary evaporation chambers utilized were located at
the Penn State Nanofabrication Facility and in Dr. P. S. Weiss’s research laboratory; both
systems are from the Kurt J. Lesker Co. (Pittsburg, PA). At the nanofabrication facility,
the system had a MDC electron gun source and controller (MDC Vacuum Products, LLC,
Hayward, CA), as well as an EPS-2000 effusion source power supply (Kurt J. Lesker
Co., Pittsburg, PA) for thermal evaporation. The custom-built Lesker system in the
Weiss laboratory had a TFI/Telemark (Danvers, MA) electron gun source and controller.
This system’s throw distance (from the metal in a crucible to the sample) was designed to
be longer than the typical system (24 in), allowing for anisotropic deposition. Specific
details of the process are given in Chapter 2 and when relevant in subsequent chapters.
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Figure 1-4 Schematic of electron beam evaporation of metal from crucible to sample.
The metal is evaporated by a beam of electrons generated by applying a high voltage and
directed by a magnetic field.
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1.3.3 Ellipsometry
Ellipsometry is an analytical technique that utilizes polarized light to probe the
physical properties of thin films. It is based on the transformation of linearly polarized
light to elliptically polarized light. This is due to a change in the amplitude and phase of
the electromagnetic wave vectors when the polarized light is reflected off an interface.
The fundamental equation of ellipsometry is
tanΨ * eiΔ = Rp/Rs,

(Equation 1-3)

where Rp and Rs are the total reflection coefficients for a single film. These coefficients
are the polarization-specific ratios of the amplitudes of the outgoing electromagnetic
wave as compared to that of the incoming. Rp and Rs are for the wavevectors in the plane
of incidence (Ep) and perpendicular to the plane of incidence (Es), respectively. The
magnitude of the change in polarization is found in the tanΨ term, and phase information
is in the exponential portion. Delta (Δ) represents the shift in the phase difference
between the Ep and Es wave vectors before and after reflection. A schematic describing
this technique is given in Figure 1-5.70, 71
For the work here, a Gaertner Ellipsometer (model LSE, Gaertner Scientific
Corporation, Skokie, IL) was used. This single wavelength ellipsometer uses a
monochromatic light source, which is a HeNe laser with its characteristic 632.8 nm
wavelength. This laser beam is reflected off the substrate at a 70° angle. The amplitude
and phase of the electromagnetic wavevectors are recorded before and after the film’s
deposition. To determine the thickness of the film, the optical constants for the material
must be known; these are the index of refraction (n) and the extinction coefficient (k).
For self-assembled monolayer of alkanethiols on gold, n ~ 1.5 and k = 0.72 For these thin
17
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Figure 1-5 Schematic describing ellipsometry based on the transformation of a linearly
polarized laser beam reflected off a thin film on a substrate becoming elliptically
polarized. The magnitude and phase of the for the incoming and outgoing wavevectors in
the plane of incidence (Ep) and perpendicular to the plane of incidence (Es) are
characterized. The magnitude of the change in polarization is defined as Ψ. The change
in the phase difference between the two wavevectors is defined as Δ.
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dielectric films, no light is absorbed, k = 0. For the very thin films here, Ψ is not useful
for determining film thickness. It is a change in phase (Δ) that is observed and evaluated
for the determination of film thickness.73 Computation models, such as AUTO-EL
(Allara Laboratory, The Pennsylvania State University), are used to estimate the
thickness of the film based on the reflection data of unmodified substrate and the known
optical constants of the film.

1.3.4 Field emission scanning electron microscopy
Field emission scanning electron microscopy (FESEM) is performed in high
vacuum and utilizes a focused beam of field emitted electrons for surface imaging
(Figure 1-6). This beam of electrons is focused by electromagnetic lenses and rastered
across a sample’s surface by scan coils, which carry a controlling current to deflect the
beam. It is the size of this focused beam that determines the resolution. Typically, the
energy of the incident electron beam can range from a few hundred eV to a hundred eV
generating backscattered and secondary electrons, which are detected to render an image.
Secondary electrons arise from inelastic scattering and are especially sensitive to the
topography and material composition of the structure.74-76 For this research, most images
represent secondary electrons collected by an in-lens detector. High resolution images
were collected using a LEO 1530 Gemini FESEM (Carl Zeiss, Inc., Oberkochen,
Germany) located at Penn State Nanofabrication Facility.
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Figure 1-6 Schematic of a scanning electron microscope, which characterizes the
topography and material composition of surface structures by rastering an incident beam
of electrons across a sample and collecting the backscattered and/or secondary electrons.
The beam is focused by electromagnetic lenses and deflected by current carried in the
scan coils.
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1.4 Thesis overview
The research described in the following chapters utilizes the combination of
conventional lithographic techniques with chemical self-assembly, allowing for the
creation of nanostructures whose spacing and edge resolution reach nanometer-scale
precision.
The controlled placement and thickness of self-assembled multilayers is exploited
to form precise “molecular ruler” resists that enable the production of tailored and
lithographically defined metal nanostructures.77 The molecular ruler process has been
optimized and the details are presented in Chapter 2. Expanding the process toward
materials diversification and advanced architectures is discussed in Chapters 3 and 4. For
fabrication of device nanostructures as described in Chapter 5, research has focused on
multiple levels of conventional lithography incorporating the molecular ruler resist to
define the nanoscale dimensions. The electrical integrity of these device nanostructures
has been investigated and the lithographic processes utilized have been improved, as
outlined in Chapter 6. The development of lithographic processes compatible with selfassembly has opened a novel avenue for directed chemical patterning of multicomponent
self-assembled films, as presented in Chapter 7. Finally, the highlights of this research
and future directions will be summarized in Chapter 8.
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Chapter 2
MOLECULAR RULER PROCESS

2.1 Introduction
The combination of conventional lithographic techniques with chemical selfassembly allows for the creation of nanostructures whose spacing and edge resolution
reach nanometer-scale precision. The use of selectively deposited multilayers of
bifunctional organic molecules and coordinated metal ions, along with traditional
lithography procedures is the basis for the molecular ruler scheme (Figure 2-1).1-3 The
molecules composing the self-assembled multilayers are used as “molecular rulers” to
control precisely and quantitatively the size of the created junctions between metallic
electrodes (Figure 2-2). It is the precise, proximal placement of these structures that is
the outstanding strength of the process. This fusion of established patterning methods
with novel self-assembly processes is an approach that holds promise for the further
miniaturization of electronic devices.

2.2 Experimental procedure
The basic scheme for the molecular ruler process utilizes multilayers on an initial
metal structure as an organic spacer to define the junction size between metal structures.
So to begin, metal parent structures are defined lithographically (Figure 2-1a). Then,
multilayers are deposited selectively onto these initial parent structures, forming a
molecular ruler lift-off resist (Figure 2-1b). Finally, metal is deposited and the ruler
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Figure 2-1 Schematic of the molecular ruler assembly process (not drawn to scale). (a)
Lithographically defined gold parent structures are on a SiOx substrate. (b) Molecular
rulers, alternating layers of α,ω-mercaptoalkanoic acid (HS(CH2)xCOOH) and Cu(II)
ions, serve as a molecular nanoscale resist for lift-off. (c) Daughter metal is evaporated.
(d) After chemical lift-off of the molecular resist, precisely defined spacings between
parent and daughter structures remain.
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Figure 2-2 Field emission scanning electron micrographs of the molecular ruler process.
a) The parent structure was patterned by electron beam lithography and formed by
evaporation of 15 nm Cr and 90 nm Au. b) A gap of ~30 nm was created between a
parent structure (P) and daughter structure (D). The gap was formed from the deposition
of 15 molecular ruler layers of 16-mercaptohexadecanoic acid (~2 nm each) and
Cu(ClO4)2. The daughter structure was formed by evaporation of 10 nm Cr and 30 nm
Au. c) High resolution image of the precise, tailored spacing formed between the final
parent and daughter structure.
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resist is lifted-off chemically (Figure 2-1c,d), thereby leaving daughter structures whose
spacing from the parent directly correlates to the tailored thickness of the resist.
The following is a basic outline of the steps for this process: the lithographic
definition of the parent structures (requires photoresist patterning, metal deposition, and
chemical lift-off of the photoresist), multilayer deposition, metal deposition, and
multilayer resist removal by chemical lift-off.

2.2.1 Lithographic patterning of initial (parent) structures
Predominately, the parent structures are defined utilizing conventional
lithographic methods. Photolithography has been the main method for demonstrating the
potential of the molecular ruler process because it is inexpensive and readily accessible.
The metal parent structures are defined by photolithography and fabricated using a lift-off
process.
Photoresists used for pattern transfer in photolithography are sacrificial. The
pattern can be transferred either by etching or by a lift-off process. For the creation of
metal structures by etching, photolithography is done after metal deposition and the open
regions of the resist are etched away to yield a metal pattern with the same design as the
resist. For the creation of metal structures by lift-off, the metal is deposited on top of the
substrate with the patterned photoresist. Then, the photoresist is removed, leaving behind
the metal deposited in the open regions. The molecular ruler process utilizes parent
structures composed of gold, which is malleable and not cleanly defined by etching (wet
etching does not give straight edges (isotropic in nature) and plasma etching sputters the
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gold). So for the definition of the parent structure, a lift-off process is performed; and the
photolithography step is done before the metal deposition.

2.2.1.1 Photoresist patterning
For a lift-off process, it is essential that the photoresist profile be retrograde (as
shown in Figure 2-3) and the use of a bilayer resist is a straightforward way to obtain this
type of profile. Some of the earliest work used only a single layer of resist creating metal
structures with metal flaps along the top edges. The fabrication of parent structures was
optimized using a bilayer resist stack composed of lift-off resist (LOR-A series,
MicroChem Corp., Newton, MA) and positive photoresist (SPR3012, Shipley Company,
Marlborough, MA). The findings leading to this optimization will be discussed in
Chapter 6.
The optimized photolithographic patterning process for the parent structures was
done using a bilayer resist stack composed of lift-off resist (LOR-2A) and photoresist
(SPR3012) on an oxidized Si wafer. The lift-off resist was spin-cast at 2,000 rpm for
50 s and then baked for 5 min at 190°C. Then, the photoresist was spin-cast at 4,000 rpm
for 50 s. Utilizing a contact aligner and photomask, the photoresist was exposed and then
the bilayer resist stack developed (MF-CD-26, Shipley Company, Marlborough, MA).
The above process is outlined in finer detail in Table 2-1. This optimized procedure
creates a resist profile to obtain parent structures with vertical straight edges after metal
deposition.
The LOR (polymethylglutarimide) underlayer is not photosensitive, but is soluble
the MF-CD-26 aqueous alkaline developer (~2% tetramethylammonium hydroxide).
37

Figure 2-3 a) Schematic (not drawn to scale) representing a bilayer resist stack on a
substrate. The top photoresist (PR) layer extends over the bottom lift-off resist (LOR)
layer at the edges yielding the ideal undercut or retrograde profile. b) Cross-sectional
FESEM image of a bilayer resist on SiOx. Note that it has the ideal edges shown in the
cartoon above.
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PROCESS STEP

PROCESS PARAMETER

Lift-Off Resist (LOR-1A)
Spin Speed
Spin Time
Ramp Rate

2000 rpm
50 s
500 rpm/s

Bake Temperature
Bake Time
NOTES

190 oC
10 min
Static dispense

Photoresist (SPR3012)
Spin Speed
Spin Time
Ramp Rate

4000 rpm
50 s
1000 rpm/s

Bake Temperature
Bake Time
NOTES

95 oC
60 s
Static dispense

Exposure
Exposure Time
Exposure Program
Exposure Wavelength

3.5 s
Vacuum contact
365 nm

Exposure Power

12 mW/cm2

Post Exposure Bake
Bake Temperature
Bake Time

115 oC
60 s

Developing the Resist
Developer Type
Develop Time
NOTES

CD-26
60 s
No rinse, continue to LOR undercut

LOR Undercut
Developer Type
Develop Time
Rinse
NOTES

CD-26
15 s
flowing DI water bath for 30 s
Blow dry under a stream of N2

Table 2-1 Outline of the optimized process for parent structure lithography. The bilayer
resist created by this method yields a retrograde profile for a lift-off process.
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This solubility can be tuned based on the time and temperature of the bake after it is spin
cast. So, during the development of the photoresist, the LOR is developed so that its
edge is underneath the photoresist creating an undercut profile. This ideal retrograde
profile is shown in Figure 2-3, the top thick layer is the photoresist that overhung the thin,
undercut LOR layer between the resist and substrate.

2.2.1.2 Metal deposition
The photolithographic patterning of the photoresist was followed by metal
deposition with thermal or electron gun evaporation. An adhesion layer of chromium is
required for the parent structures because gold does not adhere well to the oxidized Si
substrate (this is due to the chemical reactivity of the film-substrate bonding).4 So, 10 nm
of Cr was deposited followed by 80–100 nm of Au. A standard evaporation of 1 Å/s was
employed and the tool’s base pressure was ~1x10-7 torr. For evaporation by electron gun,
the voltage was 7 kV and a common emission current to achieve the standard rate for Cr
was ~30 mA and for Au was ~350 mA.
The patterned photoresist defined the position of the metal deposited and the LOR
undercut prevented the metal from touching the resist (Figure 2-4a,b), thus when the
resist was removed it did not compromise the metal edge of the parent (Figure 2-4c,d).

2.2.1.3 Photoresist removal
After the metal deposition, the bilayer resist was removed by first immersing the
sample in acetone for a few minutes with hand agitation. This removed the photoresist
and the metal sitting atop it. After acetone, the sample was rinsed with ethanol or
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Figure 2-4 a) Schematic (not drawn to scale) representing a bilayer resist stack on a
substrate with metal deposited. The top photoresist (PR) layer shadows the metal
deposition, so the final metal film on the substrate does not touch a resist edge. b) Crosssectional FESEM image after 10 nm Cr followed by 100 nm Au were deposited on the
LOR/PR bilayer stack on SiOx. Note that metal was along the edge of the top layer of
resist, but that it was not continuous with the edge of the metal feature on the substrate.
c) Schematic (not drawn to scale) representing the final metal feature on the substrate
after resist lift-off. d) Cross-sectional FESEM image of an isolated parent structure with
straight sidewalls after resist lift-off.
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isopropanol and dried. For removal of the LOR, the sample was immersed in the
aqueous alkaline developer, MF-CD-26.
To assure the cleanliness of the sample before multilayer deposition, the substrate
was immersed in photoresist stripper ACT935 (Ashland Chemical, Dublin, OH) for ~30
min at ~55 °C. The sample was removed, rinsed with ethanol, and dried. Finally, the
substrate was cleaned for 10 min by UV-ozone (Boekel UV Clean Model 135500), rinsed
with water, then ethanol, and dried. The final metal structure is shown in Figure 2-2a and
Figure 2-4d; and it is the initial parent structure for the molecular ruler process
(Figure 2-1a).

2.2.2 Multilayer resist (α,ω-mercaptoalkanoic acid-Cu2+) deposition
The production of molecular ruler resists consists of sequential and alternating
solution-phase depositions of organic species and coordinating metal ions until a desired
thickness is achieved. Typically, the organic species was a bifunctional
α,ω-mercaptoalkanoic acid, such as 16-mercaptohexadecanoic acid (Sigma Aldrich,
Milwaukee, WI), and the coordinated ion was the Cu2+ ion obtained from the inorganic
salt copper (II) perchlorate hexahydrate (Sigma Aldrich, Milwaukee, WI).5-7 Solutions of
these components for deposition were 1 mM concentration in absolute ethanol
(Mallinckrodt, Phillipsburg, NJ). The sequential solution-phase deposition began with a
1 hr immersion in 16-mercaptohexadecanoic acid to form the initial self-assembled
monolayer on the patterned gold parent structures, where the thiol termini of the
bifunctional molecules bound only to the metal and not to the SiO2 (Figure 2-5a). Then,
the sample was rinsed thoroughly with the ethanol and dried with nitrogen or
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Figure 2-5 Schematic representing the layer-by-layer deposition of the metal-organic
coordinated multilayers composed of α,ω-mercaptoalkanoic acid and Cu2+ ions.
a) Monolayer of the bifunctional organic molecule has the thiol bound to the gold
substrate and the carboxylic acid termini exposed. b) Copper ions complex to the
carboxylic acid (note: the ratio of ions to organic is not necessarily 1:1 as shown here).
c) A second layer of the bifunctional organic component is deposited. The thiol is
coordinated to the layer of copper metal ions and the carboxylic acid terminus is exposed
for subsequent layers to be deposited (note: some small fraction of the organic
components may be in the opposite less favorable configuration). If the organic
components is 16-mercaptohexadecanoic acid, then n = 9; and for
11-mercaptoundecanoic acid, n = 4.
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air. Next, the substrate was immersed in the Cu2+ ion solution for 15 min to allow for the
coordination of the ions with the pendant carboxylic acid termini (Figure 2-5b). After
another ethanol rinse and being dried, the substrate was immersed again in the organic
species for 1 hr and the thiol termini bound to the Cu2+ layer yielding exposed carboxylic
acid groups for the next immersion in the Cu2+ ion solution (Figure 2-5c). This process
was repeated until the resist was formed with the requisite number of layers to tailor the
thickness of molecular ruler resist (Figure 2-1b). This technique exploits the selective
and orthogonal chemistry of the molecules; the thiols stick only to the gold and to the Cu
ion layers rather than to the SiO2, and the Cu2+ ions bind only to the carboxylate termini
of the bifunctional molecules.
The iterative nature of this process was automated by using a Shandon Varistain
Gemini slide stainer (Thermo Electron Corporation, Waltham, MA) with modified
sample holder to reduce the number of man-hours required and to improve the precision
and uniformity of the depositions. This tool is henceforth referred to as the automated
sample dipper because it immerses (dips) the samples in different containers of solution
for the times outlined above incorporating the rinse and dry steps in order to create the
multilayer structure.

2.2.3 Secondary (daughter) structure metal deposition
The molecular ruler resist is attached to the lithographically defined parent
structure forming a lift-off resist for subsequent metal deposition. The height of the
daughter structure is restricted by the height of the parent structure. When a structure is
created by lift-off, it is typically less than one-third the height of the structure that is
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defining its location. The heights of the structures generally produced by this method
were 110 nm parent and 35 nm daughter.
To create the daughter structure, 10 nm Cr followed by 25 nm Au were deposited
by thermal or electron-beam evaporation. This metal coated the substrate (Figure 2-1c)
and later was removed from the regions coated with multilayers, remaining only where it
has adhered to the substrate.

2.2.4 Multilayer resist removal
The multilayers are robust and difficult to remove in order to lift off the molecular
ruler resist. In the original work, the samples were sonicated in a hot solution of 0.06 M
HCl in 75% dimethylformamide to remove the multilayers.1 The results of this process
were not satisfactory and it was found that photoresist stripper ACT935 yielded much
better results. The product ACT 935 contains oxidizing agents (i.e., hydroxylamine),
reducing agents (i.e., hydroxylamine and catechol), and corrosion inhibitors
(i.e., catechol).8
The multilayers were removed chemically by immersion in ACT935 at ~55 °C for
2 hr, followed by rinsing and immersion in ethanol with ~1 min ultrasound sonication.
This removal of the multilayer resist yielded isolated daughter structures with spacings
from the parent structures defined by the thickness of the molecular ruler resist that was
created (Figure 2-1d and Figure 2-2b,c).
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2.3 Results and discussion
2.3.1 Characterization of multilayers
The multilayer system that is reliable and reproducible for this process was
developed by Evans et al.5 This metal-organic coordinated multilayer system is
composed of α,ω-mercaptoalkanoic acid and copper (II) ions. The thiol terminus of the
organic molecule spontaneously assembles on metal surfaces and is the essential building
block of the multilayer system. The copper (II) ions and the carboxylic acid termini of
the organic molecules have ionic interactions and present a carboxylic-metal salt surface
for the thiol termini of the organic components to chemisorb, allowing subsequent layer
growth and the assembling of a multilayer structure.
The multilayers are the key component of the molecular ruler process as they play
the crucial role of defining the spacing between the metallic electrode structures. So,
their growth has been verified and monitored primarily using ellipsometry. The beam
diameter of the ellipsometer is 1 mm, which is much larger than the parent feature size,
so it is not capable of recording film thicknesses grown on the parents. Film growth has
been monitored on unpatterned bare gold substrates. These substrates were composed of
100 nm Au with a 10 nm Cr adhesion layer deposited on a silicon wafer by thermal or
electron-beam evaporation. (This thickness of gold is important as it is nontransparent,
presenting a reflective surface so the organic multilayer film thickness is the only
transparent medium detected.) Representative data for a multilayer film composed of
16-mercaptohexadecanoic acid and Cu2+ ions are shown in Figure 2-6 (refractive index,
n = 1.5, used for calculations).5
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Figure 2-6 Representative data for film thickness as a function of number of layers as
determined by ellipsometry for multilayers consisting of 16-mercaptohexadecanoic acid
and Cu2+ ions. A trendline has been added to show the linearity of the multilayer film
growth.
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An advantage that using multilayers offers over the use of monolayers as resists is
that common pinhole defects in an initial monolayer (which allow metal deposition to
penetrate the film and make contact with the underlying metal substrate) are self-healed
by the subsequent fluid multilayers. However, the sturdiness of this initial layer is quite
significant as the monolayer is not removed easily during chemical lift-off of the
molecular resist. In order to eliminate that base layer, treatment with UV-ozone followed
by immersion in water is necessary to remove the oxidized α,ω-mercaptoalkanoic
acids.9, 10 The robustness of the multilayer films is impressive, as they can be produced
and stored for weeks without degradation. They are also stable in a variety of chemical
solvents, a characteristic that was exploited for their incorporation in the various
applications described in subsequent Chapters.

2.3.2 Characterization of metal structures created by process
A field emission scanning electron microscope (FESEM) was the dominant tool
used for characterizing the parent and daughter structures created by the molecular ruler
process. The spacing between a parent and daughter structure was evaluated by topdown FESEM images, where the low electron emission (dark) region was assigned as the
gap between the metallic (bright) regions of the parent and daughter structures. Large
area images were captured (Figure 2-7a) to determine qualitatively the reproducibility of
the process across a sample. High-resolution images were captured to determine
quantitatively the accuracy of the gap size between the structures (Figure 2-7b)
The gap size between the created daughter structure and the parent structure is
determined precisely by the selectable thickness of the molecular resist. This spacing
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Figure 2-7 Field emission scanning electron micrographs of parent (P) and daughter (D)
structures (these are some of the first successful samples). The parents were defined by
electron beam lithography and formed by evaporation of 15 nm Cr followed by 90 nm
Au. The gap between the metal structures is ~30 nm formed by a ruler resist of 15
molecular ruler layers of 16-mercaptohexadecanoic acid (~2 nm each) and Cu(ClO4)2.
The daughter was formed by evaporation of 10 nm Cr followed by 30 nm Au. a) Image
of a large area showing large areas of ruler resist lift-off. b) High resolution image to
measure the gap size.
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directly correlates to the number and length of the component organic molecules
incorporated within the molecular ruler resist. When utilizing the component molecule of
16-mercaptohexadecanoic acid (MHDA, HS(CH2)15COOH), each layer of MHDA/Cu2+
is ~2 nm thick.5 By using different numbers of this MHDA/Cu2+ precise building block,
a variety of different gap sizes have been manufactured (Figure 2-8). The length of the
molecular ruler itself can be altered, for example, 11-mercaptoundecanoic acid (MUDA,
HS(CH2)10COOH) differs in length by ~0.5 nm, so the MUDA/Cu2+ building block is
~1.5 nm thick.5
The process has been validated using this molecule, as shown in Figure 2-9,
where 10 layers of MUDA/Cu2+ yielded a 15 nm gap. The molecules were used in
combination to tune the gap sizes; this is shown in Figure 2-10, where 5 layers of
MHDA/Cu2+ and 5 layers of MUDA/Cu2+ generated a ~17 nm gap. At the same time that
the patterned sample in Figure 2-10 was run in the dipper for multilayer deposition, a
bare gold substrate was run for film thickness verification by ellipsometry. For 5 layers
of MHDA/Cu2+ followed by 5 layers of MUDA/Cu2+, the film thickness was 171 ± 4 Å.
The upper limit thus far accomplished for the molecular ruler process was a 100 nm gap
formed by 50 layers of MHDA/Cu2+ (Figure 2-8c). This demonstrated that the molecular
ruler process can be extended to meet the lower regime for state-of-the-art
photolithography. Dimensions of the spacings between the parent and daughter
structures can be customized with widths ranging from 10–100 nm. The precision with
which the scaling can be achieved is limited only by the length of the molecule used
within the multilayer, which allows the structure’s proportions to be tuned by fractions of
a nanometer.
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Figure 2-8 Field emission scanning electron micrographs of parent (P) and daughter (D)
structures with nanogaps tailored by different numbers of molecular ruler layers. All
parents were formed by photolithography. a) A 10 nm gap defined by 5 molecular ruler
layers of 16-mercaptohexadecanoic acid (~2 nm each) and Cu(ClO4)2 (MHDA/Cu2+
layers). b) A 40 nm gap defined by 20 MHDA/Cu2+ layers. c) A 100 nm gap defined by
50 MHDA/Cu2+ layers.
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Figure 2-9 An FESEM image of parent (P) and daughter structure (D) with a ~15 nm
gap formed by 10 molecular ruler layers of 11-mercaptoundecanoic acid (~1.5 nm each)
and Cu(ClO4)2.
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Figure 2-10 An FESEM image of parent (P) and daughter structure (D) with a ~17 nm
gap formed by 5 molecular ruler layers of 16-mercaptohexadecanoic acid (~2 nm each)
and Cu(ClO4)2 and 5 molecular ruler layers of 11-mercaptoundecanoic acid (~1.5 nm
each) and Cu(ClO4)2.
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2.4 Conclusions
The molecular ruler process is advantageous for patterning precise nanometerscale spacings because of its high resolution and precision, selective deposition, low
production cost, parallel nature, and processing conditions (ambient temperature and
pressure). The alternating, sequential solution phase deposition of the multilayers is a
monotonous process that has been automated for efficiency producing reproducible film
thicknesses. Precise, tailored nanogaps have been fabricated routinely and inexpensively
utilizing photolithography to pattern the initial parent structures.
The basic procedure detailed here for the molecular ruler process has the
advantage of precise, proximal, parallel placement of metallic structures with nanometer
resolution. This method in combination with other processing techniques has potential to
create complex hierarchical structures and device architectures. The molecular ruler
concept is not limited to the materials mentioned here and diversification to different
multilayer systems and metals would enable more CMOS compatibility. Molecular
rulers have been established as a parallel technique for the accurate definition of tailored
sub-100 nm spacings between metallic structures with prospects for the fabrication of
nanoscale electronics.
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Chapter 3
MATERIALS DIVERSIFICATION IN MOLECULAR RULERS
3.1 Introduction
The standard α,ω-mercaptoalkanoic acid-Cu2+ system,1 described in Chapter 2 as
the reliable multilayer resist for the molecular ruler process, incorporates the elements of
copper and gold. Copper and gold can be problematic in semiconductor fabrication
facilities because they are known as lifetime killers. They diffuse and migrate into the
silicon substrate and can act as mid-level trap states, reducing the mobility of electrons.
In order to make the molecular ruler process compatible with mainstream fabrication
processing, it may be necessary to eliminate these materials.
This need to find alternatives to copper and gold motivated research toward
materials diversification for the molecular ruler process. Basic alterations to the
α,ω-mercaptoalkanoic acid-Cu2+ system have been conducted to broaden its potential
application and to understand better the formation of the multilayers. Also, the
deposition and characterization of these multilayers on different metal substrates was
conducted. The basic molecular ruler concept should apply for the utilization of different
types of multilayers. A variety of layer-by-layer metal-organic coordinated multilayer
systems are described in the literature.2-20 The materials diversification studies described
in this chapter have focused on the different metal-organic coordinated multilayer
schemes of dicyanobenzene-Co2+ and α,ω-alkylbisphosphonate-Zr4+ (or Zn2+).2-8
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To alter the standard α,ω-mercaptoalkanoic acid-Cu2+ system, different schemes
were pursued. One approach tried different metal salts with the intention of removing the
copper ions from the process. Also, the effect of different anions in inorganic salts with
Cu2+ ions was explored. Another variable was the organic component to investigate if
bicarboxylic acids or disulfides would form multilayers and to determine if layers of
alkanethiols could be used to block subsequent multilayer growth. To pursue the
elimination of gold from the process for parent structures, multilayer growth was
investigated on different potential metals, such as Pt, Pd, Cu, Al, and Au/Pd.
The most promising avenue for materials diversification was to investigate
different multilayer systems for application in the molecular ruler process. The ideal
characteristic for these multilayers is a balance between robust and removable. They
must be rigid as the scaffolding to define the nanogap, while being robust to withstand
the metal deposition as well as the different lithographic conditions for the advancement
of architectures (discussed in Chapters 5 and 6). Also, they must be removable via liftoff to create the nanogaps using chemical treatments without adverse effects. The growth
of these other multilayer systems must be well characterized and reproducible. Other
desirable attributes would be a reduction in the time required for formation along with a
wide range of achievable thicknesses.
Ellipsometry was the primary characterization tool used for the preliminary
investigations of these potential different multilayer schemes. Ellipsometry was used to
measure the film thicknesses generated by the multilayers investigated for materials
diversification of the molecular ruler process. Unless otherwise denoted, all substrates
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were silicon wafers coated by metal (thermal and/or electron beam) evaporation with
10 nm Cr as an adhesion layer followed by 100 nm Au.

3.2 Altering the standard α,ω-mercaptoalkanoic acid-Cu2+ system
This multilayer system has been described in detail in the previous chapter. Since
its conception, little work has been published regarding materials diversification using
different organic component molecules or metal ions. Most of the research has focused
on the interface of the carboxylic acid, copper ion species, and coordinating
molecule.21-24 In this work, research focused on the diversification of the organic and
ionic components has been attempted to advance the multilayer system.

3.2.1 Different metal salts
To investigate the ionic interactions within this metal-organic coordinated
multilayer system, a variety of different inorganic metal salts were explored. Cu (II) salts
with various conjugate anions were utilized to investigate how this would affect
formation of the multilayers. Also to remove copper from the process, different metal
ions were studied for potential development of novel systems.

3.2.1.1 Experimental procedure
A variety of inorganic salt compounds were investigated as alternative sources for
the metal ion in the metal-organic multilayer system that typically utilizes the compound
copper (II) perchlorate hexahydrate (Cu(ClO4)2·6H2O, Sigma Aldrich, Milwaukee, WI).
The following metal salts were employed: copper (II) chloride dehydrate (CuCl2, Strem
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Chemicals, Newburyport, MA), copper (II) acetate monohydrate (Cu(C2H3O2)2·H2O,
Strem Chemicals, Newburyport, MA), copper (II) isobutyrate (Cu(C4H7O2)2, Strem
Chemicals, Newburyport, MA), copper (II) sulfate pentahydrate (CuSO4·5H2O, Strem
Chemicals, Newburyport, MA), copper (I) acetate (CuC2H3O2, Strem Chemicals,
Newburyport, MA), palladium (II) chloride (PdCl2, Strem Chemicals, Newburyport,
MA), nickel (II) perchlorate hexahydrate (Ni(ClO4)2·6H2O, Strem Chemicals,
Newburyport, MA), nickel (II) sulfate hexahydrate (NiSO4·6H2O, Strem Chemicals,
Newburyport, MA), iron (III) chloride hexahydrate (FeCl3·6H2O, Strem Chemicals,
Newburyport, MA), and dihydrogen hexachloroplatinate (IV) hexahydrate
(H2PtCl6·6H2O, Alfa Aesar, Ward Hill, MA). The concentration of the metal salt
solutions was typically 1 mM and either ethanol (Mallinckrodt, Phillipsburg, NJ) or
Nano-pure water (Lab-Conco, minimum resistivity of 18 MΩ·cm) was used for the
solvent system in these solutions. For consistency in all of these systems, 1 mM ethanol
solutions of 16-mercaptohexadecanoic acid (MHDA, Sigma Aldrich, Milwaukee, WI)
were used to deposit the organic component of the multilayer system. The samples were
immersed in the organic solution for 1 hr, rinsed in ethanol, and dried. Then, they were
immersed in the inorganic metal salt solution for 15 min, rinsed in the same solvent as
used for the metal salt solution, and dried. The automated sample dipper was employed
to investigate the potential growth of the multilayer film after the deposition of five layers
on gold substrates.
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3.2.1.2 Results and discussion
The film thicknesses were measured by ellipsometry after five rounds of
immersion in the organic molecule with exposure to the inorganic metal salt solution
between each round. For each of these metal salts, at least two samples were investigated
and multiple spots on each sample were probed by ellipsometry (refractive index, n = 1.5,
used for calculations).1 In Table 3-1, a range for the film thicknesses is given for each
metal salt examined.
All of the copper salts in ethanol yielded nonuniform and nontailored multilayer
films, with the exception of the standard Cu(ClO4)2 (Table 3-1a). When the solvent was
changed to water, the thickness of the film for the Cu(ClO4)2 was slightly elevated and
the results for the CuCl2 were within the expected range. Some of the copper salts
yielded a range of almost 100 Å for the film thickness. A Cu (I) and Cu (II) inorganic
salt with the same conjugate anion of acetate were investigated. Although neither gave
tailored multilayers, it is interesting that Cu (I) gave film thicknesses much less than
100 Å and Cu (II) gave film thicknesses greater than 200 Å.
A summary of the non-Cu salts is also included in Table 3-1b. For the two nickel
salts, it does not appear that any growth beyond the base monolayer occurred after
subsequent exposure to the organic and inorganic component for the deposition of
multilayers. Palladium (II) chloride was found over a variety of samples to yield ~55 Å
consistently after the deposition of 5 layers. To corroborate this, the automated sample
dipper was used to generate samples with 3 or 7 layers, data collected showed ranges of
105 – 125 Å and 193 – 197 Å, respectively. This is inconsistent and shows irregular
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INORGANIC SALT

SOLVENT

5 LAYERS MHDA
FILM THICKNESS
RANGE (Å)

a)

copper (II) perchlorate
copper (II) perchlorate
copper (II) chloride
copper (II) chloride
copper (II) isobutyrate
copper (II) sulfate
copper (II) acetate
copper (II) acetate
copper (I) acetate

ethanol
aqueous
ethanol
aqueous
ethanol
ethanol
ethanol
aqueous
aqueous

95 -- 110
110 -- 120
25 -- 40
90 -- 125
145 -- 240
210 -- 250
205 -- 260
280 -- 370
57 -- 75

b)

palladium (II) chloride
nickel (II) perchlorate
nickel (II) sulfate
iron (III) chloride
dihydrogen hexachloroplatinate (IV)

aqueous
aqueous
aqueous
aqueous
aqueous

50 -- 60
11 -- 13
10 -- 15
65 -- 70
9 -- 10

Table 3-1 Compilation of ellipsometry data for a variety of different inorganic salts
investigated for potential multilayer growth with five layers 16-mercaptohexadecanoic
acid (MHDA). a) Copper and b) other cations were used at 1 mM concentrations in
either ethanol or aqueous solutions. The ranges of measured film thicknesses for each
type of solution are given (for at least 2 samples with a minimum of three measurements
per sample).
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growth with the PdCl2 salt. Salts with different cation oxidation states were tested.
Neither the FeCl3 nor the H2PtCl6 yielded expected thicknesses.
In conclusion, the copper (II) perchlorate was found to be the most reliable salt to
yield reproducible film growth. This work revealed that there are multiple variables
involved in the formation of stable and controllable multilayers. It is not simple
replacement (“plug-and-chug”) chemistry, where another Cu (II) salt or another cation
with a 2+ oxidation state can be easily substituted into the system. This investigation
displayed the complexity of the metal-organic interface and how it is not a
straightforward charge balance, but that different factors must be taken into
consideration. Other variables that potentially influence this are the ionic bond strength
of the inorganic salt, the affinity of the metal ion for the exposed carboxylic acid as well
as the incoming thiol, and the solvent system. Copper (II) perchlorate seems to have the
ideal balance of these factors and has been used consistently for all molecular ruler
research.

3.2.2 Different organic molecules
In the original work for the α,ω-mercaptoalkanoic acid-Cu2+ self-assembled
multilayer system, Evans and coworkers tried to grow a layer of arachidic acid
(C20H40O2) and octadecanethiol after the deposition of the copper ion on the exposed
carboxylic acid termini. For the arachidic acid, they observed no film growth and
incomplete layer growth was observed for the 1-octadecanethiol. They suggested that the
second functional group was necessary to stabilize each layer.1
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Research has been done to explore other potential molecules within the
multilayers that have terminal functionalities, which are the same (HOOC(CH2)xCOOH
and HOOC(CH2)xS-S(CH2)xCOOH) or different (HS(CH2)xCH3). The potential usage of
dicarboxylic acids was explored for their incorporation within the multilayer framework
as organic layers built upon an initial bifunctional anchoring molecule. Also, the effect
of a disulfide on multilayer formation was investigated. The formation of an alkanethiol
layer and its effect on subsequent multilayer growth was studied as well.

3.2.2.1 Dicarboxylic acid
To investigate a bifunctional molecule that has a carboxylic acid on each end,
1,10-decanedicarboxylic acid (DDCA, Acros, NJ, USA) was used. For the base layer on
which the growth of the DDCA was attempted, 11-mercaptoundecanoic acid (MUDA,
Sigma Aldrich, Milwaukee, WI) was deposited on the gold substrate. For comparative
purposes, the growth of MUDA was observed also. For both molecules, a 1 mM ethanol
solution was used and 1 mM Cu(ClO4)2 in ethanol was used for the deposition of the
copper ions. The typical parameters of 1 hr in organic and 15 min in inorganic were
utilized with rinsing in ethanol and drying after exposure to each component.
The multilayer deposition was conducted manually, so as to observe the growth
layer-by-layer. After each organic layer deposition, the film thickness was measured by
ellipsometry and these results are plotted in Figure 3-1. The base monolayer for all
samples was consistent. The growth of MUDA was linear, but the growth of a multilayer
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5
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MUDA = 11-mercaptoundecanoic acid
CDDS = 10-carboxyldecyl disulfide
DDCA = 1,10-decanedicarboxylic acid
Figure 3-1 Representative data for film thickness as a function of number of layers as
determined by ellipsometry for multilayer systems with different organic component
molecules. Duplicate data for each system is shown in the graph and identified in the
legend. For all systems, layer 1 was MUDA and all used the inorganic salt Cu(ClO4)2.
Neither CDDS nor DDCA formed multilayers. Growth was stagnant after an initial
change in thickness occurred following the first exposure of the substrate to CDDS or
DDCA (layer 2).
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film composed of DDCA was stagnant after a slight increase following the first exposure
to this molecule. This dicarboxylic acid molecule probably formed a disordered second
layer, preventing subsequent growth. The DDCA could be lying down or in a hairpin
configuration with both carboxylic acid groups complexed to exposed copper ions.

3.2.2.2 Disulfide
The same type of experiment was conducted utilizing 10-carboxyldecyl disulfide
(CCDS, Dojindo Molecular Technologies, Inc., Gaithersburg, MD) for the deposition of
the organic components. The CCDS molecule, HOOC(CH2)10S-S(CH2)10COOH, is the
disulfide of MUDA. Disulfides are known to form ordered SAMs on gold surfaces, but it
was unclear if they will form a self-assembled layer when they are utilized for multilayer
growth.
This is a particularly relevant experiment to the molecular ruler process because
the α,ω-mercaptoalkanoic acid molecules from Sigma-Aldrich have a purity of ~90%
with the majority of impurities as disulfides. This could affect the formation of the
multilayers from the purchased and unpurified molecules. Empirically, it has been
observed that as a purchased bottle of the 16-mercaptohexadecanoic acid ages (is exposed
to air, moisture, light), the solubility of the molecule in ethanol decreases and the texture
of the bulk solid molecule changes from a white soft powder to waxy pebbles. This is
probably due to the formation of the disulfide, which has a longer chain length. So, the
disulfide is known to be present from the beginning and its concentration presumably
increases over time.
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Manual deposition of the organic component, CCDS, and the Cu(ClO4)2 was
conducted so that the film thickness after each organic layer could be characterized.
MUDA was used as the base layer atop which the growth of CCDS was attempted. The
film was composed of CCDS and was compared to multilayers formed by the deposition
of MUDA. All solutions were 1 mM in ethanol and immersions in the organic and
inorganic components were 1 hr and 15 min, respectively, with rinsing and drying
between exposures.
The thicknesses of these films were monitored by ellipsometry and are shown in
Figure 3-1. Uniform growth for the layers composed of MUDA was observed. For the
CCDS, growth was stagnant after an initial change in thickness occurred following the
first exposure of the substrate to the CCDS. This lack of growth is not unusual as Cu2+
(CuO) is known to form disulfides from thiols, so the copper ion in the multilayer stack
would be unlikely to break the disulfide bond to form thiols resulting in a complete
layer.25-27 However, this work highlights the importance of high quality
α,ω-mercaptoalkanoic acid molecules with limited disulfide contamination.
So, 10-carboxyldecyl disulfide is essentially twice the length of the previous
molecule studied (1,10-decanedicarboxylic acid) and both molecules have carboxylic
acids at both termini of the linear molecule. It is interesting to note that the behavior of
10-carboxyldecyl disulfide is very similar to the growth of 1,10-decanedicarboxylic acid,
as shown in Figure 3-1. For the shorter molecule, the film thickness increased ~4 Å and
for the longer disulfide molecule, the film thickness increased ~8 Å. The difference
between the two can be directly related to the fact that their lengths differ by a ratio of
two. This suggests the possibility that both bicarboxylic acids are binding in similar
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conformations, which inhibit the COOH-Cu2+ complexation for growth of subsequent
layers.

3.2.2.3 Multilayers with terminal alkanethiol layers
For the deposition of an alkanethiol atop a COOH-Cu2+ interface, results were
obtained that differed from the original work by Evans and coworkers.1 Film growth was
observed for both 1-dodecanethiol (Sigma Aldrich, Milwaukee, WI) and
1-octadecanethiol (Sigma Aldrich, Milwaukee, WI) atop base monolayers of
16-mercaptohexadecanoic acid (MHDA) (Sigma Aldrich, Milwaukee, WI). Film
thicknesses were monitored after the deposition of the base MHDA layer and again after
exposure to Cu(ClO4)2 and the alkanethiol. All solutions were 1 mM in ethanol with the
organic exposure for 1 hr and the copper salt exposure for 15 min. The initial MHDA
monolayer was ~18 Å; then, the film thickness increased to ~30 Å after exposure to
1-dodecanethiol and ~38 Å after exposure to 1-octadecanethiol. This increase of 12 Å
and 20 Å correlates to the approximate length of the respective alkanethiols. Some initial
work showed that 1-octadecanethiol formed a complete layer (~20 Å) on two layers of
MUDA and on two layers of MHDA, respectively. Research by Daniel and coworkers
also observed layer formation of an alkanethiol (hexadecanethiol) on a monolayer and
bilayer of MHDA.24 However, without further investigation, it is unclear whether this
trend would continue.
The use of this alkanethiol layer to inhibit the growth of subsequent multilayers
was investigated. A simple model system to examine this used a capping layer of
1-octadecanethiol (C18) deposited atop a single base layer of MHDA with complexed
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copper ions. So, after those two layers were deposited, the sample was put in the
automated sample dipper for depositions of 5 and 10 MHDA/Cu2+ layers. All solutions
were 1 mM in ethanol, with rinsing and drying between exposures to the organic solution
(1 hr) and the inorganic solution (15 min).
Film thicknesses were evaluated by ellipsometry after both 5- and 10- layer
deposition (shown in Figure 3-2). This C18 capping layer atop the base monolayer of
MHDA did not inhibit the multilayer growth and after 10 layers of deposition, the film
thickness was much greater than that of 10 layers of MHDA deposited on bare gold. This
indicates that the C18 layer was either exchanged with incoming MHDA molecules or
incorporated within the multilayer stack, permitting subsequent growth. This further
suggests that the C18 layer was less stable than the MHDA and could be exchanged. The
carboxylic acid termini of the MHDA can form dimers due to hydrogen bonding, thus
increasing their stability. If the MHDA could be exchanged as easily as the C18, then
subsequent multilayer growth would not occur. Regarding multilayer formation, direct
comparisons between layers of alkanethiols and mercaptoalkanoic acids would be
complicated and problematic.
The complete exchange of the C18 did not seem to occur after a single exposure
to MHDA, as the multilayer growth did not increase the expected 100 Å after 5 layers of
MHDA. However, the growth of the next 5 layers was greater than 100 Å, suggesting a
degree of irregular growth. This was probably due to disorder induced by the exchange
and potentially even the incorporation of the C18 molecule. This could support the idea
that densification can occur in the lower layers during the formation of a new layer.24
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MHDA = 16-mercaptohexadecanoic acid
C12 = 1-dodecanethiol
C18 = 1-octadecanethiol

Figure 3-2 Representative data for the growth of MHDA/Cu2+ multilayers on a variety
of different base layers. These base layers represented in the legend have thicknesses
plotted at x = 0. The regular growth of these multilayers was plotted for growth
beginning with a bare gold substrate (Au). The ability for the multilayers to grow on a
substrate that is protected by a alkanethiol is shown where the base layer was
1-dodecanethiol (Au + C12) and 1-octadecanethiol (Au + C18). The monolayer of C18
was resistant to the growth of the multilayers. Multilayer growth was not inhibited by a
capping layer of C18 bound to Cu2+ complexed to a monolayer of MHDA on Au
(Au + MHDA + C18).
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In summary, the C18 did not cap the multilayer growth, but it did have a detrimental
effect on the growth. This indicates that the alkanethiol does not form a stable layer on
the COOH-Cu2+ complex. The stability of the C18 layer seems to be lower than that of
the MHDA, which is in partial agreement with the fact that Evans and coworkers did not
observe complete layer formation for it. The molecular interaction of a methylterminated capping layer can be increased via buried hydrogen bonds, as in amidecontaining alkanethiols.28 Future work could be pursued to determine if this increased
stability is sufficient enough to inhibit molecular exchange and to block subsequent
multilayer growth.

3.2.2.4 Alkanethiol monolayer
For the directed assembly and selective deposition of multilayers, the ability to
promote and to inhibit the growth of the multilayer films is important. To investigate if a
base monolayer of an alkanethiol will suppress subsequent multilayer growth, both
1-dodecanethiol (C12) and C18 were investigated. Base SAMs of these molecules were
deposited on Au from 1 mM ethanol solutions. Then, these samples were prepared using
the automated sample dipper via the typical process for the deposition of 5 and 10 layers
of MHDA/Cu2+.
Film thicknesses were investigated by ellipsometry after deposition of 5 and 10
layers. An increase in film thickness was observed for the sample with a C12 base layer,
but the single monolayer of C18 was resistant to subsequent multilayer deposition (shown
in Figure 3-2). Hence, a monolayer of 1-octadecanethiol can be used to inhibit multilayer
growth.
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When an alkanethiol SAM is exposed to another alkanethiol self-exchange,
intercalation, and displacement can occur.29-32 It is interesting that the C18 SAM has
been able to inhibit this exchange sufficiently such that after 10 repeated exposures to
MHDA, no increase in film thickness was observed. This is primarily due to the short
exposure periods and the difference in the chain lengths. Longer chain molecules are
more likely to displace shorter chain molecules. This was demonstrated by the MHDA
displacement of the C12 SAM, allowing the multilayer growth observed by an increase in
film thickness. The same exposure periods for immersion of the C18 SAM in MHDA did
not yield near the same level of displacement because no increase in film thickness was
observed.
Some displacement during the exposure of the C18 SAM to the MHDA molecules
may have taken place with intercalation first occurring at defect sites. Thus, isolated and
exposed carboxylic acid termini of the inserted MHDA would bind a copper ion and then
another MHDA molecule could bind to the copper. Since there is not a dense base layer
of MHDA, the second molecule could lay flat on the surface and block subsequent selfexchange. The fact that the C12 SAM did allow growth is consistent with the accepted
understanding of intercalation, displacement, and self-exchange of SAMs. Though the
C18 layer is not impenetrable, it is unlikely that sufficient exchange would occur and
allow multilayer growth. If the shorter chain molecule MUDA were used instead of
MHDA, then that exchange would be even less likely. Therefore, C18 as a base
monolayer is a sufficient blocking layer to prevent multilayer growth.
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3.3 Different parent structure materials
The molecular ruler process has thus far been optimized for gold parent
structures. However, this is not the ideal material because gold is expensive, it can
migrate into silicon, and it is difficult to pattern lithographically. This motivates the
search for other materials that will promote reliable, tailored multilayer growth. For
potential orthogonal multilayer systems and for the fabrication of complex architectures,
it is also beneficial to determine which materials do not permit multilayer growth.
Research was conducted to investigate the growth of α,ω-mercaptoalkanoic acidCu2+ multilayers on metals other than the gold. All solutions were 1 mM in ethanol with
the organic exposure for 1 hr and the copper salt exposure for 15 min. Organic film
thickness was measured by ellipsometry for the following metals: Pt, Pd, Cu, Al, and
Au/Pd. Deposited by metal (thermal and/or electron beam) evaporation, all metal films
were 100 nm thick and typically had an underlying Ti or Cr adhesion layer.

3.3.1 Results and discussion
3.3.1.1 Platinum
Well-ordered monolayers of alkanethiols on Pt and its oxide are typically thicker
than on Au, but take longer to form.33, 34 On platinum oxide, overlayers of carboxylic
acids can self-assemble.35 Self-assembled monolayers of MUDA, MHDA, and C18 were
grown on Pt. The average film thickness for MUDA was 11Å, MHDA was 18 Å, and
C18 was 21 Å. These are all acceptable values for monolayers of these molecules.
However, when multilayer growth with MHDA was attempted manually and the film
thickness was characterized after each organic layer, there was not any subsequent
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growth after the first layer. Monolayer formation was reproducible, but film growth
ceased after a single layer. This could be due to mixed orientations of the
α,ω-mercaptoalkanoic acids with both thiols and carboxylic acids bound to the substrate.

3.3.1.2 Palladium
Palladium is an attractive parent metal for the molecular ruler process because: it
has smaller grains than gold, yielding smaller edge roughness; it is CMOS compatible;
and it permits the formation of ordered alkanethiolate SAMs.36 Self-assembled
monolayers of MUDA, MHDA, and C18 were grown on Pd. The average film thickness
for MUDA was 7 Å, MHDA was 13 Å, and C18 was 20 Å. For the
α,ω-mercaptoalkanoic acids, the film thickness was lower than expected, but an accepted
monolayer thickness was observed for the C18. Multilayers of MHDA/Cu2+ were
deposited manually and the film thickness was probed after each organic layer.
Multilayer growth on the Pd was regular, but much less than for growth on gold. The
average film thicknesses for each of the first 5 layers were 12 Å, 22 Å¸ 32 Å¸ 39 Å, and
48 Å, respectively. This unexpectedly low thickness could be due to insufficient time for
formation of full layers and could be improved by process optimization.

3.3.1.3 Copper
Copper was shown to have uncontrolled monolayer and multilayer growth. A
self-assembled monolayer of MHDA yielded a film thickness of 97 Å. This is much
thicker than expected, but the multilayer deposition for 2 and 3 layers was continued
yielding 142 Å and 191 Å, respectively. Copper is unstable under ambient conditions
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and quickly forms an oxide that adsorbs contaminants. Without careful sample
preparation, disordered thiol films are formed on the Cu metal surface. It has been
observed that short chain alkanethiols produce pitted surfaces and seem to etch the metal.
Long chain alkanethiols in ethanol can form thick visible films and evidence supports the
formation of multilayers.26, 27, 29, 37, 38 Also, alkanoic acids will form monolayers on
copper oxide.38, 39 Many mechanisms could be responsible for this uncontrolled film
growth, revealing copper as a material incompatible with this multilayer system.

3.3.1.4 Aluminum
Alkanethiols do not form SAMs on the native oxide of Al, but alkanecarboxylic
acids are known to bind weakly.39-42 Aluminum was shown to retard multilayer growth.
The first and subsequent layers of MHDA growth were each approximately 3 Å thick,
which is significant suppression of ruler growth.

3.3.1.5 Gold-palladium alloy
Alloys of metals have the potential to offer tailored properties that are ideal
compared to those of the pure metal. Gold-palladium was explored because it has
smaller grain sizes, which could improve the edge roughness for the generation of parent
structures. Both components in this alloy have been observed to have regular multilayer
growth. Initial experiments used a 60/40 Au/Pd alloy (wt. %) and showed similar results
to Pd metal. Self-assembled monolayers of MUDA, MHDA, and 1-octadecanethiol were
deposited. The average film thickness for MUDA was 11 Å, MHDA was 15 Å, and
1-octadecanethiol was 20 Å. The expected alkanethiol thickness was observed, but the
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thickness of the α,ω-mercaptoalkanoic acids was greater than that observed for Pd and
less than for Au. Multilayers of MHDA/Cu2+ were deposited manually and the film
thickness was probed after each organic layer deposition. An increase in film thickness
was observed for each layer, but was inconsistent from sample to sample. The
thicknesses observed were closer to the values recorded for multilayers on Pd than those
for Au.

3.3.2 Synopsis of multilayer growth on different metals
Monolayer formation of 1-octadecanethiol on Pt, Pd, and AuPd yielded the
expected film thicknesses. Monolayers of MHDA and MUDA on Pt yielded the expected
film thicknesses, but were thinner on Pd and AuPd. Regular multilayer growth was
observed on Pd and AuPd, suppressed growth was observed on Al, and no film thickness
increase was observed on Pt. The exposure of Cu to α,ω-mercaptoalkanoic acids yielded
very thick films.
Future work to characterize multilayer growth further on Pd and AuPd will
determine if they are viable candidates for the parent structure material in the molecular
ruler process. Copper was shown to be incompatible with controlled multilayer growth.
The inhibition of growth on the Al and Pt suggest their application as good materials for
orthogonal assembly.

3.4 Different metal-organic coordinated multilayer systems
Research has been pursued to investigate the potential application of other
multilayer systems that have been published in the literature. The different metal-organic
76

coordinated multilayer schemes that were studied were dicyanobenzene-Co2+ and
α,ω-alkylbisphosphonate-Zr4+ (or Zn2+) (Figures 3-3 and 3-4, respectively).2-5, 8 These
other systems could offer the elimination of the potentially problematic materials of
copper and gold used in the α,ω-mercaptoalkanoic acid-Cu2+ system, while offering
advantages such as improved efficiency, precision, and chemical removal. By exploring
different multilayer systems, this is the first step toward the development of orthogonal
self-assembly systems. This orthogonal assembly would permit the growth of different
multilayer stacks on the same substrate without separate processing steps.

3.4.1 Dicyanobenzene-Co2+
Regular multilayer growth has been observed for dicyanobenzene (DCBN) and
Co2+ on silicon substrates with an anchoring unit of 3-aminopropyltriethoxysilane.2, 3
Diisocyanides are known to self-assemble on gold,43-45 palladium,45 copper,46 nickel,46
and platinum surfaces.46 This multilayer system can be diversified beyond the silicon
dioxide substrate and optimized for these other metals, eliminating the need for an
anchoring unit other than the base layer of dicyanobenzene. The application of this
multilayer system would allow the parent metal composition for the molecular ruler
process to be expanded beyond gold.

3.4.1.1 Experimental procedure
Research was conducted to investigate the growth of multilayers formed by the
alternating deposition of the bifunctional molecule, 1,4-phenylene diisocyanide (Sigma
Aldrich, Milwaukee, WI), and the inorganic salt, cobalt (II) chloride, anhydrous (Strem
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Figure 3-3 Simplified schematic (not drawn to scale) representing the
dicyanobenzene-Co2+ multilayer system composed of 1,4-phenylene diisocyanide and
coordinated cobalt ions.
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Figure 3-4 Simplified chematic (not drawn to scale) representing the multilayer system
of α,ω-alkylbisphosphonate-Zr4+ (or Zn2+). The cation is represented by Mx+, the base
monolayer is phosphorylated 11-mercaptoundecanol, and the subsequently coordinated
layers are 1,10-decanediylbis(phosphonic acid)s.
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Chemicals, Newburyport, MA).2, 3 The growth of these multilayers was investigated on
substrates with Au or Pt coatings, the Au and Pt coatings were 100 nm thick with an
underlying, adhesion layer of 10 nm Cr or Ti deposited by metal evaporation on silicon
wafers. Alternating sequential solution phase deposition was carried out with immersion
in the organic component for 1 hr and in the inorganic for 30 min. For both components,
solution concentrations of 10 mM were used and ethanol, acetone (VWR International,
West Chester, PA), and dichloromethane (VWR International, West Chester, PA) were
investigated as the solvent. Between exposures to each component, the samples were
rinsed with solvent and dried. Multilayer deposition was done manually for ellipsometry
characterization after each organic component.

3.4.1.2 Results and discussion
Routine and precise multilayer systems are required for incorporation into the
molecular ruler process. To assess DCBN/Co2+ application, multilayer growth was
investigated by measuring the film thickness after layer deposition using ellipsometry
(refractive index, n = 1.5, used for calculations).2 Multilayer growth on the Au substrate
is shown in Figure 3-5 and for the multilayers deposited on Pt, the results are shown in
Figure 3-6. For all solvent systems, uniform growth for the first four layers was observed
on the gold substrates (Figure 3-5). Multilayers were deposited manually and varying
deposition times were used for the fifth layer, probably accounting for the irregularity,
but overall these multilayers show potential, with some need for optimization. Erratic
growth was observed for the multilayers deposited on platinum, as shown in Figure 3-6.
This is unfortunate because one of the main motivations behind the investigation of this
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Figure 3-5 Representative data for the growth of DCBN/Co2+ multilayers on gold
substrates from a variety of different solvents. The solvents are given in the legend. The
regular growth of these multilayer (layers 1-4) was plotted for growth beginning with a
bare gold substrate (Au). Multilayers were deposited manually and varying deposition
times were used for the fifth layer.
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Figure 3-6 Representative data for the growth of DCBN/Co2+ multilayers on Pt
substrates from a variety of different solvents. These solvents are given in the legend.
The erratic and irregular growth of these multilayer was plotted for growth beginning
with a bare platinum substrate (Pt).
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multilayer system was to have orthogonal multilayer deposition, where the isocyanides
potentially would bind better to the platinum than the gold.47 However, this would not be
the case based on the results obtained.
Dichloromethane was not an acceptable solvent for CoCl2 as the salt changed to a
purple color (Co3+) and did not dissolve. So, when the DCBN was dissolved in
dichloromethane, the solvent for the CoCl2 was acetone. This was the optimized
experimental procedure outlined by Page and coworkers.2
The chemicals used here would ideally be used in a fume hood. One of the
advantages of the current α,ω-mercaptoalkanoic acid-Cu2+ system is that it can be
comfortably done on the benchtop and in the automated sample dipper. Although the
automated sample dipper does have a protective covering, it is not an isolated chamber.
So, the chemicals involved in this multilayer system were not ideal for use in the dipper
because the entire lab would be exposed to them. Therefore, this system was not pursued
further at this time for application in the molecular ruler process.

3.4.2 α,ω-Alkylbisphosphonate-Metal (II,IV) multilayers
For the metal-organic coordinated multilayer systems composed of
α,ω-alkylbisphosphonic acid molecules, established chemistries for materials
diversification have been developed. Ordered alkylbisphosphonate-Zr4+ multilayers have
been grown on both silicon and gold substrates.4-7 For this multilayer growth, an
anchoring molecule is required, with a functional group for binding to the substrate and a
terminal phosphonate functionality for subsequent multilayer growth. The tetravalent
cation, Hf (IV),12, 13 as well as the divalent cations of Zn (II) and Cu (II),8 have been
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incorporated in the multilayer system with α,ω-alkylbisphosphonic acids. Multilayers
based on the complex of Zr-phosphonate bonds have been investigated for a variety of
different organic molecules, such as biphenylenebisphosphonic acid,
azobenzenebisphosphonic acid, and quaterthiophenediphosphonic acid.9-11
This medley of multilayer systems built on the metal-phosphonate coordination is
attractive for use as alternative multilayer stacks for the molecular ruler process. It
permits the incorporation of a variety of different metal ions and organic components.
Metal ions that are less detrimental to device quality than copper can be used.
Established syntheses have been outlined for a variety of alkanebisphosphonic acids with
different chain lengths,8, 12 as well as for more rigid aromatic molecules.9-11 This would
permit precise tailoring of the molecules that act as the ruler to measure out the film
thickness and subsequent gap. The multilayer system composed of alkanebisphosphonic
acids with Zn2+ could improve efficiency with its short immersion times of 10 min. Also,
this material system has been demonstrated to grow 100 layers. For this same system, the
multilayers may be removed easily with water.8 The current multilayer system used for
the molecular ruler process is difficult to remove and the chemical required for removal is
not compatible with all materials because it is strongly basic. Metal (II,IV)
α,ω-alkylbisphosphonate multilayers have great potential to improve the molecular ruler
process.

3.4.2.1 Experimental procedure
The bifunctional molecule, 1,10-decanediylbis(phosphonic acid) (i.e. DBPA), was
synthesized according to previously published methodologies utilizing a Michaelis84

Arbuzov reaction of 1,10-dibromodecane (0.1 mol) (Sigma Aldrich, Milwaukee, WI)
with triethyl phosphite (0.25 mol) (Sigma Aldrich, Milwaukee, WI).4, 8 To build
multilayers composed of this molecule and a tetravalent (Zr4+) or divalent (Zn2+) metal
ion, the substrate could be functionalized with a phosphonic acid anchoring unit, such as
(4-mercaptobutyl)-phosphonic acid for a gold surface.4, 7, 8 Instead of synthesizing this
molecule, phosphorylation of a hydroxyl-terminated alkanethiol SAM was done to form
the base layer for subsequent multilayer growth. On a gold substrate, the SAM was
formed by immersion for 24 hr in a 1 mM ethanol solution of 11-mercaptoundecanol
(Sigma Aldrich, Milwaukee, WI). Phosphorylation was done by immersing the substrate
with the hydroxyl-terminated SAM for at least 1 hr into an acetonitrile (Sigma Aldrich,
Milwaukee, WI) solution of phosphorus oxychloride (0.2 M) (Sigma Aldrich,
Milwaukee, WI) and 2,4,6-collidine (0.2 M) (Sigma Aldrich, Milwaukee, WI).9
Synthesis of the DBPA was verified by TLC, NMR spectroscopy, IR spectroscopy, and
mass spectrometry. The phosphophorylation of the 11-mercaptoundecanol SAM was
verified by XPS.
After the initial SAM of 11-mercaptoundecanol had been phosphorylated, the
substrate was immersed in the solution of the metal ions and subsequently in the
bifunctional organic component, DBPA. Multilayer systems were investigated utilizing
tetravalent (Zr4+)4 and divalent (Zn2+)8 metal ions. These systems had different
processing conditions and will be discussed separately.
For the multilayer system incorporating the tetravalent metal ion of Zr4+, aqueous
solutions of 5 mM zirconyl chloride octahydrate (Sigma Aldrich, Milwaukee, WI) and
1.25 mM DBPA were used. Typically, for the deposition of the multilayers, the substrate
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with the phosphorylated SAM was immersed alternately for 30 min each in the inorganic
and then the organic solution. Between each component, the sample was rinsed with
water and dried. In all cases, the water was Nano-pure (Lab-Conco, minimum resistivity
of 18 MΩ·cm). The growth of these layers was conducted manually for the layer-bylayer growth to be characterized; and also, it was conducted using the automated sample
dipper to investigate the potential for creating films with a wide-range of thicknesses.
For the multilayer system incorporating the divalent metal ion of Zn2+, ethanol
solutions of 5 mM zinc (II) acetate dihydrate (Sigma Aldrich, Milwaukee, WI) or zinc
(II) perchlorate hexahydrate (Sigma Aldrich, Milwaukee, WI) and 5 mM DBPA were
used. Typically for the deposition of the multilayers, the substrate with the
phosphorylated SAM was immersed alternately for 10 min in the inorganic and then the
organic solution. This decreased amount of time per layer was one of the main reasons
this system was investigated. Between each component, the sample was rinsed with
ethanol and dried. In all cases for the systems with Zn (II), the ethanol was from
Pharmco Products, Inc. (Brookfield, CT). The growth of these layers was conducted
manually for the layer-by-layer growth to be characterized.

3.4.2.2 Results and discussion
The reproducible and tunable thickness of the multilayers is crucial for the
molecular ruler process. So, it is important to investigate the growth of the multilayers in
order to assess their potential for use in the ruler process. Multilayer growth was
observed by measuring the film thickness with ellipsometry (refractive index, n = 1.54,
used for calculations).4 For the zirconium bisphosphonate multilayers, uniform film
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growth was observed for the multilayers grown both by hand and using the automated
sample dipper. These results are shown in Figures 3-7 and 3-8. However, for the zinc
bisphosphonate multilayers, the observed growth was erratic, as shown in Figure 3-9.
The erratic results for the multilayers with Zn2+ are unfortunate because this
system had the greatest potential to improve the ruler process. However, the solubility of
these films in water (which could be advantageous for their easy removal) was probably
the problem that inhibited multilayer growth. The ethanol solutions were not treated to
be anhydrous, and this presumably affected the formation of the layers. To pursue their
use for this process further, it would be necessary to attempt the multilayer growth under
more stringent conditions.
The growth of the zirconium bisphosphonate multilayers was promising and
suggested that they had potential for use as molecular rulers. So, these multilayers were
deposited on lithographically patterned gold structures on a silicon dioxide substrate.
When the multilayers were chemically removed using ACT935, all the daughter metal
that had been evaporated on the substrate delaminated. Multilayers must have been
deposited on the oxide of the silicon wafer by some type of non-specific binding. This
could have been due to the phosphorylation process functionalizing the exposed hydroxyl
groups, the formation of a zirconium oxide layer, or the DBPA adhering to an oxide
surface.
With focused process optimization, this multilayer system could be feasible. To
overcome the nonspecific binding of the multilayers to the silicon substrate, the synthesis
of (4-mercaptobutyl)-phosphonic acid to be used as the phosphonic acid anchoring unit
would circumvent the phosphorylation process. Another simpler approach would be to
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Figure 3-7 Representative data for the growth of DBPA/Zr4+ multilayers on gold
deposited manually. Previously reported values are plotted in black (- - -).4 Regular
growth of these multilayers was observed although there was disparity in the values for
the different runs. Note that the layer 1 value is the initial 11-mercaptoundecanol SAM
after phosphorylation.
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Figure 3-8 Representative data for the growth of DBPA/Zr4+ multilayers on gold
substrates deposited using the automated sample dipper. Previously reported values are
plotted in black (- - -).4 Regular growth of these multilayers was observed although the
expected thickness was slightly lower than expected. Note that the initial layer is
11-mercaptoundecanol SAM after phosphorylation.
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Figure 3-9 Representative data for the growth of DBPA/Zn2+ multilayers on gold
substrates from two different inorganic salts, represented in the legend. Neither of these
salts yielded regular growth. Note that the layer 1 value is the initial
11-mercaptoundecanol SAM after phosphorylation.
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alter the silicon oxide surface by converting the exposed hydroxyl groups to methyl
termini using hexamethyldisilazane (HMDS).48-50 This is a common process in
lithography utilized to make the surface hydrophobic for better adhesion between the
substrate and photoresist.

3.5 Conclusions
The preliminary results presented in this chapter suggest potential avenues to be
pursued and highlight the delicate balance required for the formation of robust reliable
multilayers. From the research conducted thus far, no immediate replacement for the
copper and gold elements in the molecular ruler process has been found. To investigate
the potential substrate contamination due to these metals, secondary-ion mass
spectrometry can be done to perform trace surface analysis quantification.
The attempted basic alterations to the MHDA/Cu2+ system reveal that the
interface between the metal and organic is complicated. The copper ion cannot simply be
replaced with another cation having the same oxidation state and the system is even
sensitive to the conjugate anion bound to the Cu2+ ion. Also, the α,ω-mercaptoalkanoic
acid molecule is thus far unique in its ability to form multilayer stacks and cannot be
replaced with a bicarboxylic acid or a disulfide molecule. The growth of the multilayers
could not be successfully capped with an alkanethiol layer, but could be blocked by a
monolayer of C18. Probing the interfaces of metal-organic coordinated multilayers both
quantitatively and qualitatively is an interesting challenge. The results obtained here are
indirect observations of how altering the multilayer components (and thus the metalorganic interface) affected film growth.
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For potential replacement of the gold as the parent structure metal, Pd and Au/Pd
showed promise and should be investigated further. The metals Pt and Al were found not
to be susceptible to multilayer growth and thus have potential for orthogonal assembly.
DCBN and DBPA are multilayer systems that could permit this type of assembly. The
most promising is DBPA because alkanephosphonic acids form monolayers on metal
oxides such as Al2O3, but not on gold;51, 52 and therefore, multilayer growth on this
material could be explored for materials diversification and orthogonal assembly.
Multilayers of DCBN have been shown to grow reproducibly on gold, but not on
platinum. DBPA has the greatest potential to be realized. The nonspecific binding is a
hurdle that must be overcome, but a variety of strategies should make the use of DBPA in
the molecular ruler process a reality.
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Chapter 4
CREATING COMPLEX ARCHITECTURES

4.1 Introduction
The basic molecular ruler procedure is based on the inherent nature of the
multilayers to conform precisely to parent structures, allowing the daughter structures to
precisely reflect the contours of the parents. This parallel, self-assembly process has
been established as a technique for the precise fabrication of nanogaps between metallic
structures. Adaptation of the process is necessary for extension toward sophisticated
hierarchical structures and eventually device architectures. Material diversification is one
area of research required in order to enable CMOS compatibility, but design expansion is
also necessary to create complex architectures. A variety of hierarchical structures have
been created employing the molecular rulers as an iterative process, in conjunction with
selective chemical etching, and with unconventional lithographic processing for the
generation of parent structures.1
Demonstrating the iterative nature of the process, the molecular ruler process has
been extended to the fabrication of tertiary generation structures (granddaughters).
Selective chemical etching has been exploited to generate more complex structures by the
removal of sacrificial generations. Chemical etching has also been used to generate
parent and daughter structures of equal height, circumventing the earlier height
restrictions of the daughter structures relative to the parents (1:3), and to create metal
structures other than Au. Complex, triangular parent structures have been generated
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utilizing an unconventional patterning technique called nanosphere lithography,2-6 which
is based on using assembled polystyrene spheres as a hard mask for metal deposition.
These structures have been explored to display the versatility of the molecular ruler
process in combination with another self-assembly technique, as well as the
conformability of the multilayers around nonplanar edges.

4.2 Tertiary generation structures
An extension of the molecular ruler process has been the fabrication of tertiary
generation structures (granddaughters) by depositing multilayers on the parent and
daughter structures. This demonstrates the iterative fashion of the method to prepare
multiple structures with identical features. The features can be scaled down in size by
placing a granddaughter in the nanoscale junction between a parent structure and a
daughter.

4.2.1 Experimental procedure
After the parent and daughter structures have been generated as outlined in
Chapter 2, these structures can act as parents or templates to another generation. Before
multilayers were deposited on these structures, UV-ozone was required. This is to
remove the base monolayer on the parent because it is not removed by the ACT935
during the lift-off step for the formation of the daughter structure. The sample was
treated by UV-ozone (Boekel UV Clean Model 135500) for 10 min and rinsed in water
followed by ethanol.7, 8

103

Next, multilayers were deposited on the parent and daughter structures to define
the distance between each of them and the granddaughter structure. Then, granddaughter
metal was deposited. The heights of the parent and daughter structures were typically
110 and 30 nm, respectively. Thus, for the granddaughter structure, 5 nm Ti and 10 nm
Pt were evaporated. Then, chemical lift-off of the ruler resist completed the generation of
granddaughter structures.

4.2.2 Results and discussion
For the initial demonstration of the iterative nature of the process, a gap of 30 nm
was tailored by 15 layers of 16-mercaptohexadecanoic acid and Cu2+ (~2 nm/layer)
between a parent and a daughter structure. To form the molecular ruler resists tailoring
the granddaughter’s spacings, 5 layers of 16-mercaptohexadecanoic acid and Cu2+
(~2nm/layer) were utilized. The final architecture, composed of three generations with
identical features and with dimensions directly dependent on the spacings selected using
the molecular ruler resist, is shown in Figure 4-1. Here, a nanowire was fabricated
between the parent and daughter structures using the molecular ruler process. Thus, the
iterative nature of the process allows for the creation of sub-50 nm isolated metallic
features, whose dimensions can be tuned by the molecular ruler process. These
nanoscale features (spacings and structures) were generated from an initial parent
structure fabricated on the micron-scale by photolithography.1
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Figure 4-1 An FESEM image of a tertiary structure created by molecular ruler process.
Parent (P), daughter (D), and granddaughter (G) structures created by using 15 layers of
16-mercaptohexadecanoic acid and Cu2+ (~2 nm/layer) to define the spacing between the
parent and daughter and then 5 layers of 16-mercaptohexadecanoic acid and Cu2+ created
the granddaughter structure within the parent and daughter spacing.
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4.3 Sacrificial structures
Utilizing selective chemical etching, specified generations of structures created by
the molecular ruler process can be sacrificed, isolating others. By utilizing different
adhesion metals for each structure (i.e.Ti or Cr), the desired structure to be sacrificed is
fabricated with Cr adhesion metal and removed by Cr etchant. This is especially relevant
for the isolation of the granddaughter nanostructures generated using the aforementioned
procedure.

4.3.1 Experimental procedure
After the basic architecture was generated as outlined in Chapter 2 or in
Section 4.2, these structures can become more complex by selectively sacrificing a
particular generation. This sacrificial generation was predetermined and tailored for
sacrifice during the metal deposition step. The generation to be eliminated had an
adhesion layer composed of Cr and the generation to be maintained had a Ti adhesion
layer. The sacrificial structure was removed selectively by immersing the sample for
5 min (at room temperature) in a ceric ammonium nitrate solution, Chrome Etchant 1020
(Transene Company, Inc, Danvers, MA). This left the structure with a Ti adhesion layer
untouched. Then, the sample was rinsed with water and dried.

4.3.2 Results and discussion
This basic concept for the sacrificial generation of structures was verified on a
simple parent structure (Cr adhesion layer) and daughter (Ti adhesion layer) generated
using the molecular ruler process with a ~15 nm gap created by 7 layers of
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16-mercaptohexadecanoic acid and Cu2+ (~2 nm/layer). This parent and daughter
structure demonstrated the potential of the selective chemical etching process to eliminate
a sacrificial structure, as characterized by FESEM before and after the etching process
(Figure 4-2a,b). Complete removal of the parent was achieved and the daughter structure
remained intact on the substrate.
A granddaughter structure was also isolated using this selective chemical etching.
The parent, daughter, and granddaughter structures were created and characterized in
Section 4.2 were placed in the chrome etchant solution. Then, utilizing selective
chemical etching, the parent and daughter structures with Cr adhesion layers were
sacrificed, thereby isolating the sub-50 nm granddaughter structure with a Ti adhesion
layer (Figure 4-2c). The granddaughter structures created by this process are essentially
nanowires that have controllable widths continuous over large length scales. This final
architecture arose from original micron-scale parent structures fabricated utilizing
conventional photolithography. The synthesis of nanowires and their incorporation into
device architectures has been an active area of research.9-14 The process described here
offers parallel fabrication of nanowires with precise feature widths, while simultaneously
controlling their registry on a substrate.1

4.4 Sequential generations with equal height
The height of the parent structure restricts the daughter structure’s height because
the daughter is defined by a lift-off process, necessitating a 3 to 1 height differential.
Typically, the height of the parent structure is ~110 nm and the daughter is ~30 nm.
Overcoming this limitation is important to create coplanar electrodes with the same
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Figure 4-2 These FESEM images are of structures created by the molecular ruler
process with specified generations sacrificed by chemical etching. a) A gap of ~15 nm
was defined by 7 layers of 16-mercaptohexadecanoic acid and Cu2+ (~2 nm/layer). These
parent (P) and daughter (D) structures had different adhesion layers, Cr and Ti
respectively. b) Daughter structure was isolated after parent structure removal by
chemically etching away its adhesion layer using chrome etchant. c) Granddaughter
structure (with Ti adhesion layer) was formed between parent and daughter structures
(both with Cr adhesion layers). This image is after chrome etching. An image of the
structure before chemical etching is shown in Figure 4-1.
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dimensions, so that the junctions defined by the ruler resist are symmetrical. Coplanar
electrodes with nanoscale junctions have been generated by a variety of methods,15-18 but
these techniques lack the parallel and precise nature intrinsic to the molecular ruler
process.
Two main methods were pursued for the creation of sequential generations with
the same height. Both approaches require selective chemical etching; one used a
sacrificial aluminum layer and the other a sacrificial gold coating. Also, these methods
would allow for electrodes composed of materials other than gold, expanding the types of
material patterned by the molecular rulers process. Neither of these methods eliminate
gold completely from the process (multilayer growth is most reproducible on it), but the
methods have potential for the final structures not to be composed of gold.

4.4.1 Sacrificial aluminum layer
For the molecular ruler process, it has been found that the material system
composed of gold parent structures with multilayers of α,ω-mercaptoalkanoic acid and
Cu2+ is the most reliable and reproducible (Chapter 3). Also, the height of the daughter
structure needs to be at least one-third the height of the parent to perform the lift-off of
the multilayer resists. Thus, gold is an essential component of the parent; and the basic
molecular ruler process necessitates that the daughter structure be less tall than the parent.
A concept that takes into account these requirements and permits for processing after the
molecular ruler process to produce coplanar electrodes is outlined in Figure 4-3.
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Figure 4-3 Schematic (not drawn to scale) depicting the procedure for creating parent
(P) and daughter (D) structures using a sacrificial aluminum (Al) layer to tailor height,
allowing sequential generations to be the same height. a) After the molecular rulers
process, the spacing between the parent and daughter has been defined. The parent
structure is composed of four layers (from bottom to top: adhesion layer, final electrode
material, sacrificial Al layer, and gold layer) and the daughter structure is composed of
the desired final electrode material. b) After removal of the Al sacrificial layer, parent
and daughter structure height and material can be tailored to be identical.
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For this scheme, the parent structure is composed of an adhesion metal, final
electrode metal, Al sacrificial layer, and gold coating. Multilayers are deposited on the
gold coating, forming a precise molecular ruler resist to define the spacing between the
parent and daughter structure. Aluminum was chosen as the sacrificial layer because
multilayers do not form on it (Chapter 3). This is key because it would be detrimental to
the precision of the molecular ruler process if the multilayers grew uncontrollably on the
sacrifical layer. The daughter structure is composed of an adhesion metal and the final
electrode metal. After the basic molecular ruler process, selective chemical etching is
utilized to remove the Al sacrificial layer, producing parent and daughter structures of
equivalent height.

4.4.1.1 Experimental procedure
The main experimental portions of this method were the fabrication of the parent
structure and the post-processing selective etching of the Al sacrificial layer. To
investigate these factors, a parent structure was lithographically defined as described in
Chapter 2. Then, metal deposition on the SiO2 substrate consisted of 10 nm Cr (adhesion
layer), 30 nm Au (final electrode metal), 30 nm Al (sacrificial layer), and 30 nm Au (gold
coating). The Al sacrificial layer was removed by immersing the sample for 5 min at
room temperature in an Aluminum Etchant – Type A (Transene Company, Inc, Danvers,
MA).
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Figure 4-4 These FESEM images are of parent structures composed of 10 nm Cr
adhesion layer, 30 nm Au, 30 nm Al, and 30 nm Au. The Al layer was not able to
withstand the basic chemical conditions of the photolithographic processing, yielding
unacceptable parent structures. a) Top-down FESEM image showing that the edges of
the parent structure were distorted due to the etching of the Al layer by the chemical
developer. b) Cross-sectional FESEM image displaying the profile of the parent
structure. The center of the metal line was still composed of the four layers, but on the
edges, the Al was removed and the gold layers collapsed on one another.
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4.4.1.2 Results and discussion
The parents composed of four layers generated by this technique were
investigated revealing defective and low quality structures as shown in Figure 4-4. Due
to the amphoteric behavior of aluminum oxide, the Al layer did not withstand the basic
conditions required for photolithographic processing (specifically the alkaline aqueous
developer, MF-CD-26, Shipley Company, Marlborough, MA). By FESEM
characterization, it was clear the Al layer was being etched and the Au layers were
collapsing on one another (Figure 4-4b). However, the post-processing selective etching
of the Al sacrificial layer was effective at removing the gold and Al layers.
The primary problem with this method is that the Al cannot be patterned by the
photolithographic technique optimized for the molecular ruler process. Alternative
patterning methods could potentially be used to pattern this particular stack of metals, but
would not be ideal nor straightforward. Another material could be used as the sacrificial
layer, but it must inhibit the multilayer growth just as the Al does. Therefore, this
concept was reevaluated and a simpler approach pursued.

4.4.2 Sacrificial gold coating
Due to the molecular ruler process requirements (gold parent structure and
daughter structure shorter than the parent) and the problematic Al sacrificial layer, a
simpler scheme has been outlined (Figure 4-5). In this scheme, there is not a sacrificial
layer, but the gold coating itself is sacrificial after the molecular ruler process defines the
spacing between the metallic electrodes. After the ruler process, this processing
113

Figure 4-5 Schematic (not drawn to scale) depicting the procedure for creating parent
(P) and daughter (D) structures using a sacrificial gold coating to tailor heights, enabling
sequential generations to be the same height. a) After the molecular rulers process, the
spacing between the parent and daughter has been defined. The parent structure has a
gold top layer and the daughter structure is composed of the desired final electrode
material. b) After removal of the gold coating, parent and daughter structure height and
material can be tailored to be identical.
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technique allows for material diversification and can permit the creation of daughter
structures with heights equal to or greater than the parent.

4.4.2.1 Experimental procedure
For a simple demonstration of this process, a basic parent and daughter
architecture was fabricated as outlined in Chapter 2. The parent was created by metal
evaporation of 10 nm Cr followed by 100 nm Au and the daughter was composed of a
single Cr layer. Then, the substrate was immersed for 1 min at room temperature in a
iodine-based solution, Gold Etchant TFA (Transene Company, Inc, Danvers, MA). After
removal of the gold coating by the etchant, the sample was rinsed with water and dried.

4.4.2.2 Results and discussion
This basic process for the creation of coplanar electrodes utilizing selective
chemical etching to remove the required gold coating was demonstrated as shown in
Figure 4-6a. Here, the parent and daughter electrode were symmetrical with both being
composed of 10 nm of Cr and with a sub-50 nm gap between them as defined by the
molecular ruler process. The daughter height restriction relative to the parent can now be
circumvented and daughter structures taller than parents were produced. This was done
by evaporating 20 nm of Cr for the daughter structure, while the parent structure was
composed of 10 nm Cr and 100 nm Au. This architecture, where the daughter’s height
was greater than the parent, is shown in Figure 4-6b. In this image, the Cr metal was
used as a hard mask for reactive ion etching to transfer the pattern to the underlying SiOx
substrate. This etching process is beyond the scope of this work, but demonstrated that
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Figure 4-6 Cross-sectional FESEM images of parent and daughter structures generated
after the removal of a sacrificial gold coating. This sacrificial coating allowed the
molecular ruler process to fabricate metal structures without restrictions on the height of
the parent (P) and daughter (D) structures. a) Sequential generations with equal height
were created with parent and daughter structure both composed of 10 nm Cr. A sub-50
nm gap between them was generated by the molecular ruler process. b) Example of a
daughter structure whose height (20 nm Cr) was greater than the parent (10 nm Cr), with
a sub-50 nm gap between them as defined by the molecular ruler process. This Cr was
used as a hard mask for etching to transfer the structure into the underlying substrate.
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the structures created by the molecular ruler process can be used as templates to transfer
the nanostructures to other materials.

4.5 Nonconventional parent structures created by nanosphere lithography
The molecular ruler process has been combined with nanosphere lithography,1 a
novel surface patterning technique advanced by Van Duyne and coworkers.2-6 A closepacked monolayer of polystyrene spheres is used as a hard mask instead of conventional
lithographic techniques to make parent structures. Metal is deposited and lift-off of the
spheres produces arrays of triangular gold dots to be used as parent structures. This
triangular shape allows for the interrogation of multilayer growth on the sides of convex
structures to determine how the process works when the parent structures have sharp
corners. Multilayers are deposited selectively as a molecular resist onto these gold dots
followed by metal deposition to create daughter structures on the substrate. After lift-off
of the molecular resist, uniform spacings between parent and daughter structures are
created. The aim of this work is to generate nanometer-scale features without using
conventional lithography.

4.5.1 Experimental procedure
The nanostructures created by nanosphere lithography were fabricated on SiOx
wafers. To prime the wafer, a 400:1 solution of ethanol (Mallinckrodt, Phillipsburg, NJ)
and Triton X-100 surfactant (Sigma Aldrich, Milwaukee, WI) was spin cast at a speed of
1000 rpm for 60 s. Then, a solution of polystyrene spheres was spin cast at the same
conditions to form a close-packed monolayer. These polystyrene spheres had a diameter
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of 400 nm (Polysciences, Inc., Warrington, PA) and were suspended with a ratio of 2:7 in
the aforementioned ethanol and Triton-X solution. To create the parent structure using
the spheres as a hard mask, 4 nm Cr followed by 30 nm Au were deposited by thermal or
electron-beam evaporation. To lift-off the sphere hard mask, the sample was sonicated in
dichloromethane (VWR International, West Chester, PA) leaving behind the metal that
adhered to the substrate by passing through the interstitial spacings of the polystyrene
sphere array. Then, multilayers were deposited on the resulting triangular shaped parents
to form a molecular ruler resist. To create the daughter structure, 9 nm Ti followed by 9
nm Pt were evaporated. Then, the molecular ruler resist was removed, yielding triangular
ring trenches around the parent structures.

4.5.2 Results and discussion
This process was demonstrated by creating a molecular resist containing 5 layers
of 16-mercaptohexadecanoic acid and Cu2+ (~2nm/layer) producing a ~10 nm gap
between the triangular parent structures and the daughters without the use of any
conventional lithographic processes. The steps of this process were monitored by
FESEM. Images of the polystyrene sphere hardmask, resulting triangular parent
structures, and the final parent and daughter structure after the molecular rulers process
are shown in Figure 4-7.
As shown in Figure 4-8, the ring trench defined by the ruler resist around this
single triangle dot parent was continuous with consistent dimensions. The integrity of the
rulers was maintained around the corners as displayed by the gap having excellent
conformity around the sharp edges of the triangular parents. The molecular ruler process
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Figure 4-7 These FESEM images are representative of the molecular ruler process
combined with nanosphere lithography. a) Close-packed monolayer of polystyrene
spheres was formed to be used as a hard mask. b) Triangular nanostructures were created
by gold deposition through the interstitial spaces of the hard mask. c) After the molecular
ruler process, where five layers of the 16-mercaptohexadecanoic acid and Cu2+ (~2
nm/layer) were used, uniform gaps of ~10 nm were defined around each nanostructure in
the array.
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Figure 4-8 This high resolution FESEM image reveals a continuous, conformal gap
around the gold triangular parent structure, which was formed by nanosphere lithography.
The gap is ~10 nm and was formed by 5 layers of 16-mercaptohexadecanoic acid and
Cu2+ (~2 nm/layer).
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has been tested mainly on planar structures and this work further verifies the versatility of
the method. These parent structures are themselves nanostructures that were created
utilizing a non-traditional, self-assembly fabrication method. Thus, without using any
form of conventional lithography, precise 10 nm structures have been created
reproducibly.1

4.6 Conclusions
Simple modifications to the basic molecular ruler process have shown the
versatility of the method for the creation of complex architectures. This work
demonstrates progress towards diversification of stuctures produced by the molecular
ruler process and adaptation of the process to tailor the features as desired.
Granddaughter structures were created by forming molecular rulers on parent and
daughter structures and isolated by removing sacrificial parent and daughter structures
using chemical etching. Sequential generations of the same height were created by wet
etching of the gold coating used for the growth of the molecular rulers. The molecular
ruler process was utilized in combination with parent structures created by the novel
process of nanosphere lithography to produce arrays of metal features with 10 nm
spacings, which have potential application in the field of plasmonics.
The simplicity of the basic ruler scheme in combination with a wide variety of
processing methodologies (iterations, chemical etching, and parent structure composition
and definition) has been shown. This is further proof of the reliability of the molecular
ruler process. The hierarchical architectures demonstrated here are indicative of the
process’s ability to produce device architectures. In order to move toward this level of
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sophistication, it will be necessary to define the daughter structure lithographically
necessitating the implementation of a second level of lithography.

122

4.7 References
1.

Anderson, M. E.; Tan, L.-P.; Tanaka, H.; Mihok, M.; Lee, H.; Horn, M. W.;

Weiss, P. S., Advances in Nanolithography Using Molecular Rulers, Journal of Vacuum
Science and Technology B 21, 3116-3119 (2003).
2.

Deckman, H. W.; Dunsmuir, J. H., Natural Lithography, Applied Physics Letters

41, 377-379 (1982).
3.

Hulteen, J. C.; Van Duyne, R. P., Nanosphere Lithography: A Materials General

Fabrication Process for Periodic Particle Array Surfaces, Journal of Vacuum Science
and Technology A 13, 1553-1558 (1995).
4.

Hulteen, J. C.; Treichel, D. A.; Smith, M. T.; Duval, M. L.; Jensen, T. R.; Van

Duyne, R. P., Nanosphere Lithography: Size-Tunable Silver Nanoparticle and Surface
Cluster Arrays, Journal of Physical Chemistry B 103, 3854-3863 (1999).
5.

Haynes, C. L.; McFarland, A. D.; Smith, M. T.; Hulteen, J. C.; Van Duyne, R. P.,

Angle-Resolved Nanosphere Lithography: Manipulation of Nanoparticle Size, Shape, and
Interparticle Spacing, Journal of Physical Chemistry B 106, 1898-1902 (2002).
6.

Haynes, C. L.; Van Duyne, R. P., Nanosphere Lithography: A Versatile

Nanofabrication Tool for Size-Dependent Nanoparticle Optics, Journal of Physical
Chemistry B 105, 5599-5611 (2001).

123

7.

Worley, C. G.; Linton, R. W., Removing Sulfur From Gold Using

Ultraviolet/Ozone Cleaning, Journal of Vacuum Science and Technology A 13, 22812284 (1995).
8.

Huang, J.; Hemminger, J. C., Photooxidation of Thiols in Self-Assembled

Monolayers on Gold, Journal of the American Chemical Society 115, 3342-3343 (1993).
9.

Barrelet, C. J.; Greytak, A. B.; Lieber, C. M., Nanowire Photonic Circuit

Elements, Nano Letters 4, 1981-1985 (2004).
10.

Goldberger, J.; Hochbaum, A. I.; Fan, R.; Yang, P., Silicon Vertically Integrated

Nanowire Field Effect Transistors, Nano Letters, in press (2006).
11.

Goldberger, J.; Sirbuly, D. J.; Law, M.; Yang, P., ZnO Nanowire Transistors,

Journal of Physical Chemistry B 109, 9-14 (2005).
12.

Ng, H. T.; Han, J.; Yamada, T.; Nguyen, P.; Chen, P.; Meyyappan, M., Single

Crystal Nanowire Vertical Surround-Gate Field Effect Transistor, Nano Letters 4, 12471252 (2004).
13.

Smith, P. A.; Nordquist, C. D.; Jackson, T. N.; Mayer, T. S.; Martin, B. R.;

Mbindyo, J.; Mallouk, T. E., Electric-Field Assisted Assembly and Alignment of Metallic
Nanowires, Applied Physics Letters 77, 1399-1401 (2000).
14.

Zhong, Z.; Wang, D.; Cui, Y.; Bockrath, M.; Lieber, C. M., Nanowire Crossbar

Arrays as Address Decoders for Integrated Nanosystems, Science 302, 1377-1379
(2003).
124

15.

Austin, M.; Chou, S. Y., Fabrication of Nanocontacts for Molecular Devices

Using Nanoimprint Lithography, Journal of Vacuum Science and Technology B 20, 665667 (2002).
16.

Bezryadin, A.; Dekker, C., Nanofabrication of Electrodes with Sub-5 nm Spacing

for Transport Experiments on Single Molecules and Metal Clusters, Journal of Vacuum
Science and Technology B 15, 793-799 (1997).
17.

Liu, K.; Avouris, P.; Bucchignano, J.; Martel, R.; Sun, S.; Michel, J., Simple

Fabrication Scheme for Sub-10 nm Electrode Gaps Using Electron-Beam Lithography,
Applied Physics Letters 80, 865-867 (2002).
18.

Park, H.; Lim, A. K. L.; Alivisatos, A. P.; Park, J.; McEuen, P. L., Fabrication of

Metallic Electrodes with Nanometer Separation by Electromigration, Applied Physics
Letters 75, 301-303 (1999).

125

Chapter 5
DEVICE ARCHITECTURES USING MULTIPLE LEVELS OF LITHOGRAPHY

5.1 Introduction
In the world of micro- and nano-engineering, the design and fabrication of
structures with dimensions ranging from the microscopic to the nanoscopic are just as
complex as their testing and implementation. Exciting science and technological
potential lie in the nanoscale range; this potential can be realized only if this regime is
accessible to macroscopic evaluation. Currently, using conventional fabrication
processes, the creation of devices spanning the nano- and micro-scale spectrum requires
many levels of lithography, critical alignment, expensive tool sets, extreme conditions
(e.g. pressure, temperature), or time consuming processes incompatible with the creation
of large numbers of reproducible structures on multiple wafers. A wide variety of
unconventional approaches are being pursued either to enhance our traditional tool set or
to bridge the gap to molecular scales.
To make molecular nanoelectronics a reality, a significant fabrication challenge is
how to connect these molecules reliably and reproducibly to the outside world.
Molecules with desirable electronic properties have been placed into working devices via
self-assembly.1-12 For the incorporation of individual molecules into devices, contacts on
the sub-10 nm scale are required. Conventional lithographic techniques are facing their
impenetrable limits with minimum sizes that are larger than the size required for the
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integration of molecules, thus motivating the need for novel nanofabrication techniques.
Methods to fabricate metal junctions for such applications have been presented,12-18 but
their reproducibility and precision still need further refinement. Precision in the creation
of molecule-wide junctions is a requirement that can be addressed utilizing knowledge of
self-assembly. Contacts with specific spacings tailored to the individual molecules of
interest will be required.
In the field of nanofabrication, the combination of conventional lithographic
techniques (top-down) with chemical processes (bottom-up) has potential for patterning
surfaces with nanometer-scale resolution. The fusion of these technologies also
addresses another important aspect of this field - the parallel creation of hierarchical
structures that interface components on the 1-100 nm range with micron-scale structures.
Key to the application and adoption of these hybrid strategies is showing their
compatibility with and advantages over commercial methods (i.e. photolithography).
Methods, such as soft lithography,19-21 scanning probe nanolithography,22-24
nanosphere lithography,25-27 and self-assembled monolayer etch resists,28-30 utilize the
approach of combining traditional fabrication methods with chemical processes. The
molecular ruler process is advantageous for patterning precise, nanometer-scale spacings
because of its high resolution and precision, selective deposition, compatibility with
different forms of lithographic processing, low production cost, parallel nature, and
processing conditions (ambient temperature and pressure).31-35
Aligned microstructures with precisely defined nanometer-scale spacing and edge
resolution were produced by combining conventional lithography with selectively placed,
self-assembled multilayers. Lithographic processing was used to define the structure
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architecture and self-assembled molecular ruler resists precisely tailored the structures’
critical dimensions. This work demonstrates the compatibility and robustness of hybrid
strategies employing molecular rulers with conventional fabrication schemes and
processes.35

5.2 Two levels of photolithography to define daughter structure orientation
Molecular ruler nanolithography shows great promise for extremely high
resolution patterning with precise, proximal placement of metallic structures fabricated in
a parallel manner. These molecular ruler resists have been used to define nanometerscale spacings between initial and subsequently registered photolithographically
patterned structures. Two different process flows have been demonstrated (Figure 5-1),
one where the ruler resist is deposited before the second level of photolithography and
one after it.

5.2.1 Experimental procedure
For either process flow, the initial parent structures are formed using
photolithography followed by metal deposition with thermal or electron gun evaporation
and lift-off. Typically, the parent structure metal composition on the oxidized Si wafer
was composed of 10 nm thick Cr as the adhesion layer followed by 80–100 nm of Au.
For either process flow, the resist of multilayers was attached selectively to the
lithographically defined parent structure forming a lift-off resist for subsequent metal
deposition (Figure 5-1a).
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Figure 5-1 Schematic of two methods incorporating molecular rulers and two levels of
photolithography (not drawn to scale). Method I represents molecular ruler deposition
prior to the second level of photolithography and Method II represents deposition after
this photolithographic step. a) Lithographically-defined metal parent structure (MP)
fabricated on an oxidized Si wafer. b) Molecular rulers are deposited selectively.
c) Photoresist (PR) is spin-cast. d) Mask is aligned and photoresist is exposed.
e) Photoresist is developed and the molecular ruler remains intact. f) Daughter metal is
evaporated. g) Chemical lift-off of the molecular ruler and conventional resist yields
precisely defined nanometer-scale spacings between the parent and selectively oriented
metal daughter structures (MD). h) Bilayer of lift-off resist (LOR) and photoresist (PR)
is spin-cast. i) Photomask is aligned and resist is exposed. j) Photoresist and underlying
LOR are developed. Unexposed photoresist is removed by acetone leaving unexposed
LOR. k) Molecular rulers are selectively deposited. l) Daughter metal is evaporated.
Then, the chemical processing step, (g), produces the desired nanostructure.
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In Method I of Figure 5-1, after the deposition of the multilayers (Figure 5-1b),
the second level of photolithography can be undertaken to define the daughter structure
location. Shipley photoresist, SPR3012 (Shipley Company, Marlborough, MA) was spincast on an unprimed substrate at 4,000 rpm for 40 seconds yielding a thickness of ~1 μm
(Figure 5-1c). Utilizing a contact aligner (Carl Suss MA-6), the photomask was aligned
to the parent structure to place daughter structures only in selected locations (Figure 51d). Then, the photoresist was developed with MF-CD-26 (Shipley Company,
Marlborough, MA), this developer contains tetramethylammonium hydroxide in water.
Thus, the areas for daughter structure deposition were patterned with the exposed regions
of the parent structure maintaining the molecular ruler resist previously deposited
(Figure 5-1e).
For deposition of multilayers after the daughter structure region has been defined
lithographically on the substrate (Method II in Figure 5-1), it is important to utilize a
resist that is not affected by the multilayer deposition process (i.e. by the ethanol solvent).
For this method, a second photolithographically defined pattern was placed onto the
substrate aligned to the unaltered initial parent structure. This level of lithography was
done using a bilayer resist stack composed of lift-off resist, LOR-1A (MicroChem Corp.,
Newton, MA) and SPR3012 (Figure 5-1h). The lift-off resist was spin cast at 2,000 rpm
for 60 sec and then baked for 10 min at 180 °C. Then, the photoresist was deposited and
exposed (Figure 5-1i). For this resist stack, the developer (MF-CD-26) removed the
exposed photoresist as well as the underlying lift-off resist in these exposed areas. The
photoresist is not stable for the multilayer deposition process, but the lift-off resist layer
shows good resistance. Therefore, the photoresist was removed using a stream of
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acetone, leaving the patterned lift-off resist and the parent structure on the substrate
(Figure 5-1j). The second pattern exposed the selected portions of the parent structure.
Then, these exposed regions of Au were modified using the molecular ruler process
(Figure 5-1k).
To create the daughter structure, 10 nm thick Cr and 25 nm thick Au were
deposited (Figure 5-1f,l) by thermal or electron-beam evaporation. For conventional
resist lift-off, the photoresist was removed by acetone (Method I) and the LOR-1A was
removed by the developer, MF-CD-26 (Method II). Then, the multilayer resists were
removed chemically by immersion in the photoresist stripper, ACT935 (Ashland
Chemical, Columbus, OH), at ~55°C for 2 hrs, followed by rinsing and immersion in
ethanol with ~1 min ultrasound sonication. This produced isolated, selectively oriented
daughter structures with precise spacings from the parent structures defined by the
thickness of the molecular resists (Figure 5-1g).

5.2.2 Results and discussion
Both Method I and Method II processes create photolithography-based structures
with precise, controllable, nanometer-scale spacings, as shown in Figure 5-2. Between
the parent and daughter structures, gap sizes were created routinely with dimensions from
10 to 100 nm. This gap size is determined directly by the number and length of the
component organic molecules incorporated within the molecular resist. Each layer of
16-mercaptohexadecanoic acid and Cu (II) metal ions is ~2 nm thick; therefore, when
utilizing only this component molecule one has precision on the order of the molecule’s
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Figure 5-2 Field emission scanning electron micrographs of parent (P) and daughter (D)
structures. a) Tailored 20 nm gap created by photolithographic patterning after the
deposition of a 10 molecular ruler resist of 16-mercaptohexadecanoic acid (~2 nm each)
and Cu2+ (Method I of Figure 5-1). The parent structure was patterned by
photolithography and formed by evaporation of 10 nm Cr followed by 80 nm Au. The
daughter structure was formed by evaporation of 10 nm Cr followed by 25 nm Au.
b) High resolution image of the same region. c) Gap of 15 nm created by 10 molecular
ruler layers of 11-mercaptoundecanoic acid (~1.5 nm each) and Cu2+ deposited after the
second level of photolithographic patterning (Method II of Figure 5-1). The parent
structure was formed by evaporation of 10 nm Cr followed by 100 nm Au. The daughter
structure was formed by evaporation of 10 nm Cr followed by 25 nm thick Au. d) High
resolution image of the same region.
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thickness. An example of a 20 nm gap created by 10 molecular ruler layers of 16mercaptohexadecanoic acid deposited prior to the second level of photolithography
(Method I) is shown in Figure 5-2a,b. By utilizing bifunctional molecules with different
alkyl chain lengths in combination, one can gain even greater control and precision over
the resist’s thickness. A 15 nm gap produced by multilayer deposition after the second
level of photolithography (Method II) was created using the same number of layers, but
utilizing a molecule of different dimensions is shown in Figure 5-2c,d. The molecule
used was 11-mercaptoundecanoic acid, demonstrating how the resist can be tailored
because each layer of this molecule is ~1.5 nm thick. The images in Figure 5-2 confirm
that the gap size fabricated matched the dimensions of the tailored multilayer resists.
This shows that the lithographic processing does not affect the multilayer resist, and thus
demonstrates the viability of this hybrid method.
Multilayers comprised of bifunctional organic molecules and coordinated metal
ions (i.e., molecular rulers) can be used in combination with photolithography to create
high quality and architecturally complex structures. This work demonstrates parallel
hybrid methodologies using these two techniques in combination to fabricate structures
that interface nanometer- and micron-scale components. The procedures outlined here
further advance the molecular ruler process by employing a second level of
photolithography selectively to determine the orientation of the daughter structure. Thus,
a technique has been demonstrated with all parallel, multi-step processing for
nanofabrication that can produce complex, proximate structures with nanometer precision
for spacings ranging from 10–100 nm.

133

5.3 Daughter structure orientation defined by electron-beam lithography
The same concept of using photolithography to define the secondary structure
placement has been employed with electron beam lithography. This combination
employs “the best of both worlds” because electron beam lithography allows for the
creation of sub-micron structures connecting to the outside world, while the molecular
ruler technique allows critical dimensions in the sub-20 nm regime to be defined in a
parallel manner. Electron beam lithography faces serious challenges in defining precise
junction structures in this regime due to proximity effects, beam size, and stringent
processing conditions.36
The electron beam lithographic process utilized a bilayer resist of LOR-1A and
polymethyl methacrylate, PMMA (MicroChem Corp., Newton, MA). This method was
developed by Cui and coworkers to achieve a clear undercut for a reliable lift-off process
with sub-100 nm resolution.37 This bilayer stack employing the robust LOR-1A resist
permitted straightforward translation from the previously described Method II process.
Therefore, a second level of lithography was done by electron beam lithography before
the deposition of the multilayers, which were used to tailor the critical nanoscale
dimensions.

5.3.1 Experimental procedure
This process utilizing electron beam lithography to define the daughter structure
orientation was demonstrated using parent structures generated by photolithography.
After the formation of the parent structures, LOR-1A was spun at 2,000 rpm for 40 sec
yielding a film ~150 nm thick. Then, a solution of 3% PMMA (MW 950 k) in anisole
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(VWR International, West Chester, PA) was spin cast at 3,000 rpm for 50 sec yielding
another layer ~150 nm thick. Then, this ~300 nm bilayer resist stack was baked for 1 hr at
200 °C decreasing the thickness to ~250 nm.
For the electron beam lithography, a Leica EBPG-5R system at the Penn State
Nanofabrication Facility was utilized. It is capable of extraction voltages of 20, 50, and
100 kV, spot sizes from 8 nm to 500 μm, and beam currents from 50 pA to 2,000 nA.
The exposure of the PMMA resist was done at 100 kV with a dose of 1,200 μC/cm2.
Then, the PMMA was developed for 30 sec in a 1:3 solution of methyl isobutyl ketone
(MIBK) and isopropanol (IPA) (VWR International, West Chester, PA), followed by an
IPA rinse. To transfer the pattern to the underlying LOR-1A, the sample was immersed
in a 60% solution of the developer, MF-CD-26, for 80 sec, followed by a water rinse.
Then, the PMMA was removed by acetone (VWR International, West Chester, PA),
followed by a rinse in IPA.
After the second level of lithography, multilayers were deposited on the gold
features exposed by the single layer of LOR. These molecular ruler resists were used to
tailor junctions in the sub-20 nm regime. The process then follows the steps described in
the final paragraph of Section 5.2.1; metal was deposited and the final structure was
isolated by removal of the LOR and multilayers.

5.3.2 Results and discussion
For demonstrating the combination of electron beam lithography and molecular
rulers, Method II was chosen for convenience based on the tool set and material
requirements. The automated sample dipper can not hold a full 3-inch wafer, which was
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the design size of the parent photomask. Pieces of wafers could have multilayers
deposited before lithography, but doing electron beam lithography on a full wafer enables
better alignment. Thus, the second level of lithography was generated before the
multilayer deposition. Also, it is unclear if the ruler resist deposited before a second level
of electron beam lithography would be able to withstand the radiation and the
development conditions. The stripping of the PMMA layer isolating a single layer of
LOR was done in the same manner as the stripping of the photoresist for a second level
of photolithography. The robustness of PMMA would be problematic throughout the
multilayer processing because it is somewhat light sensitive and soluble in the simple
solvent acetone.38
The final structure consisted of micron-scale parent structures, daughter structures
an order of magnitude smaller (~100 nm), and metal junction spacings another order of
magnitude smaller (~10 nm). Figure 5-3a shows a parent structure 100 µm in width,
three daughter structures with widths of 400, 300, and 200 nm, and Figure 5-3b shows the
spacing between these metal structures to be ~10 nm as defined by the 5 layers of
MHDA/Cu2+. Thus, the multilayers’ compatibility with another form of lithography has
been demonstrated.

5.4 Conclusions
For future device fabrication with the molecular ruler technique, it is necessary to
position isolated daughter structures and nanogaps selectively on the surface. Methods to
accomplish this rely on the stability of the molecular ruler resist. These multilayers are
robust and their compatibility with different forms of lithographic processing has been
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Figure 5-3 Field emission scanning electron micrographs of photolithographic parent (P)
structure with daughter (D) structures defined by electron beam lithography. a) Basic
architecture with the micron-scale parent, sub-micron-scale daughter, and nanoscale
junction created by the molecular ruler process highlighted and shown in the following
higher resolution image. b) Tailored 10 nm gap created by a 5 molecular ruler resist of
16-mercaptohexadecanoic acid (~2 nm each) and Cu2+.
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demonstrated. The hybrid strategies described here have successfully generated
hierarchical nanostructures with the controlled orientation and spacing necessary for
nanoscale device fabrication.
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Chapter 6
EVALUATION OF DEVICE NANOSTRUCTURES AND
LITHOGRAPHIC PROCESS DEVELOPMENT

6.1 Introduction
The ability to orient daughter nanostructures selectively with precise proximal
placement in relation to their parent structures by hybrid nanolithography processes,
described in Chapter 5, makes the fabrication of device architectures possible. Testing
the electrical integrity of metallic junctions, created by combining multiple levels of
photolithography with molecular rulers, is foundational work required to proceed forward
toward the fabrication of devices that incorporate molecules1-12 or nanomaterials, such as
nanowires,13-18 nanoparticles,19-23 and fullerenes.24-26 This evaluation of device structures
is critical to test the reproducibility and robustness of the molecular ruler process.
Electrode structures generated by this hybrid nanolithography approach were
analyzed to determine the yield of nanostructures that were electrically isolated from one
another. Electrical yields were obtained and then failure modes were evaluated carefully
by FESEM characterization. Initial yields were promising, however, the FESEM
inspection revealed lithographic flaws warranting process improvements. To improve
nanostructure quality and to generate parent and daughter structures with straight
sidewalls, the focus of the lithographic process development was to produce ideal resist
profiles.
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6.2 Electrical characterization
A multiplexed test structure was designed for initial electrical characterization of
gaps created using molecular rulers. For the fabrication of these structures with
controlled orientation and nanometer-scale spacing, two levels of photolithography were
utilized in conjunction with the molecular ruler resist (as described in Chapter 5).27 The
electrical integrity of these nanogaps was evaluated by measuring the conductance
between the parent and daughter electrode.

6.2.1 Experimental procedure
To produce the architecture for electrical interrogation of junctions produced by
the molecular ruler process, a second level of photolithography was used to define the
daughter structures’ location before the deposition of the multilayer resist (Method II in
Chapter 5, shown in Figure 6-1). This method was chosen based on the current tool set
available. The photomask was designed for a 3-inch wafer, but the automated sample
dipper has the limitation that the sample holder cannot hold a full 3-inch wafer. It is
possible to perform lithography after multilayer deposition on pieces of wafers, but it is
more difficult. So, to attain statistically relevant numbers from a large sample set, it is
more convenient with the current tool set to perform the second level of lithography
before the molecular ruler resist is applied.
For electrical characterization, a photomask was designed to create a test bed of
junctions produced by the molecular ruler process. The basic structure fabricated is
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Figure 6-1 Schematic (not drawn to scale) depicting molecular rulers combined with a
second level of lithography. This is Method II, as described in Chapter 5, where the
molecular ruler resist is deposited AFTER the resist is patterned. a) Lithographically
defined metal parent (MP) structure on an oxidized Si wafer. b) Patterned lift-off resist
(LOR) defines the daughter structures location. c) Molecular ruler resist (MR) deposited
on the exposed region of the parent structure. d) Daughter metal is evaporated. e) After
chemical lift-off of the molecular ruler and conventional resist, precisely defined
nanometer-scale spacings are created between the parent and lithographically defined
metal daughter structure (MD).
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Figure 6-2 a) Schematic depicting the electrical test structure with variable dimensions
denoted. The vertical parent structure has different widths (Wp), the horizontal daughter
structure has different widths (Wd), and the gap between the structures has a width
defined by the multilayer thickness (represented by green circle). Note that the length of
the gap is equivalent to the daughter width. b) Vertical electrode highlighted by orange
box is the initial parent structure and the intersecting horizontal electrode lines are the
daughter structures. Between these parent and daughter structures are junctions defined
by the molecular ruler resist, which is the region undergoing electrical characterization.
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shown in Figure 6-2. There are three vertical parent structure electrodes with widths
(Wp) of 1 μm, 10 μm, and 100 μm (the 10 μm width is shown in Figure 6-2) and an array
of horizontal (daughter) structure electrodes with widths (Wd) ranging from 1 to 200 μm.
The gaps between these electrodes have been tailored and defined by the molecular ruler
process. The spacings created between these structures directly correlate to the designed
thickness of these multilayers. A variety of gap dimensions for electrical characterization
were formed from ruler resists composed of 1-5, 7, 10 or 14 layers using
16-mercaptohexadecanoic acid (each layer ~2 nm) and 5 or 10 layers of
11-mercaptoundecanoic acid (each layer ~1.5 nm). Parent structures were 10 nm Cr and
100 nm Au, daughter structures were 10 nm Cr and 20 nm Au, and the substrates were all
n-type Si (1-10 Ω-cm) with 20 nm oxide.
Using the test structure shown in Figure 6-2, the electrical integrity of the
nanogaps formed by the molecular ruler resist was evaluated by measuring the
conductances between the parent-daughter electrode pairs. Since tunneling currents less
than 1 pA are expected for gaps greater than 2 nm, current-voltage measurements for the
structures created by this method require a probe station with high sensitivity and this
equipment was not readily available for data collection. However, conductance
measurements provide a reproducible method for determining whether or not there is
electrical contact between the electrodes. Two terminal capacitance-voltage
measurements were conducted using a Keithley 590/1M 1MHz C-V Analyzer (Keithley
Instruments, Inc., Cleveland, OH). For the electrical measurements conducted, a small
signal AC voltage (15 mV RMS amplitude with 1 MHz frequency) was superimposed on
a DC bias of 0 V to evaluate the conductance of the junctions created by molecular rulers.
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Junctions with conductivity in the mS regime were classified as shorted (the conductance
of a continuous gold line is ~8 mS); and junctions with conductivity below 10 μS were
considered not shorted, thus electrically isolated from one another.

6.2.2 Results and discussion
For each metallic junction dimension tailored with a unique multilayer resist, over
200 different gaps were evaluated on at least two different sets of patterns. For some
samples, almost no shorting was observed except for the 200-μm-wide daughter
structures, indicating potential for large-scale processing. It was observed that for any
given daughter width, the number of shorts was statistically independent of the type of
multilayer and the number of layers used (Figure 6-3). However, a general increase in
shorts as a function of daughter width was observed, as shown in Figure 6-4. For
daughter structures less than 5 µm wide, fewer than 10% of the gaps evaluated were
shorted on average. For features 10 to 30 µm wide, fewer than 20% were shorted and for
features between 40 and 100 µm wide fewer than 30% were shorted. This indicated that
wider daughter structures provide more length over which a random short could occur,
such as stray particulate debris or “stringers” (metal filaments) from parent to daughter.
The fraction of shorts was not linear in width, so there were also other effects (vide infra).
The electrical test bed was designed so that the location of shorted electrodes
could be recorded for further investigation. In order to determine the failure modes
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Figure 6-3 This histogram represents over 2000 measurements and shows the percentage
of shorted parent and daughter structure junctions as a function of the multilayer resists
(MHDA is 16-mercaptohexadecanoic acid and MUDA is 11-mercaptoundecanoic acid)
used to tailor the junction size, each bar encompasses different parent and daughter
widths.
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Figure 6-4 This histogram represents over 2000 measurements and shows the percentage
of shorted parent and daughter junctions as a function of daughter structure width, each
bar encompasses different parent widths and multilayer types.
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Figure 6-5 Field emission scanning electron micrographs of shorted parent (P) and
daughter (D) electrodes represent both random lithographic defects (highlighted by
squares) and daughter structure lithographic defects (highlighted by circles). The bright
edges of the daughter structures are due to the metal being peeled off of the substrate
forming untethered metal wings.
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creating these shorts, the electrodes were characterized by FESEM (Figure 6-5). This
inspection of shorted electrodes showed that many of the daughter structures had wings
(untethered metal lifted up off the substrate at the edge of the structure). These wings
make contact with the parent structure creating a visible short. In Figure 6-5, the bright
edge of the daughter is the untethered metal wing structure that has touched the parent. If
the shorts occurred only at the edges, then the number of shorts would be independent of
the width of the daughter structure contrary to the data presented in Figure 6-4.
However, some random lithographic defects were also imaged as shown in Figure 6-5.
FESEM analysis confirms that there are different types of shorting mechanisms for the
electrodes tested.
The electrical characterization shows that the increase in shorts is independent of
the multilayer resist thickness, indicating that the conventional lithographic lift-off
process, not the multilayers, is a primary problem producing shorts. FESEM inspection
further suggests a problem with lift-off because the type of wing structures observed are
commonly found when resist profiles are not retrograde and thus inappropriate for lift-off
processes. This warranted the investigation of lithographic processing conditions in order
to identify and to optimize key parameters for producing stable, isolated nanostructures to
reduce the number of shorts.
The electrical integrity of successfully isolated nanogaps formed using molecular
ruler resists shows yields better than 90% for daughter structures up to 5 µm wide and
70% yields for gaps that up to 200 µm wide. These yields can be improved as the
process is refined by identifying failure modes and developing lithographic
methodologies. This success demonstrates the viability of this hybrid nanolithography
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approach combining conventional photolithography with molecular rulers and drives it
toward the fabrication of devices interfacing nano- and micro-scale components.27, 28

6.3 Structural characterization of device architectures
The FESEM characterization of shorted electrodes showed that many of the
daughter structures had untethered metal-forming wings at their edges. These wings
contact the parent structure and create shorts (Figure 6-5). This has led to careful
scrutiny at every step of the entire lithographic procedure to reveal issues faced when
patterning both the parent and daughter structures.
This hybrid nanolithography process begins with metal parent structures created
by conventional lithography. Parent structures with high-quality straight vertical edges
are imperative to generate subsequent features with precise dimensions. The FESEM
images of these parent structures revealed that their edges were lifted up off the substrate
forming a wing-type structure (Figure 6-6a). The flaws in the parent structures will
directly affect the accuracy of the molecular ruler method and must be addressed in
process development.
For the next step in this hybrid nanolithography process, the lithographic resist is
patterned to define the daughter structure’s location. The edges of the parent structures
were flattened during this step in the process as revealed by FESEM images (Figure 66b). Though the wings of the parents were altered, the parent edges were rounded and
did not exhibit the desired straight vertical edges. The lift-off resist also exhibited the
non-ideal properties of being thin with a sloped, non-retrograde profile. Therefore, the
metal deposited for the daughter structure formed a conformal coating on the sample and
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Figure 6-6 Cross-sectional FESEM images throughout the molecular ruler process with
the daughter structure defined by a second level of lithography. a) Initial parent structure
defined by photolithography. Note that the edge is lifted up off the substrate forming a
wing revealing a problem with the lithographic process defining the parent. b) Lift-off
resist patterned atop initial parent structure to define the daughter structure, which will be
located in the right forefront region. Note that the winged edge of the parent structure is
flattened out, but it does not have a straight vertical edge. c) Multilayer resist and
daughter metal have been deposited. Note that the metal is continuous along the edge of
the resist in the background. d) Lift-off resist has been removed. Note that the lifted
edge of the metal that was against the resist has been torn yielding a jagged wall. e) Final
parent (left) and daughter (right) structures with spacing defined by the molecular ruler
resist. Note the poor quality edge of the daughter structure due to the untethered metal.
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was continuous along the edge of the lift-off resist (Figure 6-6c). However, along the
bottom edge of the parent structure, the daughter metal was discontinuous from the
substrate to the edge of the molecular ruler resist. In this case, the rounded edge of the
parent structure was retrograde, creating an improved ruler resist lift-off profile. On the
other hand, this affects the edge quality of the daughter structure and could affect the
precision of the spacing between the parents and daughters.
Cross-sectional FESEM images of the final parent and daughter structures expose
the poor edge quality of the daughter structure (Figure 6-6e and Figure 6-7). The jagged
rough wing is where the metal tore along the sloped profile of the resist during the lift-off
process (Figure 6-6d). This wing is peeled up at the edge intersection of the parent and
daughter structure and contact is made, creating a short (Figure 6-6e).
This imaging analysis throughout the process has clearly exposed the main
mechanism behind the prominent failure mode determined by the electrical and FESEM
characterization. The problem with the lithographic process is highlighted in the images
revealing non-vertical parent edges, non-ideal lift-off resist profile, and poor quality
daughter edges. These lithographic deformities create contact between the electrodes
resulting in the shorts assessed by the electrical measurements. To improve the
lithographic processing, the two main goals are to produce high quality parents and to
eliminate the wings of the daughter structure by having retrograde resist profiles to define
both of their locations.
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Figure 6-7 Cross-sectional FESEM image offering another perspective to examine the
edge structure of both the parent (P) and daughter (D) structure. The parent structure
appears to have straight sidewalls while the daughter structure’s edge is peeled off the
substrate.
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6.4 Improvements in lithographic processing
6.4.1 High quality parents
The quality of the daughter structure is known to depend upon the quality of the
parent structure. It was found by FESEM analysis that the edges of these parents were
not ideal (Figure 6-6a). The processing conditions must be carefully evaluated in
order to create a high-quality parent. From the onset, the stringent requirements for the
fabrication of parent structures with high quality sidewalls have been a challenge. These
sidewalls define the gap width just as critically as the rulers tailor the gap.
In the beginning, a single layer of positive photoresist (Shipley Company,
Marlborough, MA; 1800 series or 3000 series) was used to define the parent structure.
These parents were not satisfactory because they have metal flaps along the top edges of
the structure and sloped profiles (Figure 6-8). Methods, such as swelling with
chlorobenzene, were attempted to form a retrograde contour in the single layer of resist,
but were unsuccessful.29, 30 Thus, a bilayer resist stack was pursued to attain the required
profile.
A bilayer resist stack can be utilized to achieve the profile necessary for clean liftoff, maintaining the integrity of the metal structures edges with straight vertical sidewalls.
The stack is composed of lift-off resist layer (LOR-A series; MicroChem Corp., Newton,
MA) and positive photoresist (Shipley 3000 series). Three versions of the LOR series
(LOR-1A, 2A, and 5A) were investigated and Shipley photoresist, SPR3012 (Shipley
Company, Marlborough, MA), has been a constant for all these studies. The crucial
factor for the definition of the parent structure is that the LOR be undercut in the resist
stack.
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Figure 6-8 These FESEM images are of parent structures fabricated using a single layer
of positive photoresist. At the edges of the structures are defects of metal flaps formed
by metal deposited along the contour of the photoresist before the lift-off. a) A large area
image showing that the problem is prominent across the sample. b) Higher resolution
image showing the metal flaps at the edge of the structure.
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Figure 6-9 Cross-sectional FESEM images of parent structure fabrication. a) Bilayer
resist composed of LOR-1A and SPR3012 after metal deposition. The thin layer of LOR
is not thick enough to provide the undercut required to prevent the metal from forming a
continuous film from the substrate to the resist. b) After resist lift-off, the final parent
has small spikes (wings) along the top edge of the metal structure due to the breakage of
metal at the junction where the film was continuous onto the resist.

161

The initial lift-off resist used was LOR-1A, the thinnest of the series investigated.
It was spin-cast onto the wafer at 2,000 rpm and baked at 180 °C yielding a ~150 nm
thick film. The effectiveness of this underlying resist was found to be dependent on the
thickness of metal deposited. When 10 nm Cr followed by 100 nm Au were deposited on
a resist stack of LOR-1A and SPR3012 (Figure 6-9a), the metal film deposited formed a
continuous film contacting both the substrate and the side of the photoresist. When the
photoresist was removed, the metal tore at the junction between the film on the substrate
and the film on the resist. This tearing left a jagged top edge on the metal parent feature
compromising the integrity of the sidewall (Figure 6-9b). Due to the standard height of
the parent structures (110 nm) for the molecular ruler process, the LOR-1A was
determined to be too thin to yield quality structures.
For the structures electrically interrogated and also characterized by FESEM,
LOR-5A was used as the lift-off resist for the lithographic patterning of the parents. This
is the thickest of this series with a thickness of ~450 nm at a spin speed of 4,000 rpm. It
was shown by FESEM analysis that structures created using this resist can yield parents
with poor edge quality (Figure 6-6a). This is due to the LOR-5A not being fully
undercut, so the metal deposited touches the edge of the resist (Figure 6-10a). Upon
removal of the LOR-5A, the metal that was on the resist did not adhere to the substrate
forming untethered wings (Figure 6-10b). By adjusting the bake temperature from 190
°C (Figure 6-10a,b) to 180 °C (Figure 6-10c,d), the undercut of the stack was be adjusted
to yield an acceptable profile for metal deposition (Figure 6-10c). After lift-off of the
resist baked at 180 °C, the structure produced has straight vertical sidewalls (Figure 610d). The bake temperature is related to the solubility of the resist during the
162

Figure 6-10 Cross-sectional FESEM images pertaining to the lithography of the parent
structure. a) The first level of photolithography before lift-off using the initial
lithographic processing conditions. Bilayer resist -- bottom layer was LOR-5A (baked at
190 °C for 10 min) and top layer was SPR3012, with metal deposited atop. Note that the
metal film was deposited along the sloping edge of the lift-off resist because it was not
undercut appropriately to give the retrograde profile. b) After resist lift-off, the initial
parent structure with metal edges lifted off the substrate forming wing structures. These
areas of untethered metal correspond to the metal that was on the lift-off resist.
c) Process parameter of LOR-5A bake temperature adjusted down 10 °C to optimize the
undercut of the lift-off resist creating a retrograde resist profile, so the metal film was
discontinuous from the metal on the resist. d) The final parent structure with straight
vertical sidewalls.
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development stage. The resist baked at the lower temperature develops faster, creating an
undercut profile. The development time could also be adjusted for the LOR-5A, but this
could adversely alter the profile of the SPR3012. The bake temperature of the LOR-5A
is the parameter that is most effective at directly addressing its solubility to produce the
ideal resist profile.
With the processing parameters carefully tuned, this LOR-5A and SPR3012 resist
stack can be used to produce quality structures. However, the difference 10 °C makes
demonstrates the unforgiving nature of this process. Furthermore, FESEM analysis
reveals that the resist profiles were not uniform across a wafer. Also, this nonuniformity
was observed for parent structures created by the same processing conditions on different
wafers, the parent in Figure 6-6 had rounded edges while the parent in Figure 6-7 had
vertical sidewalls. Due to stringent processing parameters and its unreliability, LOR-5A
was determined not to be the best candidate for patterning the parent structures.
The LOR-2A resist has a thickness of ~250 nm when spun at 2,000 rpm and
baked at 190 °C. The resist is thick enough to allow for the deposition of a parent
structure whose edge does not touch the resist, unlike the LOR-1A. The resist profile is
also undercut reproducibly across a wafer (Figure 6-11a), unlike the LOR-5A. After
metal deposition and lift-off, the metal structure produced has straight vertical sidewalls
(Figure 6-11b). Therefore, LOR-2A is the lift-off layer that composes the optimized
bilayer resist stack to produce high quality parent structures routinely. The procedure for
the fabrication of these parents is laid out in detail in Chapter 2, Table 2.1.
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Figure 6-11 Cross-sectional FESEM images of the optimized lithographic process for
the fabrication of parent structures. a) After metal deposition, bilayer resist stack
composed of LOR-2A and SPR3012. The LOR-2A layer created an undercut layer, so
the metal deposited was defined by the top layer of photoresist and the resulting feature
on the substrate did not touch the resist. b) The edge integrity of the parent structure was
maintained when the resist was removed. This feature had straight vertical sidewalls.
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6.4.2 Resists for daughter structure definition
In order to improve the quality of the daughter structure, it is important that the
resist used to define it lithographically has an undercut profile. This will allow for the
creation of a structure whose edge is not compromised by touching the resist defining it
and thus has straight vertical sidewalls without defects. Both Method I and II as initially
laid out in Chapter 5 (Figure 5-1) produce daughter structures with poor edge structures
as shown in Figure 5-2a and Figure 6-5, respectively. For both methods, a single layer of
resist was used for the lithographic definition of the secondary structure.
It is necessary that process development be undertaken to eliminate the wing
structures on the daughters. The following are the required resist characteristics to
improve the lithography performed AFTER the multilayer deposition (Method I): the
lithographic processing conditions for patterning the resist must not alter the thickness of
the precise ruler resist and it must have an undercut profile. For lithography performed
BEFORE the multilayer deposition (Method II), the following are the required resist
characteristics: it must be able to withstand and not contaminate the chemical processing
for multilayer formation; it must be removable from the substrate because it is a lift-off
process; and it must have an undercut profile.
Method I improvement was relatively straightforward, requiring a bilayer resist be
utilized to generate the retrograde profile. This was done using a stack composed of LOR
and photoresist, just as the parent structure was improved. For Method II improvement,
the investigation of several different resists was undertaken to find a candidate that met
the requirements. A novel bilayer resist was developed for lithographic processing
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compatible with the multilayer deposition and for the fabrication of daughter structures
without edge defects.

6.4.2.1 Method I process improvement
The bilayer resist of LOR-1A and SPR3012 was used to define the daughter
structure. This produced the desired retrograde profile with a sufficient height
differential between the resist and the daughter structure’s metal thickness. Since the
LOR has been extensively used for Method II, it is known not to contaminate the
multilayers. This procedure has been outlined in Table 6-1. The crucial factor is that the
LOR be fully undercut for daughter structures to be created with high quality edges.

6.4.2.2 Method II process improvement
Many different resists were investigated to find one that meets all the
requirements to improve the lithographic definition of the daughter structure. Many were
able to be removed from the substrate and most could be used in a bilayer stack with
LOR to create an acceptable retrograde profile. However, the factor that eliminated
almost all of the resists was that they could not withstand the wet chemistry necessary for
the multilayer deposition (the copper solution is acidic and the primary solvent is
ethanol). The resist SU-8, a negative epoxy-based photoresist (formulation 2;
MicroChem Corp., Newton, MA), was found to withstand the chemical processing, but it
does not have an acceptable profile and is very difficult to remove from the substrate.
Previously, in Method II of Chapter 5, a single layer of LOR was used and was robust
throughout the chemical processing. The intended purpose of the LOR is to generate an
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PROCESS STEP

PROCESS PARAMETER

Lift-Off Resist (LOR-1A)
Spin Speed
Spin Time
Ramp Rate

2000 rpm
50 s
500 rpm/s

Bake Temperature
Bake Time
NOTES

190 oC
10 min
Static dispense

Photoresist (SPR3012)
Spin Speed
Spin Time
Ramp Rate

4000 rpm
50 s
1000 rpm/s

Bake Temperature
Bake Time
NOTES

95 oC
60 s
Static dispense

Exposure
Exposure Time
Exposure Program
Exposure Wavelength

3.5 s
Vacuum contact
365 nm

Exposure Power

12 mW/cm2

Post Exposure Bake
Bake Temperature
Bake Time

115 oC
60 s

Developing the Resist
Developer Type
Develop Time
NOTES

CD-26
60 s
No rinse, continue to LOR undercut

LOR Undercut
Developer Type
Develop Time
Rinse
NOTES

CD-26
15 s
flowing DI water bath for 30 s
Blow dry under a stream of N2

Table 6-1 Outline of the improved Method I process for daughter structure lithography
AFTER multilayer deposition. The bilayer resist created by this method yields a
retrograde profile to eliminate the poor quality edges generated by the original process
laid out in Method I of Chapter 5.
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undercut profile and it is a removable layer. Thus, a novel bilayer stack combining LOR2A and SU-8 was developed to generate a chemically robust and removable resist with
the ideal profile.31
It was first important to show that these two resists were compatible for the
formation of a bilayer. The lift-off resist, LOR-2A, was spin-cast at 2,000 rpm for 50 s
and then baked for 10 min at 190°C. Then, the photoresist, SU-8 was spin-cast at 4,000
rpm for 50 s. The two resists formed a bilayer with good adherence between the layers.
Then, the SU-8 photoresist was exposed and developed using SU-8 developer
(MicroChem Corp., Newton, MA), which contains 1-methoxy-2-propanol acetate (Figure
6-12a). After the patterning of the photoresist, the pattern was transferred to the
underlying LOR-2A layer using MF-CD-26 (Shipley Company, Marlborough, MA ),
which contains ~2% tetramethylammonium hydroxide in water (Figure 6-12b). This
resist profile is undercut, but the top layer of the stack has a lower edge that droops down
toward the substrate. This could be due to an intermixing layer of the two resist
components. This defective feature on the resist stack affected the formation of metal
structures, as shown in Figure 6-12c, because the metal film is continuous from the
substrate up onto the drooping edge of the top resist.
Though the above resist structure did not have an acceptable edge structure, it was
a positive demonstration of a removable resist stack with an undercut profile that was
compatible with the multilayer deposition. This led to further process improvements to
remove the drooping edge of the resist. After the development of the SU-8 (Figure 613a), an oxygen-plasma descum etch process was performed to straighten the edge of the
SU-8 and cut away the drooping edge (Figure 6-13b). This etch process did remove the
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Figure 6-12 Cross-sectional FESEM images taken throughout the initial processing of
the LOR-2A and SU-8 bilayer resist stack, which is the system chosen to improve the
Method II process described in Chapter 5. a) After exposure and development of the SU8 resist, the contour of the SU-8 edge is shown here and the LOR was a thin layer
underlying it and covering the substrate. b) After development of the LOR-2A, the SU-8
resist overhung the undercut LOR-2A and the edge of the SU-8 drooped downward
toward the substrate. c) After metal deposition, the metal film was continuous from the
substrate to the drooping edge of the top resist layer.
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Figure 6-13 Cross-sectional FESEM images taken throughout the improved processing
of the LOR-2A and SU-8 bilayer resist stack. a) After exposure and development of the
SU-8 resist, the contour of the SU-8 edge is shown here and the LOR-2A was a thin layer
underlying it and covering the substrate. b) An oxygen plasma etch was used to
straighten the edge of the SU-8. c) After LOR-2A development, the bilayer resist
structure was optimized with the SU-8 overhanging the undercut LOR-2A resist.
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PROCESS STEP

PROCESS PARAMETER

Lift-Off Resist (LOR-2A)
Spin Speed, Time, Ramp
Bake Temperature, Time
NOTES

2000 rpm, 50 s, 500 rpm/s
190 °C, 15 min
Static dispense

Photoresist (SU-8)
Spin Speed, Time, Ramp
NOTES
Soft Bake Temperature, Time

4000 rpm, 15 s, 1000 rpm/s
Static dispense
90 oC, 60 s

NOTES

SU-8 is prone to cracking, therefore ramp up from
60 oC to 90 oC over 40 s, then 90 oC hotplate for
60 s, then ramp down to 60 oC for 40 s

Exposure
Exposure Time
Exposure Program
Exposure Wavelength, Power

15 s
Vacuum contact
365 nm, 12 mW/cm2

Post Exposure Bake
Bake Temperature, Time
NOTES

95 oC, 60 s
same type of ramp as for the soft bake

Developing the Resist
Developer Type
Develop Time
Rinse
NOTES

SU-8 Developer
60 s
flowing DI water bath for 30 s
Blow dry under a stream of N2

Dry Oxygen Plasma Etch
Tool
Pressure
Power (Setpoint)
Voltage
Gasses and Flow rates
Time

RIE PlasmaTherm
100 mTorr
200 W
dependent on set parameters
O2 @ 50 sccm, Ar @ 5 sccm
30 s

LOR Undercut
Developer Type
Develop Time
Rinse
NOTES

CD-26
15 s
flowing DI water bath for 30 s
Blow dry under a stream of N2

Table 6-2 Outline of the improved Method II process for daughter structure lithography
BEFORE the molecular ruler process. The negative tone bilayer resist stack created by
this novel method is able to withstand the chemicals for multilayer deposition, be
removed from the substrate, and eliminate the poor quality edges generated by the
original Method II process described in Chapter 5.
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LOR-2A in the exposed regions, but did not create the undercut. So, the LOR-2A is
developed (Figure 6-13c) to generate a resist structure with the ideal profile and required
properties. The above process is outlined in finer detail in Table 6-2. For removal of the
resist by lift-off, MF-CD-26 is used dissolving the LOR-2A, which acts as a release layer
for the robust SU-8.
Other chemical and physical methodologies have been explored to remove
SU-8,32, 33 but they lack selectivity. The development of the LOR-2A and SU-8 stack,
with its ability to withstand the processing conditions required for chemical and
biological assembly34-36 and now its easy removal, has applications in a variety of areas,
such as micro-electro-mechanical systems,37 microfluidic devices,38 and photonic
crystals.39 Also, the methodology described here for conventional photolithography can
be readily translated for the fabrication of nanoscale daughter structures because SU-8
can be patterned by deep-UV,40 electron beam,41 and X-ray radiation.42

6.4.2.3 Results and discussion
The lithographic process improvement is established by characterizing the final
parent and daughter structure, as well as the tailored nanoscale spacing between them
defined by the molecular ruler resist. Characterization by FESEM of the Method I
parent-daughter structure showed that the edge of the daughter structure maintained its
integrity after the lift-off of the LOR-1A and SPR3012 resist stack (Figure 6-14). This
set of images shows that the ability for the ruler resist to define the gap is not affected by
the conventional resist stack deposited atop it. Both a 10 nm gap and 20 nm gap have
been tailored using a 5 and 10 layer ruler resist of 16-mercaptohexadecanoic acid and
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Figure 6-14 Field emission scanning electron micrographs of parent (P) and daughter
(D) structures defined by a bilayer resist composed of LOR-1A and SPR3012 AFTER
multilayer deposition (Method I). a) Tailored 10 nm gap formed by 5 layers of
16-mercaptohexadecanoic acid and Cu2+ (each layer ~2 nm). b) High resolution image of
the same region. c) Tailored 20 nm gap formed by 10 layers of
16-mercaptohexadecanoic acid and Cu2+. d) High resolution image of the same region.
Note that the untethered metal wings on the edges of the daughter structures have been
eliminated.
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Cu2+, respectively. The edge of the daughter structure closely follows the contour of the
parent structure, as shown in Figure 6-14b,d. Also, the intersections at the parent and
daughter edges were shown to be clean because the untethered wing structure has been
eliminated (Figure 6-14a,c). The critical factor is that the LOR parameters must be set so
that an undercut profile is reproducible across the wafer for features of different
dimensions.
In order to compare the initial Method II and the improved procedure, the steps
throughout processing were characterized by FESEM. The final resist profile shown in
Figure 6-13c is shown from a different perspective in Figure 6-15a. The resist profile is
viewed straight on, so that only the top SU-8 layer is visible and the underlying LOR-2A
is in its shadow. The parent structure is shown on the left going into the plane of the
image and underneath the resist stack. This image was recorded after daughter metal
deposition and demonstrates that the edge of the daughter metal was not in contact with
the resist edge. After removal of the conventional resist, the edge of the daughter
structure was smooth because its integrity was not compromised during lift-off (Figure 615b). The final parent and daughter structure after multilayer removal is shown in Figure
6-15c. The winged edge of the daughter structure has been eliminated, thus the failure
mode of shorts at the edge intersections of the parent and daughter has been overcome.

6.5 Conclusions
The device architectures made possible by this hybrid nanolithography approach,
combining two levels of photolithography with the molecular ruler process, were
investigated to determine their feasibility as electrical junctions. To determine if the
175

Figure 6-15 Cross-sectional FESEM images of Method II daughter structure lithography
defined by a bilayer resist composed of LOR-2A and SU-8. a) After multilayer
deposition and metal evaporation, a metal film coating was on the resist stack in the
background and in the foreground is the parent structure with the multilayers (left) and
deposited daughter metal on the substrate (right). Note the daughter metal was
discontinuous from the substrate back to the resist stack. b) After resist stack removal, in
the foreground is the exposed parent structure (left) and substrate (right) and in the
background is the deposited daughter metal (atop the parent and multilayers on the left
and on the substrate on the right). Note the edge of this daughter metal was smooth as it
was not affected by the removal of the resist. c) Final parent (left) and daughter structure.
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electrodes were electrically isolated, the yield was determined by measuring the
conductance of the junctions to see if they were shorted. Presented was a summary of the
shorting data for nanogaps fabricated from different molecular resists as a function of
daughter width collected on at least 20 different wafers with over 2500 measurements of
gaps. The average yields for electrically isolated metallic junctions tailored by molecular
rulers were better than 90% for daughter structures up to 5 µm wide and 70% yields for
gaps that up to 200 µm wide.
These yields can be improved as the process is refined by identifying failure
modes and developing lithographic methodologies. The failure modes were investigated
by an FESEM capturing images of junctions that had been classified as shorted. This
revealed that the daughter structures’ edges were of poor quality with untethered metal
edges that contacted the parent structure forming a short. Thorough investigation
throughout the processing steps revealed that both the parent and daughter edges were
compromised by the resist profiles used for their lithographic definition.
This led to process development to produce high quality parent and daughter
structures. Parent structures with precise edges are critical because they define the
junction quality that can be produced by the molecular ruler process. This requires tight
control of process parameters to routinely yield high quality parent structures. For the
generation of a daughter structure, the requirements for a lithographic resist to be
compatible with the molecular ruler process are stringent. This necessitated the
development of a novel bilayer resist of LOR-2A and SU-8. After this iteration of
improvements, the failure mode at the edge intersections of the parent and daughter
structures was eliminated.
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With regard to future electrical interrogation, it would be ideal to conduct
structural characterization before and after the capacitance-voltage measurements. Other
possible failure modes, such as small (sub 5-nm) filaments between the parent and
daughter structures, could be altered during electrical interrogation due to
electromigration. Thus, they would not be present for FESEM observation after electrical
characterization. To show that these filaments do not exist, it is important to conduct
structural characterization before electrical measurements are undertaken. By imposing
current limits and detecting current transient during electrical measurements, it would be
possible to prevent or at least detect the destruction of small filaments.
The research presented in this chapter has laid the groundwork for future device
fabrication by demonstrating that the electrically isolated junctions produced by the
molecular ruler process have a high yield. The integration of nanoscale multilayer resists
and conventional lithographic resists (Figure 6-16) yields features in the sub-100 nm
regime that easily interface the world of microelectronics.
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Figure 6-16 Cross-sectional FESEM image of both the nanoscale multilayer resist and
the microscale conventional lithographic resist.

179

6.6 References
1.

Zhou, C.; Deshpande, M. R.; Reed, M. A.; Jones, L.; Tour, J. M., Nanoscale

Metal/Self-Assembled Monolayer/Metal Heterostructures, Applied Physics Letters 71,
611-613 (1997).
2.

Reed, M. A.; Chen, J.; Rawlett, A. M.; Price, D. W.; Tour, J. M., Molecular

Random Access Memory Cell, Applied Physics Letters 78, 3735-3737 (2001).
3.

Chen, J.; Reed, M. A.; Rawlett, A. M.; Tour, J. M., Large On-Off Ratios and

Negative Differential Resistance in a Molecular Electronic Device, Science 286, 15501552 (1999).
4.

Lin, C.; Kagan, C. R., Layer-By-Layer Growth of Metal-Metal Bonded

Supramolecular Thin Films and Its Use in the Fabrication of Lateral Nanoscale Devices,
Journal of the American Chemical Society 125, 336-337 (2003).
5.

Graves-Abe, T.; Bao, Z.; Sturm, J. C., Self-Aligned, Insulating-Layer Structure

for Integrated Fabrication of Organic Self-Assembled Multilayer Electronic Devices,
Nano Letters 4, 2489-2492 (2004).
6.

Graves-Abe, T.; Sturm, J. C., Programmable Organic Thin-Film Devices with

Extremely High Current Densities, Applied Physics Letters 87, 133502-1-3 (2005).
7.

Liang, W.; Shores, M. P.; Bockrath, M.; Long, J. R.; Park, H., Kondo Resonance

in a Single-Molecule Transistor, Nature 417, 725-729 (2002).

180

8.

Amlani, I.; Rawlett, A. M.; Nagahara, L. A.; Tsui, R. K., An Approach to

Transport Measurements of Electronic Molecules, Applied Physics Letters 80, 27612763 (2002).
9.

Chen, Y.; Ohlberg, D. A. A.; Li, X.; Stewart, D. R.; Williams, R. S.; Jeppesen, J.

O.; Nielsen, K. A.; Stoddart, J. F.; Olynick, D. L.; Anderson, E., Nanoscale MolecularSwitch Devices Fabricated by Imprint Lithography, Applied Physics Letters 82, 16101612 (2003).
10.

Cai, L. T.; Cabassi, M. A.; Yoon, H.; Cabarcos, O. M.; McGuiness, C. L.; Flatt,

A. K.; Allara, D. L.; Tour, J. M.; Mayer, T. S., Reversible Bistable Switching in
Nanoscale Thiol-Substituted Oligoaniline Molecular Junctions, Nano Letters 5, 23652372 (2005).
11.

Cai, L. T.; Skulason, H.; Kushmerick, J. G.; Pollack, S. K.; Naciri, J.; Shashidhar,

R.; Allara, D. L.; Mallouk, T. E.; Mayer, T. S., Nanowire-Based Molecular Monolayer
Junctions: Synthesis, Assembly, and Electrical Characterization, Journal of Physical
Chemistry B 108, 2827-2832 (2004).
12.

Park, J.; Pasupathy, A. N.; Goldsmith, J. I.; Chang, C.; Yaish, Y.; Petta, J. R.;

Rinkoski, M.; Sethna, J. P.; Abruna, H. D.; McEuen, P. L.; Ralph, D. C., Coulomb
Blockade and the Kondo Effect in Single-Atom Transistors, Nature 417, 722-725 (2002).
13.

Smith, P. A.; Nordquist, C. D.; Jackson, T. N.; Mayer, T. S.; Martin, B. R.;

Mbindyo, J.; Mallouk, T. E., Electric-Field Assisted Assembly and Alignment of Metallic
Nanowires, Applied Physics Letters 77, 1399-1401 (2000).
181

14.

Zhong, Z.; Wang, D.; Cui, Y.; Bockrath, M.; Lieber, C. M., Nanowire Crossbar

Arrays as Address Decoders for Integrated Nanosystems, Science 302, 1377-1379
(2003).
15.

Barrelet, C. J.; Greytak, A. B.; Lieber, C. M., Nanowire Photonic Circuit

Elements, Nano Letters 4, 1981-1985 (2004).
16.

Ng, H. T.; Han, J.; Yamada, T.; Nguyen, P.; Chen, P.; Meyyappan, M., Single

Crystal Nanowire Vertical Surround-Gate Field Effect Transistor, Nano Letters 4, 12471252 (2004).
17.

Goldberger, J.; Hochbaum, A. I.; Fan, R.; Yang, P., Silicon Vertically Integrated

Nanowire Field Effect Transistors, Nano Letters, in press (2006).
18.

Goldberger, J.; Sirbuly, D. J.; Law, M.; Yang, P., ZnO Nanowire Transistors,

Journal of Physical Chemistry B 109, 9-14 (2005).
19.

Bezryadin, A.; Dekker, C.; Schmid, G., Electrostatic Trapping of Single

Conducting Nanoparticles between Nanoelectrodes, Applied Physics Letters 71, 12731275 (1997).
20.

Park, S.-J.; Taton, T. A.; Mirkin, C. A., Array-Based Electrical Detection of DNA

with Nanoparticle Probes, Science 295, 1503-1506 (2002).
21.

Lee, J.-H.; Cheon, J.; Lee, S. B.; Chang, Y.-W.; Kim, S.-I.; Yoo, K.-H., DNA

Linker Controlled Single Electron Tunneling Behavior of Nanoparticle Assembly, Journal
of Applied Physics 98, 084315-1-3 (2005).
182

22.

Bolotin, K. I.; Kuemmeth, F.; Pasupathy, A. N.; Ralph, D. C., Metal-Nanoparticle

Single-Electron Transistors Fabricated using Electromigration, Applied Physics Letters
84, 3154-3156 (2004).
23.

Cui, Y.; Bjork, M. T.; Liddle, J. A.; Sonnichsen, C.; Boussert, B.; Alivisatos, A.

P., Integration of Colloidal Nanocrystals into Lithographically Patterned Devices, Nano
Letters 4, 1093-1098 (2004).
24.

Park, H.; Park, J.; Lim, A. K. L.; Anderson, E. H.; Alivisatos, A. P.; McEuen, P.

L., Nanomechanical Oscillations in a Single C60 Transistor, Nature 407, 57-60 (2000).
25.

Javey, A.; Wang, Q.; Ural, A.; Li, Y.; Dai, H., Carbon Nanotube Transistor

Arrays for Multistage Complementary Logic and Ring Oscillators, Nano Letters 2, 929932 (2002).
26.

Bachtold, A.; Hadley, P.; Nakanishi, T.; Dekker, C., Logic Circuits with Carbon

Nanotube Transistors, Science 294, 1317-1320 (2001).
27.

Anderson, M. E.; Mihok, M.; Tanaka, H.; Tan, L.-P.; Horn, M. W.; McCarty, G.

S.; Weiss, P. S., Hybrid Approaches to Nanolithography: Photolithographic Structures
with Precise Controllable Nanometer-Scale Spacings Created by Molecular Rulers,
Advanced Materials 18, 1020-1022 (2006).
28.

Anderson, M. E.; Srinivasan, C.; Jayaraman, R.; Weiss, P. S.; Horn, M. W.,

Utilizing Self-Assembled Multilayers in Lithographic Processing for Nanostructure

183

Fabrication: Initial Evaluation of the Electrical Integrity of Nanogaps, Microelectronic
Engineering 78-79, 248-252 (2005).
29.

Halverson, R. M.; MacIntyre, M. W.; Motsiff, W. T., The Mechanism of Single-

Step Lift-off with Chlorobenzene in a Diazo-Type Resist, IBM Journal of Research
Development 26, 590-595 (1982).
30.

Shaw, J. M.; Gelorme, J. D.; LaBianca, N. C.; Conley, W. E.; Holmes, S. J.,

Negative Photoresists for Optical Lithography, IBM Journal of Research Development
41, 81-94 (1997).
31.

Srinivasan, C.; Anderson, M. E.; Jayaraman, R.; Weiss, P. S.; Horn, M. W.,

Electrically Isolated Nanostructures Fabricated Using Self-Assembled Multilayers and a
Novel Negative-Tone Bi-Layer Resist Stack, Microelectronic Engineering 83, 1517-1520
(2006).
32.

Cheng, M. C.; Gadre, A. P.; Garra, J. A.; Nijdam, A. J.; Luo, C.; Schneider, T.

W.; White, R. C.; Currie, J. F.; Paranjape, M., Dry Release of Polymer Structrues with
Anti-Sticking Layer, Journal of Vacuum Science and Technology A 22, 837-841 (2004).
33.

Dentinger, P. M.; Clift, W. M.; Goods, S. H., Removal of SU-8 Photoresist for

Thick Film Applications, Microelectronic Engineering 61-62, 993-1000 (2002).
34.

Odom, T. W.; Thalladi, V. R.; Love, J. C.; Whitesides, G. M., Generation of 30-

50 nm Structures Using Easily Fabricated, Composite PDMS Masks, Journal of the
American Chemical Society 124, 12112-12113 (2002).
184

35.

Moorjani, S. G.; Jia, L.; Jackson, T. N.; Hancock, W. O., Lithographically

Patterned Channels Spatially Segregate Kinesin Motor Activity and Effectively Guide
Microtubule Movements, Nano Letters 3, 633-637 (2003).
36.

McGall, G.; Labadie, J.; Brock, P.; Wallraff, G.; Nguyen, T.; Hinsberg, W., Light-

Directed Synthesis of High-Density Oligonucelotide Arrays Using Semiconductor
Photoresists, Proceedings of the National Academy of Sciences 93, 13555-13560 (1996).
37.

Lorenz, H.; Despont, M.; Fahrni, N.; LaBianca, N. C.; Renaud, P.; Vettiger, P.,

SU-8: A Low-Cost Negative Resist for MEMS, Journal of Micromechanics and
Microengineering 7, 121-124 (1997).
38.

Carlier, J.; Arscott, S.; Thomy, V.; Fourrier, J. C.; Caron, F.; Camart, J. C.;

Druon, C.; Tabourier, P., Integrated Microfluidics Based on Multi-Layered SU-8 for
Mass Spectrometry Analysis, Journal of Micromechanics and Microengineering 14, 619624 (2004).
39.

Campbell, M.; Sharp, D. N.; Harrison, M. T.; Denning, R. G.; Turberfield, A. J.,

Fabrication of Photonic Crystals for the Visible Spectrum by Holographic Lithography,
Nature 404, 53-56 (2000).
40.

van Kan, J. A.; Sanchez, J. L.; Xu, B.; Osipowicz, T.; Watt, F., Resist Materials

for Proton Micromachining, Nuclear Instruments and Methods in Physics Research B
158, 179-184 (1999).

185

41.

Vittorio, M. D.; Todaro, M. T.; Stomeo, T.; Cingolani, R.; Cojoc, D.; Fabrizio, E.

D., Two-Dimensional Photonic Crystal Waveguide Obtained by E-Beam Direct Writing
of SU8-2000 Photoresist, Microelectronic Engineering 73-74, 388-391 (2004).
42.

Bogdanov, A. L.; Peredkov, S. S., Use of SU-8 Photoresist for Very High Aspect

Ratio X-Ray Lithography, Microelectronic Engineering 53, 493-496 (2000).

186

Chapter 7
PHOTOLITHOGRAPHY-ASSISTED CHEMICAL PATTERNING

7.1 Introduction
Chemical patterning incorporates self-assembled molecules as basic building
blocks and active components to develop functional films for applications ranging from
sensor platforms to hierarchical structures. Common chemical patterning techniques
employ scanning probe lithography,1-6 soft lithography,7-9 and irradiation with
photons3, 10-17 or electrons.18-24 These methods can generate two-dimensional patterns
ranging from the micron- to nanometer-scale with tailored functionality. Some
drawbacks of these methods include molecular intercalation, side reactions, and
imprecise edges; these adversely affect the quality and resolution of the patterned
features.
For most of the aforementioned methods, it is common to pattern with one
component and then backfill another into the exposed regions by immersing the sample
into a solution of the second component. This is disadvantageous because it has been
shown to allow for the exchange, displacement, and intercalation of the components.25-28
Furthermore, the transport mechanism for scanning probe and soft lithography techniques
is dependent on a variety of factors ranging from environmental conditions (e.g.
humidity)29, 30 to molecular properties (e.g. vapor pressure)31, 32 to experimental
187

parameters (e.g. time, concentration).30, 31, 33 These transport issues and challenges
associated with feature alignment directly affect the fidelity of the pattern transfer. These
variables all negatively affect feature quality and reinforce the need for new methods that
allow for the definition of high quality chemical patterns without cross-contamination
and with feature precision and alignment.
Photolithography-assisted chemical patterning combines self-assembly,
photooxidation, and lithographic resists. As described in Chapters 5 and 6, much effort
has gone into developing the lithographic process steps in combination with molecular
rulers to create nanogaps reproducibly with electrical integrity. An important aspect of
this hybrid nanolithography process is the lithographic resist, which must be robust
enough to withstand the deposition of self-assembled multilayers without compromising
their formation. For chemical patterning, this resist allows for processing involving
UV-ozonation and self-assembly deposition, while acting as a shield to protect the
components of the films from one another. In this way, the parallel wafer-scale
processing of conventional lithography can be exploited in order to pattern chemical
functionality. This opens a new avenue for directed chemical patterning of multicomponent self-assembled films.
For photolithography-assisted chemical patterning, photolithography is utilized to
pattern a resist atop a self-assembled monolayer (SAM) on a gold substrate. Then, the
exposed region of the SAM is removed, another component SAM is inserted, and finally
the resist is removed (maintaining the functionality that has been patterned onto the
substrate). Patterned films are verified by imaging with lateral force microscopy and
field emission scanning electron microscopy. A major advantage of this technique is that
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the different components (SAMs) of the film are shielded by the resist against
displacement and intercalation. Additional benefits of this process over other
unconventional methods for chemical patterning are the ability to have multiple levels of
alignment, reproducible one-to-one feature size transfer, and parallel processing.

7.2 Background
7.2.1 Atomic force and lateral force microscopy
Atomic force microscopy was developed based on the principles of a scanning
tunneling microscope and a stylus profilometer, permitting nanoscale imaging of both
conductive and nonconductive samples.34 In brief, an atomic force microscope (AFM)
detects short-range forces, primarily van der Waals interactions, between a sharp probe
tip brought in close proximity to a sample of interest. The sample surface is rastered
across this tip, which is mounted on a flexible cantilever, while a feedback loop maintains
a constant force by detecting the deflection of the cantilever (Figure 7-1). The deflection
is monitored by reflecting a laser beam off the back of the cantilever onto a positionsensitive photodetector. The feedback loop detects the signal from the top and bottom
sections of the photodetector and adjusts the vertical position of the tip to center the laser
beam. By recording the changes in the vertical position of the tip as a function of the
horizontal coordinates, a topographical image is generated.35
This technique is capable of detecting a variety of different forces, such as
electronic, magnetic, or friction.35 For the imaging of chemical patterns without
topography, lateral force microscopy (LFM) is a useful variation of AFM because it is
sensitive to small differences in the chemical composition of the surface. One of the first
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Figure 7-1 Schematic of an atomic force microscope. A tip is brought in close
proximity to the sample. As the sample is rastered, a laser beam is reflected off the back
of the cantilever onto a position-sensitive photodetector. This permits the deflection of
the cantilever to be monitored as a function of surface properties encountered by the tip.
Topography is monitored by detecting the signal from the top and bottom sections of the
photodetector. Lateral force is measured as the difference between the signal detected
from the left and right sections of the photodetector.
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demonstrations of this was the imaging patterned self-assembled monolayers generated
by microcontact printing.36 Lateral force microscopy detects the lateral twisting of the
cantilever based on the interactions between the tip and the sample. Regions of high
friction (reactive terminal groups) strongly interact with the tip and deflect the cantilever
in a twisting motion. This lateral force experienced is recorded as the difference between
signals detected by the left and right sides of the photodetector. Therefore, a map of the
lateral forces experienced by the tip can be generated and correlated directly with the
chemical properties the substrate being imaged.35, 36

7.2.2 Imaging with scanning electron microscopy
The initial research demonstrating that chemical patterns could be imaged by
scanning electron microscopy (SEM) was simultaneously demonstrated by two research
groups in back-to-back articles in the same issue of Langmuir.37, 38 In the first article,
chemical patterns of self-assembled monolayers were generated crudely using a pen tip
filled with an alkanethiol ink and by dropwise exposure of another alkanethiol derivative
to selected gold regions (using a Pasteur pipette). These patterns were imaged by SEM
and the contrast of the features was sensitive to the structure of the component molecules.
A variety of factors were found to influence the secondary electron emission; among
them were the following: carbon chain length, quality of the carbon chain ordering,
surface potential, and surface reactivity.37
In the second article, SEM images of photopatterned SAMs on gold were
presented.38 In this work, a terminal functional group of a photosensitive SAM was
activated and patterned by irradiation through a photomask. The patterned regions were
191

reacted with fluorinated molecules. Then, these patterns were imaged by SEM and
chemical verification of the pattern was obtained from a 19F- elemental map generated by
secondary ion mass spectrometry. This work was foundational to support the use of SEM
to image and to differentiate between chemical species patterned on metal surfaces.

7.3 Experimental procedure
This photolithography-assisted chemical patterning process was demonstrated on
silicon wafers coated by metal evaporation with 10 nm Cr and 100 nm Au. A selfassembled monolayer was formed by immersing the gold substrate in a 1 mM ethanol
(Mallinckrodt, Phillipsburg, NJ) solution of an alkanethiol (derivative) for ~24 hr
(Figure 7-2a). Both 16-mercaptohexadecanoic acid (Sigma Aldrich, Milwaukee, WI) and
11-amino-1-undecanethiol (Dojindo Molecular Technologies, Gaithersburg, MD) were
used routinely as the initial SAM component molecule. (Also, the compatibility of 11mercaptoundecanoic acid (Sigma Aldrich, Milwaukee, WI), 11-mercaptoundecanol
(Sigma Aldrich, Milwaukee, WI), and 1-(9-mercaptononyl)-3,6,9-trioxaundecan-11-ol
(Toronto Research Chemicals, Inc., North York, Ontario, Canada) for the initial SAM
component has been demonstrated.)
Then, a bilayer resist, composed of an underlying lift-off resist (LOR) and a top
photoresist (Figure 7-2b), was spin-cast on the substrate. The lift-off resist, LOR-5A
(MicroChem Corp., Newton, MA), was spin cast at 4,000 rpm (spun for 50 s) and then
baked for 10 min at 200 oC. LOR-5A is not photosensitive, so a photoresist is required to
transfer the pattern. Shipley photoresist 3012, SPR3012 (Shipley Company,
Marlborough, MA), was spin cast at 4,000 rpm (spun for 50 s) and baked for 60 s at
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Figure 7-2 This schematic depicts a method for chemical patterning combining selfassembled monolayers, lithographic resists, and photooxidation. (a) Self-assembled
monolayer (SAM) is assembled on gold (Au) deposited on a silicon wafer (Si). (b) A
bilayer resist stack, composed of an underlying lift-off resist and a top photoresist
imaging layer, is spin cast on the substrate. (c) Photoresist and underlying lift-off resist
are patterned by photolithography. (d) Photoresist is removed. (e) Exposed SAM
regions are removed by photooxidation. (f) Second SAM component (blue) is assembled
on exposed gold. (g) Lift-off resist is removed, yielding final chemical pattern.
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95 oC. Utilizing a contact aligner (Karl Suss MA-6), the photoresist was exposed for
3.5 s (12 mW/cm2 at 365 nm), transferring the pattern on the photomask to the substrate.
This was followed by a post-exposure bake of 60 s at 115 oC. Then, the photoresist was
developed for 75 s in MF-CD-26, which is a tetramethylammonium-hydroxide (TMAH)
based chemical (Shipley Company, Marlborough, MA). The polydimethyl-glutarimidebased LOR is soluble in this developer, so it is during this step that the pattern was
transferred from the photoresist (Figure 7-2c).
The top-layer SPR3012 was removed because of its instability during subsequent
chemical and photooxidation processes, but the underlying LOR-5A layer shows good
resistance (Figure 7-2d). The LOR resist shield is able to withstand the processing
required for the chemical patterning, but the photoresist will degrade over time and is not
stable in organic solvents.39 So, the photoresist was removed by acetone (VWR
International, West Chester, PA) and the substrate was rinsed with isopropanol (VWR
International, West Chester, PA).
To transfer the pattern to the underlying SAM, the unshielded regions were
removed by UV-ozone (Figure 7-2e). The substrate was exposed for 10 min using a UVozone cleaner (UV Clean Model 135500, Boekel Scientific, Feasterville, PA). Then, it
was rinsed thoroughly in Nano-pure water (Lab-Conco, minimum resistivity of 18
MΩ·cm) for ~30 s to remove the oxidized organic species, dried, and finally rinsed in
ethanol for ~30 s. As an alternative technique utilizing a common lithography tool, an
oxygen plasma reactive ion etcher (PlasmaTherm) has been used to remove the exposed
SAM.
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Into these areas of exposed gold, a second SAM component was deposited while
the LOR shields the initial component and precisely defines the edge of the chemical
feature (Figure 7-2f). The second SAM component was added by immersing the
substrate in a 1 mM ethanol solution of the alkanethiol derivative for ~1 hr (Figure 7-2g).
The following are some of the molecules with different chain lengths and tail groups that
have been used as the backfilled secondary component: 16-mercaptohexadecanoic acid,
11-mercaptoundecanoic acid, 11-mercaptoundecanol, 11-amino-1-undecanethiol, 1octadecanethiol (Sigma Aldrich, Milwaukee, WI), and 1-dodecanethiol (Sigma Aldrich,
Milwaukee, WI). After this, the LOR was removed by immersing the sample in a
2% TMAH (VWR International, West Chester, PA) solution for 60 s with slight
agitation, then rinsed in Nano-pure water for 60 s, and finally rinsed with ethanol.

7.4 Results and discussion
Patterned films were verified by imaging with lateral force microscopy and field
emission scanning electron microscopy. Figure 7-3 shows LFM and FESEM images of
16-mercaptohexadecanoic acid (carboxylic-acid terminated) and 1-octadecanethiol
(methyl-terminated) patterned lines. A SAM of 16-mercaptohexadecanoic acid was
formed initially. Then, LOR was patterned to create a shield and the exposed regions
were removed by UV-ozone. 1-Octadecanethiol was backfilled into these exposed
regions before the LOR shield was removed, yielding a patterned film composed of
exposed termini of carboxylic acid and methyl functionalities. The stripes terminated
with carboxylic acid functional groups were regions of high friction, in stark contrast to
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Figure 7-3 Images of bi-component patterned films composed of 16mercaptohexadecanoic acid (carboxylic-acid-terminated, COOH) and 1-octadecanethiol
(methyl-terminated, CH3). (a) Lateral force microscopy (LFM) image contrasting the
COOH-terminated areas of high friction (shown as light) and the CH3-terminated areas of
low friction (shown as dark). Imaging parameters: force setpoint: 6 nN; scan rate: 1 Hz.
(b) Field emission scanning electron microscopy (FESEM) image contrasting the COOHterminated regions (shown as dark) with the CH3-terminated regions (shown as light).
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the stripes terminated with methyl functional groups, which were comparatively lower in
friction. This difference in friction yielded strong contrast when imaged by LFM (Figure
7-3a).35, 36 The pattern was observed also by FESEM, with the carboxylic-acidterminated regions being areas of lower secondary electron emission (hence, displayed as
darker in the image) because they are more reactive with adventitious adsorbates and
more disordered than the 1-octadecanethiol regions (Figure 7-3b).37, 38
The use of photolithography to pattern the LOR allows for precise alignment to
generate complex patterns. Lithographic resists are designed to have high resolution with
minimal line edge roughness, allowing pattern transfer process with strong edge integrity.
Patterns generated by this method have shown strong LFM and FESEM contrast. Lateral
force microscopy images with increasingly high resolution (Figure 7-4) were taken at the
pattern’s edge interface revealing contrast at the boundary with low edge roughness.
Utilizing FESEM, higher resolution images were obtained of the pattern’s edge produced
by this patterning method, as shown in Figure 7-5. This displays a grain of gold that was
patterned down the middle, showing that the grain size of the gold does not limit the
resolution of this technique.
The combination of molecules imaged in Figure 7-6 demonstrates one of the other
benefits of this process. The terminal functional group of the 11-amino-1-undecanethiol
was shielded by the patterned LOR during 11-mercaptoundecanoic acid deposition,
preventing the undesirable side reaction of an amide bond between these two molecules’
tail groups. By other chemical patterning methods, such as microcontact printing or
photooxidative patterning, cross contamination is inevitable during the backfilling
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Figure 7-4 Lateral force microscopy images of bi-component patterned films composed
of 16-mercaptohexadecanoic acid (carboxylic-acid-terminated, COOH) and
1-octadecanethiol (methyl-terminated, CH3). The COOH-terminated areas of high friction
are shown as light and the CH3-terminated areas of low friction are shown as dark. This
sequence of images (from a to c) shows the edge interface of the chemical pattern with
increasingly high resolution. Imaging parameters: force setpoint: 1 nN; scan rate: 1 Hz.
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Figure 7-5 Field emission scanning electron micrograph of bi-component patterned
films composed of 16-mercaptohexadecanoic acid (carboxylic-acid-terminated, COOH)
and 1-octadecanethiol (methyl-terminated, CH3). The COOH-terminated regions are
shown as dark and the CH3-terminated regions are shown as light. This shows the high
quality of the edge produced by this patterning method. The grain of gold, highlighted by
the yellow circle, was patterned down the middle. This shows that the grain size of the
gold does not limit the resolution of this technique.
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Figure 7-6 Lateral force microscopy images of bi-component patterned films composed
of 11-mercaptoundecanoic acid (carboxylic-acid-terminated, COOH) and 1-amino-1undecanethiol (amine-terminated, NH2). The COOH-terminated areas of high friction are
shown as light and the NH2-terminated areas of lower friction are shown as dark. Cross
contamination of these two molecules plagues patterning methods where the two
components are exposed to one another. Here, this method has demonstrated their
successful patterning, where the LOR shield has prevented undesirable side reactions.
Imaging parameters: force setpoint: 1 nN; scan rate: 1 Hz.
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deposition of the second component because the initial SAM pattern is not protected.25-28
Also, the molecular components shown in Figure 7-6 have the same carbon chain length
and are therefore equivalent in height, so the contrast observed arises only due to the
difference in the exposed terminal functional group.
The versatility of this technique to pattern molecules with different chain lengths
and tail groups is displayed in Figure 7-7. Soft lithography and scanning probe
lithography are limited in the types of molecules that can be deposited, partly due to
diffusion on the surface.31, 33 1-Dodecanethiol is a shorter molecule than typically is used
in soft lithographic techniques because it has lower vapor pressure and will diffuse when
contacted with the surface.31, 33, 40 Yet, photolithography-assisted chemical patterning is
capable of patterning it with high edge integrity.
The only limitation on the types of molecules incorporated in our process is that
the initial SAM cannot have a hydrophobic terminus because the LOR shield will not
adhere well to it. This difficulty can be circumvented by selecting the appropriate
processing order.
This process has the ability to create multi-component patterns, as demonstrated
in the tri-component film shown in Figure 7-8 and Figure 7-9. After the initial 16mercaptohexadecanoic acid and 1-octadecanethiol lines were patterned, 11-amino-1undecanethiol lines were aligned perpendicularly and patterned by the same process
described above (outlined in the schematic of Figure 7-8). This is an example of parallel,
multi-level, aligned processing including components that benefit from the LOR
shielding the initial SAM to prevent undesirable side reactions.
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Figure 7-7 Lateral force microscopy images of bi-component patterned films composed
of 1-dodecanethiol (methyl-terminated, CH3) and 1-amino-1-undecanethiol (amineterminated, NH2). The CH3-terminated areas of low friction are shown as dark and the
NH2-terminated areas of higher friction are shown as light. 1-Dodecanethiol is a shorter
molecule with a low vapor pressure that is typically not used in soft lithographic
techniques because it will diffuse when contacted with the surface. This technique is
compatible for patterning it with high edge integrity. Imaging parameters: force setpoint:
1 nN; scan rate: 1 Hz.
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Figure 7-8 The use of multiple levels of lithography to produce aligned multicomponent films. (a) Schematic of bi-component patterned SAM film composed of
1-octadecanethiol and 16-mercaptohexadecanoic acid, created by process shown in
Figure 7-2. The CH3-terminated regions are shown as blue and the COOH-terminated
regions are shown as yellow. (b) Lithographically patterned LOR resist (purple) aligned
perpendicular to the underlying pattern. (c) Photooxidation removes SAMs from areas
not protected by LOR resist, gold (orange) is exposed. (d) The NH2-terminated SAM of
11-amino-1-undecanethiol (red) is deposited into open regions where gold is exposed.
(e) LOR resist is removed, yielding the final pattern. (f) Lateral force microcroscopy
image of the multi-component film described in part e (the higher the friction, the
brighter the display); COOH-terminated SAM regions are high friction squares, CH3terminated SAM regions are low friction squares, and NH2-terminated SAM regions are
the patterned lines. Imaging parameters: force setpoint: 1 nN; scan rate: 1 Hz, 25 μm ×
25 μm.
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Figure 7-9 Larger scale LFM image of the multi-component film described and shown
in Figure 7-8. 16-mercaptohexadecanoic acid (COOH-terminated) SAM regions are high
friction squares, 1-octadecanethiol (CH3-terminated SAM) regions are low friction
squares, and 11-amino-1-undecanethiol (NH2-terminated) SAM regions are the patterned
lines crossing the image from top left to bottom right (the higher the friction the brighter
the display). Imaging parameters: force setpoint: 1 nN; scan rate: 1 Hz.
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The patterning of the LOR on a substrate without an underlying SAM can also be applied
for chemical patterning, in a manner similar to other developed methods.41-44 In these
other methods, the resist is used to mask a region of the unmodified substrate during the
deposition of a SAM. This would remove the need for photooxidation while maintaining
the alignment capabilities. Multiple levels of lithography in conjunction with the LOR as
a shield can allow for the creation of multi-component films, especially relevant for
patterns consisting of isolated and diversified chemical regions. Also, this is applicable
for the extension of our chemical patterning technique beyond organothiols on gold to
materials not susceptible to photooxidation.
The need for photooxidation can be replaced by using an oxygen plasma reactive
ion etcher to remove the exposed SAM. An alternative method utilizing a common
lithography tool was demonstrated, as shown in Figure 7-10. This further illustrates the
versatility of the basic technique for photolithography-assisted chemical patterning that
has been presented.

7.5 Film functionality verification
It is important to verify that the materials involved in the photolithograpy-assisted
chemical patterning technique are not affected by the processing conditions. To
investigate if the self-assembled monolayer was modified throughout the processing, the
film’s thickness was monitored and the activity of the film’s chemical functionality was
evaluated. The stability of the lithographic resist was examined with regard to the
photooxidation process.
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Figure 7-10 An alternative method of this patterning technique utilized an oxygen
plasma instead of a UV-ozone cleaner to pattern the 16-mercaptohexadecanoic acid
(carboxylic-acid-terminated, COOH) before depositing the 1-octadecanethiol (methylterminated, CH3) into the unshielded regions. The COOH-terminated areas of high
friction are shown as light; and the CH3-terminated areas of low friction are shown as
dark. Imaging parameters: force setpoint: 3.5 nN; scan rate: 1 Hz.
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To investigate the effects of the processing steps on the SAM, basic ellipsometry
experiments were conducted using a Gaertner Ellipsometer (model LSE). To verify the
complete removal of the exposed SAM regions upon exposure to UV-ozone, gold wafers
with a monolayer of 16-mercaptohexadecanoic acid were measured for film thickness
before and after 0, 1, 5, 10, and 20 min exposures (followed by rinse with Nano-pure
water and ethanol). The initial SAM thickness was 16 ± 1 Å and after 0 min of UV
exposure and the subsequent rinse, the thickness was measured to be 17 ± 1 Å. The film
thickness was 11 ± 3 Å after a 1 min exposure, but for exposure times above 5 mins, no
film thickness was observed. The effect of the TMAH solution on the SAM was also
examined. Gold wafers, again with a monolayer of 16-mercaptohexadecanoic acid, were
measured after 1 min immersion in 2% TMAH and after 10 min immersion in 10%
TMAH. No change in film thickness was observed.
To verify that the LOR shield did not affected the underlying SAM, the
functionality of the film after patterning was examined. Functionalized polystyrene
spheres and complementary interactions to identify the terminal group of the patterned
SAMs were utilized to confirm that the film functionality was maintained throughout the
lithography. The functionalized polystyrene spheres used were 420 nm polystyrene
spheres functionalized with carboxylic acid groups (Bangs Laboratories, Inc., Fishers,
IN). The spheres were purchased as 6.3% solids, but for these experiments were diluted
in Nano-pure water to ~0.5%. The molecules used for these studies were
16-mercaptohexadecanoic acid (carboxylic-acid-terminated), 11-amino-1-undecanethiol
(amine-terminated), and 1-octanethiol (methyl-terminated).
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Stripes of carboxylic-acid- and methyl-terminated SAMs were patterned on a gold
substrate, where the carboxylic acid had been shielded by the LOR. The samples were
exposed to a solution of 1 mM copper perchlorate hexahydrate (Sigma Aldrich,
Milwaukee, WI) in ethanol for 15 min. This left behind positively charged copper ions
complexed to the carboxylic acid terminal groups. Then, the samples were immersed for
1 hr in the solution of polystyrene spheres. These spheres were immobilized successfully
on the COOH-Cux+ regions as shown in Figure 7-11. This is similar to the selective
deposition shown previously by Murray and coworkers.45
Stripes of amine- and carboxylic-acid-terminated SAMs were patterned on a gold
substrate, where the amine had been shielded by the LOR. Then, the sample was exposed
to polystyrene spheres functionalized with carboxylic acid ligands. These spheres
preferentially bound to the amine-terminated regions, as shown in Figure 7-12. This
demonstrated the activity of both the SAM components because the amine-terminated
regions attracted the spheres and the carboxylic-acid-terminated regions repelled the
spheres. Here the amine and carboxylic acid complexation is utilized, but this highlights
the importance of the LOR shield to prevent this interaction during the chemical
patterning of SAMs with these terminal groups (Figure 7-6).
As a control experiment to investigate further the effect of the LOR shield on the
underlying substrate, LOR was patterned on a carboxylic-acid-terminated SAM. Then, it
was removed without processing by UV-ozonation or chemical backfilling with a second
component. When this sample was exposed to the copper ions and then the carboxylic
acid functionalized polystyrene spheres, there was no preferential sphere deposition as
shown in Figure 7-13.
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Figure 7-11 Functionalized polystyrene spheres were deposited on a patterned bicomponent film of 16-mercaptohexadecanoic acid and 1-octadecanethiol. The spheres
bound selectively through complementary interactions to the carboxylic-acid-terminated
regions (COOH) demonstrating that the functionality of the component SAM was active
after lithographic processing. a) A dark-field optical microscope (DFOM) image of a
vertical array of chemically patterned lines with selective sphere organization. b) An
FESEM image of polystyrene spheres bound to the COOH-terminated SAM (shown as
dark) and absent on the methyl-terminated (CH3) SAM (shown as light).
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Figure 7-12 Functionalized polystyrene spheres were deposited on a patterned bicomponent film of 16-mercaptohexadecanoic acid and 11-amino-1-undecanethiol.
FESEM image of polystyrene spheres selectively bound to the NH2-terminated SAM
(shown as dark) based on attractive forces and absent on the carboxylic-acid-terminated
(COOH) SAM due to repulsive forces. This demonstrated the activity of both component
SAMs after lithographic processing.
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Figure 7-13 Control experiment demonstrated that the LOR patterning atop a
carboxylic-acid-terminated SAM (16-mercaptohexadecanoic acid) does not affect the
binding of the functionalized polystyrene spheres. This optical microscope image is of a
sample region where the lithographic resist was patterned with an array of vertical lines.
No preferential binding occurred, as evidenced by the lack of sphere organization
observed.
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The packing of the polystyrene spheres has not been optimized as this experiment
was focused simply on their selective deposition for film functionality verification. Other
researchers have investigated the assembly of polystyrene spheres on chemical
patterns.41, 46-50 They have found that parameters such as salt concentration, pH, presence
of surfactant, and charge density affect the packing. The work shown here has
demonstrated that the SAM functional groups are active after the lithographic processing
because the carboxylic acid functionalized polystyrene spheres selectively bound to the
amine-patterned regions and with Cu2+ ions as binding agents to the carboxylic acid
patterned regions.
The effect of the UV-ozone process on the LOR-5A thickness was investigated by
AFM. After the photolithographic processing and removal of the photoresist, the film
thickness was ~400 nm. After 10 mins of exposure to the UV-ozone, the film thickness
decreased to ~350 nm. Though some of the resist was removed in the process, the
integrity of the resist was maintained, so that it continued to protect the underlying SAM.

7.6 Conclusions
Utilizing lithography, high quality chemical patterns were generated using selfassembled monolayers as components with parallel, multi-level, aligned processing. The
LOR’s ability to withstand chemical processing and photooxidation is a key component
of this patterning technique, shielding the initial SAM to prevent intercalation and
undesirable side reactions. This LOR allows for pattern transfer with precise edge
integrity and strong LFM and FESEM contrast. Chemical patterning has been
demonstrated on the micron scale; and since the lift-off resist can be patterned by other
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lithographic techniques, it has the potential to create sub-100 nm features. It was shown
that the lithographic processing involved in this chemical patterning method does not
affect the functionality of the film. Pattern formation with tailored chemistry and
directed alignment is enabled by photolithography-assisted chemical patterning to create
functionally complex surfaces.
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CHAPTER 8
CONCLUSIONS AND FUTURE DIRECTIONS

The focus of the research presented in this thesis has been to develop hybrid
strategies combining chemical self-assembly with conventional fabrication techniques for
the advancement of lithography into the sub-100 nm regime. The primary objective was
the development of the molecular ruler process1 as a reliable nanolithographic technique
for the fabrication of nanoscale devices. This necessitated the investigation and
determination of the compatibility between the material requirements for chemical selfassembly and conventional lithographic processing. This compatibility presented an
opportunity for the development of the photolithography-assisted chemical patterning
technique.

8.1 Molecular rulers
This research highlighted the strength of self-assembly for the fabrication of
precise nanostructures with multilayers tailored from the bottom-up to compose a type of
lift-off resist, which can withstand metal deposition to define critical nanoscale
dimensions. The molecular ruler scheme has been optimized to be simple, reliable, and
robust, as demonstrated throughout this work. Modifications to the basic molecular ruler
process have shown the versatility of the method for the creation of complex
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architectures. However, with regards to changing the parent metal and multilayer system,
alterations to the basic molecular ruler process have not been straightforward.
Preliminary investigations described in Chapter 3 highlight potential avenues to pursue,
such as using the parent or intermediate generation metals of Pd or Au/Pd alloy and
optimizing the α,ω-alkanebisphosphonate-Zr4+ system2, 3 for selective multilayer
deposition.
The optimization of the molecular ruler process described in Chapter 2 permitted
the fabrication of the advanced architectures presented in Chapter 4, which have resulted
in the following manuscripts:
“Exploiting Intermolecular Interactions and Self-Assembly for Ultrahigh Resolution
Nanolithography,” M. E. Anderson, R. K. Smith, Z. J. Donhauser, A. Hatzor,
P. A. Lewis, L. P. Tan, H. Tanaka, M. W. Horn, P. S. Weiss, Journal of Vacuum Science
and Technology B 20, 2739-2744 (2002).
“Advances in Nanolithography Using Molecular Rulers,” M. E. Anderson, L. P. Tan,
H. Tanaka, M. Mihok, H. Lee, M. W. Horn, P. S. Weiss, Journal of Vacuum Science and
Technology B 21, 3116-3119 (2003).
“Nanofabrication by Combinations of Nanosphere Lithography and the Self-Assembled
Molecular Ruler Method,” H. Tanaka, H. Lee, M. E. Anderson, L. P. Tan, M. Mihok,
T. K. Ahn, S. M. Kim, J. D. Monnell, P. S. Weiss, in preparation.
“Extensions of Molecular Ruler Technology for Nanoscale Patterning,” C. Srinivasan,
M. E. Anderson, E. M. Carter, J. N. Hohmann, S. S. N. Bharadwaja, S. TrolierMcKinstry, P. S. Weiss, M. W. Horn, Journal of Vacuum Science and Technology B
24-26, accepted (2006).
The first paper describes the basic molecular ruler process and gives an overview of other
self-, directed, and positional assembly techniques. The second paper discusses the
optimized basic molecular ruler process, presents the demonstration of tertiary and
sacrificial structures, and briefly summarizes the use of nanosphere lithography to
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fabricate parent structures. The next paper gives a detailed report of the process for
combining nanosphere lithography with the molecular ruler process. The final paper
incorporates multiple areas of research, including the use of selective chemical etching to
create sequential parent and daughter generations of equal height.
The hierarchical architectures demonstrated were indicative of the process’s
capability to produce device architectures. In order to move toward this level of
sophistication, it was necessary to define the daughter structure lithographically. The
stability of the molecular ruler resist was demonstrated as it possessed the ability to
withstand lithographic processing both before and after multilayer deposition.
As discussed in Chapter 5, two methods for combining the molecular ruler
process with multiple levels of photolithography have been developed and presented in
the following manuscript:
“Photolithographic Structures with Precise Controllable Nanometer-Scale Spacings
Created by Molecular Rulers,” M. E. Anderson, L. P. Tan, M. Mihok, H. Tanaka,
M. W. Horn, G. S. McCarty, P. S. Weiss, Advanced Materials, 18, 1020-1022 (2006).
The quality of the structures produced by combining the molecular ruler process
with two levels of lithography was evaluated by electrical interrogation and structural
characterization. This was conducted in a systematic manner, permitting the failure
modes to be determined by FESEM characterization of electrodes that were and were not
electrically isolated. This evaluation revealed that the lithography, not the molecular
ruler process, was the primary source of defects. Methods for improved lithographic
processing were developed and optimized to yield high quality structures.
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Chapter 6 contains details regarding initial electrical characterization of device
nanostructures and the optimization of the lithographic processes involved in the
fabrication. This research has resulted in the following manuscripts:
“Utilizing Self-Assembled Multilayers in Lithographic Processing for Nanostructure
Fabrication: Initial Evaluation of the Electrical Integrity of the Nanogaps,”
M. E. Anderson, C. Srinivasan, R. Jayaraman, P. S. Weiss, M. W. Horn, Microelectronic
Engineering 78-79, 248-252 (2005).
“Electrically Isolated Nanostructures Fabricated using Self-Assembled Multilayers and a
Novel Bi-layer Resist Stack,” C. Srinivasan, M. E. Anderson, R. Jayaraman, P. S. Weiss,
M. W. Horn, Microelectronic Engineering 83, 1517-1520 (2006).
“Extensions of Molecular Ruler Technology for Nanoscale Patterning,” C. Srinivasan,
M. E. Anderson, E. M. Carter, J. N. Hohmann, S. S. N. Bharadwaja, S. TrolierMcKinstry, P. S. Weiss, M. W. Horn, Journal of Vacuum Science and Technology B
24-26, accepted (2006).
The first paper presents the initial electrical characterization. The second paper explains
the structural characterization, which revealed the primary failure modes, and describes
the development of a novel resist stack to overcome lithography issues for one of the two
methods for defining the daughter structure. The most recent paper describes the
improved lithographic process for the other method to pattern the daughter structures and
discusses the initial electrical characterization of deposited amorphous silicon in a parentdaughter structure junction.
Research continues toward nanoscale device fabrication and is the primary focus
of C. Srinivasan in Dr. M. W. Horn’s lab in collaboration with group members in
Dr. T. N. Jackson’s and Dr. S. Trolier-McKinstry’s laboratories. Presently, the
fabrication and characterization of an organic thin film transistor is being pursued.
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Other techniques for advanced applications are being investigated. Initial
experiments successfully used laser processing to smooth the parent metal structures,
reducing line edge roughness and grain size. Another method for the combination of
molecular rulers with multiple levels of lithography is under development. In this
process, the multilayers and metal are deposited before the second level of lithography is
performed to define the daughter structure location. Also, a process using reaction ion
etching is being optimized for nanogaps defined by the molecular ruler process to be
transferred to the underlying substrate. This permits the fabrication of deep, ultra-narrow
channels that can be aligned to micron-scale features, which could find application in the
area of nanofluidics or as templates for other lithographic processes. This briefly
summarizes the highlights of ongoing research that will be continued by C. Srinivasan in
Dr. M. W. Horn’s laboratory.

8.2 Chemical patterning
Photolithography-assisted chemical patterning has created high quality patterned
surfaces with tailored chemistry and directed alignment. These patterns were generated
using self-assembled monolayers as components with parallel, multi-level processing,
which was enabled by robust lithographic resists and photooxidation. Preliminary work
in this thesis has shown that the functionality of the film was unaffected by the
lithographic processing.
In Chapter 7, this novel method for chemical patterning combining self-assembly,
lithographic resists, and photooxidation was demonstrated, resulting in the following
manuscript:
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“Combining Conventional Lithography with Molecular Self-Assembly for Chemical
Patterning,” M. E. Anderson, C. Srinivasan, J. N. Hohman, E. M. Carter, M. W. Horn,
P. S. Weiss, Advanced Materials, accepted.
Ongoing research is using this method to pattern and to functionalize SAM
surfaces with tethered neurotransmitters. Molecular recognition of antibodies specific to
the particular neurotransmitter has been detected by fluorescence microscopy using
secondary antibodies with a fluorescent tag. This work is being pursued primarily by
M. J. Shuster in Dr. A. M. Andrews’s and Dr. P. S. Weiss’s laboratories.
Based on the high quality FESEM images obtained to characterize the films
generated by this photolithography-assisted chemical patterning technique, research is
underway to investigate the detailed structure of chemical patterns generated by other
methods, such as microdisplacement printing.4 Future work using a dual scanning
electron and scanning probe microscope would allow for precise characterization of the
pattern edge interface. This work is being pursued by J. N. Hohman, E. I. Morin, and
T. J. Mullen in Dr. P. S. Weiss’s lab in collaboration with C. Srinivasan in
Dr. M. W. Horn’s lab.

8.3 Final thoughts
The research culminating in this thesis has demonstrated the compatibility and
robustness of hybrid strategies employing molecular rulers with conventional
lithographic fabrication schemes and processes. These methods were the direct result of
interdisciplinary work overlapping chemistry and engineering science. By merging
bottom-up and top-down methodologies, chemically advanced nanolithography
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techniques can be developed that have the advantage of molecular-scale resolution with
the benefit of building on well-established technologies.
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