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This dissertation will demonstrate the synergy of nanoscopic materials and
surface metrology methods by the fabrication and implementation of CNT atomic force
microscopy (AFM) tips, CNT scanning tunneling microscopy (STM) tips, Pt spike AFM
tips, and Pt spike near-field scanning optical microscopy (NSOM) tips for the methods of
critical dimension metrology, STM, AFM phase imaging, scanning surface potential
AFM (SSPM), NSOM, and three-dimensional AFM. Chapter 1 provides a general
overview of the information that will be discussed in this dissertation. Chapter 2
describes two methods for the simultaneous fabrication of carbon nanotube atomic force
microscopy and scanning tunneling microscopy probes. The fabrication of these high
resolution probes, as well as their imaging characteristics, is described in detail.

Resolution standards were used to characterize their behavior and resolution limits. In
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Chapter 3, the effect of high aspect ratio probe length on AFM phase imaging is studied
by fabricating highly controllable Pt spike AFM tips. By monitoring phase shifts on
homogenous surfaces as a function of Pt spike length, it is shown that attractive forces at
the tip are significantly reduced when high aspect ratio structures are added to
conventional AFM probes. In Chapter 4, the effect of probe geometry on scanning
surface potential microscopy (SSPM) is described. By studying the effect of scan height
in SSPM, it was found that large surface area probe geometries, such as conventional Pt
coated AFM tips, have lower surface potential resolution because of contributions from
the sides of the tip as well as the cantilever. Spatial resolution standards were probed to
evaluate the effect of probe geometry on SSPM sensitivity and resolution. Chapter 5
describes the fabrication of specialized probes for three-dimensional atomic force
microscopy, scanning near-field optical microscopy, and scanning electrochemical —
atomic force microscopy (SECM-AFM). Using techniques described in Chapters 2-4,
high aspect ratio structures were added to conventional probes used in 3D AFM, NSOM
and SECM-AFM to solve limitations inherent to current probe designs for each method.
Preliminary data indicates that each probe will have a significant beneficial effect on the

resolution limit of its technique.
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CHAPTER 1

Development of Advanced Tools for Surface Metrology

1.1 INTRODUCTION

For significant technological advances to occur in surface science and
nanotechnology, new materials and processes must be developed, and their chemistries
and properties must be fully characterized." As these advancements occur, they create
new requirements for the tools used to characterize the materials and processing steps.”
For instance, in the semiconductor industry, transistor sizes have dropped from 3um to
70nm in the last 15 years. Projections indicate that in 2019, when the 16nm transistor
node is achieved, characterization methods must be able to resolve features as small as
4A.° Semiconductor development, like other nanoscopic materials research, requires
characterization methods that can resolve features and properties beyond the size scale of
current research in order to continue advancing at an appreciable rate, so development of
new tools and characterization methods is of extreme importance.*”

Many different techniques are used to characterize nanoscopic features, such as
transmission electron microscopy (TEM), high-resolution scanning electron microscopy

(SEM), and scanning probe microscopy (SPM),° but while these techniques are available



for surface and material characterization, each has significant limitations that impede
their use. TEM, having sub-nanometer resolution, is a great technique for evaluating
nanoscopic surface features, but because samples must be conductive, stable in high
vacuum, and often require thinning with a focused ion beam before imaging, most
materials and devices cannot be studied while in operation. The advent of aberration
corrected lenses has allowed SEMs to have resolution similar to TEM,? but like TEM,
samples must be conductive, stable in vacuum, and sometimes require cross sectioning to
fully characterize sample morphology.” Additionally, SEMs induce localized deposition
of C from residual pump oils and surface contaminations, which can lead to significant
measurement errors.® SPM is a non-destructive technique that requires no sample
preparation prior to imaging, and because of its accuracy, it is frequently used for
calibrating other methods.”> While extremely accurate, the primary factor in the resolution
limit of SPM and its various imaging modes is the design of the probes that are used to
acquire surface properties.’

SPM is a general classification for techniques that acquire surface properties
(topography, sample hardness, work function, etc.) by scanning a sharp probe on or near
a surface. The first probes designed for scanning probe microscopes were fabricated from

bent metal wires with electrochemically etched apexes.™’

These probes lacked
reproducibility because of their one-off fabrication process, but improvement came with

the development of mass-produced Si based SPM tips.''"* Since their development over



15 years ago, the number of AFM studies has grown exponentially while tip design has
changed very little (Fig. 1). Since sample feature sizes have been steadily decreasing
since these probes were developed, further development is essential for SPM to be useful
for high resolution nanoscopic studies.

In its simplest form, SPM is a technique similar to profilometry, where a sharp tip
is scanned across a surface to obtain topographical data.'* This information is acquired by
monitoring deflections of the tip as it follows the surface of the sample. Modern
electronics and computing power enable very precise control of the probe as well as fast
data collection, but the limit of the resolution of SPM currently lies in the probe used for
data collection. Batch fabricated SiO, probes are good probes for general SPM studies
because they are inexpensive, they have a relatively small tip radius (<20nm), and they
are useful for collecting data on low aspect ratio samples (low height to width ratio).
These studies aside, conventional probes do not provide sufficient resolution for more
advanced studies on the challenging samples that are being produced in this nanoscopic
age. The first major limitation of conventional SPM tips involves the large tip geometry,
where cone angles (30°)" prohibit imaging of vertical or nearly vertical structures
(sidewall angle <30°). These large cone angles result in significant data convolution, and
in many cases do not permit imaging of true structural dimensions. In addition to having
a large size, their makeup (SiO,, SizN4) requires them to be coated with a metal film in

order to be used in electrical SPM studies such as scanning surface potential AFM and
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Figure 1.1 Graph of the number of published AFM studies in the past 19 years.
While the number of AFM studies has risen exponentially, probe development has
made very little progress since the development of batch-fabricated Si AFM tips.
For AFM and other SPM techniques to be useful in high resolution nanoscopic
studies, further development is essential.



tunneling AFM. This metal film, typically 20-50nm in thickness, is not durable,
and peels off after prolonged use. If undetected, this slow degradation of
conductivity can skew results and lead to false conclusions. Additionally, the
peeled metal coating can result in data convolution by acting as an additional
imaging surface in topographical studies, as well as electrical studies. The final
major limitation of conventional probes is that they are subject to wear during
surface studies, which can result in varying data quality over the duration of an
experiment (e.g. varying tip geometry during topographical data acquisition). In
three-dimensional metrology this problem is lessened by characterizing the tip
before and after use, but this only results in an approximation since the true tip
condition during the measurement is not known. Ideally, an SPM probe should
enable scientists to probe surfaces of all geometries while not degrading over the
duration of an experiment. Additionally, the probe should be conductive so
nanoscopic features can be electrically characterized.

Despite these limitations, conventional probes have been used to
characterize many nanoscopic samples, and their use has been influential in the
development of nanotechnology. To enable its use in future studies, the same
materials that have brought about the need for advances in SPM probes have been
targeted as possible solutions for their limitations. One example of this is the
development of carbon nanotube (CNT) SPM tips. Carbon nanotubes have unique

structural, electrical, and chemical properties that make them ideal structures for



SPM tips. By carefully controlling growth conditions, carbon nanotube diameters
(from one nanometer to tens of nanometers) and lengths (from ten nanometers to
tens of microns) can be precisely controlled in order to achieve extremely high
aspect ratios (high length to width ratio). In addition to having ideal surface
geometry, CNTs, while not as conductive as true metals, are sufficiently
conductive for use in electrical characterization techniques. Last, they are
extremely durable and have the unique ability to bend elastically. While these
properties make CNT SPM tips ideal for use in high resolution SPM studies, their
widespread use is limited because of their low-yield fabrication process and
subsequent lack of availability.

The synergy of nanoscopic materials and surface metrology methods will
be demonstrated in this dissertation by the fabrication and implementation of
CNT atomic force microscopy (AFM) tips, CNT scanning tunneling microscopy
(STM) tips, Pt spike AFM tips, and Pt spike near-field scanning optical
microscopy (NSOM) tips for the methods of critical dimension metrology, STM,
AFM phase imaging, scanning surface potential AFM (SSPM), NSOM, and three-
dimensional AFM. This dissertation is organized into five chapters, the first being
a general introduction. Chapter 2 describes two methods for the simultaneous
fabrication of carbon nanotube atomic force microscopy and scanning tunneling
microscopy probes. Carbon nanotubes, having small diameters (<10nm), high

aspect ratios, and unique chemical, electrical, and mechanical properties, provide



the ideal probe geometry when combined with conventional AFM probes. The
fabrication of these high resolution probes, as well as their imaging
characteristics, is described in detail. Furthermore, resolution standards were used
to characterize the behavior of the probes, as well as the resolution limits for the
probes.

In Chapter 3, the effect of high aspect ratio probe length on AFM phase
imaging is studied by fabricating Pt spike AFM tips. By monitoring phase shifts
on homogenous surfaces such as Si (100) and highly oriented pyrolitic graphite
(HOPG) as a function of spike length, it is shown that attractive forces at the tip
are significantly reduced when high aspect ratio structures are added to
conventional AFM probes. Careful control of imaging conditions showed that the
reduction in attractive forces at the tip were due to changes in surface area, which
caused a reduction in capillary forces experienced when performing AFM
measurements in ambient conditions.

In Chapter 4 the effect of probe geometry on scanning surface potential
microscopy (SSPM) is described. By studying the effect of scan height in SSPM,
it was found that large surface area probe geometries, such as conventional Pt
coated AFM tips, have lower surface potential resolution because of contributions
from the sides of the tip as well as the cantilever. These contributions cause
surface potential averaging, and can be reduced by altering the probe geometry by

focused ion beam milling. Pt nanoparticles and mesoporous TiO, films were used



as resolution standards to show increased surface potential resolution for high
aspect ratio probe geometries.

Chapter 5 describes the fabrication of specialized probes for three-
dimensional atomic force microscopy, scanning near-field optical microscopy,
and scanning electrochemical — atomic force microscopy (SECM-AFM). Using
techniques described in Chapters 2-4, high aspect ratio structures were added to
conventional probes used in 3D AFM, NSOM and SECM-AFM to solve
limitations inherent to current probe designs for each method. Preliminary data
indicates that the addition of the high aspect ratio structures to each probe will

have a significant beneficial effect on the resolution limit of each technique.
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CHAPTER 2

Simultaneous Fabrication of Carbon Nanotube Atomic Force
Microscopy and Scanning Tunneling Microscopy Tips Via Localized
Chemical Vapor Deposition and Nanomanipulation

2.1 INTRODUCTION

Scanning probe techniques such as atomic force microscopy (AFM) and scanning
tunneling microscopy (STM) have become vital tools for high-resolution surface
characterization, nanoscopic measurements and manipulation. Unfortunately,
commercially available probes are still prone to tip-shape induced imaging artifacts, tip-
radius irregularities, tip durability limitations, and tip induced sample degradation.
Current technological drivers in the manufacturing of nanoelectronic devices have
created significant demand for precise critical dimension (CD) measurement of
nanoscopic spatial features such as trenches, undercuts and vias." Carbon nanotube
(CNT) based probe tips have been explored as possible candidates to meet this demand
due to their unique chemical and mechanical properties, high-aspect length-to-width ratio
and nanoscopic dimensions. Additionally, CNTs are mechanically robust and
electronically conductive, offering further possibilities for development of high resolution

probe tips for electrical characterization of nanoscopic features with improved durability.
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Several reports have detailed the fabrication of CNT AFM tips via manual
addition of previously grown CNTs onto commercially available Si cantilevers with
various methods for attachment including gluing® and e-beam welding.” Examples such
as the “pick up” method described by Lieber* and the electrophoretic method described
by Zhou’ require no modification of a silicon-based AFM tip, but have low yields due to
multistep nature of isolating and placing single CNTs. In an effort to increase CNT AFM
tip yields, more complex processing steps, such as using a focused ion beam (FIB) to mill
a channel into the side of an existing Si AFM probe, have been used to fabricate a guide
for affixing a single CNT.® Yet another method has used nanomipulation’ to “pluck” an
isolated CNT from a knife edge with a Si AFM tip. Furthermore, several fabrication
methods have been reported that involve direct growth of CNTs onto the apex of a Si
cantilever in order to develop a method for batch fabrication. Current direct growth
methods, such as the “surface growth” method,” require very little sample preparation but
do not appear reproducible enough to be considered commercially economical nor
scaleable for batch fabrication. The eleven-step fabrication procedure described by
Meyeppan and coworkers’ represents one of the more complex assembly methods
available for batch fabrication, and while this appears to be a viable method, it is not clear
whether specific CNT tip characteristics such as alignment and length can be controlled

without additional processing steps.
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While there is an abundance of literature reports describing CNT AFM tips,*™"!
there are fewer examples of functional CNT-based STM tips. Conventional STM tips
such as those made from etching'? or cutting of metal wire' are fully capable of imaging
with atomic resolution, yet they are generally not very durable and lose resolution after
repeated use or accidental surface contact. Since CNTs are conductive, high aspect ratio
structures with nanometer diameters they offer a possible solution for making more
robust STM tips.'* Similar to CNT AFM tips, the two main methods currently utilized for
fabricating CNT STM tips are direct growth'> and manual attachment.'® CNT STM tips
made via the direct growth method have several disadvantages such as the large size (ca
40 nm) of CNTs employed'’ and the uncontrolled bundling or clustering of too many
CNTs at the apexof the supporting metal wire."”'® Manually attached CNT STM tips are
more controlled in their properties, though they are significantly more time consuming to
fabricate than direct growth methods.

In this work we describe an integrated approach for fabricating, in a few steps,
functional CNT-based AFM and STM tips prepared from a single CNT grown via
chemical vapor deposition on an existing silicon AFM cantilever. Using
nanomanipulation, the “as grown” CNT AFM tip can be subsequently affixed to a
tungsten wire and selectively cut to fabricate a CNT-based STM tip. Importantly, the
nanomanipulation process allows for precise control of CNT tip characteristics including

length and orientation. Various calibration standards are evaluated using CNT-based
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AFM and STM tips fabricated from a single process to demonstrate the feasibility of this
approach for producing high-quality, high-resolution CNT probe tips for scanning probe

microscopy.

2.2 EXPERIMENTAL

Multiwalled CNTs (MWCNTs) were grown directly on non-contact AFM tips
(BudgetSensors Tap300) via chemical vapor deposition of ethylene as described
previously.® By finely tuning the growth parameters, single freestanding multiwalled
CNTs can be grown at the apex of the Si AFM tip with a high degree of vertical
alignment. To shorten the length of the free standing CNT grown at the apex of the Si tip,
a nanomanipulator system (Zyvex S-100 Nanomanipulator) was used in an electron
microscope (FEI DB235) to move an etched W wire into contact with the CNT. Once in
contact, the CNT was welded to the W wire by electron beam deposition of C from
residual contaminants within the microscope chamber. The CNT, bound at both the Si
apex and the W wire, was then pulled apart by overcoming the tensile strength of the
CNT. In cases where CNT length needed to be finely tuned for experimental conditions, a
second method was used that took advantage of the conductive nature of the CNTs.
Similar to the mechanical shortening method, the CNT was brought into contact with
both the AFM and W wires to form a conductive pathway between the Si AFM tip and W

STM tip. By applying a large bias across the CNT (=15V), localized Joule heating caused
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breakdown of the CNT structure midway between the two probes. As a result of either
procedure, a freestanding segment of the CNT was left on each probe tip that could then
be directly used for AFM or STM experiments. The CNT AFM probes were tested with
tapping mode atomic force microscopy, which was conducted using a Digital Instruments
Bioscope Atomic Force Microscope with a Nanoscope IV controller. AFM experiments
were conducted on scatterometry calibration gratings (test wafer, die 141) obtained from
Sematech’s Advanced Metrology Advisory Group (AMAG). Scan sizes varied from 500
nm X 500 nm to lpm x 1 pum, and the scan rate used was 0.5 Hz. To determine the
accuracy of the AFM measurements, the probed area of the scatterometry grating was
imaged with a scanning electron microscope (Leo 1530, 10keV).

STM experiments were performed with an Omicron variable temperature STM
operated in an ultrahigh vacuum chamber (base pressure < 8 x 10™"' Torr). The highly
oriented pyrolytic graphite (HOPG) was prepared for STM imaging by removing the
upper layers by cleaving with Scotch tape. The TiO, (110) single crystal was mounted on
a modified double plate sample holder (Omicron), and was heated with a tungsten
filament heater. To prepare a well-ordered TiO, (110) surface, the crystal underwent
repeated cycles of Ne ion sputtering and UHV annealing (900-1000 K).** Commercial
tungsten STM tips (Custom Probe Unlimited) were cleaned prior to use, via Ne'
sputtering and UHV annealing, while the CNT STM tips were not subjected to any

cleaning procedure. All STM images were collected at room temperature in UHV using
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constant current mode (~0.1 nA) while applying a positive bias (~1.0V) to the sample

surface. All images were processed using WSxM software (Nanotech, freeware).”’

2.3 RESULTS AND DISCUSSION
2.3.1 CNT AFM and STM Fabrication

Single multiwalled carbon nanotubes were synthesized by chemical vapor
deposition of ethylene® on conventional Si AFM tips, but the resulting CNTs had
uncontrolled length. This lack of control was likely due to the random location of the Fe-
based catalyst used as the CNT growth catalyst. CNTs grown by this procedure are
typically 3-5 microns long, but because the origin of the growth varies, the resulting
freestanding CNT can vary from ~50 nm to several microns in length. Previous
experiments in our lab agree with other recent reports'® that precise length control is
necessary for stable, high-resolution imaging with CNT AFM tips especially when
investigating high aspect ratio vertical structures. Too long or too short of a CNT can
cause unintended tip deflections due to repulsive or attractive tip-sample interactions. As
such, the ability to control the length and orientation of the CNT becomes extremely
important in an effort to minimize CNT AFM tip breakage during use and to improve
imaging resolution when probing nanoscopic features.

To control the length of the CNT AFM tip, we have developed a method to

shorten the CNT AFM tip while simultaneously producing a CNT STM tip. To
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manipulate the CNTs and form a substrate for STM probes, etched W wires were
prepared by electrochemical etching. 0.005-inch W wires were etched in 1.0M KOH
using a Pt counter electrode and monitored with a custom LabView chronoamperometric
etching program that limited the etching current and precisely controlled the etching
conditions (Fig. 2.1a). Because etching W wires in KOH results in vigorous bubbling
from hydrogen reduction, the maximum current was set to 50mA. This was necessary
because large bubbles would begin to accumulate at the interface between the W wire and
the KOH solution, causing uneven etching because of rising solution levels. As the
etching current dropped below 15mA, the software monitored the changes in current and
stopped the etching process if the current dropped by more than 4mA in less than 100ms.
This current drop, while occasionally the result of a bursting bubble of H, gas, typically
indicated the exact point where etching of the W wire was complete. The resulting tip
radii were less than 20nm, and tapered region of the W wire was typically 300pm in
length (Fig. 2.1b).

After etching the W wire, the wire was brought into contact with the CNT AFM
tip in an SEM using a nanomanipulator (Fig. 2.2a). Since the junction between the W
wire and the CNT was weak and only due to Van der Waals forces, the CNT was
“welded” to the W wire by imaging the junction with the electron beam at high
magnification. This procedure, also known as electron beam deposition, resulted in

deposition of a thin layer of C at the W-CNT interface. The resulting bond, being
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Figure 2.1 a) Chronoamperometric data showing the etching process for W wires.
Vigorous bubbling occurs during the etching process, so the etching current was limited
to S0mA. The etching process was halted when the current dropped by more than 4mA in
less than 100ms, which indicated the completion point. b) SEM micrograph of the W
wire after etching. The tapered region of the W wire was typically 300pm in length, and
the tip radii were typically less than 20nm.
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Figure 2.2. a) SEM micrograph of an etched W wire (bottom right) in contact with a
carbon nanotube grown from the apex of a Si atomic force microscopy probe (top left).
(b) Through the process of electron beam deposition of carbon, the CNT is affixed to the
W wire so that when it is pulled away from the AFM probe the CNT breaks to produce
both a CNT AFM (at Si) and CNT STM (at W) tip. Because of the nested shell structure
of multi-walled carbon nanotube, a small segment of one of the resulting nanotube
lengths is often smaller in diameter. Scale bars represent 500 nm.
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stronger than the tensile strength of the CNT,*® allowed the CNT to be mechanically
shortened by pulling the Si AFM cantilever and the W wire apart with the
nanomanipulator (Fig. 2.2b), resulting in the simultaneous formation of a CNT AFM (at
Si) and a CNT STM (at W) tip. Because the CNTs used in these experiments were multi-
walled, the fracture point of the carbon nanotube was not the same for all of the walls
within the structure. As a result of the varying fracture point within the CNT, different
diameters for CNT-AFM and CNT-STM tips were often observed at the fractured CNT
apexes. The reduced diameter in these fractured CNT segments provided the added
benefit of improved spatial resolution relative to the original CNT. In situations where
nanotube length was a critical factor, an alternative method for nanotube shortening was
used.” Differing from the mechanical method in only one step, the nanotubes could also
be cut by application of a large bias (>15V) across the AFM-STM tip junction rather than
mechanically separating the two probes. Once the current flow through the CNT
exceeded the capacity of the CNT, localized Joule-heating caused failure of the CNT (Fig
2.3). Because of the Joule heating at the failure point of the CNT, the resulting CNT
apexes were sharpened and had tip radii far less than the radii of the CNT.
2.3.2 CNT AFM Tip Characterization

Critical dimension (CD) measurements have always been challenging for atomic
force microscopy because of the geometric limitations of commercially available
scanning probes. High aspect ratio AFM tips, such as the CNT AFM tips prepared in this

20



8.0-

6.0-
<€
il
= 4.0-
o
5
© 204
0.0-

0 5 10 15 20 25

Applied Bias / V

Figure 2.3 IV curve of a CNT grown on an AFM tip by chemical vapor deposition of
ethylene. At current levels approaching 7pA, Joule heating occurs in the carbon nanotube

causing failure of the crystalline structure. This failure typically occurs in the middle of
the CNT’s length, and results in sharpening at the ends where failure occurred.
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paper, allow CD measurements to be accurately performed in a nondestructive manner,
unlike typical CD evaluation techniques such as TEM or cross-sectional SEM.** Imaging
performance was evaluated in tapping mode using fabricated CNT AFM tips on an
optical scatterometry grating with 60 nm pitch. Since the average height of the grating
was 160 nm, the length of the CNT was shortened to 200 nm to maximize CNT AFM tip
stability. The CNTs’ ability to bend elastically, while preventing catastrophic tip crash
and subsequent breakage, has an adverse effect when brought near a parallel surface as
the CNT tends to bend and adhere to the interrogated feature because of strong attractive
van der Waals forces.” When using intermittent mode AFM, this interaction is often seen
as an abrupt change in oscillation amplitude, which causes the AFM feedback loop to
overcompensate by raising the tip until no attractive force is sensed at the tip. At this
point the tip oscillates at its resonant frequency with undamped amplitude, causing the
AFM feedback loop to lower the tip in order to bring the oscillation amplitude nearer to
the imaging set point. This kind of imaging artifact is often referred to as ringing” and
occurs each time a CNT tip is brought near a parallel surface. If the gain levels of the
feedback loop are not set appropriately, ringing will be seen at every vertical sidewall
feature. To eliminate this artifact, the gain levels had to be significantly altered from
typical set point levels. Figure 2.4a shows the effect of changing proportional gain levels
while interrogating the scatterometry grating structure with a CNT AFM tip in tapping
mode. A proportional gain value of 1, a scanning parameter typically suitable for a
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Figure 2.4. a) 1 x 1 um AFM topography image of an optical scatterometry grating
obtained with a CNT AFM tip at different feedback levels. At the top of the AFM scan
feedback settings typical of a conventional Si AFM tip were used, resulting in ringing.
The gain levels were increased at regular intervals indicated by white lines in (a) until the
ringing artifact was eliminated. Cross-sectional line scans of the AFM data show the
effect of changing proportional gain from 1 (b), to 10 (¢) and then 20 (d).
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conventional Si AFM tip, was used for the first section of the scan. As shown in the
cross-sectional line scan (Fig. 2.4b) ringing occurred at nearly every vertical surface, and
only started to diminish once the proportional gain reached values near 15 (Fig. 2.4c). At
gain values approaching 20, the ringing was virtually eliminated (Fig. 2.4d). Once proper
gain levels were determined for the CNT AFM tip, topography data of 60 nm trenches
(Fig. 2.5a) was free of ringing, allowing accurate trench widths to be determined. In
addition to revealing accurate trench widths, the phase data taken during the
topographical scan clearly indicates when the CNT was in contact with the side of the
trenches (Fig. 2.5b). Careful observation of the phase data as well as the cross- sectional
data (Fig. 2.5¢) indicates that the CNT used for interrogating the vertical sidewall was
slightly misaligned by ca 5 degrees. We have found that our CNT AFM tips are very
resilient and possess excellent wear characteristics in comparison to commercial Si AFM
probes. As shown in Figure 2.5d, the CNT AFM tip remains intact even after repeated
use of over 10 h. To date, we have demonstrated fabrication of hundreds of CNT tips
possessing diameters as small as 3 nm and no larger than 20 nm with lengths ranging
from 50 nm to 3 um and CNT tip compensation angles of 0° to 20°. The CNT tips can be
fabricated on metal coated Si AFM probes, n-doped Si AFM probes and sharpened W
probes.

Using the optimized scanning parameters, a section of the scatterometry grating

was chosen where portions of the grating features converge due to limitations in
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after optimum scanning parameters were determined to eliminate ringing. (b) Phase data
of the AFM scan shows misalignment of the CNT AFM tip, resulting in a larger phase
shift along the front side of each trench wall. (c) Cross-sectional line scan of the data
depicted in Fig. 3a shows stable imaging of the vertical sidewalls. (d) SEM micrograph of
the CNT AFM tip after repeated scanning of the scatterometry grating shows no change
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photolithography for creating such nanostructures (Fig. 2.6a). By imaging
underdeveloped features of the grating, a minimum resolvable trench width could be
determined by estimating when the CNT AFM tip could no longer contact the bottom of
the trench. Phase data taken during the scan indicated successful imaging of the trench
bottom with positive phase shifts (Fig. 2.6b), and cross-sectional line scans suggest that
the minimum trench width resolvable with the CNT AFM tip was ~33nm (Fig. 2.6¢). The
resolution limit for CNT AFM tips is dependant on many factors including CNT size,
CNT misalignment and CNT instability, as well as Van der Waals interactions between
the CNT and both sidewalls in the confined scanning space at the bottom of the trench.
Steps toward reducing these factors would likely result in a lower resolution limit for
high aspect ratio structures.
2.3.3 CNT STM Tip Characterization

As stated previously, using sharpened W wires to shorten CNT AFM tips
simultaneously produces conductive CNT STM tips. While conventional W STM probes
are capable of atomic resolution, their preparation in vacuum is time-consuming as it
involves cycles of sputtering and annealing. Furthermore, when the tips are damaged they
cannot be easily regenerated. Conductive CNT STM tips offer an alternative to this
lengthy preparation, because the CNT tips may be easily regenerated by simply bringing
the CNT into contact with a biased surface. Joule heating induced by contact with the
biased surface effectively sharpens the CNT tip, thus enabling STM operators to
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Figure 2.6. a) 1 x 1 um AFM topography image of a scatterometry grating used to find
the minimum measurable trench width when using a CNT AFM tip produced by this
method. (b) Phase image of the area imaged in (a) shows contact with the bottom of the
trench with a larger phase shift, thus clearly indicating successful imaging of the trench
bottom. (c) A cross-sectional line scan taken at the indicated location on (a), showing the
33 nm minimum trench width measurable using the CNT AFM tip. (d) SEM micrograph
of the scatterometry grating. The area was used because the grating lines converged,
allowing observation of the exact trench width when the CNT no longer contacts the
bottom. Scale bar = 1000nm.
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efficiently regenerate probes without annealing or removing the tip.*'

Several CNT STM tips produced by this method were used to interrogate the
surface of highly-oriented pyrolytic graphite (HOPG), a common STM calibration
standard. Two representative images show large-scale morphology (Fig. 2.7a) as well as
atomically resolved structure (Fig. 2.7b) imaged with a CNT tip. An atomically resolved
image obtained using an annealed W tip (Fig. 2.7¢) is also included for comparison.
Typically, somewhat higher resolution is obtained using the annealed W tip, but it lacks
the reliability and robustness of the CNT STM tips. Cross-sectional linescans from both
CNT STM and annealed W tips (bottom of Fig. 2.7b and 2.7c) reveal an atomic spacing
of 2.45 A between carbon atoms, similar to what is expected and observed by others.*

To further evaluate the CNT STM tip performance, we have used a more complex
substrate, rutile TiO»(110) (Fig. 2.8a). The TiO,(110) surface is composed of rows of
topographically low lying Ti*" ions and rows of topographically high lying bridge-
bonded oxygen (BBO) ions along the [001] direction. In the empty state STM images, the
low lying Ti*" ions are imaged as protrusions, while the rows of BBO ions are imaged as
depressions due to the inverse electronic contrast of these two ions.”> The alternating
Ti*"-O” row periodicity of 0.65 nm is clearly visible in the 20 x 20nm images obtained
using the CNT STM tip (Fig. 2.8b) and the annealed W tip (Fig. 2.8c). While row
periodicity is clearly visible with both types of STM probes, neither provide resolution of
individual Ti*" ions within the rows. The highly ordered nature of TiO, (110), specifically
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Figure 2.7. a) 300 x 300 nm STM image of freshly cleaved HOPG, showing step edges
of the graphitic layers. (b) 5 x 5 nm STM image of the same sample, showing atomic
resolution obtained with a CNT STM tip. (¢) 5 x 5 nm STM image with good atomic
resolution obtained with an annealed W STM tip. Cross-sectional line scans across the
images on HOPG surface (bottom of (b) and (c)) show atomic spacing of 2.45A obtained
with both CNT STM and annealed W tips.
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X nrd

Figure 2.8 a) 100 x 100 nm STM image of TiO, (110) obtained using a CNT STM tip,
demonstrating stability of the tip over larger scan sizes. (b) 20 x 20 nm STM image
obtained using a CNT STM tip, showing clear row to row resolution as well as hydroxyl
groups formed from water dissociation on oxygen vacancies in the bridging oxygen rows
on the surface.”> A cross-sectional line scan taken from (b) (below) shows accurate row
to row spacing of 6.5A. (c) 20 x 20 nm STM image of TiO, taken with a conventional,
well annealed W STM tip. A cross-sectional line scan taken from (c) (below) shows row
to row spacing similar to that of a CNT STM tip, which agrees with literature values.*
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spacing between the rows of Ti*" and O” ions, provides a good standard for evaluating
CNT STM tips with STM. In addition to the row periodicity, isolated bright single-atom
features are observed on the dark O* rows (Fig. 2.8¢), which can also be used to evaluate
the resolving capabilities of the CNT STM tips. These features are hydrogen atoms
resulting from the hydroxylation of missing O*" defects on partially reduced TiO,(110)
surface from UHV background.*®

Typical large and small area images obtained with the CNT STM tips on TiO;
(110) are shown in Fig. 2.8a and 2.b. In the atomically resolved image (Fig. 2.8b), the
rows of Ti and O atoms are clearly visible, and a cross-sectional line scan reveals a row
to row spacing of 0.65 nm, which agrees with previously reported values in the
literature. As with the annealed W tip (Fig. 2.8c), we were unable to resolve individual
Ti*" ions within the rows (Fig. 2.8b) using the CNT STM tip, but the individual hydroxyl
groups are clearly visible and further demonstrate that subnanometer resolution can be

obtained with the CNT-STM tips.

2.4 CONCLUSIONS

In this work, an efficient procedure was developed that successfully
produces carbon nanotube AFM and STM tips using only a few steps. Following
fabrication, instabilities due to CNT AFM tip-sample interactions were overcome by

optimizing scanning parameters. Once these scanning parameters were established, a
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high-aspect ratio standard was investigated to demonstrate resolution capabilities of the
tips. Multiwalled CNT AFM tips were able to resolve 35 nm wide trenches that were 150
nm deep, but were hindered by slight misalignment of the CNT. The CNT STM tips were
used to evaluate both TiO, (110) and HOPG calibration standards, and were shown to be
capable of sub-nanometer resolution. While we were not yet capable of achieving “true”
atomic resolution comparable to conventional STM tips, CNT STM tips have the
capability of being easily regenerated, offering promise for repetitive, reproducible, long-
term imaging studies. Future studies with conductive CNT AFM and CNT STM tips are
planned to evaluate localized electronic, structural and compositional features in model

electronic materials systems.
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CHAPTER 3

The Effect of Probe Length on AFM Phase Imaging

3.1 INTRODUCTION

As shown in chapter 2, high aspect ratio (HAR) probes enable metrology of
complex geometries and nanoscale features, however the high aspect ratio nature of the
probes causes interaction forces between the tip and surface (e.g. capillary, van der
Waals) to be quite different from those of conventional probes. These forces are at work
in every type of surface metrology, and must be understood before advanced probes such
as carbon nanotube (CNT) atomic force microscopy (AFM) tips are readily utilized in
AFM applications.' Specifically, further studies are needed to understand the role of tip
geometry and tip composition on phase imaging in tapping mode AFM. During tapping
mode AFM experiments, the oscillating tip experiences attractive and repulsive forces
that shift the driving frequency of the cantilever oscillation. This perturbation is
monitored as a shift in the phase of the driving frequency, and recorded along with the
topography. Despite being used for studies in the determination of mechanical
properties,” evaluation of nanoparticle-aerosol interactions,” * monitoring AFM tip power

dissipation,’ the effect of AFM sample tilt upon phase shift,” the study of nanoscopic
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material domains,” and phase based compositional mapping,’® Quantification and
extrapolation of phase shift in relation to physical properties of the interrogated sample is
not fully understood because of the complexity of the nanoscale interactions between the
tip and the sample.” These complex interactions have severely limited phase imaging for
quantitative analysis, and further research is necessary to understand and enumerate the
interactions between an AFM tip and a sample.'’

A commonly observed effect in phase imaging is a dramatic shift between the
attractive and repulsive regimes of the oscillating cantilever in tapping mode AFM." '*°
In the attractive regime of the cantilever’s motion, the predominating forces are described

by equation 3.1:'°

Faszc+FVdW+FE+FB (31)

where predominant adhesion forces (F,q) include contributions from capillary forces
(Eo),"” van der Waals forces (Fyaw),'® electrostatic forces (Fg), and chemical bonding
forces (Fg). These forces combine to dampen the oscillation amplitude of the tip when it
is far away from the surface, and as the tip continues its approach, their increasing tip to
sample interaction forces causes further damping. As the mean height of the tip is
reduced, it begins to make intermittent contact with the sample surface, which results in

the emergence of repulsive forces because the probe begins to indent the sample surface
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on its downward swing. These forces increase significantly when the mean height of the
probe is reduced, and quickly overcome the attractive forces, leading to positive phase
shifts and the so called “repulsive mode” of AFM imaging."’

With the addition of high aspect ratio structures such as carbon nanotubes and Pt
spikes formed by e-beam lithography, the behavior and resulting phase images can
change significantly to that observed for conventional AFM tips. In this chapter, the
influence of modifying conventional Si-based AFM tips with high aspect ratio structures
upon phase imaging characteristics is explored. We also discuss other benefits of utilizing

HAR probes in phase imaging studies.

3.2 EXPERIMENTAL

High aspect ratio phase imaging probes were fabricated from Ti-Pt coated Si
AFM tips (NSC15/Ti-Pt Mikromasch, 300 kHz) using electron beam induced deposition
of a Pt organometallic, (CH3)3 Pt (C,CHs). Precisely controlled Pt columnar structures
(spikes) were deposited on the apex of the AFM tips by subjecting the adsorbed Pt
compound to an electron beam (FEI DB235) in single spot scan mode. By confining the
electron beam to a single location, the resulting Pt-C matrix grew toward the beam at a
constant rate of ~200nm/s. This deposition rate allowed probes of precise dimensions to
be fabricated in order to determine the effect of Pt spike length on phase imaging.

Transmission electron microscopy (TEM) images were acquired with a JEOL 2010F
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TEM, and energy dispersive spectrometry (EDS) data was acquired with an Oxford
INCA Energy Dispersive Spectrometer.

Phase data was acquired with a Digital Instruments Bioscope interfaced with a
Nanoscope IV controller operated in tapping mode .Scan rates were varied between 0.3
and 0.5Hz, and the tapping mode amplitude was set at 1.0 V. Highly oriented pyrolitic
graphite (HOPG) and doped Si wafers (100) were used as ultraflat test surfaces for phase
imaging studies. Humidity studies were done in a homemade enclosure with humidity

controlled by addition of N, gas to ambient conditions.

3.3 RESULTS AND DISCUSSION

3.3.1 The Behavior of High Aspect Ratio AFM Tips in Phase Imaging

In tapping mode AFM, a cantilever is oscillated at its harmonic frequency and lowered
toward a surface so that it “taps” the surface at the lowest point of its oscillation. As it
oscillates near the surface, attractive and repulsive forces interact with the probe causing
the frequency of the oscillation to change with respect to the driving frequency. This shift
in frequency is recorded by the AFM as a change in phase, and can be recorded
simultaneously with topography images. Examples of this interaction are shown in Figure
la and 1b, where a conventional AFM tip and a high aspect ratio Pt spike AFM tip with
oscillation amplitudes of 1.0 V are lowered toward a Si (100) surface. At large tip-to-

sample separations (i.e. the height of the tip at the center of the oscillation), there is no
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observable change in the amplitude of the cantilever (Figs 3.1a, b) nor is there a
noticeable phase shift in their respective phase response (Figs 3.1c¢, d). This indicates that
there are no attractive or repulsive forces interacting with the probe. However, as the
probe is brought closer to the surface, attractive forces begin to interact with the probe
causing damping of the oscillation and a positive phase shift (i.e. attractive mode). While
the tip continues to approach to the surface, the oscillating cantilever begins to make
intermittent contact with the surface, which results in the onset of repulsive forces. In the
case of conventional probes (Figs. 3.1a, c) these repulsive forces are often less intense
than the attractive forces, causing the phase shift to remain higher than 90°. In the case of
high aspect ratio AFM tips, the repulsive forces quickly become more intense than the
attractive forces and the phase shift enters the repulsive mode (i.e. less than 90°). "> This
transition also causes a shift in the amplitude of the oscillation because the tip becomes
unstable due to probe response being dominated by attractive forces to repulsive forces.'®

The location of this abrupt transition is typically overlooked because most probes
used for phase imaging studies are conventional pyramid or cone-based AFM tips and
often never enter the repulsive mode. However, when the geometry of the probes is
changed, such as the CNT probes fabricated in chapter 2, the transition point from
attractive to repulsive mode varies considerably. As a result of this, phase images are
very different when acquired with conventional probes (Figs 3.2a, b) versus HAR probes

(Figs 3.2¢, d).
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Figure 3.1. a) Graph of the effect of tip-to-sample separation on the oscillation amplitude
of a conventional AFM tip and a high aspect ratio AFM tip (b) on Si (100). ¢) Graph of
the phase shift of the conventional AFM tip shown in (a), which is dominated by
attractive forces (phase shift >90°) throughout the approach curve. d) The phase shift for
a high aspect ratio AFM tip enters the attractive mode similar to the conventional probe
shown in (c), but repulsive forces due to intermittent contact between the tip and the
surface become more intense than the attractive forces, sending the tip into the repulsive
mode (phase shifts <90°).
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Figure 3.2 a) Topography AFM image of an optical scatterometry grating acquired with
a conventional SiO, AFM tip. b) Phase contrast image of the grating shown in (a). ¢)
Topography image of the grating shown in (a) acquired with a HAR Pt spike AFM tip. d)
The phase contrast image shows much higher sensitivity than the image acquired with the
conventional SiO, AFM tip. All images 1.8 x 1.8um.
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3.3.2 Pt Probe Fabrication

To show the effect of probe geometry on phase imaging, HAR probes were
fabricated by electron beam induced deposition (EBID) of a Pt organometallic, (CH3); Pt
(C,CHs). Pt spike based probes were used in place of CNT AFM probes because they are
easier to produce and the length is easier to control, charging is minimized because they
are more conductive, and their rigid structure simplifies data interpretation. To produce
HAR Pt spike tips a conventional Pt coated AFM tip was placed in an electron
microscope, where the Pt organometallic was vaporized and guided to the apex by a
heated capillary. After leaving the capillary, the vaporized material adsorbed to the apex
of the AFM tip, where it was deposited on the apex by exposing the material to an
electron beam in spot-scan mode (Fig 3.3a). The resulting Pt spike had a radius of 15nm
at the base, with a smaller radius of 7nm at the conical apex (Fig 3.3b). Additionally we
found that complex structures could be formed by additional exposures after changing the
orientation of the tip (Fig 3.3c) relative to the e-beam and capillary position. TEM images
showed that the Pt spikes deposited as a Pt-C matrix rather than pure Pt (Fig 3.3d), as
EDS data acquired during the TEM studies showed that the Pt-C matrix was 99.1 + 0.6
wt% Pt (Fig 3.4a). The high Pt content of the Pt-C matrix had very little effect on the
conductivity of the probe, since current-voltage (IV)curves of the Pt spike AFM tip were

very similar to that of a Pt metal coated SiO, AFM tip (Fig 3.4b).
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Figure 3.3. a) SEM micrograph of a high aspect ratio Pt probe fabricated by electron
beam deposition of (CH3); Pt (C,CHs). By confining the SEM beam to a spot at the apex
of the probe, a columnar structure 30nm in diameter can be formed. b) The resulting Pt
spikes have conical apexes, with tip radii <10nm. ¢) By changing the orientation of the Pt
spike, additional deposition steps allow formation of more complex structures. d) TEM
images of the Pt spikes show that the resulting structures are not pure Pt metal, but a Pt-C
matrix.
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Figure 3.4 a) EDS spectra of a Pt spike shows that the deposition is not pure Pt metal, but
a Pt-C matrix that is 99.1 + 0.6 wt% Pt. b) Despite the small wt% C, IV curves indicate

that the conductivity of a Pt spike AFM tip is very similar to that of a Pt metal coated
AFM tip.
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3.3.3 Effect of Pt Spike Length on Phase Shift

After the Pt spike AFM tips were produced, their effect on phase shift was
determined by evaluating the probes of different lengths on clean Si wafer (100) and
freshly cleaved HOPG. Each probe was scanned on the surfaces in ambient conditions at
an amplitude setpoint of 0.7V to keep the tapping conditions constant between all of the
probes. As shown in Figure 3.5, Onm spikes, or Pt AFM tips coated with a thin layer of
EBID deposited Pt, showed an average phase shift of 142° for Si and HOPG surfaces
(amplitude setpoint ratio = 0.7), indicating that AFM tips with no high aspect ratio
structure were strongly dominated by attractive forces. Addition of short HAR structures
(<100nm) lowered the overall phase shift slightly, but were still dominated by attractive
forces. Longer Pt spikes (=150nm) resulted in phase shifts less than 90°, meaning that the
interactions between the tip and surface were dominated by repulsive forces, though not
as strong as the attractive forces acting on shorter HAR probes. Interestingly, extremely
long probes did not show a significant increase in repulsive forces. The likely reason for
this effect is that the attractive forces associated with the conical section of the AFM tip
gradually decreased as the conical section was offset by the Pt spike, and once the spike
length reached 150nm, the conical section no longer contributed to the attractive forces
interacting with the tip. The interaction forces remained constant for longer probes
because the geometry within 150nm was always similar for HAR probes longer than

150nm.

46



180 -

- » HOPG
150 - * Si(100)

120 -
90 4 o

60 4

Phase Shift / degrees

304

0 200 400 600 800 1000 1200
Pt Spike Length / nm

Figure 3.5. Average phase shift of Pt spike probes on HOPG (black squares) and Si (100)
(red circles) as a function of Pt spike length. Short Pt spikes were dominated by strong
attractive forces, resulting in phase shifts >90°. Pt spike probes longer than ~150nm were
dominated by repulsive forces, indicating that the surface area of the conical section of
the probe was the primary source of the strong attractive forces that caused the phase
shifts to be higher than 90° in short Pt spike probes.
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3.3.4 Quantification of Tip-To-Sample Forces

As stated previously, the forces that act on an AFM tip during imaging includes
attractive forces such as capillary, van der Waals, electrostatic and chemical bonding
forces, as well as repulsive forces from tip-sample contact. Because the Pt spike probes
were produced from the same conductive material and had similar tip radii, van der
Waals, electrostatic and chemical bonding forces should be the same from tip to tip.
Additionally, because all the probes were scanned with the same tapping setpoints, the
repulsive forces should remain constant between the probes. Capillary forces however,
are very sensitive to surface area, which changes very dramatically with the addition of
HAR structures such as Pt spikes and CNTs. Theoretical modeling is difficult however,
as cone’® and sphere'® ?' based models have been proposed to elucidate the attractive
forces associated with capillary layers, but neither model adequately describes the system
in the case of a high aspect ratio tip-to-sample interaction. Quantification of the overall
forces is possible using the relationship between phase shift and tip-to-sample forces

given by equation 3.2:"°

cos @ =2 (Fy)/Fy (3.2)

where @ is the measured phase angle and Fy is the interaction force between the tip and

the surface. Fy is the driving force of the tip and is described by equation 3.3:"
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Fo=kAo/ Q (3.3)

where k is the cantilever force constant, Ay is the oscillation amplitude and Q is the

cantilever quality factor. Combining and rearranging equations 2 and 3 results in equation

3.4:

Fis = cos®kA/2Q (3.4)

By converting the measured phase shifts to tip-to-sample forces using equation 3.4, the
attractive forces that interact with the conical section of the probe can be calculated.
Figure 3.6 shows average phase data acquired with varying Pt spike lengths (black line)
and the calculated tip-to-sample force of the interaction (blue line) on HOPG. Pt spike
probes of Onm show a tip-to-sample force of -0.6nN, which is due to the attractive forces
listed in equation 3.1 as well as repulsive forces associated with intermittent contact
between the tip and the surface. Pt spike probes longer than ~150nm show repulsive
forces of 0.2nN, which indicates that an attractive force of 0.8nN was removed from the
system when the conical section of the probe was offset from the surface by the Pt spike
section of the probe. As stated earlier, this difference in attractive force is likely due to
capillary forces. It is most likely not due to differences in repulsive forces, as the tapping

conditions were constant for all probes, nor is it due to van der Waals forces or
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Figure 3.6. Average phase shift of Pt spike probes on HOPG as a function of spike length
(black line) and the force exerted between the tip and surface due to attractive and
repulsive forces (blue line). Pt spikes longer than 150nm experience 0.8nN more force
than Pt spikes shorter than 150nm. This difference is due to attractive forces being
minimized due to the conical section of the AFM tip being further from the surface while
the tip makes intermittent contact.
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electrostatic forces because the tip apexes were identical for all probes and the tip and
sample surfaces were grounded.
3.3.5 Effect of Humidity on Pt Spike Phase Shifts

To further illustrate the effect of capillary forces on both high aspect ratio and
conventional AFM tips, freshly cleaved HOPG was imaged with Onm, 180nm, and
560nm Pt spike AFM tips while the humidity was varied (Fig 3.7). Each tip was scanned
on HOPG at ambient conditions, and then N, gas was introduced into the imaging
chamber to observe the effect of humidity on the measured phase shift. As expected, Onm
Pt spike tips showed a decrease in phase shift (i.e. decreasing attractive forces) of with
reduction in humidity. As the humidity in the sample chamber decreased, the capillary
layer thickness on the HOPG decreased, causing a reduction in phase shift of 25°. The
180nm and 560nm Pt spike tips showed no trends with humidity, and had average phase
shifts of 90.4° and 77.4° respectively. While a slight reduction in phase shift would be
expected for Pt spike tips, the magnitude and variation of the capillary force is expected

to be quite low, and may not be resolvable with this detection scheme.

3.4 CONCLUSIONS
In conclusion, high aspect ratio probes are less susceptible to attractive forces
than conventional cone and pyramid-based AFM tips. Experimental data indicates that

the primary attractive forces that effect phase imaging in ambient conditions are capillary
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Figure 3.7 Graph of the effect of humidity on phase shift of Onm, 180nm, and 560nm Pt
spike AFM tips. As expected, the Onm Pt spike had a reduction in phase shift with
decreased humidity, indicating that capillary forces are the primary attractive forces for
large tip geometries. Addition of a high aspect ratio structure (180nm and 560nm Pt
spikes) reduces the surface area near the sample surface, which results in a decrease in
capillary forces. As a result, the capillary forces are so small that humidity variations
have no resolvable effect on the phase shift.
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forces, and the addition of high aspect ratio structures such as Pt spikes or CNTs reduce
these forces significantly. This is advantageous for phase imaging because high contrast
phase images require imaging conditions to be carefully chosen so the phase shifts
associated with different materials fall near the transition point between the attractive and
repulsive modes of the tip.**

Conventional AFM tips are more susceptible to capillary forces causing the
attractive-repulsive transition to occur only with harsh imaging conditions (i.e. hard
tapping), which may not be suitable for all materials.” The reduced capillary forces
associated with high aspect ratio tips cause the transition from attractive mode to
repulsive mode to occur with light tapping conditions, making high contrast phase
imaging more suitable for fragile samples. Future work will address the possibility that

the decreased attractive forces on the tip effect resolution capabilities of the probes.
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CHAPTER 4

Effect of Probe Geometry on Scanning Surface Potential Atomic Force
Microscopy

4.1 INTRODUCTION

Scanning surface potential microscopy (SSPM) is a noncontact AFM method that
enables material differentiation' and electrical characterization® of sample surfaces based
on surface potential differences due to work function differences or sample biasing.
Because the technique relies on long range electrostatic forces and not a tunneling current
like scanning tunneling microscopy (STM), nonconductive samples can be studied as
well as conductive surfaces. This allows a variety of studies, such as measuring data bits
on recordable media,’ resolving electrostatic potentials of semiconductor devices,"® and
determining the molecular orientation of aryldiazonium cation modified indium tin oxide
(ITO) electrodes.”

Although somewhat similar because they both rely on attractive forces due to
potential differences between the probe and the surface, SSPM differs from Kelvin probe
force microscopy (KFM) because the topography and surface potential scans are taken
sequentially rather than simultaneously as in KFM.® This difference allows for better

lateral resolution in topographical data, as long range electrostatic forces due to potential
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differences inherent to KFM cause topographical errors’'!. SSPM is based on a two-step
scan of the surface, the first being a topography scan in tapping mode, and the second
being an interleave scan at a fixed distance (10nm) above the previous topography scan.
In the interleave scan, the tip is not driven mechanically like the previous topography

scan, but the tip is biased directly as shown in Equation 4.1:

Viip = Ve + Vaccos(mt) 4.1)

where o is the resonant frequency of the cantilever and V, is the driving voltage. If the

surface potentials of the tip (Vi) and surface (V) are different, capacitive forces (Fcqp)

cause tip deflection (Eq. 4.2).

Feap(2) = %5 (Viip — Vo)* 8C(2)/ 8z (4.2)

By monitoring the first harmonic of the capacitive force that is dependant on tip geometry

(Eq. 4.3), surface topography and tip to surface separation (z),

Feap' (z) = 8C(2)/ 8z (V- Vs) Vae (4.3)
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the AFM controller nullifies the capacitive force by varying the DC bias (Vq4) applied to
the tip until the tip to surface potential difference is eliminated. Mapping this nulling
potential allows formation of a surface potential map can be acquired with
complementary topographical data.®

While capable of sensing surface potential differences of less than 5mV,'> * the
technique is limited by a lack of lateral spatial resolution. This lack of resolution is due to
the geometry of the probes used for the measurement’; typically metal coated Si tapping
mode AFM tips.'* These probes, while inexpensive, are not capable of accurately
resolving nanoscale potential differences because of the large surface area of the tip and

cantilever.® °

The large surface area causes different areas on the tip to experience
different levels of attractive force, leading to contributions from not only the tip apex, but
also from the sides of the tip and the cantilever. Additionally, because these structures are
so large, they can also experience attractive forces from different materials, effectively
producing a weighted average surface potential of the materials under the tip and
cantilever.'

High aspect ratio probes, such as carbon nanotube and Pt spike AFM tips, provide
ideal solutions for this limiting factor because of their low contact surface area and high
aspect ratio.'® '” The effect of adding a high aspect ratio structure to a conventional

SSPM tip, as well as the effect of modifying the tip base structure, will be described in

this chapter. In addition to studies on the effect of probe geometry, several high
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resolution standards were studied to determine the performance of conventional and

modified SSPM tips.

4.2 EXPERIMENTAL

SSPM measurements were performed on a Digital Instruments Bioscope Atomic
Force Microscope with a Nanoscope IV controller. Scan sizes were 1 x 1um, and the scan
rate used was 1 Hz. The probes used for data collection were NSC15/Ti-Pt (Mikromasch)
Pt coated AFM probes. Studies were done to determine the effect of the geometry of the
probe, so several variants of the conventional probe were used. One such modification
included the addition of a metallic partition, or spike, fabricated on the surface by
electron beam induced deposition (EBID) of a Pt organometallic in an electron
microscope (FEI DB235). In other studies, the effect of the cone angle was evaluated by
reducing it via modification with a focused Ga ion beam (FEI DB235) with a 30keV
beam energy and beam current of 20nA. Cone angles of the probes were reduced from
30° to 10° and tip radii (10nm) were unchanged.

For stable SSPM imaging, the samples were electrically contacted to the sample
stage by conductive Cu tape to eliminate any charge buildup that would cause a surface
potential shift. For studies evaluating the effect of interleave scan height, a Pt
interdigitated electrode array (IDEA) (BAS Inc.) was connected to a custom designed

bias switching circuit. The circuit was designed to apply a bias the electrodes only during
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the interleave scan, as previous studies have shown that topography scans of biased
surfaces can produce significant topographical errors as well as tip damage. For surface
potential studies of Pt nanoparticles, 3nm Pt nanoparticles were formed by reducing Pt
salts in solution with generation IV dendrimers'®. The resulting dendrimer encapsulated
nanoparticles were drop cast on doped Si wafers and heated to 200°C to burn off the
dendrimer. For studies of well ordered nanoscale features, porous TiO, films were

prepared on ITO, and gold was impregnated in the pores by electrophoretic migration. '

4.3 RESULTS AND DISCUSSION
4.3.1 High Aspect Ratio Probe Development
Previous studies have shown that conventional probes (Fig. 4.la, conical or
pyramidal) are not ideal for high resolution KFM and SSPM studies because of the high
surface area of the tip structure.” > SSPM relies on capacitive forces between the tip and
the surface, and the large surface area of conventional probes results in contributions
from not only the apex, but the sides of the tip and the cantilever. Conductive high aspect
ratio probes were fabricated to determine if this problem could be reduced by
significantly decreasing the surface area of the tip structure near the sample surface.
Using the fabrication procedure described in chapter 3, high aspect ratio Pt spike
probes were fabricated by electron beam induced deposition (EBID) of a Pt

organometallic, (CH3); Pt (C,CH3), on Pt coated AFM tips (Fig. 4.1b). As shown in
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Figure 4.1 a) SEM micrograph of a conventional Pt coated AFM tip used for SSPM
studies. b) SEM micrograph of a Pt spike AFM tip fabricated by electron beam induced
deposition of a Pt organometallic. (7nm radius) ¢) SEM micrograph of a conventional Pt
coated AFM tip that has been FIB milled to reduce the surface area of the tip structure
while keeping the tip radius <20nm.
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Chapter 3, the resulting Pt-C matrix formed a conductive structure (7nm radius) with
resistance values similar to that of a conventional Pt coated AFM tip. To evaluate the
effect of the surface area of a conventional tip, specifically the 30° cone angle of the tip,
Pt coated probes were modified using a focused ion beam to reduce the cone angle to 10°
while keeping a similar tip radius (<20nm) (Fig. 4.1c¢).
4.3.2 IDEA testing

To determine if either of the probe modifications influenced the measured surface
potential with respect to conventional Pt coated AFM tips, the probes were used to scan
an IDEA (Fig. 4.2). The alternating 10um wide Pt electrodes, isolated by Sum of glass,
allowed different potentials to be applied to each set of electrodes while all other surface
properties, such as the topography, remained constant. 50x50um scans of the IDEA were
acquired while potentials of 0, 1, +2, £3, #4, and £5V DC were applied to the
interdigitated electrodes (Fig. 4.3a). Special care was taken to only apply the bias during
the interleave scan of the surface potential measurement, as probe failure due to
significant potential differences between the probe and the surface during tapping mode
have been observed (Fig. 4.3b). This required external circuitry that was built to turn on
an external voltage source only when the probe was in the interleave mode.” As a result
of the potential only being applied during the interleave scan, the topography scans were
not adversely effected by electrostatic forces from large surface potential differences

between the tip and the surface (Fig. 4.4a). Figure 4.4b shows that all three probes had
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Figure 4.2: Schematic of a surface potential measurement on an interdigitated electrode
array. The alternating electrodes allow different potentials (V4 and V3) to be applied and
measured by the tip while the surface topography remains constant. As the probe scans
over the sample, the attractive forces due to the potential difference between the tip and
the surface are eliminated by applying a bias to the tip that nulls the tip to surface
potential difference.
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Figure 4.3. a) 50x50um AFM topography image of an interdigitated electrode array used
to evaluate the performance of high aspect ratio SSPM probes on biased surfaces. b)
Surface potential data acquired during an interleave scan at 10nm above the surface
shown area in (a) with applied potentials of +4V. An external bias switching circuit was
used so bias would only be applied during the interleave mode of the SSPM scan. c¢)
Cross sections of the topography and surface potential data show the alternating
potentials of the electrodes. All data acquired with a FIB milled conventional SSPM
probe (tip radius <10nm).
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Figure 4.4 a) AFM topography image of the interdigitated electrode array shown in
Figure 4.3a acquired with a conventional Pt coated tip, a Pt spike tip, and a FIB milled
high aspect ratio Si tip. b) By applying the bias to the electrodes in the interleave scan
and not the topography scan, accurate surface topography traces can be acquired with all
three tips. The similar traces for all three probes ensure that there are no topographical
effects (dissimilar interleave scans) in the surface potential data.
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similar topography scans, which allows surface potential differences to be attributed to
differences in tip geometry rather than from inaccurate interleave traces. Surface potential
traces were acquired for alternately biased electrodes for each probe: a conventional Pt
coated probe (Fig. 4.5a, <40nm tip radius)), a Pt spike tip (Fig. 4.5b, <10nm tip radius)
and a high aspect ratio FIB milled AFM tip (Fig. 4.5¢, <10nm tip radius). The resulting
maximum potential differences for each probe (Fig. 4.6) indicate that significant surface
potential averaging occurred for all three probes, as all three probes had measured
potential errors of or exceeding 20%. These surface potential errors are likely due to a
variety of factors such as contributions from the cantilever or the sides of the tip
structure, which has been suggested to contribute to potential averaging in previous
studies.' The tip that showed the most significant error between applied and measured
potential was the FIB milled Si tip, which had errors of 30%. Because the probe was FIB
milled, the tip height was decreased, causing greater interaction between the cantilever
and the surface. While the height of the tip may have had an influence on the surface
potential averaging, the dominate problem for the FIB milled tips was likely due to the Pt
coating of the tip being removed during the FIB milling process. The removal of the
conductive layer from the tip’s surface results in IR drop between the apex of the tip and
the cantilever, which lead to a systematic error in the measured surface potential. The Pt
spike tip also showed increased potential error, though not as severe as the FIB milled

probe. This error is likely due to the Pt coated tip structure under the Pt spike being raised
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Figure 4.5 a) Surface potential linescans of the interdigitated electrode array (IDEA)
shown in Figure 4.3a acquired at different bias levels with a conventional Pt coated SPM
probe. Figures 4.5b and 4.5¢ show surface potential data acquired with a Pt spike and
high aspect ratio Si tip, respectively.
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Figure 4.6 Graph of the potential difference measured with each SSPM probe with
respect to the applied potential. All of the probes experienced surface potential averaging,
which lead to a smaller measured surface potential than what was applied to the
interdigitated electrodes.
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higher above the surface, causing increased potential averaging.

To evaluate the effect of scan height on measured surface potential, the IDEA
electrode was rescanned with each probe at a bias of +2V at heights of 10,20, 50, 100,
200, 500, and 1000nm as shown in Figure 4.7a, b, and c. Figure 4.8 shows the measured
potential difference for each probe as a function of scan height. Pt spike AFM tips, like
the conventional Pt coated Si probes, showed increased averaging with increased scan
height. As shown in Figure 4.8, the relative error for Pt spike tips was worse than
conventional tips at scan heights less than 500nm, but showed less error at scan heights at
or above 500nm. This observation indicates that at distances greater than 500nm the
contribution of the conical section of the tip to averaging is minimized. Taking into
account the length of the Pt spike (180nm), the conical section of the tip must be lifted
higher than 700nm before the averaging from the tip will be reduced.

The FIB milled tip, similar to the data showed in Figure 4.6, showed the most
error in measured potential, which is most likely due to the cantilever being less
conductive. While this probe showed the highest error in both studies, it showed the most
sensitivity at low potentials and scan heights. An example of this sensitivity can be seen
in Figure 4.5¢c where the glass substrate that separates each electrode could be resolved
and a stable surface potential could be acquired. This potential difference between the

glass and the electrodes could also be seen in the conventional Pt tip scans, but the
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Figure 4.7 a) Graph of the effect of scan height on measured surface potential of a +2V
DC interdigitated electrode array with a conventional Pt coated SSPM tip, a Pt spike tip
(b) and a high aspect ratio FIB milled Si tip (c) Pt spike tips showed the least change in
measured surface potential as a function of height, while high aspect ratio FIB milled tips
showed sharper transitions at the interfaces of different materials (e.g. electrode to glass
to electrode).

71



Conventional Pt

—— Pt spike on conv. Pt
5k FIB milled conv. Pt
Ideal response

>

~—

o 4r

O

c

o

o 3

=

()]

©

= 2F

c

(O]

]

O

o 1k

1

0 200 400 600 800 1000
Lift Height / nm

Figure 4.8 Graph of the measured potential difference between a -2V and +2V biased
interdigitated electrode as a function of scan height. Data from all three probes indicate
that none of the tips are capable of resolving the surface potential difference between the
two electrodes of the IDEA, regardless of scan height. Pt spike tips, while less accurate
than conventional tips at scan heights less than 300nm, are more accurate at large scan
heights. High aspect ratio FIB milled Si tips are the least accurate of the three probes,
though the probe shows the sharpest transition between surface potentials indicating high
sensitivity.
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contributions from averaging caused the tip to never acquire a stable surface potential for
the substrate.
4.3.3 Effect of Tip Structure on Resolution of Pt Nanoparticles

To evaluate the effect of the conical section of the probe on surface potential
sensitivity, Pt nanoparticles were dispersed on a Si wafer and imaged with a conventional
Pt coated probe and a FIB milled probe. 3nm Pt dendrimer encapsulated nanoparticles
were prepared by reduction of Pt salts in generation IV dendrimers. The resulting
dendrimer solution was drop cast on a Si wafer and heated to 200C to remove the
dendrimer from the nanoparticle. After removal of the dendrimer capsule, topography
(Fig. 4.9a) and surface potential scans (Fig. 4.9b) with both the conventional and FIB
milled probes revealed a clear difference in SSPM sensitivity. High aspect ratio FIB
milled probes showed a surface potential difference of 62mV between the Si wafer and Pt
nanoparticles (Fig. 4.9c). SSPM scans with conventional probes showed a surface
potential difference of 20mV (Fig. 4.9d). The 40mV difference in measured surface
potential for the different types of probes is likely the result of the difference in surface
area of each probe. Conventional probes, having a significantly larger surface area than
the FIB milled probes, have a larger capacitance resulting in more averaging of the Si and
Pt surface potentials. Because the Si surface potential is less than the surface potential of
the Pt nanoparticles, the measured surface potential of the Pt nanoparticle is reduced.

Because the surface area of the HAR FIB milled tip was reduced, the FIB milled tips
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Figure 4.9. a) AFM topography image of a 3nm Pt nanoparticle on a Si wafer acquired
with a HAR Si SSPM tip. b) Surface potential image taken of the same Pt nanoparticle. c)
Graph of the topography and surface potential data of the Pt nanoparticle (indicated on a,
b) indicated that HAR FIB milled Si tips can resolve a surface potential difference of
75mV between the Pt nanoparticle and the Si surface. d) Graph of topography and SSPM
data acquired with a conventional Pt coated Si tip. The large surface area of the
conventional probe resulted in greater surface potential averaging, which lead to a much
smaller potential difference (<20mV) between the Pt nanoparticle and the Si surface.
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measured a larger potential difference. While these probes provide a larger potential
difference, the measured potential difference is significantly less than the difference in
the work functions of the two materials of 1.1V.*' Because the measured potential was
less than that of the work function difference, it is clear that the 3nm Pt nanoparticles are
too small to be fully resolved with either probe, though the difference in potential
indicates that the HAR FIB milled probes are capable of better surface potential
resolution than conventional probes.
4.3.4 Mesoporous TiO, Studies

To further test the performance of high aspect ratio FIB milled SSPM tips verses
conventional Pt coated SSPM tips, highly ordered porous TiO, surfaces were studied
(Fig. 4.10a). The porous films, formed by surfactant templated calcinations,” have
hexagonally packed 10nm pores that were impregnated with Snm Au nanoparticles by
electrophoretic migration (Fig. 4.10b)." Since the migration of the gold particles into the
TiO, matrix depends on a strong electric field to drive the electrophoretic migration,
surface potential experiments were carried out to determine if there was a potential drop
across the nonconductive TiO; film (Fig. 4.11a). To determine this, the ITO substrate was
connected to an external voltage source and biased at 0.0, 5.0, and 10.0V DC (Fig.
4.11b). Average measured surface potentials were within 1% of the applied bias,
indicating that the substrate had a negligible effect in masking the applied bias (Fig.

4.11c). While measured surface potentials were similar to the applied bias on large scales,
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Figure 4.10 a) SEM micrograph of a mesoporous TiO, film deposited on an ITO
electrode. The hexagonally packed pores (10nm) provide a well defined resolution
standard for SSPM. b) Gold nanoparticles were added to the pores by electrophoretic
migration and studied with SSPM.
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Figure 4.11 a). 1x1 micron topography image of the TiO, surface structure using a
conventional Pt coated SSPM tip. b) SSPM image measured as a function of applied
sample bias to the TiO; surface (0V, 5V, 10V DC). c¢) The measured surface potentials at
0, 5, and 10V DC indicated that the nonconductive nature of the TiO, film had very little
effect on measured surface potential; however the porous framework of the TiO, could
not be resolved in the SSPM image.

77



nanoscale potential differences could not be resolved with conventional Pt coated AFM
tips. These potential differences, while very small in magnitude in comparison to the
biases applied to the sample, are important to understand as they may have an effect on
species migration at the surface. Determining potential differences on such small size
scales is not possible with conventional probe geometries, because they have a cone angle
of approximately 30°, which, as shown previously, leads to a large averaging effect in
surface potential imaging. As has been shown in the Pt nanoparticles studies, high aspect
ratio FIB milled AFM tips showed a significant increase in surface potential sensitivity.
While the topographical resolution of the TiO, surface was very similar to that obtained
with conventional Pt coated probes (Fig. 4.12a), surface potential sensitivity was
drastically improved. The porous symmetry of the substrate was clearly visible in the
surface potential scans, where measured surface potential differences between the pores
and pore walls were typically 50mV (Fig. 4.12b). Linescans of the data showed that the
pore sites seen in the topography scans (Fig. 4.12¢) coincide with surface potentials as
much as 90mV higher than that of TiO, that makes up the pore walls. The gold
nanoparticles, having an inherently higher surface potential than TiO, because of their
higher work function, are possible explanation for the higher surface potential within the
pores. Arguments of topographical contributions to the surface potential measurements

must be considered, though the structure of the pores is not cylindrical and likely results
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Figure 4.12 a) 500 x 500nm topography image of the porous TiO, substrate. b) 500 x
500nm surface potential image of (a) shows clear resolution of the porous structure. c)
Data from the line indicated in (a) and (b) shows typical potential differences between the
pore and the walls of the TiO, substrate. High aspect ratio FIB milled AFM tips showed
potential differences between the pore and the TiO; substrate of 50mV.
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in an effective void space near the surface of 10nm. This void space is unlikely to cause a
significant change in surface potential, and would likely be averaged out by contributions

from the cantilever.

4.4 CONCLUSIONS

Scanning surface potential microscopy is a versatile technique that allows
nondestructive sample testing, and can reveal material composition differences as well as
differences in sample biases. The technique can resolve very small differences in
potentials, though the lateral resolution is limited by the probes used for the
measurements. High aspect ratio probes such as CNT or Pt spike AFM tips have been
shown to be a promising alternative to conventional Pt coated Si tips because they raise
the tip and cantilever higher above the surface where their interactions with the surface
will be minimized leading to less surface potential averaging. Additional studies have
shown that reducing the surface area of the tip on conventional probes significantly
increases the sensitivity of the technique to small surface potential differences. Future
studies combining high aspect ratio structures to modified AFM tips could result in a
drastic increase in lateral resolution, making this technique much more conducive to

nanotechnology applications.
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CHAPTER 5

Fabrication of Specialized Probes for 3D AFM, NSOM, and Combined
SECM-AFM

5.1 INTRODUCTION

Carbon nanotube (CNT) and Pt spike-based atomic force microscopy (AFM) tips
have been shown to have significant advantages over conventional AFM tips because of
their conductivity, nanoscopic sizes, and controllable aspect ratio. These properties have
allowed existing techniques to be refined and advanced because they provide impetus to
solve the limitations that exist for not only two-dimensional probe geometries and
designs, but for three dimensional profiling applications as well. For instance, in chapter
2 carbon nanotubes were fabricated on conventional AFM tips to enable metrological
profiling of high aspect ratio features that could not be studied with commercial AFM
probes. Additionally, single CNTs were affixed to tungsten wires to enable scanning
tunneling microscopy (STM) studies. Importantly, the CNT-STM tips are renewable and
capable of high resolution imaging such as the atomic features and dimensions associated
with single crystal TiO, and highly oriented pyrolitic graphite (HOPG). In chapters 3 and
4, it was shown that the addition of high aspect ratio structures result in increased

sensitivity in AFM phase imaging, as well as increased resolution in scanning surface
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potential microscopy (SSPM). While several examples of these limitations have been
shown, many other metrology applications are limited by the geometry, composition, and
structural arrangement of probes used to characterize surface properties.
5.1.1 Three-Dimensional Atomic Force Microscopy

One type of metrology that requires the use of high aspect ratio features to acquire
high-resolution data is the interrogation of high aspect ratio features such as the 150nm x
40nm (depth x width) trenches shown in chapter 2 of this dissertation. While high aspect
ratio AFM tips allow for precise topographical data to be obtained for nanoscopic surface
features, they are still limited because they only collect data in two dimensions. This
limitation is due to both the probe design and the scanning method used by conventional
AFMs, because the probe is scanned at a fixed scan rate and raised or lowered depending
on surface height fluctuations. While X, Y, and Z dimensions are all acquired by this
scanning method, it does not yield true three-dimensional data plots, as the resulting
images yield no data for the sides of high-aspect ratio height-to-width (e.g., steep-
sidewall) structures being studied (Fig. 5.1a). True three-dimensional acquisition of data
is important for assessing the roughness of the sidewall of a trench or for determining
defects occurring at undercuts in photolithography masks.' Acquiring information of this
nature requires at least six axial positional control of the AFM probe relative to the

sample. This type of data cannot be acquired with conventional AFMs, and can only be
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Figure 5.1. a) Scheme showing acquired surface profile (line scan) (dotted line) using a
conventional AFM tip with a constant scan rate. The geometry of the tip is not capable of
accurately reproducing the true morphology of the surface due to convolution of the
probe tip dimensions with the interrogated feature. b) Resulting 2D profile obtained when
a special “boot” tip is used with a conventional AFM at a constant scan rate. The high
aspect ratio of the probe results in a better surface trace at the top of interrogated features,
but the constant scan rate keeps the probe from imaging variations in the sidewall
dimensions. ¢) Accurate surface profiles can acquired with a “boot” tip when used with a
3D AFM, where an additional feedback loop allows variation of the scan rate as a
function of Z.
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obtained by altering the method of scanning since the data acquisition only uses three
axes for positional control in addition to limitations associated with the probe tip features
that are based on 2D profiling methods.

To attain true three-dimensional topography, advanced AFMs acquire data with
different types of probes known as “boot” tips, which allow surface characterization of
the sides of features, such as undercuts and sidewalls.>” While the high aspect ratio nature
of the probe allows characterization of the corners of surface features, it cannot probe
variations in sidewall features if it is limited to a constant scan rate, i.e., only one Z data
point can be acquired for every X data point (Fig. 5.1b). To fully utilize the capabilities
of the boot tips, 3D AFMs have an adaptive scan rate (otherwise known as rating and
derating feedback correction parameters) that allows the probe to scan high aspect
sidewall features as well as the features of in plane surfaces (Fig. 5.1c). While the
combination of boot tips and adaptive scanning provide a method for characterization of
3D surfaces, the small extension of the probe (overhang) on commercially available boot
tips,* as well as the large overall probe diameter and wear induced errors'” limit the
accuracy and precision of the measurement (i.e., accurate and precise mapping of true 3D
features). We seek to develop Pt spike and CNT based 3D AFM probes as alternatives to
existing Si based probes because of their small size, controllable geometry, and good
wear characteristics. The development of these probes will enable interrogation of much

smaller feature sizes than what is possible with commercially available probes, and the
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high durability of the probes will enable more accurate dimensional metrology because
the shape and dimensions of the probe will not change over the duration of experiments.
5.1.2 Near-Field Scanning Optical Microscopy

Another scanning probe technique that can be advanced by the processes
described in the previous chapters is in the area of near field scanning optical microscopy
(NSOM). Rather than using a Si-based probe for gathering surface information, NSOM
typically uses a tapered optical fiber to map surface topography while simultaneously
acquiring optical data with much higher resolution than is possible with standard optical
microscopes. This increased optical resolution is possible because of the exploitation of
near field optics.

As light waves pass through an aperture, the light waves diffract and form a
diffraction pattern known as an “airy disk” pattern. This phenomena causes the resolution
limit of optical microscopy to be roughly 2A or two times the wavelength of the light
source® because when two features are within 2\ of each other, their diffraction patterns
overlap causing loss of resolution in far field studies. In 1928, Synge proposed that the
way to overcome this limitation was by imaging surfaces within ~10nm of the aperture.’
At this short distance light does not diffract, and the diffraction limit is overcome. NSOM
has now proven that this phenomenon can be exploited to perform high resolution
imaging below the standard diffraction limit. NSOM is based on the scanning an optical

aperture within ~10nm of the surface to sample optical properties of the sample, and by
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using feedback controlling electronics similar to that of conventional AFM designs, the
tip can be dithered (oscillated) and raster scanned near the surface to acquire
topographical data and optical data simultaneously.

As with AFM, the resolution limit of the topographical and optical resolution in
NSOM is determined by the size of the probe,® which itself has practical limits. Light
waves pass through optical fiber with very little power loss because of total internal
reflection, but if the end of the fiber is tapered, like the case of an NSOM fiber, the light
can escape. This effect requires NSOM fibers to be coated with a thin layer of metal
(>30nm) to confine the light until it reaches the aperture. Adding to the size restrictions,
the aperture size of optical fiber based NSOM tips cannot be decreased below roughly
50nm. This is because power transmission is significantly reduced in probes with
apertures < 50 nm, which results in a low signal to noise ratio.” This lower limit of the
aperture size, combined with the metal coating, results in a minimum probe diameter of
110nm, which is far too large for sufficient topographical resolution on most nanoscopic
samples. Below we describe a strategy to circumvent issues associated with conventional
NSOM probes.

5.1.3 Scanning Electrochemical Microscopy - Atomic Force Microscopy

Another method that requires further probe development is scanning

electrochemical microscopy - atomic force microscopy (SECM-AFM). This hybrid

scanning method allows surface topography and localized electrochemical data to be
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acquired simultaneously by scanning and monitoring a biased ultramicroelectrode used as
an AFM tip.'""* SECM resolution is dependant on electrode size and scan height, so
combining the method with the highly controllable cantilever-based detection scheme of
the AFM shows promise as a high resolution method for surface characterization."> While
the method shows promise, probe development has been slow due to the difficulties
adding and properly insulating an electrode on an AFM tip.

Many examples of combined SECM-AFM tips have been proposed, but several
difficulties with their preparation have limited their implementation. Most current
methods are irreproducible and too time consuming, in addition to being too expensive.
Furthermore, the influence of probe dimensions and characteristics on spatially resolved
topographic and electrochemical data is difficult to model and experimentally evaluate.
Most SECM-AFM probes that have been developed have been fabricated by depositing a
metal layer on a conventional'* or custom fabricated AFM probes,'” then depositing an

insulating material on the metal layer.'> '°

The insulating material can then removed by
etching,'” focused ion beam milling,'* or heating.'® Of the probes that have been
developed recently, high aspect ratio probes based on CNTs seem to be the most
promising because of their conductivity and small electrode size. While promising, the
probe designs are not ideal because of inexact removal of the insulator'” or because they

do not fully utilize the small size and conductivity of the CNT.'* We believe the

fabrication of CNT or metal-based SECM-AFM tips is essential to the advancement of
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SECM-AFM metrology, and below we describe preliminary work that is underway that

utilizes existing methods for fabricating these probes.

5.2 EXPERIMENTAL
5.2.1 3D AFM Probe Fabrication

3D AFM probes were fabricated by several methods, and many of the techniques
used in fabrication have been described in previous chapters. Carbon nanotube-based 3D
probes were fabricated with the electrical shortening technique outlined in chapter 2.
Briefly, CNTs were grown on conventional AFM tips (BudgetSensors Tap300) by
chemical vapor deposition of ethylene. The CNTs typically grew at the apex of the AFM
tip, and were shortened by touching the CNT to an electrically biased W wire. When the
current flow exceeded the capacity of the CNT, localized Joule heating resulted in failure
near the center of the spanning segment of the CNT. To make the 3D AFM probes, the
resultant segment of the CNT on the W wire was reattached to the main CNT in a
different orientation and glued in place with electron beam induced deposition of C.

Pt based 3D AFM probes were fabricated by electron beam deposition of
(Trimethyl)methylcyclopentadienylplatinum, similar to the method described in chapter
3. Conventional Si AFM tips (Mikromasch NSC15 Ti-Pt) were modified with focused
ion beam milling (FEI DB235) to fabricate a vertically oriented base structure for the Pt

spikes. This allowed vertical structures to be probed without the Si support contributing
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to the trace. To fabricate the 3D Pt structures, an electron beam (FEI DB235) was set in
spot scan mode and focused on the surface of the Si tip. Simple structures were produced
by exposing the surface for short periods of time, while complex structures were
produced by changing the orientation of the probe and depositing Pt in multiple steps. 2D
AFM studies were conducted with a Digital Instruments Bioscope controlled by a
Nanoscope 1V controller. 3D AFM studies were conducted using a SXM AFM at Xidex
Corp. in Austin, TX.
5.2.2 Pt Spike NSOM Fiber Fabrication

NSOM probes were fabricated from Fibercore SM750 optical fiber using a Sutter
Instruments glass puller. The NSOM fibers were typically uniformly coated with 200nm
of Al and FIB milled (FEI DB235) to reveal the aperture. After the aperture was revealed,
a nanoscopic Pt dot was deposited on the aperture using electron beam deposition of
(Trimethyl)methylcyclopentadienylplatinum. NSOM studies were conducted with a
modified ThermoMicroscopes Aurora-2 NSOM on a Nikon Diaphot 300 inverted
microscope. The scanner was a P-500 Series PZT Flexure Stage by Physik Instrument,
and the probes were mounted on piezo-driven Accutune (95kHz) tuning forks from
ThermoMicroscopes. Tom Doyle, of the Vanden Bout research group, fabricated the

conventional optical fiber NSOM probes, and acquired all NSOM data shown herein.
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5.2.3 SECM-AFM Probe Fabrication

Combined SECM-AFM probes were prepared by depositing Pt spikes on Pt
coated AFM tips (Mikromasch NSC15 Ti-Pt) by electron beam induced deposition of
(Trimethyl)methylcyclopentadienylplatinum (FEI DB235). After the Pt spikes were
formed, the resulting tips were coated with Parylene N (Parylene Coating Services) in a
home built parylene deposition chamber. After deposition of the parylene film, the apex

of the Pt spike was exposed with FIB milling (FEI DB 235).

5.3 RESULTS AND CONCLUSIONS
5.3.1 Pt-based 3D AFM probes

Probes for three-dimensional AFMs have three major liabilities that limit the
effectiveness and efficiency of the technique. The first limitation in probe designs for 3D
AFMs is due to the amount of undercut that each tip can probe. Conventional boot tips
are Si-based, and have a flared Si ridge at the base of a high aspect ratio Si column, and
while this geometry is effective for many samples, the probes typically cannot measure
undercuts in excess of 30nm (Fig. 5.2a). Ideally, 3D AFM tips should have the ability to
probe much larger undercuts, and work has been started to accomplish this goal.
Utilizing methods developed in chapter 3, 3D AFM tips were fabricated that have much
larger undercuts and better wear characteristics than Si boot tips. The probes were

fabricated by FIB milling of conventional AFM tips to make high aspect ratio Si features
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Figure 5.2 a) SEM image of a conventional Si based 3D “boot” AFM probe.
Commercially available Si boot tips have a flared Si ridge at the base of the high aspect
ratio Si support (100nm) that allows them to image sidewalls and undercuts of surfaces,
but they can only measure undercuts less than 30nm. b) SEM image of a custom built 3D
AFM probe using Pt EBID to form a well defined imaging surface capable of imaging
much larger undercuts.
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to act as the support structures for the Pt deposits. Once the Si column was fabricated, a
small Pt spike was deposited on one side of the tip by electron beam induced deposition
of Pt from the decomposition of (Trimethyl)methylcyclopentadienylplatinum (Fig. 5.2b).
Once fabricated, the tip was used to interrogate a tip characterization standard to judge
how much undercut the fabricated probe could measure vs. a conventional Si-based boot
tip (Fig. 5.3a). As shown in Figure 5.3b, the Pt boot tip (Fig. 5.3c) was able to probe
350% deeper into the characterization standard than the Si boot tip (Fig. 5.3d), and the
only limiting factor to the measurement was the length of the Pt spike. While the probe
was able to interrogate much deeper into the undercut of the feature, the design needed to
be optimized for more realistic sample geometries. The probe only had a Pt spike on one
side, and the high aspect ratio Si support section was too large (700nm) to evaluate most
high aspect ratio samples. While not very applicable for real-world samples, this type of
probe shows that the addition of high aspect ratio structures allows much deeper
undercuts to be imaged, though a much smaller base structure would be preferred.

To produce 3D AFM tips with smaller footprints, complex metal-based tips were
fabricated using a multi-step deposition procedure where the tip and Pt organometallic
was first exposed to a vertically oriented electron beam (Fig. 5.4a). As a result of the
electron beam exposure, a highly controlled vertical Pt column was deposited on the apex
of the Si AFM tip. The tip was then reoriented in the SEM and the beam was exposed on

the apex of the Pt column at a slight angle to form a complex three-dimensional Pt
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Figure 5.3 a) SEM image of a calibration standard used for tip characterization of 3D
AFM probes. b) Line scans of data acquired with a Pt boot tip (red trace) and a Si boot tip
(blue trace). The Pt boot tip (c) was able to probe 350% further into the undercut of the
calibration standard than the conventional Si boot tip (d).
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Figure 5.4 a) SEM image of a vertically oriented Pt spike deposited on a conventional
AFM tip. b) The vertical structure was deposited to be a support structure for an angled
Pt spike that would act as the imaging surface. The rigidity of the Pt deposits caused the
structure to fail during use.
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structure (Fig. 5.4b). This procedure could be repeated continuously to achieve the
desired tip geometry and overhang. The clear advantage to this probe design is that the
imaging surface for the vertical and horizontal components of the surfaces would be
probed with the same point of the probe. This aspect would facilitate tip calibration and
data interpretation, and it would provide a significant improvement in the resolution of
horizontal and vertical dimensions. While the probes seemed like a suitable solution to
the limitations of having a larger support structure as shown previously, the Pt column
that acted as a base for the diagonal Pt imaging surface was fragile and susceptible to
failure. Metal-based structures do not bend elastically, and are not the ideal structures to
use in the development of 3D AFM probes. With this experience, carbon nanotubes were
seen as a better alternative because of their ability to bend elastically, as well as their
good wear characteristics.
5.3.2 3D CNT-Based AFM Probes

3D AFM probes based on carbon nanotubes are ideal for 3D AFM studies
because they have a very narrow footprint (~20nm) and exhibit very good wear
characteristics. 3D AFM probes were fabricated from 2D CNT-based AFM probes by
adding small sections of CNTs to the existing apex-oriented carbon nanotube. Using the
bias cutting method described in chapter 2, the CNT at the apex was cut to an appropriate
length by contacting the CNT to an etched W wire. After the CNT was cut (Fig. 5.5a), the

excess length of CNT bound to the W wire was put back into contact with the CNT at the
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Figure 5.5 a) SEM micrograph of a CNT cut by the electrical cutting method described
in chapter 2. b) By placing an additional CNT in contact with the CNT at the apex, a
small section can be welded in place with EBID of C. c) Once welded, the resulting
structure can be shortened by additional electrical cutting steps to fabricate a bidirectional
boot tip (d).
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apex at a 90° angle (Fig. 5.5b). Once the remaining CNT length was put into contact with
the base CNT, the contact point was imaged at high magnification (>100kX) to induce C
deposition from contaminations from pump oils in the SEM chamber. After imaging for
approximately 20 seconds, the W wire was pulled away from the CNT junction. The
CNTs typically remained bound at the connection point rather than pulling apart because
the W-CNT junction in the cutting technique is held together by simple Van der Waals
forces, which were weaker than the bond formed by the C deposition. Bringing the W
wire back into contact with the joined CNTs allowed additional shortening steps, as
shown in Figure 5.5¢ and d. As shown previously, the applied bias typically cuts the
CNTs at the center of the length spanning between the W wire and the other connection
point. This trend allows the CNT to be shortened in specific places to make complex
structures specifically tailored to difficult sample geometries.

While seemingly a durable and effective design for probing large undercut
features, the probe has some limitations. For instance, because the CNTs only extend
from the front and back of the central CNT and not the sides, the probe is incapable of
measuring undercuts along the Y axis. As a result, the only way to fully characterize a
sample would be to change its orientation so the opposite axis could be interrogated. To
truly be effective at imaging all axes, a probe must have imaging surfaces 360° around

the base of the support structure, similar to that of conventional boot tips that have a
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radially oriented flared ridge, or “boot”. This design enables sample interrogation at
multiple scan directions.
5.3.3 3D C-CNT Boot Tips

Current Si-based boot tip fabrication methods are incapable of producing well
defined boot tips when tip diameters are reduced to less than 100nm,* and in addition to
having dull imaging surfaces at smaller size scales, durability is an issue because of the
brittleness of the Si material. C-CNT based boot tips are an effective and durable
alternative to Si based boot tips because they have an extremely small base structure
(<10nm) and the boot is composed of highly durable material that has been described by
some as diamond-like C.*""** As shown in Figs. 5.6a and 5.6b, boots were deposited on
CNT AFM tips by chemical vapor deposition of C. After fabrication, the boot tips were
scanned for 2 hours on an optical scatterometry grating to monitor the durability of the
probes. SEM images of the probe revealed no change in the boot diameter or structure.
Durability is one of the advantages of CNT based boot tips over Si based boot tips
because the CNT support structure will bend elastically if the contact force between the C
boot and the sample surface becomes too large. This advantage should allow the probes
to be used for a longer duration than Si based boot tips. Another advantage of the C-CNT
boot tips is that the C boot can be regenerated after significant wear has occurred. This
advantage would allow boot tips to be refurbished and potentially used for thousands of

hours, significantly reducing cost and time associated with probe changes.
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Figure 5.6 a) SEM image of a C-CNT boot tip fabricated by chemical vapor deposition
of C on a CNT AFM tip prepared with the methods described in chapter 2. b) SEM image
of a 40nm boot tip fabricated on a 20nm CNT. Boot tips on this small size scale are not
commercially available because of limitations with current Si-based fabrication schemes.
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5.3.4 Pt Spike NSOM Probes

Conventional optical fiber NSOM probes allow simultaneous acquisition of
topographical and optical data, but like all scanning probe techniques, the probe limits the
resolution of the measurement. In the case of topography, resolution is severely limited
by the size of the probe. This large size is not ideal for use in studies of nanoscopic
materials, and work has been undertaken to use existing methods to improve the
resolution limits.

As shown in Figure 5.7a, optical fiber NSOM probes were coated with a layer of
Al metal, which often partially or completely covered the aperture of the fiber. By
carefully removing small amounts of the Al with a focused ion beam (Fig. 5.7b), the
aperture size could be precisely controlled and the imaging surface could be flattened.
After the aperture was exposed, a Pt nanoparticle was deposited with the electron beam
induced deposition method described in chapters 2 and 3 (Fig. 5.7¢c)* **. Careful
attention was paid to the amount of Pt deposited on the aperture, because the optical
resolution of NSOM fibers relies on the aperture staying within 10nm of the surface (Fig.
5.7d). After the probes were prepared, they were used to interrogate a gold pattern on
ITO coated glass (Fig. 5.8a). The resulting shear force topography data revealed that the
Pt nanoparticle NSOM fibers were capable of resolving 10nm gold particles (Fig. 5.8b),
similar to the resolution capabilities of a conventional AFM tip (Fig. 5.8¢c). Conventional

metal coated optical fibers are incapable of achieving this level of topographical
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Figure 5.7 a) SEM micrograph of the apex of an Al coated NSOM optical fiber. The
200nm Al coating often results in a completely or partially covered aperture that must be
removed by FIB milling. b) SEM micrograph of an NSOM fiber after FIB milling. c)
Topographical resolution is poor with Al coated NSOM fibers because of their large size,
so Pt nanoparticles were deposited on the aperture to act as the surface used for acquiring
topographical data. d) Profile of the probe shown in C. The Pt particle height should not
exceed 10nm or the optical resolution will be adversely affected.
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1075 nm 2150 nm

Figure 5.8 a) SEM micrograph of a gold pattern deposited on ITO. b) NSOM
topographical data of the pattern acquired using a Pt nanoparticle NSOM probe. The
addition of the Pt nanoparticle allowed the probe to resolve much smaller features than
was possible with a conventional tapered optical fiber. ¢) 2x2um AFM topography data
of the pattern acquired using a conventional Si AFM tip showed comparable resolution to
that of the Pt nanoparticle NSOM tip.
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resolution, which makes correlation between topographical and optical data more
complicated.
5.3.5 Combined SECM-AFM Probes

Scanning electrochemical microscopy is a powerful technique that allows
mapping of electroactive surfaces, and its application has been important in
understanding many different electrochemical systems. To improve upon the technique,
several groups have suggesting coupling it with AFM to get topographical data to
correlate with the electrochemical data. To combine these two techniques, special probes
must be developed that combine the ultramicroelectrode with a nanoscopic AFM tip
capable of achieving nanoscopic resolution. Hybrid SECM-AFM probes have been
proposed that have large electrode surface areas, but the most promising probes have
been CNT based because of their small size and simplicity of their data interpretation.
The examples that have been proposed have limitations however, and these limitations
will be addressed in future studies.

CNT based SECM-AFM probes are appealing because they offer nanoscopic
electrode sizes and behave as disk electrodes for electrochemical measurements. While
CNTs are conductive, their conductivity is less than that of metals such as gold or
platinum. Others have circumvented this limitation by coating the CNT with a thin layer
of metal, but this only serves to increase the size of the electrode and results in the

formation of a disk-ring electrode because of the different conductivities of the metal and
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the CNT. Pt spike based electrodes are being developed that utilize the conductivity,
small size, and high aspect ratio to form the ideal SECM-AFM probe.

30 nm OD Pt spikes were deposited on Pt coated AFM tips by the EBID method
described in chapter 3. Once deposited, the Pt spikes and Pt coated AFM tip were coated
with parylene N in a home built vapor deposition chamber (Fig. 5.9a). A uniform coating
of the nonconductive polymer was deposited so none of the surfaces would contribute to
the electrochemical activity of the probe. After coating the probe with parylene, the apex
of the Pt-parylene interface was removed with a focused ion beam (Fig. 5.9b) to form a
disk electrode 30nm in diameter. Special care was taken to level off the Pt-parylene
interface so the electrode would behave as a disk rather than an exposed sphere or cone.
By using a focused ion beam to remove the parylene, unlike laser ablation methods that
have been proposed, precisely controlled electrode surfaces can be created. Work towards
evaluating and implementing these probes for combined atomic force and

electrochemical microscopy is currently underway, and will be explored in the future.

5.4 CONCLUSIONS

Utilizing methods and knowledge from experience acquired from the CNT and Pt spike
studies discussed in chapters 2 and 3, advanced probes for 3D atomic force microscopy,
near-field scanning optical microscopy, and scanning electrochemical — atomic force

microscopy have been fabricated. 3D C-CNT probes have been identified as a great
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Figure 5.9 a) SEM image of a Pt Spike AFM tip coated with a thin layer of parylene N
polymer. Coating the entire surface allows only the end of the Pt tip to be the
electroactive area in combined SECM-AFM measurements. b) SEM image of the SECM-
AFM tip shown in (a) after the end was removed with a focused ion beam. ¢) Removal of
the polymer and apex of the Pt spike allows the formation of a 30nm disk electrode.
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alternative to commercially available Si-based boot tips because of their small size, high
durability, and ability to be regenerated after extensive use. Newly developed nanoscopic
resolution standards will be studied in the future to compare the performance of 3D C-
CNT boot tips with that of commercially available Si-based 3D boot tips. Pt spike NSOM
tips have been fabricated that have significantly enhanced topographical resolution, but
future studies will determe if the Pt nanoparticle can be used as a nanoantenna for optical
resolution enhancement.”” Additionally, future studies will also focus on the effect of
spike material (e.g., Pt, Au, Pd, etc.) on optical resolution enhancement. Last, Pt spike
based SECM-AFM tips have been developed for use in nanoscopic combined
electrochemical and topographical studies. More studies are needed to characterize the
electrochemical behavior of the 30nm disk electrode, but once characterized, nanoscale
electrochemical studies such as determining the electrochemical activity of nanoscale
domains in metal and mixed-metal oxides can be conducted. Preliminary results indicate
that further development of 3D C-CNT boot tips, Pt spike NSOM probes, and Pt spike
SECM-AFM probes will allow their respective techniques to achieve unprecedented

resolution, and will facilitate their use in current and future nanoscopic studies.
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