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Abstract

High Pressure Scanning Tunneling Microscopy Studies of Adsorbate Structure and
Mobility during Catalytic Reactions.
Novel Design of an Ultra High Pressure, High Temperature Scanning Tunneling

Microscope System for Probing Catalytic Conversions

by
David Chi-Wai Tang
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Gabor A. Somorjai, Chair

The aim of the work presented therein is to take advantage of scanning tunneling
microscope’s (STM) capability for operation under a variety of environments under real
time and at atomic resolution to monitor adsorbate structures and mobility under high
pressures, as well as to design a new generation of STM systems that allow imaging in
situ at both higher pressures (35 atm) and temperatures (350 °C).

The design of a high pressure, high temperature scanning tunneling microscope
system, that is capable of monitoring reactions in situ at conditions from UHV and

ambient temperature up to 1 atm and 250 °C, is briefly presented along with vibrational



and thermal analysis, as this system serves as a template to improve upon during the
design of the new ultra high pressure, high temperature STM.

Using this existing high pressure scanning tunneling microscope we monitored
the co-adsorption of hydrogen, ethylene and carbon dioxide on platinum (111) and
rhodium (111) crystal faces in the mTorr pressure range at 300 K in equilibrium with the
gas phase. During the catalytic hydrogenation of ethylene to ethane in the absence of CO
the metal surfaces are covered by an adsorbate layer that is very mobile on the time scale
of STM imaging. We found that the addition of CO poisons the hydrogenation reaction
and induces ordered structures on the single crystal surfaces. Several ordered structures
were observed upon CO addition to the surfaces pre-covered with hydrogen and ethylene:
a rotated (V19 x V19)R23.4° on Pt(111), and domains of c(4 x 2)-CO+C,Hs, previously
unobserved (4 x 2)-CO+3C,H3, and (2 x 2)-3CO on Rh(111). A mechanism for CO
poisoning of ethylene hydrogenation on the metal single crystals was proposed, in which
CO blocks surface metal sites and reduces adsorbate mobility to limit adsorption and
reaction rate of ethylene and hydrogen.

In order to observe heterogeneous catalytic reactions that occur well above
ambient pressure and temperature that more closely resemble industrial settings, a custom
STM motor has been designed and constructed in-house. The new STM design features a
much reduced size and a rigid coupling to the sample, and has been tested to show
considerably higher resonance frequency than conventional tripod designs, providing the
ability to image faster and yielding smaller susceptibility to noise. A flow reactor cell of

much reduced volume for pressures up to 35 atmospheres has also been designed and



constructed to house the new STM. The small volume reduces gas consumption and
sensitivity to impurities in high pressure gases, as well as maximizes product
concentration and reduces response time. The ability to flow reactant gases also allows
for continuous monitoring of reaction mixture by mass spectrometry or gas
chromatography, and permits correlation of structural information from STM and
reaction kinetics. The reactor cell containing the STM is placed inside an UHV system to
allow cleaning and characterization of sample before and after experiments, as well as
continuous monitoring by mass spectrometry or gas chromatography through a leak
valve. The new ultra high pressure system also allows in vacuo sample and tip exchange
through a load lock, without exposing the system to impurities in air. This new ultra high
pressure, high temperature STM system has been shown to perform with major
improvements over the existing high pressure, high temperature STM system. Unlike the
older system which requires extensive vibration damping setup in order to operate, the
new system is shown to be less susceptible to noise, and be able to image atomic steps
with no vibration isolation and atomically resolve highly ordered pyrolytic graphite with
only spring suspension and a cut tip. Extensive vibrational analysis of the new system is
presented, as well as an appendix of AutoCAD-generated design schematics for the major

components of the system is included at the end.
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Chapter 1

Scanning Tunneling Microscopy and Surface
Science

1.1 Overview

The study of surfaces and interfaces is of great interest because they represent a
special kind of defects in a phase, be it solid, liquid, or gas. Much of the understanding of
phases is based on the fact that they are perfectly periodic in three dimensions. The
introduction of an interface breaks this periodicity in one direction, often resulting in
changes of physical structure and properties, as a result of stresses due to different
chemical interaction of the surface atoms to the interfacial environment in comparison to
the bulk atoms. It is important to recognize that surfaces often behave much differently
than bulk materials, due to the two dimensional confinement of molecules on surfaces in

comparison to that exists in three dimensional gaseous, liquid, and solid bulk phases.



Overview

Metals, for example, will often reconstruct at the surface and order differently
from those in the bulk, due to the additional interaction with a heterogeneous
environment [1]. Polymers can change their conformation to expose hydrophobic or
hydrophilic groups near the phase interface, depending on the type of more energetically
favorable interaction [2]. Thus, achieving an understanding of surfaces and interfaces is
essential to gaining insight to everyday phenomena that involve surfaces: tribological
interaction at the solid-solid interface that is responsible for both movement and the lack
thereof, the nucleation of dewdrops as a resulting of gas-solid interaction and forming a
new liquid-solid interface, and the evaporation of water that involves a gas-liquid
interface.

One of the most common motivations for surface science studies is the goal of
improving heterogeneous catalysis, oftentimes for industrial processes, by customizing
catalysts to enhance performance in activity, selectivity, and lifetime. In heterogeneous
catalysis, the catalyst, which is usually a solid, interacts with reactants and products in a
different phase--gas or liquid. The purpose of the catalyst is not only to enhance activity
and selectivity by the virtue of utilizing favorable solid faces that are otherwise
unavailable in a centrosymmetric bulk, but also to both maintain separate conditional
control on catalysts and ease the separation of the catalysts from reactants and products.

The problems of understanding catalytic processes on a microscopic or even
atomic scale are daunting. Intrinsically, surfaces are more difficult to study than the bulk
due to the lower concentration of 10" atoms/cm’ on a surface compared to 10**

atoms/cm’ in the bulk. As a result, experimental techniques for surface studies must be



Overview

highly sensitive and able to detect signals associated from a relatively small number of
atoms in addition to discriminating those from the bulk. In addition, industrial processes
frequently operate at great conversion rates at high temperatures and pressures, and the
catalysts are oftentimes highly dispersed metal particles on oxide supports. In particular,
oxide-supported metal-based heterogeneous catalysts are used today for many purposes,
including refining hydrocarbons from petroleum, catalytic conversion of carbon
monoxide in an automobile and synthesizing ammonia. Thus, studying an actual catalyst
used in industry can be complicated, as they are often metals of numerous and unknown
surface structures embedded in porous oxides. These disperse and high surface area
catalysts can be studied as a function of pretreatment and particle size, but these studies
have ill-defined compositions and even less defined structures, thus making it difficult to
draw detailed conclusions from these investigations. Model catalysts such as metal single
crystals are often used instead to deconvolute the effects of different crystal surfaces and
grain boundaries as a result of a comparably uncontrolled catalyst surface. These model
catalysts provide a uniform surface that is catalytically relevant, as industrial catalysts
often contain metal particles that are not amorphous but instead have many facets that are
crystalline in nature. They often insights to the roles of different crystal faces and
interfaces during a reaction, and as a result help decipher the key to engineering more
effective catalysts for industrial processes.

A range of experimental techniques exploiting physical phenomena quickly
became the basis of standard tools for surface studies, and there are over 70 surface

science techniques available for determining surface structure and composition before
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and after a catalytic reaction [3]. Some common, often electron- and ion-based,
spectroscopic and diffraction techniques that have been extensively used include low
energy electron diffraction (LEED), Auger electron spectroscopy (AES), electron energy
loss spectroscopy (EELS), temperature programmed desorption (TPD), ultraviolet and X-
ray photoemission spectroscopy (UPS, XPS), inverse photoemission spectroscopy (IPS),
field ion microscopy (FIM), scanning electron microscopy (SEM), infrared reflection
absorption spectroscopy (IRAS), ion scattering, and high resolution electron energy loss
spectroscopy (HREELS) [4]. With these techniques, it is possible to obtain atomic and
molecular information about surface composition, structure, electronic configuration,
interaction, local chemical environments, and various other physical and chemical
characteristics of catalyst surfaces and adsorbates. However, these techniques are often
limited by their requirement of large mean free paths and clean surfaces over a long
period of time. Therefore, traditionally surface science experiments were performed in
ultrahigh vacuum (UHV). This can be seen from the kinetic theory of gases:

N,P

N272MRT

where F is the flux of molecules striking the surface, Nao Avogadro’s number, P the

F=

pressure, M the molecular mass of incoming molecules, R the gas constant and T the
temperature. Since the surface of a solid has on the order of 10'° atoms cm™, keeping a
surface clean for an hour requires a flux of about 10> molecules cm™ s™. Calculating for
typical molecules such as CO at room temperature, a pressure less than 10 Torr is
necessary. Consequently, it is not possible to carry out in situ studies using such

techniques and approach, since model catalysts and reactions can only be studies at low
4
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pressures. In some cases, the “pressure gap” between traditional surface science
technique and industrial process condition of high pressure and temperature can be
bridged and data can be extrapolated from that under low pressure (albeit across more
than seven orders of magnitude) and low temperature (which helps induce high coverage
condition), but in these instances the surface is not in equilibrium with the gas phase and
the surface molecules are kinetically arrested, which raise questions over how similar
these artificial high coverage conditions are to the actual reaction conditions.

In attempt to understand how reactions proceed on catalyst surfaces at conditions
closer to that of industrial processes, much effort has been directed towards the
development of new techniques that combine the benefits of controlled UHV surface
analysis and high pressure and temperature catalytic reaction measurements.
Traditionally, for reaction studies, surface science reaction experiments have been done
using a high-pressure reaction cell attached to the vacuum chamber [5], which allow
samples that have been characterized by UHV techniques to be exposed intermittently to
high pressure and temperature. The sample can be cleaned in UHV before being
transferred to the reaction cell. During and after the reaction, the sample can be extracted
and transferred back to the UHV chamber for analysis. However, the surface is not
characterized in situ, while progress of the reaction can be monitored in real time by
analyzing the gases using techniques such as gas chromatography (GC).

In recent years, surface physical chemists have developed techniques that allow
one to probe the surface under reaction conditions. Sum-frequency generation (SFQG) is

an inherently surface sensitive vibrational spectroscopy that has been used to study
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heterogeneous catalysis under reaction conditions [6], as well as biologically important
systems such as contact lenses [7] and protein adsorption related to implant rejection [8].
Unlike infrared spectroscopy, SFG generates no signal from centrosymmetric media.
This means that it does not suffer as much from gas phase absorption and probes only the
surface, where symmetry is broken, as most materials are centrosymmetric.

Another promising technique is high-pressure XPS [9]. XPS is related to AES and
also gives atomic surface composition. It is possible to differentially pump an electron
analyzer, keeping the pressure it sees low while still examining a surface exposed to gas
in the Torr pressure range. Preliminary results suggest this will be an important technique
for studying heterogeneous catalysis.

Neither of the two previous techniques gives surface structure. It is possible to use
grazing-angle x-ray diffraction to get this information on metals, but the scattering cross
section of important adsorbates such as carbon and oxygen is too low for the technique to
be useful for studying heterogeneous catalysis. Scanning tunneling microscopy (STM)
can be used under high pressure to study surface structure at the atomic level [10]. The
demonstrated capability of STM to robe the topography and electronic structure of
surfaces and adsorbed layers with atomic resolution makes it a powerful tool in the study
of surface chemistry where atomic interaction and local phenomena dominates:
adsorption is often site-specific, reactions occur at particular active sites, and the effects
of surface defects are usually localized. Since most of the conventional surface
techniques mentioned above, with the exception of FIM, average over surface areas

containing usually more than 10'* atomic sites, site-specific information are inaccessible
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under such analytical methods. For example, LEED, which can detect displacement of
surface atoms on the order of picometers, operates on areas larger than 10 nm and is there
not sensitive to local effects produced by isolated defects or adatoms. Even the
effectiveness of FIM, which can observe motion of individual atoms on a surface and
interactions between a pair of atoms by applying a high field to a fashioned metal tip
surface, is limited by restrictions in the selections of compatible substrate materials and
adsorbates as well as the narrow field of view.

The advantages of STM in surface science studies are numerous, as it has found
applications in many different scientific disciplines such as condensed matter physics,
chemistry, biology, metrology, and materials science. Scanning tunneling microscopy has
made dramatic advances in many areas of surface science since its introduction by Binnig
and Rohrer in 1982 [11], allowing direct observation of dynamic processes such as
adatom diffusion [12], chemical reactions [13], and adsorbate restructuring of surfaces
[14], on both model surfaces and supported catalysts [15]. Clearly, its direct real space
observation at extremely high resolution, in comparison to averaged information obtained
by diffraction techniques, allows one to monitor atomic features from adsorbates, defects
(vacancies, interstitials, impurities, steps, dislocations, and grain boundaries), to
molecular processes such as adsorbate mobility and surface reconstruction. This local
information can be obtained regardless of periodicity on the surface due to the ability of
STM to perform real space observations on non-periodic features. Thus, STM has a great
potential for the investigation of complex systems such as multicomponent materials,

polycrystalline samples, grains and grain boundaries, composite and nanostructured
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materials, all of which are important components for different supported catalysts in
industrial processes. In addition, STM has been proven to work at temperatures from
milliKelvin to a thousand Kelvin, and can also work in gas or liquid medium as well as
theoretically at any pressures from UHV to very high pressures. There are novel
applications to STM also, such as modifying surfaces and manipulating molecules using
the tip and its electric field, as well as performing atomically-resolved spectroscopy.

The aim of the work presented therein is to take advantage of STM’s capability
for operation under a variety of environments under real time and at atomic resolution to
monitor adsorbate structures and mobility under high pressures, as well as to design a
new generation of STM systems that allow imaging in situ at both higher pressures (> 30
atm) and temperatures (> 300 °C). Chapter 1 introduces the principles, as well as
capability and limitations of scanning tunneling microscopy. Chapter 2 addresses the
operational theories behind the additional and complementary surface science techniques
used in the studies recorded therein. Chapter 3 offers an overview of a STM system that
is representative of many existing high pressure and high temperature STM systems used
in STM labs other than the author’s and is currently used to perform studies of pressure
up to 1 atm and 250 °C, while Chapter 4 describes the study of ethylene hydrogenation
and its poisoning by CO over single crystal surfaces of transition metals using the said
system to monitor adsorbate ordering and mobility during reactions. Chapter 5 introduces
a detailed description of the design schematic and essential considerations for a new STM
system that is capable of operating at conditions closer to the elevated temperatures and

pressures of industrial processes, while also provides preliminary results and performance
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findings of this latest system. Finally, Chapter 6 will complete the discussion of the
author’s work by giving a summary of results as well as future direction. An appendix of
detailed AutoCAD drawings for the system as referred to and described in Chapter 5 is

included at the end.

1.2 Scanning Tunneling Microscopy

1.2.1 Operating Principles

Scanning tunneling microscopes use piezoelectric transducers to move a
sharpened metal probe (tip) across a surface with sub-angstrom precision, and takes
advantage of the exponential dependence of quantum mechanical tunneling current on the
separation distance to produce highly detailed images of a conductive surface. Classically,
electrons in two electrodes separated by a nonconductive medium are confined by the
potential barrier imposed by the medium. However, when the tip-surface separation is
less than about 1 nm, a purely quantum mechanical effect allows electrons to tunnel
through the energy barrier in the gap between the tip and the surface. A bias voltage
(typically < 1 V) applied between the tip and the surface causes a small net current to
flow through the barrier. This current can be detected and measured by a sensitive current
amplifier and, together with an external feedback loop and a tip-sample manipulation
system usually precisely controlled (on the order of 0.1 A) by a piezoelectric system,

serves to regulate the tip-surface separation.
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Figure 1.1. Overall schematic of a scanning tunneling microscope. A bias voltage is
applied between the sample and tip while the tunneling current as a result is measured
versus displacement by a computer-controlled piezoelectric system.
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A simple expression for the tunneling current in one-dimension can be derived

using the WKB approximation (Fowler-Nordheim tunneling) [16]:

AE
I oc 763xp(—Kd1 D)

where AFE is the bias voltage to denote the applied potential necessary to overcome the
energy difference between the barrier and the Fermi level Er of the electrons in the
electrodes, d the electrode (or tip-surface) separation, K a constant of 1.025 A™ eV~ for
the case of electron, and ®,,, the average of the effective work functions of the two
electrodes. The effective work functions here are not the same as in the case of field
emission or photoelectric effect. In STM, the work functions are reduced due to the
interaction between tunneling electrons and electrons in local density of states within the
electrodes. This interaction can be described as image potential effects, where a unit
charge such as a tunneling electron induces an image charge on the metal electrode
surfaces, and lead to a distance-dependant reduction of the barrier height. Since work
function is the measured work required to remove an electron from the Fermi state to a
macroscopic distance from the solid, and since STM operates at a much reduced distance,
the tunneling barrier causes a perturbation in the effective work functions of the electrons
on the electrodes involved.

The exponential variation of the current with separation is related to the rapid
decay of electron wavefunctions extending into the gap between the tip and surface. This
strong dependence, roughly one order of magnitude per angstrom separation for typical
metals, is thus directly responsible for the high spatial resolution of STM, typically on

the order of 0.01 A. In practice, the tip used for electron tunneling in STM is
11
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macroscopically extremely sharp, but on the molecular level it has a radius of curvature
on the order of 10 A. While the ideal tip would be a perfect apex terminating in a single
atom, many tips of varying and usually unknown shapes are still able to produce images
of atomic resolution. This is due to the exponential relationship between distance and
tunneling described above. As long as one atom of the tip extends slightly further than
any other, tunneling current will preferentially flow through that atom.

The bias voltage applied plays an important role in determining the electronic states
of the electrodes (tip and surface) being probed. Referring to Figure 1.2, the sample being
probed can be biased positively or negatively relative to the tip with the applied potential AE.
In the former case, a positive bias is said to be applied by the sign convention, and the
tunneling electrons flow from the filled energy states of the tip to the empty energy states of

the tip. The only energy states that can participate are the ones between the Fermi levels of
the sample and the tip, between Ersampie and Ersampie + AE in this case. Likewise, for a
negative bias applied, the tunneling electrons flow from the filled states of the sample to the
empty states of the tip, and the contributing energy states are limited t0 Er sampie aNd Er sampie
- AE. Two important features of STM result from this. First, by choosing the sign of the
bias applied, the user can selectively probe empty or filled states of the sample surface
interest. This technique is especially useful in distinguishing the electron-deficient and
the electron-rich elemental components of a superconductor or a doped semiconductor.
Second, for a small bias the density of states can be approximated to be constant with

respect to energy, and the tunneling current varies nearly linearly with both bias and

density of states as /@ approaches zero. As a result, the contribution to the contrast

av
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due to the topography of a surface of homogeneous composition dominates over the
electronic variation in contributing energy states, and thus the image becomes an accurate

reflection of surface corrugation even though it probes only the electronic effects of the

sample.
tip sampie +
E-,; s R
]
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v B
// SR i EiF
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Figure 1.2. Energy diagram of tunneling for both positive (right) and negative (left)
sample bias. The shaded areas represent filled energy states. In the positive bias mode,
electrons flow from the filled states of the tip into the empty states of the sample. In the
negative bias mode, the electrons flow from the filled states of the sample into the empty
states of the tip. [14]

More complete theories of tunneling that account for the three-dimensional
geometry of the tip and the detailed electronic structures of the tip and surface preserve

this fundamental picture while emphasizing the importance of contribution by the local

density of states [17-20].

1.2.2 Capabilities and Limitations

The scanning sharp tip probing the sample locally through quantum tunneling of

electrons makes STM a unique microscopy, as it requires no lens as in the case of SEM

13
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and thus there is no image distortion due to aberration. The electrons involved in STM
have an energy of a few electron volts (eV), in contrast to electron energies of several
keV to MeV in high resolution electron microscope, making radiation-induced sample
changes and damages less likely. In STM, the electron energies used in imaging can be
selected to be smaller than typical energies of chemical bonds to minimize destructive
atomic resolution imaging, or to be larger than certain types of chemical bonds to
selectively induce bond cleavage. Although the wavelength of a typical tunneling
electron of 1 eV used in STM is roughly 12 A, which is larger than typical interatomic
distances in solids of about 3 A, STM operates in the near-field regime where the
distance between tip and sample surface of typically a few angstroms is comparable to or
less than the electron wavelength. In this regime, the spatial resolution is no longer
diffraction-limited (as in techniques such as SEM that operate in the far-field region) and
is not determined by the wavelength of probing electrons.

In addition to high resolution and sensitivity, STM offers considerable versatility.
Scanning tunneling microscopes can image the surfaces of metals [21], semiconductors
[22], superconductors [23], and even thin oxide layers grown on conductive substrates
[24]. Because the tunneling mechanism relies primarily on proximity, STM is not
restricted to environments with large mean free electron paths. In addition to vacuum,
common operating environments include low and high pressure gases [25] (up to several
atmospheres) and liquids [26]. Especially in the case of liquid medium, tunneling current
can still occur even though the intermolecular distance of the medium may be

comparable or even smaller than the tip-surface separation distance, for as long as the
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medium remains homogeneous on the time scale of tunneling current measurement, the
medium and its molecular components serve only as a stable potential barrier for the
tunneling electrons to overcome. In addition, substrate temperatures for STM studies can
vary over a wide range as well, from cryogenic up to several hundred degrees centigrade
[27, 28].

One intrinsic limitation of STM is the combined dependence of the tunnel current
on d and ®,,,, which mixes the effects of topographic and electronic variations as the tip
moves across the surface to generate an image. Thus, although STM can produce images
of surfaces with superb detail, care must be taken when interpreting features in these
images [29-31]. For example, upon individual adsorptions onto a Pt(111) surface, CO
appears as a protrusion (or region of brighter contrast) while O and H both appear as
depressions (or areas of darker contrast) on the same surface. Theoretical calculations, as
well as experimental techniques such as measuring the change of 7 with respect to d and
V, are generally required to separate topographic and electronic contributions. In attempt
to decouple topographical and electronic effects in imaging, many different types of
scanning modes have been developed to emphasize one contrast mechanism over another
in imaging the surface. The two most common measuring modes (generally for surfaces
of homogeneous composition) are the topography (or constant current) mode and the

current (or constant height) mode. (Figure 1.3)
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Figure 1.3. Operational principles of topography and current modes. In the former case,
the tip is traced over the corrugation of the surface as a feedback loop maintains a
constant current. In the latter, the tip position is constant while the variation in current is
measured.
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In topography mode, the tunneling current is constantly monitored by a feedback
loop, which adjusts the tip height through the use of piezoelectric transducers to maintain
the same current set point at a preset voltage. By measuring the change in the voltage
applied to the piezoelectrics, a topographical image can be produced assuming the
surface is mostly homogeneous. Such assumption in general is true for large scale and
low-resolution imaging, since local defects become less significant in the tunneling
contribution. Due to the careful control of a feedback control loop, the topography mode
is extremely sensitive to surface changes in topographical height or local electronic
states. By the same token, due to the necessary settling time for tunneling current (to
minimize induced current from previous piezoelectric adjustment) before input to the
feedback control and the finite time for piezoelectric regulation, the imaging time is
generally long (tens of seconds to minutes per image) for this mode. However, (to a
larger degree) by minimizing the size and resonance frequency of the piezoelectrics used
and (to a smaller degree) by developing feedback control with faster response, while
sacrificing imaging size and range, imaging time under topography mode can be reduced
to several images per minute.

In contrast, the current mode images are taken by increasing the scan rate through
minimizing the feedback control of the tip, by either decreasing the settling time allowed
of the measured current input (and thus resulting in less accurate and responsive
feedback) or disabling the feedback completely in some cases. The goal is to measure the
changes in topography and electronic states on the surface through the variation in the

tunneling current, while a suppressed feedback loop can continue to provide adequate
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compensation for slopes and thermal drifts. As a result of the virtual absence of the
feedback loop, the imaging rate under the current mode can be several orders of
magnitude higher than that under the topography mode. Thus, this allows for real time
monitoring of dynamic processes such as surface reconstruction as result of adsorption or
reaction. At the same time, thermal drifts and distortion in the slower scan direction can
be minimized due to smaller acquisition time. The rate of obtaining images is practically
limited by the high speed of the data acquisition system, although the maximum scan rate
(or more accurately the sweeping frequency of the scanning piezoelectric transducer) is
still limited by the inherent resonance frequency of the system. In addition, since the tip
needs to be positioned only a few angstroms above the surface as a result of the
exponential decay of tunneling current upon increase in distance, the surface imaged
under the current mode must be atomically relatively flat as a simple step edge can lead
to loss of height resolution, tip-induced surface changes, or even a mechanical crash of
the tip. In general, ultra fast STM constructed for rapid scanning under the current mode
is especially rigid and small, to minimize mechanical instability and piezoelectric
response time and nonlinearity, as well as to reduce net thermal drifts as a result of
temperature control or the lack thereof.

In addition, different modes of imaging local density of states have been
developed to decouple electronic structure measurements from topographic effect. By

varying voltage at small amplitude and high frequency to minimize the nonlinear change
. ) ) ol
of transmission coefficient and feedback compensation, measurements of 5 , known as

scanning tunneling spectroscopy, provide information about the local density of states
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and have been utilized extensively to study semiconducting surfaces [32-34], as well as

metals [35], isolated atoms [36], superconductors [37, 38], and oxides [39].

ol . . Lo .
Measurements of o (known as constant barrier height mode), which is proportional to

J @ » can be used to map spatial variations of the work function, by modulating the tip-

sample distance at a frequency higher than the feedback compensation and measuring the
variation in current [40, 41]. Since the effective work function of the tip remains
constant and modulation of the tip height is small, any variation in contrast is as a result
of changes in the local density of states on the surface.

A further limitation of STM is a lack of chemical specificity when imaging atoms
and molecules adsorbed on surfaces. This weakness is typically addressed by studying
systems of predetermined chemical composition, as evidenced in Chapter 4, or by pairing
STM with complementary but albeit more averaging techniques such as IRAS, AES,
XPS, or TPD. In recent years, however, experiments have demonstrated the ability of
STM to conduct vibrational spectroscopy on individual molecules. [42-44] In this
technique, known as STM inelastic electron tunneling spectroscopy (STM-IETS), a small
fraction of tunneling electrons lose energy during tunneling between tip and substrate
surface to internal vibrational modes of the adsorbed molecule being monitored. By
varying the bias voltage applied between the tip and sample, new inelastic tunneling
channels open whenever the electron energy exceeds the energy of a molecular
vibrational mode, and the resulting variation of the total tunneling current yields a

vibrational spectrum of the molecule. In addition to finger-printing the chemical identity
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of adsorbates, this technique opens exciting new possibilities for studying the effects of
the local environment on the internal states of molecules.

STM-IETS is also closely related to the topic of manipulation of adsorbates by
STM, in which energy provided by tunneling electrons to vibrational modes induces
controlled translations or rotations of an adsorbed molecule [45. 46]. If sufficient energy
is provided to specific vibrational modes, molecules may desorb [47] or internal chemical
bonds may be selectively broken [48, 49]. Under specific conditions the reverse process
of selective bond formation has also been observed, offering the potential to use STM to
construct complex molecules atom by atom [49]. In general, both STM-IETS and
molecular manipulation requires either low temperature or weakly adsorbed large
molecules to minimize adsorbate diffusion in the former case while avoid necessitating
large bias voltage that may inadvertently alter the probing tip in the latter, but the
prospect of manipulating and constructing molecules atomically offers an exciting front
of nanotechnology.

While there are inherent limitations in STM, new imaging modes and novel STM
motor designs are continuously being developed to match the different needs required by
numerous fields of science. As the field of nanometer-scale science and technology
becomes more and more important, STM and its related SPM techniques can provide the
crucial answers to the needs of observing and understanding the increasing role of
surfaces at the atomic level in real space and time, as well as offer the satisfaction to the

aspirations to create and control with similar precision. In particular, the ability to
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observe reaction progress in real space and time with atomic resolution is vital in

understanding reaction mechanism as well as improving catalyst design.
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Chapter 2

Experimental Techniques

2.1 Overview

The difficulties of imaging and detecting surfaces at the level of atoms,
molecules, ions, or electronic structures are often formidable. Accordingly,
characterization of surfaces generally involves the use of a variety of complementary
techniques. While as described in the previous chapter most traditional surface science
techniques are highly dependent of the electron mean free path and thus limited in their
roles in high pressure in sifu studies, they still provide valuable ex sifu information
otherwise difficult to obtain by the limited selection of high pressure surface analysis
methods. The lack of chemical specificity and large sampling area in scanning tunneling
microscopy (STM) studies can be alleviated by performing in addition other experimental

techniques, such as Auger electron spectroscopy (AES) for chemical analysis of the
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surface species, low energy electron diffraction (LEED) for observing long-ranged
surface order, and mass spectrometry for identifying reaction products in the gas phase as
well as providing information about reaction kinetics to correlate with structural
information given by STM and LEED. The former two of these three techniques, along
with proper sample preparation by ion bombardment and annealing, provide the basis of
sample treatment and analysis before and after the high pressure STM studies presented
in the following chapters, while mass spectrometry provides the means of identifying
contaminants as well as monitoring reaction progress within the system. This chapter
describes the principles behind these techniques as well as outlines their specific roles in

the studies as reported in this dissertation.

2.2 Auger Electron Spectroscopy

Auger electron spectroscopy (AES) has emerged as one of the most widely used
analytical techniques for obtaining the chemical composition of solid surfaces. The basic
advantages of this technique are its high sensitivity for chemical analysis in the less than
20 A deep near the surface, a rapid data acquisition speed, its ability to detect all elements
above helium, and its capability of high-spatial resolution. The high-spatial resolution is
achieved because the specimen is excited by an electron beam that can be focused into a
fine probe. Combined with scanning tunneling microscopy (STM), AES makes a useful
complement to provide the necessary chemical identification of surface species ex situ

both before and after high pressure experimentation.
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The Auger effect was discovered by Pierre Auger in 1925 while working with X-
rays and using a Wilson cloud chamber. Tracks corresponding to ejected electrons were
observed along a beam of X-ray [1]. He observed such electrons to have discrete energy
characteristics of the emitting elements. In 1953, J. J. Lander became the first to identify
Auger transitions through the use of electron bombarding in high vacuum as the means to
observe Auger emission from solid surfaces. [2]

Excitation of an atom, such as by an energetic electron, photon, or ion can result
in the emission of a core electron. To reduce the significant potential energy of this
ionized state, an electron from the outer shell relaxes into the vacant orbital. The energy
released from this relaxation process can be emitted in a radiative (usually an X-ray) or
non-radiative (via a third electron, known as the Auger electron) process, as indicated in
Figure 2.1 . The kinetic energy of the emitted Auger electron is approximately equal to
the energy available from the relaxation process (or the energy difference between the
core and the outer shell electrons) subtracting the binding energy of the final emitted
electron. Thus, the Auger electron carries information concerning the electronic structure
of the emitting atom. All elements, except hydrogen and helium due to insufficient
electrons, exhibit the Auger effect. In the 50 to 2500 eV kinetic energy range (which
forms the typical AES operating range), the Auger emission predominates X-ray
emissions by approximately two orders of magnitude. [3] This energy range, in turn,
translates into a typical mean escape path of less than 40 A, or less than 20 atomic layers,

for the Auger electron, making the Auger effect quite surface selective especially when
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enhanced at the expense of signal strength by employing grazing angles of incidence and

detection.
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Figure 2.1. Energy level diagram showing the Auger electron process. The energy states
are labeled with their one-electron binding energies. Incident excitation, in form of an
electron in this case, causes an ejection of a core electron and subsequent relaxation of an
outer electrons, which in turn leads to the emission of the Auger electron.

In AES the atomic core levels are typically ionized by an incident electron beam
and the resulting Auger electrons are detected with an electron spectrometer. These
electrons form small peaks in the total energy distribution function. The incident
electrons entering a solid are scattered both elastically and inelastically. At the primary
beam energy a sharp peak is observed, caused by electrons that have been elastically
scattered back out of the specimen. For a crystalline specimen, these electrons carry the
crystal structure information, which is exploited in techniques such as low energy

electron diffraction, as will be discussed in the following section. At slightly lower

energies there are smaller peaks due to electrons that have undergone characteristic
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energy losses. The information contained in this region is exploited in the technique of
low-energy electron loss spectroscopy. At the low-energy side of the spectrum, there is a
large peak corresponding to the secondary electrons. A few hundred electron-volts above
this peak is a loosely defined crossover energy, above which the distribution is dominated
by backscattered primary electrons, and below which the secondary electrons form the
major component. The crossover point depends on the primary beam energy and moves
to higher energies with increasing incident beam energy. The peaks due to Auger
electrons are superimposed on this distribution. As a result, the Auger effect was not fully
taken advantage of and AES was not developed until the 1960s, when ultra high vacuum
(UHV) technology became commercially available, and L. A. Harris was the first to
demonstrate that differentiation of the secondary electron energy distribution was
essential to obtain high contrast spectra [4], since Auger electrons are typically only a
small fraction of the total number of secondary electrons detected at a given kinetic
energy. Differentiation emphasizes the Auger electron distribution because the energy
dependence of the Auger electrons is peaked in energy and much sharper than that of the
secondary electron background, which varies gradually with incident beam energy.

In this work, an electron gun bombards the surface with energies near 3000 eV.
The ejected Auger electrons are collected using a cylindrical mirror analyzer (CMA),
which acts as a band pass to measure the number of electrons within a energy range set
by collection aperture size and angle. The differentiation of the collected signals is
achieved by modulating the voltage to the grid, then detecting the second harmonic of the

signal with a lock-in amplifier. For the STM studies recorded herein, AES is mainly used
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to qualitatively verify the cleanliness of the single crystal surfaces before performing
experiments. Figure 2.2 shows AES spectra for a Pt(111) surface before and after sample
preparation by ion bombardment and sample annealing, with the former case
contaminated mainly by carbon. Our detection limit for carbon, the major contaminant
for our transition metal surfaces, is about four percent of a monolayer. In addition to
qualitative analysis, to some extent quantitative information can also be obtained from
the spectra to determine the surface coverage of specific elements by comparing the

relative intensity of the adsorbate peaks to that of the substrate peaks.
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Figure 2.2. AES spectra for a Pt(111) surface before (magenta) and after (blue) sample

preparation. The platinum characteristic peaks appear at 43 eV, 63 eV, 168 eV, 237 eV,
and 251 eV. These peaks are attenuated, when carbon (272 eV) is present.
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2.3 Low Energy Electron Diffraction

Low energy electron diffraction (LEED) provides a method to investigate surface
ordered structures under ultra high vacuum conditions. The strong interaction between
electrons and matter provide LEED with its surface sensitivity, and offers information
about the size and shape of the unit cell of the substrate surface, the degree of order, and
the atomic structure and bond angle of overlaying adsorbates. The dynamical analysis of
intensities, which fully accounts for the multiple scattering of electrons, yields the
structure of the surface with high precision for atomic positions. Although limited by
high vacuum application and sensitivity to impurities due to its reliance on electron beam,
LEED provides crucial chemical and structural information on surface ordered structures
to aid the interpretation of often convoluted topographical and electronic information
provided by STM: LEED experiments provide information over macroscopic sample
surface areas and yield averaged interatomic distances for crystalline materials, while
clear and sharp diffraction patterns can still occur on a surface that appears highly
defective under STM; on the other hand, the surface area that STM typically observes is
of atomic details but comparably small, where this narrow observation may sometimes be
inadequate to draw representative conclusions for the whole surface.

The basis of LEED is based on the fact that electrons act both as particles and
waves, which C. J. Davisson and L. H. Germer proves in 1927. [5] This relationship
between the electron’s wavelength and its kinetic energy can be calculated through the de
Broglie relation. Above certain energy, the electron wavelength is short enough to
undergo diffraction from a periodic atomic array. In the case of LEED, a monochromatic
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beam of low energy electron, typically of 20 to 300 eV (or of 0.7 to 2.7 A wavelength), is
scattered elastically off the lattice of a sample. Due to the wavelength of the electron
beam being on the same order of a typical lattice constant, the beam of electrons forms a
diffraction pattern off an ordered surface. Due to small mean escape path of the scattered
electrons, only the top 2 to 3 layers of sample atoms contribute to the diffraction pattern
and this gives rise to the surface specificity of LEED.

The LEED pattern formed is related to the two dimensional surface unit cell of the
sample as the X-ray diffraction pattern is to the three dimensional unit cell of a crystal,
such as the LEED pattern of Pt(111) shown in Figure 2.3; the LEED diffraction is a
projection in reciprocal space of the real space two dimensional unit cell. Similar to X-
ray diffraction, LEED diffraction pattern follows the condition of Bragg diffraction
(Figure 2.4), where each atom in the two dimensional unit cell scatters the incident wave
into spherical waves, which merge into outgoing plane waves. Only the scattered waves
with path difference being an integer multiple of the electron’s wavelength will be
constructively interfering and outgoing. Thus by tuning the energy and thus the
wavelength of the incident electron beam, different unit cells on the sample surface will

yield observable diffraction patterns.
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Figure 2.3. LEED pattern of a Pt(111) surface.
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Figure 2.4. The layer of exposed balls constitutes a Bragg plane, a plane from which the
incident microwave is reflected. Two such waves will interfere constructively if the path
difference is equal to an integer number of wavelengths: nA =2d sin6.

For qualitative analysis, LEED can be used to determine the symmetry of the

surface and any overlayer of adsorbates through inspection of the diffraction patterns.

Quantitative application can be also performed to determine the three dimensional
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positions of both adsorbate and substrate atoms on the surface, to an accuracy of below
tenths of an angstrom, through interpretation and calculation of both the intensity and
symmetry of the scattering patterns and their relationship to incident beam energy.

However, the information obtained from LEED is limited to low coverage
structures under vacuum or kinetically arrested order induced by cooling, and can only
serve as a complement to STM under similar conditions. In addition, the diffraction
pattern of LEED is an averaging result over many equivalent atoms, with little sensitivity
to the involvement of local ordering and defects as well as molecular clusters.

Due to the high pressure nature of the studies recorded therein, LEED is used
primarily to ascertain the order of the clean sample crystal surfaces prior to experiments
after polishing and cleaning. Referring to Figure 2.5, a sample is irradiated by an electron
beam of typically 200 to 300 eV, and the backscattered electrons are collected by a
phosphorus-coated screen behind four grids that serve as a high pass filter to prevent
illumination of the screen by inelastically scattered electrons. The pattern thus formed is
proportional to the number of impacting electrons [6], and is inspected visually through a
charge-coupled device (CCD) video camera. The cleanliness and the miscut angle of the
sample are then determined by the intensity and the reciprocal lattice vectors of the

diffraction pattern.
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Figure 2.5. Schematics of a LEED apparatus, where electron beam from a electron
source is focused and accelerated to a specific energy to impact a sample surface. The
diffracted electrons illuminate the phosphorus screen after passing through differential
grid filters.

2.4 Mass Spectrometry

Mass spectrometry provides a complementary technique to monitor the chemical
composition of the gas phase during heterogeneous catalysis, just as AES provides a
means to monitor chemical identities of the surface species albeit after high pressure in
situ studies. By extracting a small sample of the high pressure reaction gas into a ballast,
which can be as simple as a vacuum chamber of a much larger volume, that is equipped
with a mass spectrometer, the reaction progress as well as the gaseous species present can
be continuously examined and related to the structural information provided by the
simultaneous STM observation of the catalyst surface. However, care must be taken to
ensure the reaction gases are well mixed within the reactor so that the sampling is

representative of the actual reaction progress near the catalyst surface.
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The evolution of mass spectrometry has been marked by an ever-growing demand
for its application to problems of increasing difficulty such as biomolecule analysis and
the coincidental development of computer technology. New developments in the
technology have created a complex array of instruments, but the basic components of all
mass spectrometers are essentially the same. These components may be best understood
by tracing the path of an ionized molecule within a mass spectrometer. As a general
overview as indicated in Figure 2.6, an ion source first ionizes the molecule of interest,
then a mass analyzer differentiates the ions according to their mass-to-charge ratio, and
finally a detector measures the current induced by ion beam. Each of these elements
exists in many forms and is combined to produce a wide variety of mass spectrometers

with specialized characteristics.
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Figure 2.6. Schematics of a mass spectrometer, which can be functionally divided into
three areas: source where sample is introduced and ionized, analyzer where ions are
filtered and selectively fragmented, and detector where ion quantity is converted into
electrical signals.

All mass spectrometers require a vacuum. A vacuum is necessary to permit ions

to reach the detector without colliding with other gaseous molecules. Such collisions
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would reduce the resolution and sensitivity of the instrument by increasing the kinetic
energy distribution of induced fragmentations of the ions, or by simply preventing the
ions from reaching the detector. When the mean free path of gas molecules in a vacuum
system is on the order of a few centimeters or more (at < 10™ Torr), a hot filament in a
mass spectrometer can provide a source of electrons through thermal emission to create
mostly positive ions at a rate depending on the gas pressure, temperature and species of
the individual molecules. After the electrons pass through the source grid, they continue
through to the ionization gauge section, where they produce more ions. These ions will
strike the collector wire and produce a current there, proportional to the total gas
pressure. The stream of ions is then electrostatically focused toward the mass filter. In a
lot of cases, a quadrupole mass filter, consisting of an arrangement of four metal rods
with a time-varying electrical voltage of the proper amplitude and frequency applied, can
be made to pass only ions of a particular mass entering along the axis at one end, through
to the other end. Thus, the mass filter must be constructed very accurately to have the
same pass band throughout its length. At the same time, the quadrupole mass filter can
also serve an ion trap to selectively isolate ionized molecule of a particular mass for
subsequent collision activation to produce a fragmentation spectrum that often serves as a
fingerprint of the molecule. The ions that pass through the mass filter are then focused
towards a Faraday cup, where the collision of ions onto the dynode surface generates a
small current as a result of secondary electron emission, and the current is measured with
a sensitive amp meter, with the resulting signal being proportional to the partial pressure

of the particular ion species passed by the mass filter. The current produced by the ions is
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very small. For example, at 10" Torr partial pressure at mass 28 the current at the
Faraday detector is approximately 10 femtoamps. [7] This requires an extremely sensitive
amplifier, usually in the form of an electron multiplier where serial collisions upon a
series of dynodes generate an electron cascade and a much amplified current (typically by

a factor of a million).

Figure 2.7. Residual gas analysis of a typical UHV system at 1 x 10™°, showing main
contaminants in form of hydrogen, methane, water, CO and CO,, with hydrogen being
the most dominant due to its low compression ratio in pumps.

The primary function of the mass spectrometers equipped on both of the STM

systems as described in Chapter 3 and Chapter 5 is twofold. First, residual gas analysis by
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mass spectrometry is regularly performed on the system background gases as a means to
monitor contaminants and perform helium leak testing if necessary. A typical spectrum of
residual gases is presented in Figure 2.7 and show a minor amount of atmospheric
components, which include hydrogen, methane, water, carbon monoxide, and carbon
dioxide. Of these, hydrogen, and occasionally carbon monoxide, is typically the dominant
species. An abnormally strong presence of water and the presence of oxygen peaks
oftentimes indicate improper evacuation of the system and possibly leaks, which usually
warrants subsequent helium leak testing to locate offending regions. Secondly, mass
spectrometry is periodically performed during in situ studies to provide information on
the chemical composition and thus reaction progress of the reaction gases. Due to the
high pressure nature of the STM studies performed, a small sample of the batch reactor
gas mixture is withdrawn by a leak valve to be monitored by mass spectrometer. Due to
the lack of a reactor stirring mechanism and the relatively long diffusion path from the
reactor to the mass spectrometer detector, sampling is usually allowed to proceed for 5
minutes or more, until the detected values are stable, before a final figure of the gas
composition is recorded. For each study, the detection sensitivities of the mass
spectrometer towards different gases are calibrated using the known gas quantities added

and the detected peak intensities of the initial composition.

2.5 Sample Preparation

In general, a single crystal sample of certain desired size and surface orientation is
initially prepared by either growth method or selective cleavage from an existing boule of
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correct orientation. Due to inherent degree of imprecision as a result of the method used,
the sample oftentimes requires subsequent polishing to minimize the miscut angle and
maximize the atomic terrace size of the correct orientation. The sample is usually first
polished with grinding papers of high mesh level (> 400 mesh), and afterward refined
using different diamond paste of decreasing grain size (from 15 pm to 0.25 um) on wet-
and-dry polishing cloths. The atomic flatness of the single crystal sample is achieved,
when microscopic residues as a result of the polishing are removed by chemical etching
of the single crystal in the end, usually by immersing in hot acid bath for a short period of
time.

Although the sample thus prepared has good atomic flatness, the cleanliness of
the crystal still needs to be maintained on a daily basis to remove impurities as a result of
contamination from the UHV environments, prior reaction or adsorption studies, and
surfacing impurities from the bulk due to the initial crystal growth method.
Contamination as such not only occupies surface metal sites of interest during
experiments, but also leads to crystallographic changes of the sample surface. As a result,
the sample needs to be monitored by AES and LEED to ensure cleanliness and correct
ordered orientation of the sample, respectively, before each study.

Oftentimes, contamination needs to be from the sample surface prior to
experiments in form of ion bombardment followed by annealing. Ion bombardment guns
are usually electrostatic devices, where inert gas ions, such as Ar', are generated by
collisional excitation with electrons of typically 100-200 eV from a hot filament. To

avoid contamination of the analysis chamber where ion bombardment is performed, the
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ion gun is usually differentially pumped during operation. Highly charges ions are
produced by with a high intensity electron beam (~100 A/cm?) that strips many electrons
from inert gas molecules (usually introduced at about 5 x 10™ Torr to achieve high ion
density) that happen to cross its path. The positive ions as a result are then accelerated to
0.5-5 keV and focused onto the sample surface. The impact of the highly energetic ions
causes small clusters of atoms to be ejected indiscriminately from the surface, and the
amount of materials removed from the surface can be adjusted by either energy of the ion
bombardment, or, more significantly, performing the ion bombardment process at
elevated temperatures. As a result, impurities as well as native sample atoms are
removed, leaving behind a surface that is more pristine but no longer atomically flat for
the crystal orientation of interest. In the case of STM where large atomic terraces are
often desired in order to allow successful imaging, the sample needs to be annealed at
elevated temperature to allow surface atoms to realign into order with the bulk orientation
of the sample crystal. The sample crystal can be heated by various means, such as
resistive heating by applying a differential on the sample, conductive heating by a button
heater, radiative heating by a heating lamp, or electron bombardment by an electron beam
heater (which operates similar to the electron source in an ion gun, but oftentimes uses a
filament of lowered work function through doping to generate an increased flux of
electrons). In cases where contamination is severe on the sample surface as a result of
newly obtained sample or recent exposure to atmospheric environment, reductive or
oxidative gases (such as carbon monoxide and oxygen, respectively) can be added in

small amount (~ 107 Torr) during annealing to promote removal of contaminants. The
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cleanliness and order of the sample thus prepared by the combination of ion
bombardment and sample annealing can then be confirmed by AES and LEED, prior to

introduction to the experimental setup.
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Chapter 3

High Pressure, High Temperature Scanning
Tunneling Microscope System

3.1 Overview

This section describes the design of a high pressure, high temperature scanning
tunneling microscope system that is capable of monitoring reactions in situ at conditions
from UHV and ambient temperature up to 1 atm and 250 °C. Similar to many existing
high pressure and high temperature STM systems in the world, the STM motor is
contained in a UHV chamber that serves as a reactor cell up to 1 atm, and samples can be
transferred in and out of the reactor chamber to an adjacent UHV analysis chamber for
external characterization and treatment. The system was originally designed by Dr. John
Jensen, and assembled by Dr. John Jensen, Dr. Keith Rider, and Dr. Yong Chen. The

system continued to evolve and be maintained over a number of years through the work
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of Dr. Kevin Hwang and the author. While the basic performance of the instrument was
demonstrated within two years of the initial design work, years of development and
modification have continued to be needed to meet the new demands of thermal
requirement and reactive environment. The design presented in this chapter and the
results presented in Chapter 4 are a direct product of the considerable effort that the
author and many others have spent to achieve the current satisfactory performance from
the system. This system also serves as a template to improve upon during the design of

the new ultra high pressure, high temperature STM as described in Chapter 5.

3.2 STM Design

The microscope is a commercially available Beetle or “Johnny Walker” STM
(RHK Model VT-UHV300), a popular STM design inspired originally by Besocke [1, 2],
equipped with built-in sample heating and cooling ability within the sample stage, and in

vacuo tip and sample exchange.

3.2.1 Motor

Referring to Figure 3.1, the motor consists of a metallic body, three piezoelectric
tubes arranged concentrically on a bolt circle of 5/16”that support the overall body and
provides inertial coarse approach for bringing the tip into scanning range as well as
coarse positioning across the sample surface, and a central piezoelectric tube that is used
for scanning as well as fine adjustment of scanning window and holds a receptacle for

receiving an exchangeable tip holder. The placement of the four piezoelectric tubes
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minimizes the mechanical loop and thus the vibration from instability felt by the central
scan tube. The set of the three outer piezoelectric tubes on the STM motor is lowered by a
linear manipulator onto a set of three molybdenum ramps, which are machined as three
helical segments and polished to the same roughness, on top of the sample holder.
Sapphire half-balls are glued to the end of each outer tube to provide a stable three-point
contact (as three points determine only a single plane) with the set of ramps. Then the

manipulator is retracted so that the motor decouples and rests under its own weight.

Z manipulator

Figure 3.1. Schematic of a Beetle-style STM. The microscope consists of a metallic body
(disc), piezoelectric tubes for approach and scanning (gray tubes), and sapphire ball point
contacts (half-balls). The microscope can be lowered onto a set of three ramps by a
manipulator until they decouple from each other. Through slip-stick motion, the tip is
lowered till it is in tunneling range with the sample (center of the set of ramps).

The outer piezoelectric tubes are 0.5 long and 0.125” in diameter, while the inner

tube is the same size but half as long to compensate for the length of the tip and its
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holder. All tubes are attached to the microscope body with epoxy, and each is plated on
both inside and outside with nickel as electrodes, with the outer electrode partitioned into
four quadrants. Asymmetric voltages applied to opposite quadrants relative to the
common inner electrode produce transverse deflection of the tube end, while symmetric
voltages to all quadrants result in axial expansion or contraction. At room temperature
the step sizes are roughly 20 nm/V and 4 nm/V for transverse and axial deformation of
the outer tubes, respectively, and half the sizes for the inner tube. Calibration is
performed periodically in situ using known periodic structures, usually CO adsorption on

transition metal surfaces, or highly ordered pyrolytic graphite (HOPG).
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Figure 3.2. Electrode orientation of the approach and scanning piezoelectrics. Combined
with the helical ramp design, voltage signals applied to electrode group A will result in
vertical displacement of the tip by inertial rotation of the microscope. Signals applied to
electrode group B allows coarse repositioning of the tip along the sample surface.

The outer tube quadrants are oriented for tangential and radial displacements

(Figure 3.2). By applying a voltage pulse of a selected polarity, which determines the

direction of the net motion, with a short rise-time (< 1 ms) followed by a slow (on the
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order of milliseconds) reduction of the voltage, the inertia of the head causes the ball
contacts at the end of the outer tubes to initially slip against the ramps, and subsequently
stick to the ramps and relax to bring the rest of the body to the new equilibrium position.
The size of each concerted set of step is determined by the amplitude of the voltage pulse
applied. As the STM motor rotates, it ascends or descends the ramp segments to vary the
tip-sample distance over a 1 mm range, with reproducible vertical steps from 20 to 200
nm depending on the voltage applied. During approach, the software controlling the STM
generates a series of 5 steps with the central tube fully retracted to protect the tip, and
then the central tube is extended toward the sample to test for tunneling current. The
process repeats itself until the value of tunneling current reaches a preset threshold, after
which the user can manually bring the tip into tunneling and scanning range through
single coarse approach step or extending central piezoelectric tube.

Due to the small contact area between the STM motor and the ramps on the
sample holder, the body and the piezoelectric tubes remain near room temperature at all
times during heating and cooling. This thermal isolation of the STM from the sample,
which can be improved significantly by using glass instead of sapphire for contact points,
helps to protect the piezoelectric transducers, and to reduce thermal expansion transients
due to temperature gradients and different equilibrating time of different materials when
the sample temperature is varied. However, due to the proximity of the tip to the sample,
the energy resolution of the STM is severely limited due to the thermal distribution of
electrons at the tip. In addition, the intrinsic resonance modes of this design without the

added mass of tip exchange mechanism are in general only moderately high (4-5 kHz),
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which limit the maximum scan rate and make imaging more susceptible to thermal drifts.
A further and significant disadvantage of this STM design is the tendency to exhibit
undesirable vibrational resonances between 500 and 1700 Hz [3], which appear to relate
to the low contact force between the half-balls and the ramps [4], and instability as a
result of ball contacts resting on irregular pits on the ramps that are a result of wear from

repetitive slip-stick motion of the hard sapphire balls on the molybdenum ramps.

3.2.2 Sample Holder

The design of a removable sample holder is essential to combining the benefits of
sample preparation and characterization under UHV conditions and high pressure and
high temperature in situ STM studies under equilibrium. Not only does the holder need to
incorporate design that allows for easy handling methods even under the already limited
in vacuo manipulation precision, but the holder must serve as a sufficient conduit
between sample and stage to maintain good mechanical and thermal contact and stability
upon insertion to the mating counterpart. Moreover, the materials chosen for the sample
holder must behave similarly with each other as well as with the sample stage materials,
in order to minimize discrepancies in thermal expansion that lead to loosening of
components or even mechanical failures upon thermal cycles.

The basic sample holder consists of two parts: a gold-plated copper body, and a
set of three molybdenum helical ramps at the top for coarse approach of the Beetle STM
as briefly described in the previous section. The choice of copper for the sample holder

body ascertains rapid thermal transition and equilibration during thermal adjustment. The
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purpose of the soft gold plating is threefold. First, it serves as a protective barrier of the
copper body against chemical erosion during reactive studies. Secondly, the good
malleability of gold, especially at high temperature, ensures good mechanical and thermal
contact between the copper body with the mating receptacle. Lastly, by the same token,
gold serves as an inert lubricant to ease transfer under vacuum, where friction generally is
higher to due to lack of carbon species and moisture commonly found in ambient
environment. The side of the sample holder body contains two notches, or “necks”, all
the way around to allow handling by manipulation forks as well as mounting onto stages
for preparation and experiments. The center of the holder body is hollowed out and lined
with alumina for thermal protection of the body, to allow the insertion of a halogen light
bulb through the sample holder to irradiate and heat the sample from the back side.

The molybdenum section of three ramps has a central depression with a smaller
circular hole in the middle that allows seating of a sample of 10 mm in diameter. A type
K thermocouple that touches the sample is isolated by a ceramic tube and extends about 4
mm away from the sample holder. These wires are positioned so that they align with
matching wires on both the STM and the UHV analysis stages. Initially, the sample
holder is designed to have a sample spot-welded directly or mounted by two tantalum
strips spot-welded onto a tantalum disc of 10 mm in diameter, which in turn is seated
mechanically onto the ledge of the central depression in the molybdenum section and
held down by three leaf springs mounted through screws at the bottom of the ramps.
However, this design has been found to create two serious problems. First, the

mechanical stability of the sample in the holder is poor due to the lack of direct rigid
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mounting of the sample onto the holder. The spot-welding of the sample onto the
tantalum disc does not ensure a stable mechanical connection, while the seating of the
sample ensemble onto the ledge is unstable due to large contact area. Secondly, the
thermal performance of the sample holder is seriously compromised, as heat is readily
transferred from the sample onto the ramps and subsequently to the entire sample holder
and the stage. The thermal loss from the sample to the rest of the system prevents the
sample from annealing at temperatures higher than 800 °C, and the thermal cycling of the
molybdenum section causes the loosening of the screws that are controlling the tension of
the leaf springs.

As a result, the sample holder has been modified to ensure better mechanical
stability and thermal isolation of the sample from the holder body. (Figure 3.3) The
sample is now mounted down directly by the existing three tantalum leaf springs, which
are maintained by three screws accompanied by three split washers to maintain tension
upon repeated heating cycles. On the other side of the sample and directly opposite the
contact points of the three leaf springs, the sample is seated on three glass balls of 1 mm
diameter, which serve as a three-point contact to maintain mechanical stability and
thermal isolation of the sample. The glass balls are, in turn, seated in three holes of 0.25
mm diameter aligned evenly on the same bolt circle on the existing ledge. This overall
modification reduces the amount of mechanical vibrations detected (especially at high
gain and thus enhanced response of the feedback loop) during imaging, and allows the
sample to be heated and maintained to temperatures above 900 °C repeatedly with

minimal need to readjust the tension of the leaf springs.
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Figure 3.3. Schematic of the modified sample holder for the Beetle STM, which consists
of a set of three molybdenum ramps (gray) for approach and a gold-plated copper body
with two “necks” for manipulation by forks. Top view shows a set of three 2-56 screws
for mounting leaf springs (gray circles) and a set of clearance holes of 0.010” diameter
(white circles) for 1 mm glass balls to seat in, between both of which the sample is
mounted as shown in side view. Thermocouple wires are routed through a ceramic tube
(lightly shaded) spot-welded onto the sample.
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3.2.3 Sample Stage

While the existence of a sample stage is simply to serve as a receptacle for the
exchangeable sample and tip holders in preparation for STM studies, the design
requirement of the sample stage remain stringent and similar to that of the sample holder,
due to its direct mechanical path to the STM motor and the sample with no damping in-
between, in which mechanical rigidity and excellent thermal properties are still principal
factors during construction.

The commercial STM stage of the system described here is constructed out of
stainless steel. The purpose of the stage is to secure the sample during experiments
through engaging the lower neck of the sample holder body, and to house the temperature
control setup necessary for heating and cooling. Heating at high pressures is not effective
with an electron beam heater due to the much reduced mean free path of the electrons.
Thus, a modified overhead projector light bulb (82 V, 250 W) is used, whose surrounding
reflective shielding around the bulb and epoxy around the electrical leads are removed
due to size and degassing. The light bulb is attached to a linear manipulator within the
stage, and can be elevated by this means to within the interior hollow of the sample
holder to provide radiative heating, which can be controlled externally by a variable
voltage supplier. A soft copper braid is attached to the stage at one end and a reservoir at
the other, to allow necessary counter-cooling during heating by means of recirculating
coolant such as water or actual chilling of the sample by an external cryostat, while
maintaining vibration isolation of the sample stage from the external environment. For

the purpose of the STM studies currently performed in this laboratory, the cooling
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mechanism of the system serves only as a counter-cooling unit during heating.
Temperature of the sample can be increased to and maintained at as high as 900 K using
this thermal setup in vacuum. However, heating under high pressures is not effective due
to high heat loss to the gaseous environment and the sample stage, and also not advisable
as the high pressure gases serve as a thermal conduit to heat up the piezoelectric

transducers of the STM motor.

3.2.4 Tip Exchange

The lifetime of a tip for STM studies is highly dependent on how reactive the
environment the tip is being exposed during the study. While the choice of the material
for the tip plays a major role in minimizing interaction between the tip and the reactive
environment that it is immersed in, occasional and unexpected adsorption of molecules
onto and consequently modification of the tip is unavoidable for in situ studies, even
during UHV experiments. Under high pressures and elevated temperatures, this situation
becomes more problematic, as not only the high incoming flux of molecules at high
temperature makes adsorption and reaction on the tip surface more likely and frequently,
but also fashioning or reforming of the tip by controlled contact with the sample surface
becomes more difficult due to the more rapid chemical and physical change of the tip
apex as well as thermal drift. Furthermore, the consequently reduced lifetime of a tip
translates into more frequent tip exchanges, and thus this makes an in vacuo tip exchange
mechanism highly desirable. By designing a tip holder that can be rigidly attached to the

end of the piezoelectric scan tube but yet removable to outside of the system through a
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small load lock with minimal manual manipulation, one can minimize the exposure of the
system to contaminants in air and the time necessary in preparing a tip for use in a
controlled environment.

The tip exchanger is designed to require minimal manual input so that only
wobble stick equipped with a fork is necessary to perform the exchange. The body of the
exchanger is designed similarly to the sample holder, with two necks for attachment of
manipulation forks and mounting onto STM and UHV analysis sample stages, and the
lower central area vacated for protection of the tip and placement of the exchanger onto a
special stage for thermal and field emission treatment of the tip. The exchanger has three
posts identical in height to and located on the same bolt circle as the outer piezoelectric
tubes of the STM motor. Evenly between each post and on the same bolt circle, there are
three holes machined into the tip exchanger for receiving the outer tubes of the motor.
Similarly, three holes are uniformly fashioned between the outer piezoelectrics on the
STM body for mating with the alignment posts on the tip exchanger. When the tip
exchanger is placed into the sample stage in the same fashion as the sample holder, the
motor can be lowered onto the exchanger, where the holes on both bodies, outer
piezoelectric tubes, and alignment posts collectively serve as a positioning system for
ensuring the tip holder that the exchanger carries is aligned properly with repeatable
precision for entry into the receptacles that the central piezoelectrics and the exchanger
carry. Before uncoupling the STM motor from the exchanger through adjusting the
vertical manipulator, a wire across the exchanger can be manipulated through the use of a

wobble stick fork to disengage from or secure into a notch machined in the side of the tip
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holder, in the case of loading or removing a tip for STM studies, respectively. The tip
holder itself is a simple tube with two major diameters, with one diameter devised
slightly larger than the scan tube receptacle to enhance the frictional force in holding onto
the tip holder, and the other diameter minimized to reduce the weight at the end of and

thus resonance frequency of the scan tube.

Set Screw

Figure 3.4. Schematics of tip exchanger (A and B) and tip holder (C). Top view of the tip
exchanger reveals alternating circular placement of three posts and three holes for
alignment of the STM motor for tip exchange, while a wire can be used to engage the
notch machined into the side of the tip holder to secure the holder during manipulation.
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3.3 System Design

3.3.1 Overall Schematic

As shown in detail in figure 3.5, the system is divided functionally into three
sections separated from each other through gate valves: a load lock that allows exchange
of tip and sample to and from air without exposing the rest of the system to ambient
environment, a variable pressure STM chamber that houses the microscope and serves as
a reactor cell for studies between 1 x 10™'? and 1000 Torr, and a UHV surface preparation
and analysis chamber where samples can be treated and characterized by standard surface
science equipments. A magnetically coupled linear rotary transfer arm of 36” in length is
used to transfer the sample and tip holders between all three compartments.

The load lock segment is a simple six-way cross with 2.75” conflat flanges, to
allow easy relocation of sample and tip holders between the transfer arm and a manual
manipulation fork designed for use externally, while maintaining minimal evacuation
volume and contamination. During introduction or extraction of a sample or a tip, the
load lock is isolated from the rest of the system by gate valves and filled with dry
nitrogen to atmospheric pressure to minimize contamination. Upon completion of
transfer, the section is evacuated by the system turbo molecular and mechanical pumps
over a minimum of 6 hours before introducing the new material to the rest of the system.
Due to the nature of constant exposure to ambient environment, the load lock maintains a

constant pressure of 1 x 10™ Torr upon complete evacuation.
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Figure 3.5. Overall schematic of the high pressure, high temperature STM system, which
can be divided into three compartments: a load lock for sample and tip exchange, a STM
chamber for reaction studies, and a UHV analysis chamber for sample treatment and
analysis before and after high pressure in situ studies.

The STM portion of the system contains a chamber of 10 liters in volume and can
be pressurized to as high as 1.5 atm, similar to standard UHV chambers. The STM motor
with the manipulator is mounted vertically from a 6” conflat flange on top, while the
sample stage is positioned through a horizontal 8” flange. Several leak valves are
arranged on the chamber for controlled introduction of reaction gases, while the reaction
pressure is monitored by a combination of ion gauge and capacitance barometers.

Originally, a 2’ long loop of stainless steel tubing of 0.25” in diameter has been attached

to the chamber on one end and terminated with a rubber septum for sampling of gas by
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syringe for gas chromatography analysis. In improving the base pressure of the reactor
chamber and minimizing contaminants present, the loop is replaced by a stainless steel
sheathed tubing of 4’ in length and 0.5” in diameter to directly connect to a leak valve on
the adjacent UHV analysis chamber, for periodic sampling of reaction mixture for mass
spectrometry analysis. When idle, the STM section is maintained by an ion pump to a
base pressure of 1 x 107 Torr, with the use of the system turbo molecular and
mechanical pumps if necessary.

The UHV chamber is a Varian surface analysis chamber equipped horizontally
with a collection of surface science equipment for treatment and analysis before and after
in situ STM studies: cylindrical mirror analyzer (CMA) for Auger electron spectroscopy,
mass spectrometer for residual gas analysis, sputtering gun for argon or oxygen ion
bombardment to vigorously remove surface contaminants, and electron beam
bombardment heater for annealing (to desorb contaminants and eliminate surface defects
after ion bombardment treatment) under vacuum, or low pressures of oxygen if carbon
contamination proves to be a significant problem for the sample. The placement of the
sample analysis stage on a XYZ® manipulator allows positioning of the sample to access
different instruments within this section. Leak valves are equipped on this chamber for
introduction of various gases for bombardment and thermal treatments of the sample, as
well as for introduction of gas samples for analysis by mass spectrometry. This
compartment has access to both the system turbo molecular and mechanical pumps, but is
typically maintained to a base pressure of 1 x 10” Torr by the use of an ion pump when

not in use, and can be further reduced in pressure to below 5 x 107 by a titanium
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sublimation pump (cooled by a liquid nitrogen reservoir to improve performance) before

sample annealing.

3.3.2 Sample Preparation Stage

The UHV sample analysis stage is situated on a commercial XYZ60 manipulator.
Referring to Figure 3.6, the stage consists of a stainless steel fork to couple and secure the
lower neck of the sample holder, and a mobile carriage that contains the temperature
control setup necessary for effective sample annealing. An exposed pair of type K
thermocouple wires of 0.020” diameter is placed on the fork to align with those on the
sample holder upon insertion. The mobile carriage contains an electron beam
bombardment filament (tungsten wire of 0.010” diameter doped with thorium to lower
work function) embedded in a ceramic casing, which in turn is rigidly mounted through a
copper plate of 5 mm thickness. The copper plate serves as a cooling block, and is
connected to through a copper braid to a stainless steel coil of 0.25” diameter that is
accessible from outside the chamber. Coolant, typically cryogenically cooled nitrogen
gas, can be introduced externally to chill the cooling block. The sample can be
continuously cooled to and maintained at as low as 225 K if liquid nitrogen is constantly
introduced externally to the cooling coil and block. The mobile carriage of this thermal
control setup can be moved through a rack-and-pinion mechanism to bring the electron
beam filament within 1 mm to the back of the sample, while the copper cooling block
makes mechanical contact with the base of the sample holder. There are two significant

advantages to this arrangement. First, the sample can be effectively heated due to the
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short beam path of electron bombardment, while the surroundings (namely, the sample
holder) can be kept cooled from errant electrons and by the use of a cooling block.
Secondly, the cooling time to ambient temperature in vacuum after annealing cycles is
significantly shortened by the cooling block, which ensures a reduced exposure to
contaminants in the UHV analysis chamber before introduction to the sample stage for

STM studies.

sample holder

~

- manipulator fork
»

e

Figure 3.6. Schematic of the sample preparation stage, which consists of a fork for
securing the sample holder for UHV preparation, and a carriage that brings in proximity
to the sample holder an electron bombardment heater as well as a copper cooling block
that is connected to a liquid nitrogen cooled coil by a copper braid not shown.
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3.3.3 Vibration Isolation and Vibrational Analysis

Avoiding strong, low-frequency mechanical resonances of the STM and sample

stage is essential for good STM performance. Vibrational damping systems with low
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resonance frequencies serve to attenuate high frequency noise, and the stiffness of the
combined mechanical system formed by the sample holder, stage, and STM head
prevents low-frequency noise from coupling to the tunnel junction [5]. For a well-
designed sample holder and stage in proper condition, the softest intrinsic mode of the
STM often determines the overall stiffness of the junction. Furthermore, strong
mechanical resonances at low frequency couple to the closed-loop feedback circuit. This
may cause instability at high gain of the feedback loop when the product of mechanical
gain and integrator attenuation exceeds unity. Moving the dominant mechanical
resonance to higher frequency improves feedback stability, allowing higher gain and
faster scanning. In some cases, specially designed filters matched to the properties of a
particular STM head can also increase stability by selectively attenuating the dominant
mechanical resonance.

For the STM system currently presented in this chapter, low pass filtering
vibration isolation exist in three stages: damping by pneumatic air legs (1-2 Hz), wooden
support framework (<5 Hz), and Viton spacers within the sample stage (<20 Hz). This
filtering system has been designed in hope of damping all but the mechanical vibrations
of very low frequencies, which should be far from and thus decoupled from the high
intrinsic resonance frequencies of the Beetle microscope (typically 4-5 kHz).

The intrinsic response characteristics of the microscope can be measured
independently by using the piezoelectric elements of the microscope as both vibration
sources and detectors. (Figure 3.7) A programmable frequency generator supplies a small

sine wave (typically in the range of 1-10 V) to a particular combination of electrodes on
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the piezoelectric elements. The response signal from a different set of electrodes is
amplified by either a current preamplifier or a low-noise instrumentation amplifier. By
imputing the same (stretching excitation) or opposite (bending excitation) voltage
differential to the opposite quadrants in comparison to inner electrode, and measuring the
response on the sum or difference of the perpendicular quadrants, intrinsic stretching and
bending resonance frequencies of a piezoelectric tube can be measured. By the same
token, the stretching and bending response of the scanning piezoelectrics to mechanical
excitation of various parts of the STM motor can be measured. This amplified signal is
detected by a lock-in amplifier using the excitation signal as a reference. By slowly
sweeping the excitation frequency, the output of the lock-in amplifier maps the resonance
response of the head. The relative intensities of the resulting peaks depend on the choice
of electrodes used for excitation and detection. This dependence, along with basic
modeling of the mechanical response of the head, can help to deduce which modes

correspond to each set of peaks.
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Figure 3.7. Setup for vibrational analysis of a STM motor, where a LabVIEW-driven
function generator provides a sinusoidal driving frequency to sectors of one axis on the
scan tube and a lock-in amplifier measures the response from the sectors of the other axis.

Modeling and theoretical calculations of various components within a STM motor
can be complex and involving. However, the most important and direct contribution of
mechanical vibrations lies in the response of scanning piezoelectric tube to excitation.
For calculating the stretching (or parallel to the tube length) and bending (or
perpendicular to the tube length) responses of the scan tube and other similar tube-like

structures, we treat the tubular component as a well-behaved Newtonian spring. Thus, the

parallel and vertical spring constants can be calculated as such:
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where K, and K, represent respectively the stretching and bending mode spring

constants, £ the Young’s modulus of the tube material, OD and ID the outer and inner
diameters of the tubular structure, and L the length. Using the springs constants thus
calculated, the fundamental resonance frequency response of the particular component

can be calculated using the following equation:

1 K

Py
2 Meﬁ.

where f is the resonance frequency, K the spring constant of either stretching or the
bending modes and M.y is the effective mass of the tube. For a tube with evenly
distributed mass throughout the length, the effective mass is a third of the overall mass.
For the current Beetle STM motor, modeling of the mechanical responses are
severely limited, and only theoretical resonance frequencies of the three coarse approach
and one scanning piezoelectric tubes are calculated, due to all motor components have
been pre-assembled commercially. The weights of various components, such as the
piezoelectrics and the end sapphire half-balls, have to be calculated based on the
materials used or estimated due to the lack of access to dimension measurement for the
same reason. In the case of attached mass at the end of a tube, as in the case of sapphire
half-balls at the end of the three coarse approach piezoelectrics, the attached mass is

treated as point mass at the end of the proposed spring.

66



Vibration Isolation and Vibrational Analysis

The calculated and measured responses of the Beetle STM motor, although differ
slightly in values, agree with each other in general. The theoretical stretching and
bending modes of the scanning piezoelectrics are 43.92 kHz and 12.92 kHz, respectively,
while they are 4.62 kHz and 3.92 kHz for each of the outer coarse approach tubes. While
the resonance frequencies of the outer tubes are low, these tubes should be at rest during
imaging and should not receive any direct excitation besides minor vibrations from the

scanning motions of the central piezoelectrics.
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Figure 3.8. Vibrational response in the stretching mode of the Beetle STM shows strong
response in 30-55 kHz and 60-65 kHz regions. Strong response in 4-10 kHz range is
observed in addition for the bending mode (as shown in Figure 3.9).
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The measured vibration response spectra of the stretching (Figure 3.8) and
bending modes of the scan tube, under the excitation of different sectors of both inner and
outer piezoelectrics while suspended and not in the presence of the tip holder and the
sample holder, reveal strong excitation responses at three regions: 4-10 kHz, 30-55 kHz,
and 60-65 kHz. The measured responses are in general lower than those calculated
theoretically due to three major reasons. First, various additional masses at the end of the
piezoelectrics, such as epoxy and silver solder for wiring and tip exchange mechanism,
are treated as negligible. Secondly, attachments of different components, such as
sapphire half-balls and wires, are treated as noncontributing to additional and lower
resonance modes. Lastly, the attachment of the tubes to the STM body, which is
significantly more massive than the attached masses on the other of the tube, is treated as
attachment to a rigid and nonmoving body, thus resulting in high frequencies calculated.

While resonance frequencies above 50 kHz are likely the result of more rigid
metallic body of the microscope and the harmonics of the fundamental resonances of the
measured components, these frequencies are too far removed from both the scanning
frequency (< 1 kHz) and the resonance frequencies of the scanning piezoelectrics produce
significant relevant noises in imaging. For the same reason, the resonance response
between 30 and 50 kHz, most likely the result of the stretching frequency of the scan tube
and the added modes from the tip exchange mechanism at the end, do not constitute
concerns for the performance of the STM motor. In the 4-10 kHz region, there are four
main excitation modes at 4.1 kHz, 6.9 kHz, 7.2 kHz, and 10 kHz. The intermediate

vibration response of 4.1 kHz is present as a unique bending frequency of the scan tube
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during the excitation of various parts of the microscope. In comparison of the calculated
bending frequency of 21.92 kHz of the scan tube, the measured response is much reduced
in frequency and this closer to the imaging frequency, most likely due to the added

weight of the tip holder receptacle at the end of the scan tube.
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Figure 3.9. Vibrational response in the bending mode of the Beetle STM shows strong
responses in the 4-10 kHz region, in addition to excitation frequencies observed in the
stretching mode. Elevating baseline below 2 kHz is due to low energy resolution of the
lower range of the driving signal.

Figure 3.10 shows the tunnel current and mechanical response spectra measured
for the Beetle STM motor with both tip holder and its receptacle attached while
suspending and not in contact of the sample holder. The motor exhibits relatively poor

mechanical stability at high feedback gain. Both measurement techniques show a strong

vibrational mode below 3 kHz, suggesting that an intrinsic mode of the motor was
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responsible. STM heads of the same design but without the tip exchange mechanism did
not show a resonance peak near this frequency. The added mass from the tip exchange
mechanism decreases the intrinsic resonance frequency of the scan tube and thus
increases the response of the feedback loop at high gain and the coupling to the scanning
rate (< 1 kHz). Furthermore, the multi-components of the tip exchange mechanism
increase the number of vibration modes of lower frequency at the end of the scanning
piezoelectric, as a result of low frequency beat pattern from mechanical vibrations of

different components.
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Figure 3.10. Tunnel current noise spectrum (light line) and mechanically-induced
vibrational response (darker lines) of the Beetle STM reveal weak mechanical stability
due to tip exchange mechanism. The shift in peaks between two methods is due to non-
linearity of mechanical driving amplitude inherent in setup.
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Weak contact force between the STM motor and the sample, through ball point
connections by gravity between the sample holder ramps and the sapphire half-balls at
the end of the three coarse approach piezoelectrics, introduces further and more serious
vibration complications at low frequency. Assuming the contact between the sapphire
half-balls and the molybdenum ramps is Hertzian, the contact area can be calculated as

followed:

*

JA 1—2 1—2
a:(3Flfj where Lz( Vl)_l_( V)
E, E,

where a is the radius of the Hertzian contact area, F' the force applied, R the effective
radius (typically on the order of 10 m for elastic contact [6]), E~ the effective Young’s
Modulus of the system while E; the Young’s Modulus for each of the surface materials,
and v, the Poisson constant of each component material.

Then K| and K, the shear (or parallel to the contact surfaces) and the normal (or

perpendicular to the contact surfaces) spring constants of the Hertzian contact,
respectively, can be calculated using the following equations.
K =8Ea
K, =2Ea
Using the formula given previously for calculating resonance frequency with a

known spring constant, the calculated shear and normal responses of each of the

sapphire-molybdenum point contacts are 813.7 Hz and 405.2 Hz, respectively.
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Figure 3.11. Vibrational response (bending) of the Beetle STM in contact with sample
holder, shows additional low frequency response as a result of weak mechanical coupling
between the motor and the sample holder.

Measured vibrational responses of the scanning piezoelectric tube to excitation
reveal vibrations at 440.2 Hz and 1018.5 Hz when the motor is resting on the sample
holder ramps, which agree well with the calculated values, with the shear mode much
reduced in frequency probably due to the coupling to the bending mode of the attached
coarse approach piezoelectrics. The lack of similar response peaks when the motor is not
in contact with the sample holder further identify the two peaks as a result of mechanical
contact between the two parts. The low frequency vibrations thus introduced is most
probably a consequence of weak mechanical couple between motor and sample, as well
as a result of unstable resting positions of the sapphire contacts on increasingly coarse

molybdenum ramps from recurring approach and retraction of the hard ball contacts.
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Periodic polishing of the ramps using fine grain (< 1 pum) diamond polishing
pastes leads to a weaker mechanical response at those frequencies, but does not eliminate

it completely.

3.4 Challenges and Limitations

Beyond the daily challenges common to most STM systems, a number of specific
design weaknesses remain to be addressed in the current instrument. Foremost among
these weakness is mechanical stability. While the Beetle STM is a reliable design that has
been proven to obtain atomic resolution images at various temperatures and pressures, the
intrinsic moderately high resonance frequency limits the imaging rate and resolution at
high scan rate. However, the most significant disadvantage comes from the weak
mechanical coupling between the STM motor and the sample. Although the motor is
seated on a three-point contact on the sample holder, the weak contact force between the
two mating surfaces mean that the rigidity of the motor-sample system can be severely
compromised, as pointed out in the previous section, especially when deterioration of the
originally smoothened ramp surfaces gives rise to local microscopic pits that are unstable
for ball contacts to rest on. Furthermore, the current tip exchange design, while the
relative ease of use is undisputable, places a much increased mass at the end of the
scanning piezoelectrics mainly, due to the stainless steel tip holder receptacle therein for
providing a rigid entry for and grasp on the tip holder, which in turn decreases the
resonance frequency and limit the scanning rate of the inner piezoelectric tube. Lastly,

the wooden support that the system rests on, while serving as a low pass filter and
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providing a high damping rate for large amplitudes, has a low resonance frequency and
low damping factor for small amplitude noises due to its small Young’s modulus and low
density. Any external excitation induced onto the frame directly thus necessitates a long
equilibrium time.

Second foremost among the existing weaknesses is thermal stability. State of the
art reaction studies demand extremely high thermal stability to allow the tip to remain
accurately positioned above a group of molecules for extended periods of time. Radiative
heating by a halogen lamp, while simple to implement, is not effective at high pressures
due to high heat loss to the surroundings on the thermal path. Due to the massive design
of the microscope system, which surprisingly thermally couples the sample holder to a
massive sample stage (that is built out of comparatively less thermal conductive stainless
steel), heating of the sample is very limited and sluggish due to large connected thermal
mass and poor thermal conductivity. Furthermore, the problem is made more acute by the
enhanced heat loss to the large volume of reactive gases (which is also thermally a poor
conductor at near-zero convection) through conduction at high pressures. Oftentimes, the
system must be heated overnight at a steady temperature in order to obtain basic large-
scale images of sample step edges between terraces. Too often the drift rate as a result of
sample heating is on the order of 1 nm per minute, combined with the limited scan rate (>
1 minute per image) inherent in the system, which precludes the possibility of obtaining
atomically resolved images of the surface reaction at elevated temperatures.

Lastly, the large reaction volume of the chamber that houses the STM causes two

considerable problems in in sifu reaction studies. First, as mentioned above, the gas
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volume serves a large but relatively poor thermal load during temperature studies of
reactions. As a result, both the heating capability and the thermal equilibrating time of the
system are compromised. Secondly, despite the initial assumption of adequate mixing of
the reactor volume by diffusion, the use of large batch volume and a small sample causes
a definite chemical gradient of product concentration in the reactor chamber, which in
turn leads to non-representative sampling of the reaction mixture to correlate with the
STM images, as evidenced in the study outlined in Chapter 4.

While the mechanical and thermal complications in this system have been
moderately addressed by modifying the existing sample holder to a mechanically stable
and thermally isolated adaptation through the use of glass point contacts, many stability
issues remain to be addressed by major revisions of the present design. While it is
difficult to make significant changes in the design of the current microscope to eliminate
many key problems as identified above, vibrational and thermal noises can be reduced
significantly by constructing a more rigid support framework (from carbon steel I-beams
or square tubes filled with sand, for example, the latter of which serve as an excellent
filter with a large damping factor for most amplitudes) for the system and utilizing a
button heater that can be raised to be in direct contact with the sample. Furthermore, the
reaction volume, while limited by the size of the microscope, can be considerably
decreased by using a smaller chamber, that can as a result improve both thermal and

chemical sampling performance of the system.
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Chapter 4

High Pressure Scanning Tunneling Microscopy
Study of CO Poisoning of Ethylene Hydrogenation
on Pt(111) and Rh(111) Single Crystals

4.1 Overview

Using the high pressure scanning tunneling microscope that is described in
Chapter 3, we monitored the co-adsorption of hydrogen, ethylene and carbon dioxide
under ambient catalytic condition of ethylene hydrogenation on platinum (111) and
rhodium (111) crystal faces in the mTorr pressure range at 300 K in equilibrium with the
gas phase. During the catalytic hydrogenation of ethylene to ethane in the absence of CO
the metal surfaces are covered by an adsorbate layer that is very mobile on the time scale
of STM imaging. We found that the addition of CO poisons the hydrogenation reaction
and induces ordered structures on the single crystal surfaces. Several ordered structures

were observed upon CO addition to the surfaces pre-covered with hydrogen and ethylene:
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a rotated (V19 x V19)R23.4° on Pt(111), and domains of c(4 x 2)-CO+C,Hs, previously
unobserved (4 x 2)-CO+3C;H3, and (2 x 2)-3CO on Rh(111). A mechanism for CO
poisoning of ethylene hydrogenation on the metal single crystals was proposed, in which
CO blocks surface metal sites and reduces adsorbate mobility to limit adsorption and

reaction rate of ethylene and hydrogen.

4.2 Introduction

The nature of catalyst poisoning under reaction conditions is an important and
unresolved question in catalysis science. Understanding the effects of co-adsorbed
species on the activity of catalysts is crucial in the development of more efficient
catalysts. During reactions, the catalyst surface may be covered with undesirable
adsorbates that may deactivate the catalyst, in addition to reactants, intermediates and
products. These adsorbates may render the catalytic surface inactive by blocking active
surface sites or impeding the diffusion of adsorbed reactants and intermediates. Other
adsorbates may promote the desired reactions by reducing activation energies or blocking
undesired reaction pathways. For a reaction to occur the surface should remain flexible,
atomic rearrangements should be possible, and adsorbate mobility should be high enough
so that favorable adsorption sites can be accessed. Understanding the roles of co-
adsorbed species in catalytic reactions and their influence on catalytic surfaces at the high
pressures employed in real catalysis is even more important, as the high incoming
molecular flux at such conditions facilitates high adsorbate coverage even above

adsorbate desorption temperatures.
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Scanning tunneling microscopy (STM) is a unique surface analysis probe that
permits atomically resolved imaging of adsorbed species over a broad pressure range of
10"°-10° Torr. High pressure environments ensure that equilibrium between adsorbate
structures and gas phase is achieved. New and unexpected phenomena on catalytic
surfaces have been previously reported at high pressures in comparison to what is
observed under ultra high vacuum (UHV) conditions [1-4]. Furthermore, the ability of
STM to image in situ with molecular details at high pressures makes STM a viable
technique to monitor adsorbate mobility on the surface during catalytic reactions, which
allows correlation between surface diffusion observed by STM and reaction rates as
measured by methods such as mass spectrometry or gas chromatography.

In this chapter we report on a STM study of ethylene hydrogenation and its
poisoning by carbon monoxide on the Pt(111) and Rh(111) crystal surfaces. The reaction
rates are high enough on both metal surfaces at room temperature to be detectable by
mass spectrometry. We find that in the mTorr pressure range of both hydrogen and
ethylene, the latter of which converts to mostly ethylidyne (C,H3) on the surfaces, the
species adsorbed on the metal surfaces are very mobile. However, when CO is introduced
into the system, the catalytic reaction ceases abruptly and static ordered structures of the
adsorbates are formed that can be readily imaged by STM. We interpret these results as
due to the blocking of metal sites by CO that prevents both the adsorption and mobility of
ethylene and hydrogen on the surface necessary for the catalytic reaction. Poisoning
occurs when surface mobility is suppressed and the adsorbate species become locked into

static ordered structures
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4.3 Experimental Methods

All experiments were carried out with a high pressure, high temperature STM
system previously reported elsewhere [5]. The system consists of an UHV chamber
containing surface preparation and analysis equipment, and an adjoining smaller chamber
housing a tripod STM (RHK Technology, Model VT-UHV 300) that allows experiments
in UHV as well as at high pressures, with a working pressure and temperature ranges of
10°-10° Torr and 300-525 K. The base pressure of the system was 5 x 107" Torr, with
the background made up primarily of H,, CO, and water.

Platinum and rhodium single crystal samples of (111) orientation were used. The
crystals were cut and polished to a miscut angle of less than 1°. Before each experiment
the sample was prepared by sputtering with 400 eV oxygen ions for 10 minutes, followed
by annealing in vacuum at 1123 K for 10 minutes in the case of Pt(111) and 973 K for 2
minutes in the case of Rh(111). The sample cleanliness was checked with Auger electron
spectroscopy. Just before the sample was transferred to the STM chamber, it was flashed
to 1123 K for 2 minutes in the case of Pt(111) and 973 K for 1 minute in the case of
Rh(111).

During the experiments, the STM chamber was isolated from the rest of the
system by gate valves. Hydrogen, ethylene and carbon monoxide of ultra high purity
grade were then introduced at room temperature in this order and allowed to equilibrate
for 5 minutes before imaging under pressure after each addition. All STM images

reported here were acquired using an electrochemically etched tungsten tip with the
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sample at room temperature and with settings of [ = 0.2 nA and V = 100 mV. The STM
chamber pressure during all experiments was monitored by a pressure transducer (MKS
Instrument, Baratron® 722A). The gas composition in the chamber was examined
periodically by sampling gas through a leak valve to the mass spectrometer (Stanford

Research Systems, RGA 200) in the UHV chamber.

4.4 Results

4.4.1 CO Poisoning of Ethylene Hydrogenation on Pt(111)

Figures 1a and 1b show images of the platinum surface after addition of 20 mTorr
each of hydrogen and ethylene. No ordered structures were detected, indicating rapid
diffusion of the adsorbate species, within the time scale of STM imaging (250 A s™). The
activity of the metal catalyst, and thus the presence of adsorbed reactants, was confirmed
by ethane production detected by mass spectrometry. The hydrogenation rate was found
to be 2.1 x 10 molecules site”’ s on Pt(111) at room temperature, lower than previously
reported [6]. The lower measured reaction rate is due to the slow diffusion of the ethane
product from the STM chamber to the UHV chamber through the sampling tubing. Upon
the addition of CO, as low as 1 mTorr, to the hydrogen and ethylene mixture, production
of ethane was no longer detected by mass spectrometry over the course of a week. The
STM images revealed the presence of large domains of a hexagonal pattern rotated 22 +
1° with respect to the rhodium surface (1 0) vector, with a periodicity of 12.2 = 0.3 A and

a corrugation of 0.3 + 0.02 A (Figure lc). Figure 1d shows two hexagonal domains
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rotated by 7 + 1°. No other ordered structures or disordered domains were observed on

the surface.
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Figure 4.1. (100 x 100) A*> STM images of the Pt(111) surface under different pressures:
(a) 20 mTorr Hy, (b) 20 mTorr H, and 20 mTorr ethylene, and (¢) 20 mTorr Hy, 20 mTorr
ethylene and 2.5 mTorr CO. The presence of CO induced the formation of a (V19 x
V19)R23.4° structure on the surface. (d) (200 x 200) A’ STM image showing two
rotational domains of (V19 x V19)R23.4°.
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4.4.2 CO Poisoning of Ethylene Hydrogenation on Rh(111)

Similar to the Pt(111) case, no ordered structures could be detected by STM when
the Rh(111) surface was exposed to 20 mTorr each of hydrogen and ethylene (Figures 2a
and 2b). The ethylene hydrogenation rate under these conditions was found to be 1.3 x
10 molecules site™ s™ at room temperature by mass spectrometry. Similar to the case of
Pt(111), the measured reaction rate is believed to be slower than the actual rate, due to
slow diffusion rate of the product from the single crystal to the mass spectrometer as
explained above. After the addition of 2 to 5.6 mTorr CO to gas phase, ethane production
stopped as detected by mass spectrometry over the course of a week following the
addition. STM images reveal the formation of several ordered structures, such as the c(4
x 2) structure shown in Figure 2c.

Figure 3 shows a larger STM image showing several Rh(111) terraces separated
by monoatomic steps. They are covered by two visibly different domains. The brighter
area, in the middle terrace in Figure 3, was found to be a mixture of ¢(4 x 2) and (4 x 2)
structures. The darker areas consist of a (2 x 2) periodicity. Images of the c(4 x 2), (4 x 2)
and (2 x 2) structures are shown in Figures 2c, 4a and 4c, and the corresponding
schematics of their proposed structures in Figures 2d, 4b and 4d respectively. Large
domains of ¢(4 x 2) and (4 x 2) structures, rotated by 120°, could be observed with small

(2 x 2) islands on the surface.
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Figure 4.2. (100 x 100) A> STM images of the Rh(111) surface under pressures of (a) 20
mTorr H, and (b) 20 mTorr H, and 20 mTorr ethylene. (c) (50 x 50) A*> STM image of
c(4 x 2)-CO+C,Hj structure formed at 20 mTorr Hp, 20 mTorr ethylene and 5.6 mTorr
CO and (d) a schematic showing the proposed structure of the corresponding unit cell as
indicated in the image.
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Figure 4.3. (1000 x 1000) A?STM image of a Rh(111) terrace with two different regions
at 20 mTorr Hy, 20 mTorr ethylene and 5.6 mTorr CO. Images of the bright region shows
that it is a combination of c¢(4 x 2) and (4 x 2) periodic structures. Those of the darker
contrast (small outlined areas) show a (2 x 2) periodicity.

Figure 5 shows domain boundaries between domains of (2 x 2), c¢(4 x 2) and (4 x
2). The c(4 x 2) structure has a corrugation of 0.21 £ 0.01 A, and a rectangular periodicity
of 43+ 0.3 Aand 4.6+ 0.2 A. The (4 x 2) is similar to c(4 x 2) but with every other row
having lower contrast, which doubles the unit cell size to a rectangular periodicity of 4.4
+0.3 A and 8.9 + 0.3 A. The corrugation in the low contrast rows is 0.12 = 0.02 A, while
in the higher contrast rows the corrugation is 0.19 = 0.01 A. The distance between each

bright row and its adjacent dark row is 4.5 + 0.3 A. The (2 x 2) structural periodicity is

4.8 0.4 A, with a corrugation of 0.19 + 0.03 A.
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Figure 4.4. (50 x 50) A> STM images of the (a) (4 x 2)-CO+3C,H; and (b) (2 x 2)-3CO
structures. Schematics (b) and (d) show the proposed structures of unit cells for the (4 x
2) and (2 x 2), respectively.
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Figure 4.5. (100 x 100) A? STM image of domains boundaries between (2 x 2), c(4 x 2)
and (4 x 2) structures, from left to right, respectively.

4.5 Discussion

4.5.1 CO Poisoning of Ethylene Hydrogenation on Pt(111)

The high surface mobility and small corrugation of hydrogen, 0.03 A on platinum
[7, 8], makes hydrogen difficult to image by STM at room temperature. It has been
shown by electron energy loss spectroscopy [9], helium diffraction [7] and recoil
scattering [8] experiments that hydrogen adsorbs dissociatively on platinum at threefold
hollow sites, with face-centered cubic (fcc) hollow sites being slightly more energetically
favorable and forming (1 x 1) structure at saturation [8, 10, 11].

The adsorption of ethylene on Pt(111) is well documented [12-21]. At
temperatures below 50 K, ethylene is physisorbed with its C-C bond parallel to the

surface [12]. Above 60 K it rehybridizes to form a di-c-bonded state on fcc hollow sites
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[13-16]. The di-c-bonded ethylene forms ethylidyne readily near room temperature
through the loss of one hydrogen and transfer of another to the other carbon to form a
methyl group [22-24]. At high pressure of ethylene or on surfaces pre-covered with
hydrogen or ethylidyne, a second, more weakly adsorbed m-bonded ethylene has been
shown to exist on top sites. This n-bonded species is believed to be directly involved in
the catalytic hydrogenation process [17, 20]. Ethylidyne is also rehydrogenated to
ethylene but only very slowly. Ethylidyne is essential in promoting the formation of the
n-bonded instead of the di-c-bonded ethylene on the surface [6, 23, 25, 26]; the former
can be readily hydrogenated to ethane, while steric hindrance makes difficult hydrogen
addition to the latter.

High ethylidyne mobility, with a surface diffusion barrier smaller than 0.109 eV
at high pressure [27, 28], explains the difficulty in observing this species with STM at
room temperature. Ethylidyne has been shown by room temperature low energy electron
diffraction (LEED) [24, 29] and low temperature STM [21, 29] to form a (2 x 2) structure
(6= 0.25 ML) on Pt(111) occupying fcc hollow sites, and reaching a nearly saturated
coverage of 0.22 ML at room temperature [30]. At room temperature, however, ordered
structures of ethylidyne could not be observed by STM, indicating rapid mobility on the
time scale of STM imaging. Ethylidyne has been shown to be a spectator adsorbate
during ethylene hydrogenation at high pressure [6, 23, 25, 26], even as it competes with
H for the same adsorption sites. Thus it appears that the high mobility of ethylidyne
together with its open (2 x 2) structure, which allows hydrogen atoms to easily diffuse on

the surface and add to a weakly adsorbed m-bonded ethylene, is very important for the
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hydrogenation reaction to occur on a surface densely populated by adsorbates under high
reaction pressure.

The (2 x 2) ethylidyne structure was observable by LEED but not by STM at
room temperature due to the fact that in LEED the probing electron interacts with the
surface on the time scale of picoseconds and therefore provides an “instantaneous” view
of the structure. In contrast, in STM the interaction time between tip and surface is
measured in milliseconds, and therefore cannot image molecules moving faster than such.
The (100 x 100) A? images obtained by STM in our current study were obtained at a scan
rate of about 250 A s™', indicating the surface diffusion rate of ethylidyne must be greater
than this speed at room temperature since no ethylidyne was imaged. In comparison to
previous STM studies of ethylidyne performed under UHV [21, 29], the current study
shows that neither a high background pressure of ethylene nor pre-covering the surface
with hydrogen reduces the mobility of ethylidyne.

By adding CO to the Pt(111) surface pre-covered with hydrogen and ethylidyne,
which has a diffusion activation energy of 0.130 eV at saturation coverage [31], ordered
structures could be resolved with STM indicating that the adsorbate mobility was notably
decreased, whereas the rate of ethylene hydrogenation dropped to zero. The ordered
structure formed is similar in corrugation and periodicity to the (\/ 19 x V 19)R23.4° (6=
0.68 ML) structure previously examined under higher pressure of pure CO [32, 33].
Adsorption of pure CO on Pt(111) at similar pressures yielded the same hexagonal
ordered pattern on the surface with comparable periodicity and corrugation (Figure 6).

The images shown in Figure 1c and 1d show only one maximum per primitive unit cell.
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In the case of pure CO this maximum was assigned to an atop CO, due to its higher

tunneling probability than that of CO at a threefold hollow site [34].
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(a)
Figure 4.6. (100 x 100) A% STM images of Pt(111) surface at (a) 5 mTorr CO and (b) 45
mTorr CO. The periodicity and corrugation is 11.4 = 0.4 A and 0.25 + 0.04 A in both
cases, similar to the values found for the (V19 x V19)R23.4° structure formed by the co-
adsorption of hydrogen, ethylene and CO at comparable pressure.

Sum frequency generation (SFG) [35] and infrared spectroscopic [36] studies
have shown that both CO and ethylidyne are present on the Pt(111) surface and that CO
does not completely displace ethylidyne from the surface at room temperature during
high pressure co-adsorption. The important question of whether ethylidyne and CO are
mixed or segregated during co-adsorption on Pt(111) is difficult to answer. On one hand,
the observation of a (V19 x V19)R23.4° structure suggests pure domains of CO, with the
ethylidyne segregating in regions between CO domains. Although we did not observe
disordered patches or other domains that might indicate such segregation, this could be

due to fast domain boundary mobility compared to the STM imaging time. The long-

range order of the large (V19 x V19)R23.4°-13CO unit cell is a result of complex CO-CO
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and CO-substrate interactions extending to several neighbors; it is therefore unlikely to
replace some of the CO molecules with ethylidyne while still maintaining the same large
unit cell ordered structure.

On the other hand, infrared spectroscopic studies have shown that high pressure
co-adsorption of ethylene and CO yields predominantly atop CO molecules and
considerable interaction between CO and ethylidyne on Pt(111) [36]. The red-shift of
atop CO stretch in infrared spectroscopy for CO on Pt(111) pre-covered with ethylidyne
[36], in comparison to CO on clean Pt(111) surface, would indicate mixing of CO and
ethylidyne on the surface. Since only large domains of (V19 x V19)R23.4° were visible on
the surface with no evidence of disorder domains or other ordered structures, we cannot
exclude that this observed ordered structure contains both CO and ethylidyne. Figure 7
shows a possible model for co-adsorption of ethylene and CO within a (V19 x
V19)R23.4° unit cell. This model has CO molecules occupy atop and near-atop sites and
ethylidyne possibly replace CO molecules at threefold hollow sites, which could explain
the infrared observation of mainly atop CO upon co-adsorption. Since pure CO at
comparable pressure forms the same incommensurate pattern on Pt(111) and the current
STM used could not resolve molecules in the threefold hollow sites of the observed
structure, we could not discern between (V19 x V19)R23.4° domains of pure CO and of
mixed ethylidyne and CO structures on the surface. Assuming a complete replacement of
CO by ethylidyne at the threefold hollow sites in the mixed unit cell, ethylidyne will have
a coverage of 0.31 ML within the co-adsorption domains. Thus, the coverage of

ethylidyne changes from 0.22 ML initially on the surface before the addition of CO to a
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higher coverage of 0.31 ML within the co-adsorption (V19 x V19)R23.4° structure. This
means that both domains of pure CO and the mixed structure must be present on the
surface. This agrees with previous SFG observations of two different atop CO stretches in
the adsorption of CO on Pt(111) pre-covered with ethylidyne [35], which represent two

atop CO species with different neighboring adsorbates.

Figure 4.7. Model of (V19 x V19)R23.4° structure formed by the co-adsorption of
ethylene and CO. The gray, black, and white circles represent platinum atoms, atop and
near-atop CO molecules, and possible ethylidyne replacements of CO at threefold hollow
sites, respectively.

To see how CO affects the two key intermediates, m-bonded ethylene and

adsorbed hydrogen, in the rate-determining step of initial addition of a single hydrogen to

adsorbed ethylene in ethylene hydrogenation on the catalytic Pt(111) surface, we can
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estimate the desorption rates and coverage of these two adsorbates under pressure in the
presence of CO. The heat of adsorption for CO at saturation coverage has been found by
laser-induced thermal desorption to be 10 kcal/mol with a pre-exponential factor of 10"
s' [37]. By assuming the adsorption of m-bonded ethylene on a sterically hindered
surface that is nearly saturated with ethylidyne and CO to resemble physisorption [21],
we expect its heat of adsorption and pre-exponential factor to be on the order of 10
kcal/mol and 10" s™ [38]. This implies that the CO-to-ethylene ratio on the surface at
high coverage in equilibrium with the gas phase is on the order of 10*. Thus, we believe
that most of the adsorbed m-bonded ethylene is replaced by CO due to the stronger
binding of this species on the surface.

In comparison, we anticipate any adsorbed hydrogen on the surface to remain on
the surface after CO addition, and recombine and desorb slowly at room temperature, due
to slow diffusion within the compact (V19 x V19)R23.4° structure. We calculated the
recombination and desorption rate of hydrogen within the less dense (2 x 2) ethylidyne

1

structure to be 6.8 x 10™° s™ using the heat of adsorption and pre-exponential factor

previously obtained by Zaera [39, 40]; the rate should be even lower in the denser (V19 x
V19)R23.4° structure. A mass spectrometry experiment of co-adsorbate effects on Hy-D,

exchange and recombination rate was performed. Table 1 correlates the recombination
rates to reaction temperatures and adsorbing gas composition. While ethylidyne (an adsorbate
predominantly formed from adsorbing ethylene at room temperature) shows a small degree of
poisoning in the H,-D, exchange reaction, it is very clear that CO slows down the reaction in

a more pronounced manner. By monitoring the recombination rate of HD during the study,

93



Discussion

we found that the hydrogen diffusion rate across the surface was reduced more than 5
orders of magnitude upon the addition of CO. The slow diffusion rate of hydrogen, along
with the lack of available n-bonded ethylene for hydrogen addition, means that hydrogen

remains unreacted on the surface.

H,-D, Exchange on HD Formation at 293 K HD Formation at 330 K
Pt(111) (molecules/site-sec) (molecules/site-sec)

20 mTorr H, r
20 mTorr H,
20 mTorr D, 1.4x 107 6.5x 107

20 mTorr C,H,
20 mTorr H,
20 mTorr D, 7 7

20 mTorr C,H, <10 <10
S mTorr CO

Table 4.1. The HD formation from a H,-D, exchange reaction on the Pt(111) surface was
monitored at both ambient and elevated temperatures over the duration of a week., in the
presence of hydrogen adsorption site competitors. Ethylidyne slightly decreased the
hydrogen diffusion and recombination rate, and CO suppressed the rate in a more
prominent manner.

The CO poisoning of ethylene hydrogenation on Pt(111) is thus a result of the
reduction in adsorbate mobility and of the blocking of surface metal sites. The immobile

and dense ordered structures induced by CO impede mobility of ethylidyne and adsorbed

hydrogen. They also block adsorption of additional reactants near these adsorbates. As a
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result of both decrease in adsorbate mobility and blocking of adsorption sites, the rate of

ethylene hydrogenation drops to zero.
4.5.2 CO Poisoning of Ethylene Hydrogenation on Rh(111)

Adsorptions of hydrogen [41, 42] and ethylene [43-47] on Rh(111) have been
determined to be quite similar to those on Pt(111) in past studies, with the noted
difference of hydrogen [41] and ethylidyne [43] favoring hexagonal close-packed (hcp)
hollow sites over fcc hollow sites on Rh(111) in forming (1 x 1) and (2 x 2) structures at
room temperature, respectively. The conversion of ethylene to ethylidyne also occurs
readily at a lower temperature of 170 K on Rh(111) [47]. However, the current STM
investigation on Rh(111) shows many similarities to the Pt(111) case and provides much
insight in the poisoning effects of CO. During ethylene hydrogenation on Rh(111) at
room temperature, atomic hydrogen, adsorbed ethylene and ethylidyne were shown to be
too mobile for STM to atomically resolve individual adsorbates.

The introduction of CO dramatically changed the situation, stopping the reaction
completely as indicated by mass spectrometry. STM images of the poisoned surface
showed ordered domains with large areas of c¢(4 x 2) and (4 x 2) periodicity and smaller
regions of (2 x 2) periodicity. The formation of structures that could be imaged with
molecular resolution is a consequence of the immobility of the adsorbed species in the
STM time scale.

The c(4 x 2) (6= 0.50 ML) has been previously observed and studied by LEED
after co-adsorption of ethylene and CO, with a determined structure of CO occupying hcp

hollow sites and ethylidyne fcc hollow sites [48]. A model is shown in the schematic of
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Figure 2d. The total coverage is 0.5 monolayer (ML). This structure does not form under
pressure of pure CO [49]. We propose that maxima at the corners of the rectangular unit
cell observed by STM correspond to CO molecules, due to the similar corrugation of CO
in rhodium threefold hollow sites previously reported [49].

In this study a new (4 x 2) periodic structure (6= 0.50 ML) is also observed after
co-adsorption of ethylene and CO. This structure has a primitive unit cell twice as large
as that of ¢(4 x 2), containing alternating rows of different contrasts. The species in the
high contrast rows have the same corrugation and periodicity along the rows as those
measured in the c(4 x 2). The dark rows also have similar periodicity but only nearly half
the corrugation. The distance between two adjacent rows was measured to be a V3
multiple of thodium-rhodium interatomic distance (2.69 A), indicating that the observed
molecules in both types of rows occupy the same type of adsorption sites. Thus, we
conclude that the differently contrasted rows in the (4 x 2) structure were caused by two
different molecules. H atoms are unlikely candidates since in substrates where it has been
imaged, they appear as depressions and their contrast is extremely small, on the order of
0.05 A [50, 51]. This leaves ethylidyne and CO as the only candidate molecules.
Following the same argument as in the case of ¢(4 x 2), we assign the molecules in the
bright rows to CO molecules and thus those in the dim rows to ethylidyne. Since CO
molecules have similar corrugations at hcp and fcc hollow sites as previously found on
Pd(111) [52] and we observed similar ordered structures in the absence of Hj, the two
unobserved molecules inside the (4 x 2) primitive unit cell are assigned to be ethylidyne

molecules occupying different sites from those in the dim rows. Thus, (4 x 2) appears as a
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unit cell with the less conductive ethylidyne replacing CO molecules at every other row
of the hcp hollow sites in the ¢(4 x 2). The proposed structure is shown in the schematic
of Figure 4b.

Both c(4 x 2) and (4 x 2) regions were observed on the surface in similar amounts,
and intermixed in form of patches. The mosaic distribution of c(4 x 2) and (4 x 2)
structures of same coverage density but different ethylidyne concentrations shows the
formation is not thermodynamically equilibrated. This kinetically arrested configuration
on the surface is most likely due to the low adsorbate mobility induced by CO co-
adsorption. Successive imaging of the same area over time did not show any exchange
between different domains, indicating clearly low mobility of both ethylidyne and CO.

In addition to the above structures, small islands with (2 x 2) structure were
observed along step edges on the surface, which we assign to be domains of (2 x 2)-3CO
(6 =0.75 ML). Only the top site CO molecules were resolved by STM due to higher
tunneling probability, similar to observations on other metals [34, 52]. The corrugation
and periodicity of the observed (2 x 2) agreed with that of the (2 x 2)-3CO formed on
Rh(111) under high pressure of pure CO [49]. The observed order could not be caused by
(2 x 2)-C,H; since the open structure would allow adsorption of CO between ethylidyne,
forming such mixed structures as c¢(4 x 2) and (4 x 2). In contrast, the denser (2 x 2)-3CO
would be too compact for ethylene to adsorb. The lack of agreement of the observed (2 x
2) corrugation with that of ethylidyne as examined in (4 x 2) further confirms that the

observed structure was (2 x 2)-3CO and not immobilized (2 x 2)-C,Hj3 islands.
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Imaging across the rhodium surface revealed no disordered areas. The bright
regions of the c¢(4 x 2)-CO+C,H3 and (4 x 2)-CO+3C,H3 domains were observed to cover
77.2% of the surface, with the remaining occupied by the (2 x 2)-3CO structures in the
darker areas. Within the observed bright areas, 48.8% of the surface was of c(4 x 2) and
51.2% (4 x 2). Assuming CO co-adsorption has no effects on either ethylidyne formation
or rehydrogenation (and thus desorption), and using the proposed structures for the
observed orders above, the initial coverage of ethylidyne on the Rh(111) surface prior to
the CO addition is thus calculated to be 0.242 ML. Given that ethylidyne molecules
organize into (2 x 2) order on a Rh(111) surface at room temperature, this indicates the
initial Rh(111) surface prior to poisoning under the current hydrogenation condition is
already covered with this inert spectator species and nearly saturated by the (2 x 2)-C,Hj3
structures.

The formation of ordered structures and the drastic decrease in reaction rate upon
the addition of CO show the similarities of the poisoning mechanism by CO on ethylene
hydrogenation on Pt(111) and Rh(111). The presence of ¢(4 x 2) and (4 x 2) on Rh(111)
confirms that the introduction of CO does not completely displace ethylidyne from the
surface, but reduces surface mobility by confining surface species such as ethylidyne
within non-mobile CO-induced structures. This is much in contrast to the (2 x 2)-C,H;
structures of the active surface formed in the absence of CO that allow adsorbates to be
mobile. No reaction occurs on the poisoned surface of c(4 x 2) and (4 x 2) periodicity,
even though the concentration of ethylidyne in these structures is comparable to the

unpoisoned (2 x 2)-C,Hj3 surface. Due to the reduced mobility induced by CO, ethylidyne
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becomes a poison to the metal catalyst surface. The regions of (2 x 2)-3CO structure
show no catalytic activity towards ethylene hydrogenation, due to the high density
coverage of immobile adsorbates excluding additional adsorption in those areas. Like in
the case of Pt(111), we propose that CO replaces weakly adsorbed ethylene and blocks
ethylidyne mobility, reducing available surface metal sites for additional adsorption of
hydrogen and ethylene and leading to slower diffusion of adsorbed hydrogen and
ethylene across the Rh(111) surface, thus causing a termination of ethylene

hydrogenation.

4.6 Conclusions

The poisoning effects of CO on ethylene hydrogenation were studied by STM on
Pt(111) and Rh(111) single crystal surfaces in the mTorr range at room temperature. The
rates of ethylene hydrogenation on both metal surfaces were shown to drop to zero upon
the addition of CO. While adsorbed hydrogen, ethylene and ethylidyne were too mobile
to be observable by STM on Pt(111) and Rh(111) surfaces, the presence of CO reduced
adsorbate mobility and induced static ordered structures on the surfaces that could be
imaged by STM. A (V19 x V19)R23.4° structure was found for the co-adsorption of
ethylene and CO that is similar to that observed at the same pressure of pure CO. The
addition of CO to the Rh(111) surface pre-covered with hydrogen and ethylene resulted
in three different ordered patterns on the surface. A c(4 x 2)-CO+C,Hj structure was
observed, along with a new, previously unobserved (4 x 2)-CO+3C,Hj structure. We

conclude that alternating rows of this new (4 x 2) structure are the result of replacement
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of CO by ethylidyne. A (2 x 2)-3CO structure was also observed on the Rh(111) surface,
indicating that regions with pure CO are also formed, as in the case of Pt(111).

The present results clearly indicate that mobility of the surface species is an
essential condition for catalytic action on the densely covered catalyst surfaces. The
importance of adsorbate mobility for adsorption has recently been shown in the case of
H; dissociation on Pd(111), where near saturation coverage thermally activated statistical
fluctuations were found to be necessary to bring together three or more vacancies needed
for the molecule to dissociate [51]. At lower temperature, when H became immobile, no
aggregation of vacancies occurred and H, dissociative chemisorption stopped. Here we
show that adsorbate mobility is necessary not only for adsorption of the reactants but also
for the reaction between adsorbates to occur. We have shown that the presence of the
site-blocking but mobile ethylidyne does not poison the ethylene hydrogenation reaction,
even if ethylidyne occupies the same sites as H. Mobility facilitates statistical fluctuations
in surface adsorbate density that open up sites for both gas phase molecules to adsorb and
dissociate, as well as for adsorbed species to diffuse across the surface and react. When
ethylidyne is immobilized by CO co-adsorption, ethylidyne becomes a poison to the
catalyst and the reaction stops. The STM results indicate that the poisoning mechanism of
CO on ethylene hydrogenation on Pt(111) and Rh(111) are similar, with CO lowering
adsorbate mobility and inducing static ordered structure on both surfaces. This, in turn,
prevents the statistical fluctuation necessary for availability of surface metal sites for
reactant adsorption under high pressures. We propose that CO replaces most of the

weakly adsorbed n-bonded ethylene and prevents further adsorption, while the dense CO-
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induced ordered structure immobilizes and traps atomic hydrogen on the surface, thus
preventing ethylene hydrogenation. This poisoning mechanism of CO entails that any
adsorbate that has a long resident time and lowers surface mobility can become an
effective poisoning reagent to a catalytic surface.

In both cases of ethylene hydrogenation on Pt(111) and Rh(111), we found that
adsorbate mobility was a crucial factor. These observations extend our understanding of
the mechanisms of catalysis by demonstrating that the presence of inert spectators and
poison species is only a part of the catalytic process. In addition, adsorbate mobility and

modifiers of this mobility are also essential factors that need to be understood as well.
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Chapter 5

Novel Design of an Ultra High Pressure, High
Temperature Scanning Tunneling Microscope
System

5.1 Overview

Considerable technical challenges must be overcome in order to perform scanning
tunneling microscopy (STM) studies at the level of atomically resolving individual
adsorbates on close-packed metal surfaces, especially for in situ reaction studies. Unlike
the study presented in the previous chapter, varying temperature is generally required in
chemical reaction studies to monitor the diffusion rate of adsorbed atoms and molecules,
as well as measuring surface dynamics and reaction progress in response to temperature
variation. To study thermally activated processes, moreover, the sample temperature must

be precise and programmable so that the speed of the events of interest can be tuned to
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the limited time-scale accessible to STM. Environmental vibrations (be it mechanical,
electrical, or chemical) must be attenuated dramatically to provide stable imaging
conditions, as to observe atomic features such as the weak periodic corrugation of the
substrate lattice, the STM tip must be stabilized over the surface with a precision on the
order of picometers. Since the goal of the STM studies performed in this laboratory is to
observe individual reactive species bound to otherwise clean metal surfaces under high
pressure and temperature, the reactor and the microscope contained therein must be
designed to endure harsh conditions while maintaining stability necessary for STM
imaging. Meanwhile, ultra high vacuum (UHV) conditions remain essential for such
system in order to prevent contamination before the experiments perform analysis on the
catalyst surfaces that is otherwise inaccessible by STM technique alone. The necessity of
combining high pressure in situ techniques with UHV preparation methods, particularly
when combined with the wide range of operating temperatures necessary for sample
preparation and reaction studies, severely limits the list of materials that can be used to
construct key components of the system and generally complicates both operation and
maintenance.

To meet these challenges, the design and performance of a novel ultra high
pressure, high temperature scanning tunneling microscope system is designed described
in this chapter, which is set up as a flow reactor and is integrated in a UHV system. The
flow-reactor STM is designed to allow imaging of the catalyst surface in situ from
vacuum up to 30 atm, and simultaneous determination of the reaction gas using a mass

spectrometer. In addition, the STM sample holder is designed to allow thermal control of
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the sample between room temperature up to 350 °C under pressure and 1000 °C in
vacuum, by the use of a custom-designed button heater. The STM is compactly and
rigidly designed as a vertical slip-stick motor, and is integrated within a small pressure
cell in such a way that two crucial features result: the flow of reaction gas is along the
length of the tip to minimize the amount of vibration induced by turbulence, and the
interior of the pressure cell can be accessed through a bayonet-sealed opening that can be
opened in vacuo with a wobble stick to allow tip or sample exchange. The pressure cell
containing the STM is housed in an ultra high vacuum system, which allows surface
preparation and analysis before and after high pressure studies. The theory and design of
the reactor STM and its integration into a UHV system are presented here with related
detailed schematics outlined in a separate appendix, and the initial performance of the full
setup is demonstrated by experiments on gold deposited on glass and high ordered

pyrolytic graphite (HOPG) under ambient condition.

5.2 STM Design

Mechanically, scanning probe microscopes (SPM), which include STM, have to
fulfill design specifications which are oftentimes contradictory. On one hand, the scan
range of a SPM should exceed the size of the largest features on the sample. This usually
implies the use of large and thin-walled piezoelectric transducers. For many applications,
it is also desirable to have the ability to adjust the relative position of the tip in relation to
the sample over distance on the order of micrometers, which requires additional
piezoelectric control like in the case of the Beetle STM and thus increases the size of the
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microscope. On the other hand, any SPM is a system of mechanical resonators with
various quality factors. These resonances can be excited either by the surroundings or by
the rapid movement of the tip or the sample. Especially, the microscope is affected by
building vibrations and by other ambient sounds and excitation, which has comparably
large amplitudes to tunneling gap size, on the order of micrometers. The frequency
spectrum of such environmental excitation peaks between 10 and 100 Hz. Thus, it is
important to avoid any resonating body within the STM with a resonance frequency of up
to 1 kHz, since a larger difference between the driving frequency and the resonance
frequency decreases the coupling and excitation, as evidenced by the following equation:

-,

M, =1-20*(E=20y?

o,
where A4y is the change in amplitude of the resonant body, O the quality factor of the
mechanical connection between the exciting and resonant bodies, and @y and @ the
excitation and resonance frequencies. In particular, quality factor O describes the
sharpness of the resonance in a vibratory system, with a large Q value represents a well-
defined resonance with narrow bandwidth (which means high response near resonance).
In general, a small Q value is desired in a vibration damping system to be effect.

Thus, it is of paramount importance to optimize the design of the STM for high
resonance frequencies, which usually means decreasing the size of the microscope as the
resonance frequency of a body scales proportionally with the diameter and the length of

the body, as indicated by the following equation:
_LnE
2rI*\ p
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where f'is the resonance frequency of the object, /4 the height, / the length, £ the Young’s
modulus of the material used, and p the density of the material. Since the roles of height
and length exchange with each other as dimensions change, the aspect ratio of the
microscope generally needs to be near unity in a mechanically stable configuration. At
the same time, the high resonance frequency design of the STM need to be
complemented by a low pass filtering scheme with small quality factor, so that excitation
of all frequencies and amplitudes is adequately damped, while only low frequency

vibration modes that are hardly coupled to the STM resonance can reach the microscope.

Materials Youn(gl’ : félgj;ﬂus E1 Density p(gem®) | (E/p)S (mis)
PZT 6.9 7.5 3000
Molybdenum 31.7 10.2 5500
Macor 6.7 2.5 5200
Glass 6-8 2.3 5500
Stainless steel 19.3 8 4900
Aluminum 7.2 2.7 5200

Table 5.1. Young’s modulus values and densities for materials commonly used for UHV
application.

Materials chosen in the construction of a STM needs to be mechanically robust
against stress (large Young’s modulus) as a result of either rigid mounting or thermal

expansion, while light weight in design to give rise to high intrinsic resonance frequency,
111



STM Design

as indicated by the equation above. Table 5.1 shows the Young’s modulus values and
densities for materials commonly used for UHV application, and the last column
indicates the contribution factor in determining the resonance frequency of an object
made from indicated material. In particular, PZT ceramics is used to fashion necessary
transducers for the scanning and approach motions of a STM with precision as high as on
the order of picometers. In particular, both stainless steel and Macor are especially
favored in construction of STM components in general, due to their low cost, excellent
mechanical properties and machinability. Aluminum is sometimes preferred if weight is
an important concern and electrical conduction is required, as in the case of a tip holder at
the end of the scanning piezoelectric tube, though oxidation of the surface makes
aluminum less favorable for dynamic electrical contacts.

In addition to mechanical properties, the materials used in the design of a STM
need to behave well thermally, in response to thermal changes from both ambient
environment and active temperature control. Most materials expand with changes in
temperature, and thus it becomes particularly important to compensate for the thermal
drift as a result by having a compact low expansion design with materials of similar
thermal expansion coefficients, in addition to good temperature control (which requires
small thermal load and high thermal diffusivity) and strategic thermal isolation.

A plot of the thermal conductivity values of some materials used in the
construction of the new STM is shown in Figure 5.1. From this chart it is clear that glass
and Macor (a machinable ceramic) are ideal low thermal conductivity materials, which

can withstand relatively high temperatures (800 °C). Several alloys and pure metals
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provide moderate thermal resistivity where electrical conductivity is required. Oxygen-
free high conductivity (OFHC) copper can provide very high thermal conductivity.
Polycrystalline sapphire (alumina) is more affordable than sapphire and provides thermal
conductivity comparable to tantalum. Tungsten, although difficult to machine, offers

excellent thermal conductivity with a much higher maximum working temperature than

copper.
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Figure 5.1. Thermal conductivity of various UHV-compatible materials as a function of
temperature.

Table 5.2 outlines additional relevant thermal properties of the materials outlined

above, which are selectively chosen for the current design due to their similarly low
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thermal expansion coefficients to those of materials in the PZT piezoelectric family.
Molybdenum and tungsten both have low thermal expansion values and excellent thermal
diffusivity, the former of which is ideal for the STM body due to its machinability as well
as chemical inertness towards both oxidative and reductive environments. Macor and
glass are also compatible with a low thermal expansion design, and can be used when
both thermal and electrical isolation are needed, though the latter of which is difficult to
fashion for small components. Stainless steel can be used as a limited thermal insulator,

when electrical connection needs to be maintained, and thermal expansion is less of a

concern.
Materials Thermgl expansion | Thermal conductivity Heat Capacity
coefficient (ppm/K) (W/m-K) (J/g-K)
Molybdenum 4.8 138 0.255
Tungsten 4.5 174 0.13
Macor 10 1.6 2.5
Sapphire 8.8 46 0.76
Alumina 8.4 36 0.88
Glass 5-10 1.4
PZT 7 0.19
Tantalum 6.3 57 0.14
Stainless steel 16 26.5 0.483
Aluminum 23 237 0.9

Table 5.2. Thermal properties of various UHV-compatible materials used in the design of
the new Walker STM.
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. .| Dissipation | Piezoelectric Curie Young's )
. Dielectric : Density
Materials constant factor coefficient | temperature | modulus (g/em’)
(%) (nm/V) (°C) (10" pa) | ‘&
PZT-5A 1900 2 -0.18 365 6.6 7.9
BM500 1750 1.6 -0.16 360 6.5 7.65
PZT-5H 300 2 -0.27 195 6.1 7.6
BMS527 2750 2 -0.25 225 6.9 7.5
PZT-4 1335 0.2 -0.12 325 7.7 8.1

Table 5.3. Physical properties of different piezoelectric materials used for fine motor

movement.
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Figure 5.2. Performance of high voltage and low voltage materials of the PZT family as
a function of temperature.
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Lastly, the choice of piezoelectric materials for a STM motor is important in
determining the service temperature range of the microscope as well as mechanical
response per potential applied, in addition to mechanical and thermal properties already
discussed. A variety of piezoelectric ceramics is available, which differ in their electrical,
piezoelectric and mechanical properties. Table 5.3 lists a small selection of properties for
four types of piezoelectric ceramics commonly used in scanning probe microscopes. A
large piezoelectric coefficient d3; means you get large excursion per applied voltage,
which is usually desirable. Large dielectric constants are undesirable, since they mean a
large capacitance of the piezoelectric tube, which will limit the scanning frequency
obtainable for a given drive current. The Curie temperature indicates the point at which
an piezoelectric transducer is completely depolarized, but Figure 5.2 shows that the
performance of an piezoelectric element is seriously degraded long before reaching the
Curie temperature. In the case of a piezoelectric transducer for axial motion, the element
can be re-polarized under high temperature and strong applied electric field. However, a
shear-action piezoelectrics cannot be re-polarized, due to its dependence on the grain
boundary formed between two oppositely aligned piezoelectric grains. A high dissipation
factor means that a large part of the driving energy is converted to heat inside the
piezoelectrics. All piezoelectric materials commonly used in scanning probe microscopes
are "soft", optimized for high sensitivity (large d3;) but with rather large thermal
dissipation. They cannot be driven with large amplitudes and at high frequencies, which
could heat them up significantly. Soft piezoelectric ceramics also exhibits a larger

hysteresis (asymmetric response to potentials of opposite polarities), with 15% to 20%
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difference in pressure exerted for potentials of same magnitude but different polarities as
typical for soft materials, as opposed to 3% to 5% for hard materials.
In the case of piezoelectric transducers for the new ultra high pressure, high

temperature STM, PZT-5A is chosen for its high maximal service temperature.

5.2.1 Motor

From a design point of view, a practical STM must have two core capabilities in
addition to the fine positioning control afforded by the piezoelectric transducers. First, the
overall design must be rigid enough to prevent external vibrations from causing the tip-
surface separation to vary significantly, while attenuation of vibrations through external
damping is also an important and complementary requirement. High mechanical stiffness
also allows faster operation of the feedback loop controlling the tip-surface separation,
which in turn increases the maximum scan speed. Although specialized STM designs can
acquire multiple images per second [1], common STM systems require between 10 and
100 seconds per image. To study dynamic processes at surfaces, therefore, it is generally
necessary to vary the temperature of the surface. By heating and cooling the substrate
temperature, the rates of chemical reactions and adsorbate diffusion can be adjusted to
coincide with the timescale of STM. Systems designed specifically for wvariable
temperature operation, especially above room temperature, contain materials of low and
similar thermal expansion characteristics to minimize and accommodate mechanical

stresses as a result of temperature change, and generally incorporate some form of
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thermal expansion compensation in order to minimize unwanted net motion of the tip
compared to the sample surface. [2, 3]

A second basic requirement is that an STM must incorporate a reliable means of
approaching the tip to the surface to within the small range of the scanning piezoelectric
transducer (typically 100 to 1000 nm). This coarse approach capability must not
compromise the stiffness of the STM. Often the coarse approach mechanism must also
operate reliably without external mechanical interaction. [4, 5]

The current STM motor design is based on the concept previously developed by
Pan et al. [6] The idea of a piezoelectric scanner rigidly braced by six shear piezoelectrics
that also provide the coarse approach mechanism remains the same, but the size of the
STM body has been significantly streamlined to reduce thermal load exerted on the small
button heater required in a compact high pressure and temperature STM. As evidenced at
the beginning of this section, materials of low thermal expansion and similar thermal
performance, such as molybdenum, Macor, alumina, sapphire and glass, are chosen to
construct the new STM to minimize drift and mechanical stress as a result of variable
temperature applications.

In using a braced “slip-stick” approach mechanism by shear piezoelectric “legs”
instead of piezoelectric tubes as in the case of the Beetle STM, the overall lateral scan
range of the STM scanner is reduced in exchange for a more mechanically stable design.
Referring to Figure 5.3 and Figure 5.4, the overall blueprint of the new “Walker” STM 1is
circular in design, where the scanner (a hexagonal sapphire slider housing the scanning

piezoelectric transducer, both of which are secured on a Macor base plate) is
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concentrically aligned with the circular STM body and sample, in order to minimize the
lateral drift in imaging during thermal variation as a result of ambient or active changes.
A more compact molybdenum STM body of 1” diameter and 1.25” long (Figure 5.5) has
been designed to replace the larger Macor body in the former version, to provide the
same rigidity and low thermal expansion design while sacrificing some of the coarse
approach distance. The body contains a central semi-hexagonal cavity for placement of
the shear piezoelectric legs and the scanner, and is plated with 1 um thick gold for
chemical passivation. Referring to Figure 5.6, the top surface of the body contains a
square formation of thirty two 0.032” diameter clearance holes to be lined with alumina
tubing of 0.030” outer diameter (OD) and 0.020” inner diameter (ID) for the purpose of
wiring, and a circle of eleven 2-56 tapped holes for secured mounting to the high pressure
flow reactor cell. The front of the circular side on the STM body is open to provide
access to the inner cavity, and features a pair of vertically align 0.2 wide and 0.060”
deep notches with centrally aligned 0-80 tapped holes on the top and bottom ends, for
installation of a copper beryllium (CuBe) spring plate to press all shear piezoelectric legs
tightly against the scanner once installed. Referring to Figure 5.7, the rear of the body
contains two 0.1” wide and 0.040” deep channels, each of which can house three alumina
tubing of 0.020” OD and 0.012” ID and be subsequently covered by a gold foil for the
purpose of electrically shielded wiring. The bottom end of the body also has open access
to the inner cavity, through which the scanner and the tip can gain access to the sample

surface, and have a circular arrangement of three depressions of 0.020” diameters for
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seating of three glass balls for rigid mechanical coupling and thermal installation with the

sample stage (Subsection 5.2.2).

1.00" A

E I
C

Figure 5.3. The scanner of the “Walker” STM contains a Macor base plate (A), on which
the scanning piezoelectric tube (B) with the tip holder (C) and a hexagonal sapphire
prism slider (D) are glued. The scanner is braced against the alumina spacers (E) on six
shear piezoelectric stacks (F) by applying pressure through a glass ball (G) contact with a
copper beryllium spring plate (H). Four of the stacks are glued to the inside walls of the
molybdenum body (I), and the other two on an alumina plate.
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Figure 5.4. The bottom view of the Walker STM schematic reveals that the design is
centrally symmetric. The circular molybdenum body (A) is in rigid contact and
concentric, through the use of six shear piezoelectric stacks (B), with the scanner, which
contains the scan tub equipped with a tip holder (C) and a sapphire slider (D) that are
glued to a Macor base plate. The underside of the STM body contains 0.010” diameter
holes (E) for glass ball contacts to mount a sample stage through the use of 2-56 screws

(F).

Figure 5.5. Molybdenum body for the Walker STM.
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Figure 5.6. The top surface of the STM body contains a square formation of alumina-
lined clearance holes (A) for wiring, and a ring of 2-56 tapped holes (B) for mounting the
STM to the high pressure flow reactor cell.

Figure 5.7. Rear view of the STM body, now gold-plated, shows the alumina tubing
inside the back trenches, before the trenches are electrically shielded with a covering gold
foil.
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The coarse approach mechanism of the Walker STM relies on the use of six shear
piezoelectric legs upon the surface of a polished hexagonal sapphire prism that contains
the scanning piezoelectrics, arranged in two sets of three legs in order to provide stable
three-point contacts on the sapphire slider. Each shear leg consists of four square shear
piezoelectric plate, of 5 mm long and 0.5 mm thick and with nickel-plated electrodes,
glued together in a stack formation and in alternating direction by electrically conductive
epoxy, to maximize the shear distance of each stack per voltage applied. Four shear
stacks are glued in two columns within the STM body cavity (Figure 5.8), while another
pair is secured onto an alumina plate (Figure 5.9). A polished alumina spacer is glued to
the top surface of each stack to provide an equally smooth surface per stack for the
sapphire slider to couple with. Referring to Figure 5.10, to power each shear piezoelectric
leg, the central interface as well as the top and bottom surfaces of each stack are
connected as electrical ground (which is connected to the STM body ground by
electrically conductive glue), while the remaining two interfaces are designed as parallel
high voltage. Relatively rigid Kapton-coated copper wires of 0.010” diameter are used to
make connections for the shear legs to prevent accidental interference of the wires with
the coarse approach mechanism, and the high voltage connections are guided along the
inner walls of the body cavity in alumina tubing to exit through the small wiring openings
at the top end of the body. Upon exiting the top surface, each wire is glued at the base of
the wiring opening, and subsequently stripped and trimmed to 5 mm long as soldering
points to be connected to the wiring junctions of the pressure cell (Subsection 5.3.1).

Upon preparing all shear legs as described above, the hexagonal sapphire slider
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containing the scanner can be placed among the six piezoelectric legs, with the pair of
shear legs on the alumina plate placed on the slider at the front opening of the body, so
that a pair of stacks will mate with every other surface of the prism. All six legs are
pressed firmly against the prism surfaces by installing a CuBe spring plate, as mentioned
briefly above and shown in Figure 5.11, over the alumina plate containing two of the
shear piezoelectric stacks. Both the alumina and CuBe plates have a clearance hole of
0.015” diameter so that a glass ball of 1.5 mm diameter can be placed in-between as a
stable ball point contact, as the CuBe plate is mounted down by 0-80 screws at the top
and bottom ends of the body. Since the clearance seating hole on the CuBe plate is placed
at different lengths from the ends, the pressure applied on the sapphire slider can be
varied gradually by adjusting the 0-80 screw on the longer lever using the glass ball as a
pivot point. Once secured, the scanner can approach in a “slip-stick” manner (Section
5.5), by initially shearing each of the piezoelectric legs in sequence while the other five
remain stationary, and subsequently relaxing all shear stacks simultaneously for a net
overall motion of the scanner. Figure 5.12 shows the reproducibility of the approach
mechanism upon repeated approach and retraction of the scanner to the sample surface,
revealing a steady decline most probably due to local thermal expansion and thus
frictional change as a result of the slip-stick motion, since the approach step size usually

fully recovers after idling overnight.
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Figure 5.8. Four shear piezoelectric stacks (A) with their alumina spacers (B) are glued
to the inner walls of the STM body. Kapton-coated copper wires are used to provide high
voltage to the shear stacks, and are guided along the inner wall with alumina tubing (C),
till they exit the top body surface where they are stripped, trimmed, and glued down as
soldering junctions (D).

Figure 5.9. A pair of shear piezoelectric stacks on an alumina plate, for providing the
coarse approach of the STM scanner in conjunction with the four shear stacks shown in
Figure 5.8.
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Figure 5.11. A fully assembled Walker STM with a mock sample holder (A) shows that
the scanner (B) is pressed among the six shear piezoelectric stacks, by a copper beryllium
spring plate (C) exerting pressure on the alumina plate (D) containing two of the shear
stacks through a glass ball (E). The applied pressure can be adjusted by a 0-80 screw (F).
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Figure 5.12. Successive cycles of approach and retraction show a gradual decrease in
step size at 120 V. This is most probably due to local thermal expansion and increase in
friction, which recover upon idling overnight.

The scanner portion of the STM motor consists of a Macor base plate, a PZT-5A
scanning piezoelectric tube (0.250” diameter x 0.500” long x 0.020” thick) with the tip
receptacle, and a hexagonal sapphire prism with an internal cylindrical cavity. (Figure
5.13) Since there is no coarse lateral offset mechanism in the Walker STM, the scanner
serves as a scanning transducer with a limited but fine lateral adjustment. The Macor base
plate contains two appropriately sized and concentrically placed columns, so that the
inner cavities of the prism and the piezoelectric transducer can be glued securely onto the
base plate and concentrically with each other, with the other end surfaces of the sapphire
and piezoelectric components nearly level with each other. The exterior of the sapphire

prism has been polished to two different smoothness, with the six faces alternating in the
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two roughness so that the prism can be rotated to provide different frictional surfaces in
addition to the freedom of adjusting the pressure exerted by the shear piezoelectric
contacts. The interior hollow space of the sapphire slider is machined to be much
considerably larger than the OD of the scan tube, so that a slight misalignment of the
piezoelectric transducer on the Macor plate will not lead to direct mechanical contact and
coupling to the sapphire. Soft Kapton-coated copper wires of 0.003” diameter are used to
electrically connect the four exterior quadrant electrodes and the inner electrode of the
scan tube to the wiring junctions present at the top end of the STM body, and the wires
are routed out of the scanner through clearance holes fashioned at the Macor base plate.
The wiring junctions at the top of the microscope body are in the form of gluing down
segments of 0.010” diameter copper wires at the alumina-lined clearance holes, serving
as soldering points for both external and internal portion of the STM body, a motif that is
used again for the high pressure electrical connection of the reactor cell (Subsection
5.3.1) as well as modular wiring connection of the docking scaffold for the pressure cell
(Subsection 5.3.2).

The end of scan tube can be equipped with a tip exchange mechanism for in
vacuo manipulation as will be described in Subsection 5.2.4, or a simple tip receptacle
consisting of a 0.020” thick Macor disk with a concentrically mounted gauge 22 needle

for retaining and electrically connecting a tip.
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Figure 5.13. The scanner of the Walker STM consists of a Macor base plate (A), which
is glued to a scan tube with a tip holder (B), and a hexagonal sapphire prism slider that is
polished to two different grains (C & D). The electrodes of the scan tube are routed out
by thin Kapton-coated copper wires (E) through the Macor base plate.

5.2.2 Sample Stage

The design of the sample stage revolves around two important interactions with
both the STM motor and the sample holder: strong mechanical coupling and sound
thermal isolation. Mechanical stability is important to ensure external vibration excitation
does not vary the tip-sample separation distance beyond the compensation of the
feedback control loop during imaging, while the secure design must remain modular to
allow removal of sample stage from motor for individual inspection when necessary, as
well as to permit exchange of tip and sample holders into the stage in vacuo. At the same
time, thermally insulated design allows reduced heat transfer between the sample on
stage and the STM motor while maintaining the rigid mechanical design, and thus

ensures the thermal load is small and equilibrium is quickly reached during variable
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temperature experiments. At the same time, the performance of the piezoelectric

transducers within the motor is not compromised during thermal studies.

Figure 5.14. The sample stage contains a system of a leaf spring (A) and two wire
springs that are each formed by a stainless steel loop to be placed through two clearance
holes (B), for the purpose of mounting a removable sample holder. Both the top and
bottom surfaces of the sample stage each contain a set of “point-blank-slot” (C, D & E)
motif for mounting to the STM body by kinematic contact.

Figure 5.15. Sample stage with a mock removable sample holder inserted. A indicates
where the sample surface will exposed to a scanning STM tip.
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The stainless steel sample stage (Figure 5.14) has been constructed in two pieces
due to the fact that some of the geometry required cannot be fashioned using
conventional machining tools. The sample stage has been designed to allow exchange of
a custom made sample holder (Subsection 5.2.3) or tip exchanger (Subsection 5.2.4) to
facilitate the necessary in vacuo manipulation for tip and sample introduction. Upon the
insertion of the sample holder, the sample is positioned in the center within the overall
combined circular design of sample stage (Figure 5.15) and holder to minimize lateral
drift in the tip-sample interaction as a result of thermal variation, while the sample holder
is rigidly mounted and thermally isolated through a joint system of leaf spring and wire
springs on glass ball contacts. Referring to Figure 5.16, the fitted recession of the sample
stage for the placement of a holder have two cylindrical depressions of 0.5 mm diameter
and 0.375” deep placed on either side of the entry, and one additional depression of the
same size placed in the center of the ledge at the end of the recess. These three
depressions allow three glass balls of 0.5 mm to be embedded at the bottom side of the
recession to serve as a three-point contact for the holder to be seated on. In order to apply
adequate force on the sample holder to maintain the kinematic contact on the glass balls,
above each of the glass balls situated on either side of the entryway is two clearance holes
of 0.25 mm diameter for secure placement of a stainless steel wire loop to act as a wire
spring, and an adjacent recessed 2-56 tapped hole near the rear glass ball allows the
addition of a stainless steel leaf spring. The combined mounting system of glass balls and
springs provide not only the necessary mechanical stability for a rigid coupling loop

between sample and tip, but also the reduced thermal transfer between sample and the
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rest of the microscope by the use of insulating materials as well as fine contact points of

high asperity.

Figure 5.16. Top view of bottom section of the sample stage reveals three depressions
(A) for fashioning 0.5 mm diameter glass ball contacts.

Figure 5.17. Kinematic contact is formed between STM body (A) and mock sample
stage (B) by bracing them with a copper beryllium press plate (C) through two sets of
glass balls (D) on the “point-blank-slot” motifs, by the use of two 2-56 screws (E).
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Figure 5.18. Glass ball contacts (A) placed at the three holes on the bottom of the Walker
STM body.

The combined mechanical rigidity and thermal decoupling between the sample
stage and the STM motor is achieved through the use of kinematic three-point glass ball
contact. (Figure 5.17) The sample stage is pressed against and mounted to the STM motor
with a circular CuBe pressure plate and three glass balls of 1 mm diameter in-between

each pair of participants by two 2-56 screws. The top side of the sample stage contains a
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set of appropriately placed “point-blank-slot” trio features, so that an adjustable contact
can be made once the glass balls are placed into the three 0.020” holes at the bottom of
the STM body. (Figure 5.18) Similar system is built into the bottom surface of the sample
stage to be used with the CuBe press plate. Once the two sets of three glass balls are
placed between the three components, two 2-56 screws can be inserted to mount the press
plate tightly against the STM motor sandwiching the sample stage in-between. The 2-56
clearance holes on the sample stage have been fashioned larger than conventional size to
prevent contact between the screws and the stage, ensuring further thermal isolation
between the motor and the stage, and electrical insulation between those so that a bias
voltage can be applied during imaging.

Three types of electrical connection need to be made to the exchangeable sample
holder while insulated from the rest of the system: bias voltage, thermocouple, and high
voltage supply for the button sample heater (as outlined later in the next subsection). Due
to the extreme lack of space within the sample holder as evidenced in Subsection 5.2.3
and the similar situation on the sample stage, bias voltage for the current microscope has
been designed to be applied through chromel wire of the type K thermocouple
connection, while a special temperature display is used to read the potential difference
between the thermocouple pair of wires to allow constant temperature monitoring even
when a bias potential is being applied. Four rectangularly-arranged clearance holes of
0.022” diameter are placed at the back surface of the recess on the stage, so that they can
be electrically insulated by alumina tubing of 0.020” OD and 0.012” ID for insertion of

the two type K thermocouple wires of 0.010” diameter through the top holes and looping
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to return through the lower holes in a top-down direction. The back surface of the recess
is thinly coated with cured insulating epoxy, and the wire formations thus created are
pushed firmly against the epoxy to allow a streamlined geometry while remaining
electrically isolated from the stage. The thermocouple wires from the sample stage are
routed along the back of the STM body in electrically shielded alumina tubing to the top
of the body and subsequently to the external surface of the pressure cell. The vertical
formation of the thermocouple is designed to couple mechanically and electrically with
the horizontal arrangement of the thermocouple on the sample holder (as described in the
next subsection), upon full insertion and engagement of the holder within the stage. The
90° out-of-phase arrangement of the mating contacts ensures a good electrical contact is

always made upon mechanical stress on the contact system.

Figure 5.19. Bottom view of bottom section of the sample stage reveals two depressions
with 2-56 tapped holes for fashioning leaf spring electrical contacts for the button sample
heater in the sample holder.
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Electrical connection between the sample stage and holder for the button heater
has been implemented in the form of leaf springs and spring taps. The bottom of the
sample stage features two depressions (Figure 5.19) containing two copper leaf springs
that are electrically isolated by 0.5 mm thick Macor spacers and 2-56 alumina screws,
which serve as high voltage supply electrodes to mate and ensure good contact with the
spring taps extending from electrodes of the custom button heater embedded in the
sample holder, upon full engagement of the sample holder within the sample stage.
Similar design has been made for the sample preparation stage within the UHV analysis
chamber of the system, to allow utilization of the button heater for sample annealing.
Electrical connection between the leaf springs on the sample stage and external electrical
contacts can be fashioned, though not currently implemented, through the installation of

an electrical feedthrough at the back of the pressure cell bottom section.

5.2.3 Sample Holder

The sample holder has proven to be a critical component that strongly influences
the thermal behavior and mechanical stability of the system. Since the sample remains
fixed in the sample holder at all times, the UHV-compatible and chemically resistant
materials used to construct the sample holder must withstand temperature extremes from
room temperature to 1000 °C. In addition, the thermal conductivity and geometry of the
parts of the sample holder must be chosen to balance the demands of heating and counter-
cooling (as in the case of annealing) so that the sample temperature can be varied

effectively. The optimal design combines high thermal impedance to the room
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temperature sample stage with high thermal conductance between the sample and the
heating element. Low heat capacity, achieved by compact construction, allows quick
temperature variations with minimum heat flow, while thermal shielding of the sample
with highly insulating materials ensures a low base temperature for rest of the
microscope.

In order to meet the extreme thermal requirement as well as the robust physical
properties necessary for the mechanical stress during manipulation and mounting, the
sample holder for the current system is designed to be constructed out of fused silica, due
to the material’s low thermal conductivity and expansion coefficient at high working
temperature, as well as strong mechanical characteristics. A fused silica sample holder,
which is designed to enclose most of the sample except the limited scanned area needed
for the new STM motor, enables thermal shielding of the hot sample from the rest of the
microscope setup that should be near ambient temperature during variable temperature
studies. However, it should be noted that fused silica is a material both difficult and
expensive to machine with, and thus for the initial ambient temperature testing of the
STM system, stainless steel and aluminum are chosen as the materials of choice.

While the sample holder is thermally insulating, it remains imperative to keep the
thermal load on the miniature button heater at a minimum by maintaining a compact
design for the sample holder. In contrast to the separate necks in the two-level design of
the sample holder for the high pressure STM system as outlined in Chapter 3, the size of
the sample holder can be reduced dramatically if it can be designed to allow interaction

of two separate manipulation means on the level simultaneously. This design proves to be
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essential in the complementary design of the sample preparation stage, which remains to
be a dual fork interaction (Subsection 5.4.3) during manipulation with the transfer arm,
while the wobble stick (Subsection 5.4.4) has evolved from a simple fork to a grabber
design that allows stronger interaction and security in all lateral directions. As a result,
the sample holder has been designed to simultaneously interact with a four-finger sample

preparation stage) and a three-finger (transfer arm fork) forks with a minimal need in

thickness, while providing necessary recess for a wobble stick to grip onto firmly.

Figure 5.20. Top view of a mock Macor sample holder shows two alignment holes (A)
for wobble stick manipulation and a clearance hole (B) for it to grip onto. The holder
contains two “wings” (C) to slide into a four-finger fork, and a rear ledge (D) and a front
cavity (not shown) for a simultaneous interaction with a three-finger fork. The top surface
shows two circular sets of holes (E) for mounting sample from the back side with glass
ball contacts by four 2-56 screws (F). A cutaway in the top surface (G) allows holder
manipulation within the STM without significant tip retraction.
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Figure 5.21. Front view of the mock sample holder reveals the square cavity for the
three-finger fork manipulation.

Figure 5.22. The four-finger fork on the sample preparation stage (green) engages the
sample holder (blue) by the wings. The transfer arm three-finger fork (yellow) can

engage the holder orthogonally. Subsequently, the transfer can be completed by lowering
of the stage.
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Referring to Figure 5.20, the sample holder contains two holes of 2 mm diameter
at one end (which is designated as the back surface) with a vertically aligned clearance
hole that is position nearby. This collection of cavities forms the motif, which reappears
again in both the tip exchanger and the field emission plate, allows manipulation by a
wobble stick through alignment with the two depressions at the back with pins while a
maneuverable finger of the wobble stick engage or disengage with the vertical clearance
hole. The back surface also contains 1 mm wide ledge that is formed from a 1 mm
depression of the top surface and a 0.5 mm depression of the bottom, while the front
surface contains a 1 mm square cavity (Figure 5.21). Together, they form the two
necessary mating features for the engagement of a three-finger fork at the end of the
magnetically coupled transfer arm. Referring to Figure 5.22, the two sides of the sample
holder contain a pair of “wings” that are ledges of 1.5 mm wide and 2 mm thick, that can
be interacted with and secured by the four-finger fork structure on the sample preparation
stage, in a manner similar to that between the STM sample stage and the sample holder.
The two different forks can interact with the sample holder at orthogonal axes at the same
time, and disengage from each other when the sample holder is secured on one fork, by
simply creating a necessary recess in the sample preparation stage for the transfer arm
fork to enter when depositing or extracting the sample holder.

The top surface of the 4.5 mm thick sample holder is only 1 mm in thickness, as
there is a central circular cavity within the sample holder to allow insertion of a sample
and the button heater from the bottom. The front end of the sample holder top surface has

a 2 mm wide cut-away, to minimize the tip retraction necessary in a spatially already
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restricted design before manipulating the sample holder. The top surface contains two
circular sets of 0.020” diameter clearance holes of two different radial lengths, for
mounting a sample of various size (up to 10 mm in diameter) from the bottom side of the
sample holder. Three glass balls of 1 mm diameter can be placed on one of the sets of
clearance holes for the sample surface to be braced against in a kinematic three-point
contact for mechanical stability and thermal isolation, while ensuring the sample surface
is flat in relation to the scanning direction to minimize the slope compensation necessary
during imaging. Subsequently, in the simpler case of a mock sample holder, the sample
can be mounted down at the back side by four leaf springs extending from the four 2-56

tapped holes surrounding the central cavity.

Figure 5.23. Bottom view of the mock sample holder reveals the central circular cavity
(A) for placing the sample, as well as the dog-ear recessions for placing the button heater
afterwards.
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L

Figure 5.24. The Macor spacer (A) and the bottom press plate (B) for the button heater.
The cutaways (C) in the front allow installation of spring electrodes to couple with the
leaf springs on the STM sample stage.

In the case of the actual fused silica sample holder that is designed for use with
the button heater, the back surface of the sample needs to be cut and polished in parallel
to the front surface, in order to provide a smooth surface for mechanical contact of the
button heater from the back. The mechanical and thermal contact between the sample and
the heater is enhanced by plating the top surface of the button heater with gold. The
button heater is circular and 2 mm thick in design with four dog-ear wings, two of which
serve as electrodes for power supply to the heater. Similar dog-ear features have been
made in the central cavity of the sample holder to allow the insertion of the sample
heater. (Figure 5.23) The sample heater is placed in the holder in such a fashion that the
two dog-ear electrodes will be pointing towards the front end of the sample holder. Upon
insertion of the button heater, a 0.25 mm thick Macor spacer (for electrical insulation
from the rest of the system) of the same shape as the heater and a stainless steel heater

press plate with the necessary dog-ear depression for fitting are placed at the back of the
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button heater. (Figure 5.24) The front end of the dog-ear depression on the press plate
have been machined away, to allow the insertion of two spring taps to extend forward the
electrical connections of the heater electrodes. The sample holder and the heater press
plate are subsequently mounted together, sandwiching all components tightly in-between,
by four 2-56 screws. The forwardly exposed spring taps as a result allow electrical
contacts with the leaf spring system on the STM sample stage and the UHV sample
preparation stage to supply power to the button heater.

Thermal measurement and bias voltage application of the sample are performed
through a pair of type K thermocouple wires of 0.010”” diameter that are spot-welded onto
the side of the sample. The wires are subsequently routed out of the sample holder
through the sue of the four 0.012” clearance holes situated at the front end of the sample
holder, where each wire is channeled through an outer hole and wrapped around to enter
the adjacent hole in a sideway manner. This horizontal arrangement of thermocouple
wires is fashioned to be mechanically and electrically coupled with the vertical
arrangement of wires on the sample stages in the STM (Subsection 5.2.2) and UHV

(Subsection 5.4.3) compartments.

5.2.4 Tip Holder and Exchanger

The inclusion of an in vacuo tip exchange mechanism, as evidenced from Chapter
3, is vastly useful due to the high tip degradation rate during in situ high pressure studies,
while it can also be a liability to mechanical stability if the removable tip holder is heavy,

or not coupled strongly to the scan tube once installed. The task of designing a suitable
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tip exchange mechanism for the new microscope is further complicated by the limited
ability to manipulate the physically isolated STM setup. As a result, a extremely compact
tip holder must be devised to both minimize the decrease in resonance frequency due to
the added mass, as well as the size while maintaining a relative ease for in vacuo
manipulation.

The tip exchange mechanism for the new microscope consists of three parts: a tube
plate that is glued to the end of the scan tube to provide the necessary means to achieve a
stable three-point contact with the tip holder, a removable tip holder that can be
magnetically coupled to the tube plate, and a tip exchanger that serves as a carriage to

shuttle the tip holder within the system as well as a means to decouple the tip holder from

the tube plate during exchange.

Figure 5.25. The tube plate of the tip exchange mechanism contains a central hole for
mounting of a samarium cobalt magnet to attract the iron tip holder, and three
depressions for installing stainless steel ball contacts for stable coupling.
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The tube plate is made out of aluminum due to its low density and thus light
weight, and is affixed to the end of the scan tube with UHV-compatible epoxy with an
alumina ring spacer in-between, to minimize leakage current detected at the tip as a result
of the high voltage applied to the electrodes on the scanning piezoelectrics. The bare end
of a Kapton-coated copper wire of 0.003” diameter is glued to the edge of the tube plate
as the tunneling current wire using electrically conductive epoxy. The wire is anchored at
the end surface of the sapphire slider to prevent dangling and consequently capacitance
coupling with bias wires to the sample and and shear piezoelectric stacks nearby.
Subsequently, the wire is routed out along the back of the STM body within an
electrically shielded alumina tubing to the top of the body, similar to the wiring method
of the thermocouple. Referring to Figure 5.25, the tube plate has a central clearance hole
to house a samarium cobalt magnet of 1 mm diameter and 1.5 mm thick, that serves as a
source of magnetic force necessary for coupling the tip holder. Samarium cobalt is
chosen due to its extremely high magnetic properties (which allows for minimal size and
mass given the required magnetic force), outstanding thermal stability, and excellent
corrosion resistance, all of which are common characteristics of rare earth magnets. A
radial arrangement of three circular depressions of 0.5 mm diameter and 0.25 mm deep
permits the subsequently attachment of three stainless steel balls of 0.5 mm diameter, to
provide the stable three-point contact and electrical connection with the tip holder.

The iron tip holder geometrically contains two discs connected by a short tube in-
between. (Figure 5.26) The larger disc serves as the attachment side of the tip holder to

the magnetic tube plate, and has a chamfered plateau in the middle to minimize the

145



Tip Holder and Exchanger

distance and thus maximize the magnetic force exerted from the magnet, once the tip
holder is attracted and attached to the tube plate by the three-point contact onto the outer
area of the large disc. The lower disc, as its role will be described in detail later, serves as
an anchor point for the tip exchanger to catch onto during removal of the tip holder from
the scan tube. The tube connecting in-between is a gauge 22 needle that allows the

insertion of a tip of diameter between 0.0130” and 0.0135”.

Figure 5.26. The top of the iron tip holder contains a plateau (A) to reduce the distance
for the magnet in the tube plate to attract, while the outer ring (B) allows the three ball
contacts to rest on. The small disk (C) at the bottom latches onto the tip exchanger during
tip retraction during a tip removal manipulation.

The tip exchanger is very similar in design to the sample holder structurally, to
allow analogous manipulation as well as insertion into the STM sample stage. There
remains a central cavity on the bottom side of the tip exchanger and, while the top surface

has a 0.4 mm deep depression to allow the seating of the tip holder, as well as a small

requirement to elevate the holder before the tip exchanger can be safely and horizontally
146



Tip Holder and Exchanger

extracted. At the same time, the front end has a similar cut away as in the sample holder
to further reduce the tip retraction distance need before disengaging the tip exchanger. A
spring-action lever, mounted by a 0-80 screw nearby, is used to secure the tip holder

during transfer, and will disengaged upon insertion of the tip exchanger into the sample

stage.

Figure 5.27. The tip exchanger (A) containing the tip holder (B) is deposited onto the
sample stage (C) in the pressure cell (D). During entry, the spring lever (E) on the
exchanger is disengaged from securing the tip holder, by the pressure cell access port due
to the length of the lever.

Referring to Figure 5.27, in order to install a new tip onto the microscope, the tip

exchanger containing the tip holder, secured by the spring lever, is inserted into the
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sample stage of the STM setup. The spring lever, being longer than the pressure cell
access port can allow, will disengage from securing the tip holder, as the tip exchanger is
being inserted and the spring lever is pivoted around its 0-80 mount by the edge of the
access port. Once the tip exchanger is deposited inside, the tip holder will be
concentrically placed underneath the scan tube, and the tube plate can then be moved
closer to the tip holder by the coarse approach mechanism of the microscope. (Figure
5.28) Eventually, the tube plate will be magnetically and electrically coupled to the tip
holder on the three-point contact established by the stainless steel balls. Then, the scan
tube can be retracted until the large disc is no longer in physical contact with the tip
exchanger, which can be easily verified by the lack of electrical connection between the

tunneling current wire and the sample temperature/bias wire(s). Afterwards, the tip

exchanger can be safely removed with the tip holder remained secure on the scan tube.

Figure 5.28. While the tip holder is resting on the tip exchanger, the tube plate can
approach by the coarse approach mechanism of the STM. Eventually, the magnet (black)
will attract and couple to the tip holder by the three-point contact (yellow). Retraction of
the scanner lifts the tip holder from contacting the tip exchanger.
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In the case of removing the tip holder for exchange, the scanner can be continually
retracted, until the lower and smaller disc of the tip holder is caught by the tip exchange.
Subsequently , the magnetic coupling between the tip holder and the tube plate will be
broken, if the retraction of the scanner is continued. In this case, the tip holder drops back
into the tip exchanger, which can then be removed from the sample stage, as the spring

lever secures the tip holder once again upon exit.

5.3 Pressure Cell Design

5.3.1 Pressure Cell

The relation between surface structure at high pressure and temperature and the
catalytic activity can be fully investigated, if structural observations by STM are
combined with analysis of the reaction products in kinetic flow-reactor experiments.
However, in order to reach a detectable product concentration from a catalytic reaction on
a relatively small single crystal surface (in comparison to industrial high surface area
supported catalysts), and avoid diffusion-limited mixing problems as demonstrated in
previous with the existing high pressure and temperature STM system, the reactor
volume needs to be sufficient small to allow correlation of structural changes and
intermediate formation on the catalyst surface with reactivity that is on the time scale of
seconds. Furthermore, reducing the reactor volume minimizes the resident time of
reaction gas and thus impurities while maintaining a low flow rate to allow steady
lamellar flow, as well as decreasing the amount of product adsorption onto reactor walls.

For a typical surface consisting of 10"° atoms/cm? and a single crystal catalyst surface of
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1 cm?, 10" molecules of product material are produced for a standard conversion rate of
10 molecules/site/s. For a detection limit of 1 ppm, the flow rate needs to be as low as
on the order of 1 mL/s. At the same time, in order to achieve good time resolution of the
gas composition analysis, the refresh rate of the reactor volume should be on the order of
a few seconds. Thus, it becomes imperative to maintain the reactor volume on the order
of few mL, which is significantly smaller than the size of a typical STM.

High pressure STM systems of reduce volume have been designed for atomically
resolved imaging at up to atmospheric pressure. [7] However, although both batch [§]
and flow [9] reactor STM systems for in situ studies at even higher pressure have been
constructed, imaging quality for those systems is poor and lacks true atomic resolution in
general for various reasons: mechanical coupling to external environment due to
obligatory gas connection, flow-induced vibration (especially at the tip), and membrane
separation of reactive gas from piezoelectric elements causing mechanical instability at
the body or the tip. In order to address these issues with the current flow reactor STM
system presented in this system, the pressure cell has been designed to be inclusive of the
entire STM that is gold-plated for chemical resistivity to avoid the use of a soft separation
membrane, while the flow direction of the reactive gases is along the length of the tip as
well as the length of the cylindrical STM body to minimize any mechanical vibrations
induced by flow turbulence as a result of jagged flow geometry. Lastly, soft polymer high
performance liquid chromatography (HPLC) tubing with vibration damping by silicone
sleeves and o-rings is used to direct high pressure reactive gases, and minimize

mechanical excitation conducted along the length of gas inlet to the reactor cell, while the
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STM body is mounted rigidly to the vibrationally damped pressure cell for mechanical
stability under flow. In addition to all these precautions, the pressure cell is also designed
to allow access to the STM for sample and tip exchange in vacuo when necessary.
Structurally, the pressure cell is constructed entirely out of stainless steel and
subsequently plated of 1 um thick gold for chemical passivation, and is divided mainly
into three sections: a cell lid that contains both gas and electrical connections as well as a
mounting mechanism that contributes to the necessary mechanical rigidity and precision
during sample and tip transfer, a cell middle section that serves as a mounting platform
for rigid coupling of the STM as well as an access panel to the interior of the STM for
repairs, and a cell bottom section that contains both the second gas connection and the
airtight access point for sample and tip introduction as well as electrical access point for

the button sample heater if necessary.

Figure 5.29. The cell lid contains a gas inlet (A) from introducing reactive gases, and
small alumina-lined clearance holes (B) for wiring purposes. Three levers radially extend
from the lid, each of which contain a chamfered pin (C) for mechanical mounting of the
cell for manipulation, and a ring (D) as an attachment point for a vibrationally damping
suspension spring.
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Figure 5.30. The removable external electrical shielding of the tunneling current wire (A)
on the pressure cell has a small overlap with the shielding from the docking scaffold (B)
for the pressure cell during imaging, to ensure continue shielding.

Figure 5.31. Bottom view of the pressure cell lid shows the internal shield for the
tunneling wire (A) and the thermocouple for measuring the reaction gas mixture
temperature (B).
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Referring to Figure 5.29, the cell lid contains a concentrically placed 25mm long
pipe of 0.375” outside diameter OD and 0.0625” ID for gas introduction. Surrounding the
gas inlet, thirty two clearance holes of 0.032” diameter are machined into the lid in a
square formation that is identical in dimension to the same set of clearance holes on the
molybdenum STM body. These clearance holes are for electrical connections between the
STM and the wiring external to the pressure cell. They are each lined with alumina tubing
0f 0.030” OD and 0.020” ID for electrical insulation. Afterwards, a 10 mm long platinum
wire (or wire of appropriate material in case of thermocouple wiring) of 0.010” diameter
is glued in place to each clearance hole with exposed wire on both sides of the opening to
serve as soldering points for wiring connection, and the external side of the clearance
hole is completely enclosed in UHV-compatible epoxy to provide a high pressure seal for
the wiring. This wiring method for high pressure has been chosen over the conventional
wiring connector due to both the limited space of the small pressure cell as well as the
ease to improvise the current method with little machining. Since pressure is proportional
to force applied and inversely so to area, it can be assumed that force applied to the each
clearance hole opening under high pressure is small and not exceeding the bonding
strength of the epoxy chosen. The internal side of each platinum wire secured thus is
soldered to on one end of a Kapton-coated copper coil of 0.003” diameter, while the other
end is subsequently connected to an exposed wiring on the STM body for electrical
connection. For the tunneling current wire, special precaution in electrical shielding is
made in form of a removable 0.0625” alumina-lined stainless steel tubing of 6 mm in

length, which can be mounted and grounded to the pressure cell to enclose the external
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side of the exposed tunneling current wire after connection, is made. (Figure 5.30)
Similar design, though not removable, has also been made for the internal side of the
tunneling current connection. (Figure 5.31) Lastly, the pressure cell lid contains three
structurally robust levers radially and evenly extending from the plane of the lid, each of
which contains a chamfered pin of 3 mm diameter at the end to be used in the mounting
mechanism as outlined in Subsection 5.3.3, and a vertically placed ring for attachment of

a suspension spring in physically supporting and vibrationally damped the pressure cell

during imaging.

4 .

Figure 5.32. The middle section of the pressure cell contains o-ring seals (A) for
coupling with the other two pressure cell sections, and two ledge-like leaflets (B) for
mounting the microscope by two 2-56 screws.
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The cell middle section contains the necessary depressions for effective 2-025
polymer o-ring seals needed in assembly of the pressure cell, as well as an internal ledge
that allows mounting of the microscope through two of the 2-56 tap holes on top of the
STM body. (Figure 5.32) The ledge consists of two 2 mm thick leaflets, each of which
contains a single 2-56 clearance hole. The contact between the STM body and each
leaflet is vibrationally damped by a 0.0625” thick Viton washer, while the 2-56 screw
secures the connection as well as provides electrical connection between the pressure cell
and STM bodies. The metal leaflets are designed to not interfere with exposed wires at
the top of the STM body upon mounting of the microscope, and allow convenient access
for soldering connection between the STM and the copper coils extending from the cell
lid. To provide for easy access to the interiors of the microscope as well as for adjustment
of the CuBe spring plate that is used to maintain good contacts between the shear
piezoelectric stacks and the sapphire slider, the cell bottom section is subsequently
divided into two sections, by cleaving the original part into two at the bottom plane of the
leaflets. The lower part of the cell middle section can thus be conveniently removed to

expose the entire STM body for repair and adjustment if the need arises.
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Figure 5.33. Bottom view of the bottom section of the pressure cell reveals a gas outlet
(A) similar to that on the cell lid, and three holes (B) for coupling with the pins on the
docking scaffold in a mounting mechanism necessary for manipulation.

Figure 5.34. The bayonet-sealed access port is sealed by applying pressure on an o-ring
(A) through placing the bayonet seal under the three “lips” (B) of the mechanism.
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The cell bottom section contains a concentrically placed gas outlet that is identical
to that is situated on the cell lid, three holes of 4 mm diameter at the bottom surface to
secure with the three corresponding pins on the docking scaffold (Subsection 5.3.2) as a
part of the mounting mechanism (Subsection 5.3.3) during sample and tip transfer (Figure
5.33), and a bayonet-sealed access for introduction of sample and tip (Figure 5.34). The
bottom part of the pressure cell is connected to the rest of the body by only four 8-32
screws due to space limitation, and the hex caps of the screws serve as stable resting
points for the pressure cell on the docking scaffold. However, the two screws on the side
of the bayonet-sealed access have to be recessed into the body due to their interference
with the pins-and-holes alignment of the pressure cell with the docking scaffold, and a
single metal stud is placed directly under the access port as a replacement of the two
resting points. Electrical access points, similar to the platinum wiring junctions on the
pressure cell lid, can be established on the cell bottom section for the eventual wiring
connection to the electrical leaf springs on the STM sample stage. A dynamic sealing
mechanism is constructed on the cell bottom section to allow in vacuo access to the STM
sample and tip, while still provides an adequate airtight seal under pressure upon
manipulation. within the pressure cell While the use of a bayonet sealing mechanism has
been used before in the design of a high pressure STM [10], the current bayonet seal must
balance between providing adequate access to tip and sample manipulation for a pressure
cell that is already miniature in size, and minimizing the size of the port to still provide an
effortless in vacuo airtight seal in response to the increased demand in pressure

requirement. By designing a small sample holder and tip exchanger, as well as a robust
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guided mechanical manipulation, the bayonet-sealed access port has been designed to be
16 mm in diameter (which is 1 mm wider than the holders) for proven successful sample
and tip transfer. The access port is surrounded by a depression specially designed for a 2-
018 Kalrez o-ring seal, and subsequently surrounded by three radially arranged “lips” for
securing the bayonet and applying mounting pressure on the polymer seal. Each lip
extends 60° circularly in structure and is spaced 60° apart from each of its counterpart.
The lip protrudes 5.25 mm from the flat front surface of the cell bottom section, and

extends 1 mm radially inward with a 3 mm thick ledge to secure onto the bayonet seal.

Figure 5.35. The bayonet seal contains the same manipulation motif (A) as the sample
holder to allow interaction with a wobble stick. By applying pressure on the torque
handle (B) when in the access port, seal is achieved by increasing pressure on the ramps
(C) and consequently on the o-ring seal, until the mechanical stop (D) is reached.
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Figure 5.36. The U-shaped motif on the linear manipulator engages the torque handle
when the pressure cell is secured. Once the access port is sealed, the linear manipulator
retrace its steps so that it no longer is in contact with the bayonet seal. The pressure cell is
then released and suspended on springs for imaging.

The bayonet seal is designed similarly in size to be fitted on top of the access port,
and contains a vertically extended rod that is concentrically placed and has a mechanical
manipulation motif that is similar for manipulation the sample holder or the tip
exchanger, to provide access to the wobble stick as described in Subsection 5.4.4.
Referring to Figure 5.35, the seal contains three ramps near the edge, each of which

extends 60° circularly in structure and spacing. Each ramp extends over | mm in height

over a 50° arc, and contains an elevated plateau at the end that extends over a 10° arc to
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provide for a mechanical stop during sealing. In order to seal the access port, the pressure
cell is rigidly secured as described in Subsection 5.3.3, and a wobble stick is used to
insert the bayonet seal with the ramps 60° out of phase from the ledges surrounding the
access port, and subsequently engage the bayonet by rotating clockwise the first 20°. The
vertically extended rod on the bayonet contains a torque handle that extends downward
20° counter-clockwise from normal, which can be engaged by a linear manipulator to
provide additional torque necessary in completing the pressure seal. The linear
manipulator contains a U-shaped motif, where the cavity provides space for the insertion
of the torque handle and subsequent contact-free lowering of the handle during imaging
and suspension of the pressure cell. In addition, the two vertical bars of U-shaped motif
provide the necessary torque to engage and disengage the bayonet seal, as the linear
manipulator is translated horizontally. Upon the initial 20° engagement of the bayonet,
the wobble stick can be removed while the seal remained secure to the ledges of the
access port. Referring to Figure 5.36, the linear manipulator can then be translated
horizontally to engage the torque handle with the U-shaped motif, and steadily apply
increasing pressure onto the o-ring seal by engaging the bayonet ramps under the access
port ledges, until the mechanical stops on the seal are reached. Then the linear
manipulator is translated in the reverse direction to mechanically decouple from the
bayonet.

All pressure cell parts can be assembled together, with the STM mounted inside,
by 8-32 screws and 4-40 screws with Kalrez o-rings providing the necessary chemically

resistant pressure seals (Figure 5.37). The body of the pressure cell is suspended and
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electrically grounded on three precision springs hanging during imaging from a
rotationally adjustable ring on an 8”-to-6” reduction nipple (Figure 5.38), at where a
XYZ® manipulator is situated, as described in the next subsection. The pressure cell has
been leak tested in atmosphere up to 55 atm of internal pressure, and rated for 30 atm of

continual use for safety and prevention of possible rupture due to thermal runaways

during high pressure and temperature studies.

Figure 5.37. The fully assembled STM (A, Subsection 5.2.1) setup with the sample stage
(B, Subsection 5.2.2), which contains removable tip (C, Subsection 5.2.4) and sample (D,
Subsection 5.2.3) holders that are accessible through a bayonet-sealed (E, Subsection
5.3.1) opening in the cell, can be secured to the pressure cell (F, Subsection 5.3.1) by two
2-56 screws. The pressure cell can be secured by a mounting framework (G, Subsection
5.3.3) and a docking scaffold (H, Subsection 5.3.2) during manipulation within the STM
compartment, the latter of which contains storage stations (I, Subsection 5.3.2) for tip,
sample, and bayonet seal. The bayonet seal can be locked into the cell through torque
applied by a linear manipulator (J, Subsection 5.3.2).
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Figure 5.38. Suspension springs (A) from the pressure cell are hanged on a rotatable
anchor (B) that can be adjusted by rotating along the tracks (C) and securing down using
three 4-40 screws (D).

Figure 5.39. The PEEK gas tubing (A) is vibrationally damped by silicone sleeves (B)
that are secured by silicone o-rings (C) at the ends of each segment.
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The gas volume within the pressure cell is calculated to be 11.7 mL, excluding the
volume of the STM setup contained within. The gas flow to pressure cell is introduced
through two coils of 1/32” polyaryletherketone (PEEK) tubing of 0.015” thick wall,
connecting between a 1.375” gas introduction flange on the manipulator and the two gas
connections on the pressure cell through HPLC flangeless fittings. The flow direction of
the reactive gases is from the cell lid to the cell bottom section, in order to carry any
heated gas around the sample away from the piezoelectric transducers and out of the
pressure cell. PEEK is a chemically resistant polymer that has high wear resistivity
against wear under high pressure and velocity conditions, and is considerably more
elastic to regular stainless steel tubing of same diameter and wall thickness. The coils of
PEEK tubing are tailored to avoid mechanical contacts with surroundings to minimize
vibrations conducted through, and to minimize the spring constants of the coils to ensure
the pressure cell is supported entirely by suspension springs during imaging. As seen in
Figure 5.39, sections of each coil are enfolded in silicone sleeves that are secured by
silicone o-rings, in order to provide damping for the mechanical vibrations conducted
along the length of the coils while minimizing the amount of additional weight incurred
on the spring coils by the damping system.

External gas introduction to the system contains a gas manifold for mixing
reactive gases and pressure regulation, which is connected to the 1.375” flange on the
manipulator as mentioned above by PEEK tubing to minimize vibrations conducted to the
system. This recirculation loop also contains a cold finger region for active cooling, a

sampling valve for analysis by mass spectrometry or gas chromatography, and an
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evacuation outlet that is connected to turbo molecular and mechanical pumps. (Figure
5.40)

Pressure gauge

Mass flow control Q
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Figure 5.40. Schematic of external reaction gas loop.

5.3.2 Docking Scaffold

The purpose of the docking scaffold is threefold: to provide a mechanically rigid
and stable resting point of the pressure cell when not imaging, to provide various docking
stations for removable components such as holders and bayonet seal when not in use, and
to provide wiring transition for the pressure cell so that the microscope can be safely
removed from the rest of the system in a modular fashion in case of modification and
repair.

The design of the docking scaffold is conceptually simple. Structurally, it is a
tripod affixed at the bottom by a metal disk. Referring to Figure 5.41, the bottom disk
contains three chamfered pins of 4 mm diameter and 5 mm in length, to be mated with

the three alignment holes at the bottom surface of the pressure cell when the STM is not
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imaging and the cell is not suspended, as mentioned in the previous subsection. A
rectangular clearance is machined into the bottom plate to allow the penetration of the
bottom gas connection as the pressure cell is resting on the plate, as well as to permit a

reduced distance in the routing of bottom gas outlet to the proper manipulator flange.

Figure 5.41. The docking scaffold (before incorporation of storage stations) contains
three chamfered pins (A) to be mated with the corresponding holes under the pressure
cell. A rectangular notch (B) allows routing of gas from the lower connection of the
pressure cell. The scaffold can be mounted onto a XYZ® manipulator by two 4-40 set
screws (C).

In addition, three docking stations, spaced 45° apart from each other, are
fashioned into the metal disk for storage of the sample holder, the tip exchanger, and the

field emission stage (which can be inserted into the STM stage as a sample holder to

provide a potentially biased sacrificial plate for tip conditioning at both field emission
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and tunneling ranges), where each docking station contains the same receiving motif as
the STM sample stage and each holder is secured by a single leaf spring. (Figure 5.42)
For the tip exchanger storage, a Teflon bottom plate is mounted at the bottom, with a
centrally mounted 4-40 stainless steel screw that extends 3 mm from the top surface of
the Teflon plate. Upon insertion of the tip exchanger, the tip contained therein can be
conditioned by field emission through application of a high voltage onto the 4-40 screw.
Lastly, the receptacle for the bayonet seal (which has the same motif as the pressure cell
access port save the polymer o-ring seal), due to the increased size and length of the

bayonet, is secured by a 8-32 screw in a radially more inward position on the bottom

metal plate. (Figure 5.43)

Figure 5.42. Storage stations of the docking scaffold for housing tip exchanger (A), field
emission plate (B), and sample holder (C). A 4-40 screw linked to a high voltage supply
can be placed into the Teflon bottom plate (D) for field emission of a tip when in storage.

166



Docking Scaffold

Figure 5.43. Docking station (A) for the bayonet seal of the pressure cell.

The tripod section of the scaffold is mounted rigidly through three 8-32 screws
onto the structurally robust legs of 0.5” diameter. The tripod design is especially
necessary for the top section of the scaffold, in order to avoid interference with the levers
extending from the pressure cell lid and consequently with the suspension springs
extending thereof, by having the tripod 60° out of phase from the pressure cell levers and
suspension springs. The docking scaffold can be mounted at the top to the rod of a
custom XYZO manipulator stage by the use of two 4-40 set screws, so that the position
of the scaffold can be adjusted to provide wobble stick access to different docking
stations, to secure pressure cell for manipulation, and to release pressure cell to be

suspended on springs during imaging. The manipulator stage is designed to have 14” in
167



Docking Scaffold

vertical travel for maneuvering the scaffold and the pressure cell over the entire length of
the STM chamber, and interfaces on a 6” conflat flange, and is mounted to an 8”-to-6”
reduction nipple fitting in order to place on top of the chamber. The 8” flange of the
reduction fitting has three radially extended levers for securing on a tripod and
subsequent extraction by a pulley, should the manipulator containing the scaffold and the
pressure cell needs to be removed from the STM system for modification or repair.

(Figure 5.44)

Figure 5.44. The STM manipulator flange can be mounted on to a tripod carrier (A)
through three spacer blacks (B) that allow simultaneous engagement of the carrier and the
inverted tripod stage. The STM setup can be lifted from the stage by a pulley attached at
the centrally aligned ring (C).
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i
Figure 5.45. The Macor wire connector (A) with the platinum wiring junctions (B) can
be mounted onto the docking scaffold by three 4-40 screws (C).

The top of the docking scaffold features a Macor wiring connector that is built
and functions similarly to the pressure cell lid using wires of a more robust 0.015”
diameter, due to anticipation of more frequent wiring at this junction. (Figure 5.45)
Wiring connections between the pressure cell and the Macor connector are made using
Kapton-coated or Teflon-coated wires of 0.003” diameter for maximal flexibility and
minimal vibration conduction. Wiring connections between the instrumental and
thermocouple feedthroughs and the Macor connector are made with the same types of
wires, but they are twisted and bundled together to increase strength of the wires by
functional  category: shear piezoelectrics, scanning piezoelectrics, sample
temperature/bias, and gas temperature. The twisted wire bundles are each coiled into a

spring of 17 diameter before making wiring connection on either ends, so that the wire
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bundles will coil and be undone over a predictability small area in lateral direction during

the long vertical travel of the scaffold. (Figure 5.38)

Figure 5.46. Electrical feedthrough for tunneling current signal is located away from the
rest of the electrical feedthroughs for shielding of the output.

Similar to the case for the pressure cell, the tunneling current wire must be
electrically shielded properly along the docking scaffold as well as along the manipulator.
A 3/16” stainless steel tubing is welded vertically into the docking scaffold, so that the
end is 10 mm above the surface of pressure cell lid and concentrically positioned to the
removable 0.0625” shielding tubing mounted on the cell. This design allows a small
overlap in shielding without mechanical contact between that on the pressure cell and that

on the docking scaffold, upon the lowering of the scaffold to enable a mechanical
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decoupling of the pressure for imaging. (Figure 5.30) The 3/16” shielding tubing extends
along and beyond the length of the scaffold, and ends in another shielding overlap with a
3/32” shielding tubing welded to the side of the XYZ® manipulator rod, which itself ends
near the top of the manipulator at a reduction tee fitting, well removed in distance from
all other electrical feedthroughs on the manipulator, to allow tunneling current output via
an electrical feedthrough on a 1.375” conflat flange. (Figure 5.46) The tunneling current
wire connection between the feedthrough and the pressure cell is made with a coiled
0.003” Kapton-coated copper wire, to maximize flexibility necessary for the large

manipulator travel range and to minimize the vibrations conducted through the wire.

5.3.3 Mounting Framework

A vibrationally well-insulated STM with a highly rigid sample mounting scheme
requires the microscope itself to be freely suspended and vibrationally damped during
imaging, but also secured rigidly during manipulation of the sample. Due to the miniature
size of the sample holder and the tip exchanger and small entry into the pressure cell, as
well as the large lateral force required to provide enough torque for sealing the bayonet
access port, the pressure cell must be firmly fixed in a highly reproducible position in
order for successful transfer to occur. The description of the pressure cell mounting
scheme is outlined in this subsection, while the details of the transfer process as a result

of the design will be discussed later in Subsection 5.4.4.
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Figure 5.47. Schematic of the mounting framework for securing the pressure cell.

In order to maintain the pressure cell in a precise and repeatable position that has
the access port of the reactor concentrically aligned to the 6” conflat flange that serves as
the wobble stick entry, the overall mounting framework must be robust in structure that is
also highly resistant against any sort of considerable translational and rotational stress
that may come with sample and tip exchange as well as reactor cell sealing and opening.
Referring to Figure 5.47, the mounting framework designed for the current system makes
use of four radially arranged 2.75” flanges on the STM chamber to provide rigid support
through stainless steel rods of 1” diameter extending from the flanges. The framework
itself includes two semicircular structures of 0.625” thick and 1” in radial depth, each of
which is mounted to two of the stainless steel rods extending from 2.75” flanges by 8-32
screws. Three pillars of 0.75” diameter are welded onto the bottom surfaces of the

semicircular structures, at the end of each of which has a 0.25” thick rectangular plate,
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extending radially inward, with a clearance hole of 3 mm diameter to mate with each of
the chamfered pins on the pressure cell levers, as described in Subsection 5.3.1, in a pins-
and-holes alignment system, similar to that designed for the alignment of the pressure cell
bottom section with the docking scaffold in the previous subsection. The pillar structures
are constructed in a way so that only the rectangular plates at the end can interact with the
pressure cell levers. The robust dimensions of the entire mounting framework thus
described are to ensure absolute resistance against all translational and torsional strain
that comes with preparation of the reactor STM for high pressure and temperature in situ

imaging.

A 3 C

Figure 5.48. In order to secure the pressure cell from its suspension state (A), the
docking scaffold is raised to first engaged the pins-and-holes system at the bottom of the
pressure cell (B) and subsequently at the top (C).

Referring to Figure 5.48, assuming the pressure cell is in the free suspension

position, in order to bring the pressure in a rigid mounting position for transfer or
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bayonet-sealing, the docking scaffold can be raised by using the manipulator to engage
the pins on the scaffold bottom plate with the holes aligned at the bottom of the pressure
cell. Once engaged, the scaffold can be raised and adjusted along with the pressure cell,
and bring the pins at the end of the levers extending from the pressure cell lids in
alignment and to couple with the corresponding holes on the pillar structures of the
mounting framework. Once coupled with the mounting framework, the scaffold can be
continually raised, until the pins-and-holes systems at both the top and bottom of the
pressure cell are fully engaged, and the pressure cell cannot be raised further. The overall
mounting scheme has been constructed to assure that once the fully engaged state of
mounted transfer position is reached, the pressure cell access port is concentrically
aligned with the wobble stick access flange for manipulation, and the bayonet seal is
ready for sealing by the linear manipulator once inserted. The robust dimensions of all
parts involved in the mounting mechanism make certain that repeated use and occasional
over-engaging of the pressure cell will not seriously compromise the structural integrity
and precision of the procedure.

For access to the docking stations located at the bottom plate of the scaffold, as
well as for elevating the pressure cell out of the path of the magnetically coupled transfer
arm, the docking scaffold with the reactor STM can be lower to disengage from the
mounting framework, and subsequently rotated 30° in either direction to maneuver the
pressure cell levers away from the framework pillars while preventing the suspension
springs from overextending from equilibrium positions. Then, the docking scaffold can

be raised above the mounting plates on the framework pillars, and either be rotated to
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allow access to different docking stations or continue to be elevated to allow transfer

between system compartments.

5.4 System design

5.4.1 Overall Schematic

LEED/AES
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Figure 5.49. Schematic of the ultra high pressure, high temperature STM system.
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The new ultra high pressure, high temperature scanning tunneling microscope
system (Figure 5.49), similar to the high pressure and high temperature STM system
described in Chapter 3, is divided functionally into three sections: a load lock for sample
and tip introduction, a STM chamber to house the high pressure reactor cell containing
the Walker STM motor and serve as a protective barrier to provide enough evacuated
volume to prevent an explosion in case of pressure cell rupture, and a UHV analysis
chamber for surface preparation and analysis by common surface science methods prior
to and after high pressure in situ reaction studies. A 48” long magnetically coupled linear
rotary transfer arm with a custom fork, specially designed to handle the new sample
holder and tip exchanger, allows relocation of sample and tip between compartments.
However, there are major improvements added to this latest system based on the
shortcomings of the current high pressure system, as outlined in this and following

subsections.

Figure 5.50. The loading flange for the load lock has a pins-and-leaf-spring system (A)
for securing sample holders or tip exchangers, and three alignment posts (B) for engaging
the load lock to ensure accurate placement for the transfer arm fork to intercept.
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As in the previous system, the load lock is a six-way cross with 2.75” conflat
flanges to minimize evacuation volume after each introduction and exchange of sample
and tip. In contrast to the load lock manipulation in the previous system that requires
much finesse on the part of the user, for this new system sample and tip introduction to
the fork on the magnetically coupled transfer arm can be easily performed by the use of a
loading flange (Figure 5.50), which consists of a tailored leaf spring fork for securing
holders with a snap-on mechanism, which is welded to the center of a 2.75” blank flange
with three alignment pins that match three specially adapted holes on the venting flange
of the load lock. Transfer of a holder entails securing the holder onto the manipulation
fork, inserting the loading flange squarely onto the load lock to automatically align the
holder for the transfer arm fork to engage, and removal of the loading flange upon
engagement of the transfer arm fork on the holder. Alternatively, the user can also choose
to use a manual loading fork to perform transfer as in the previous system. In order to
improve the evacuation time and the cleanliness of the load lock, a 60 L/s turbo
molecular is installed below and dedicated for evacuation of the load lock, which is in
turn backed by the system mechanical pump. During evacuation and normal operation,
both the load lock and the attached magnetically coupled transfer arm are maintained by
the said turbo molecular and system mechanical pumps, while isolated from the rest of
the system by a 2.75” gate valve. The gate valve is open only when transfer between
system compartments is needed, to minimize contamination from the load lock, which
can usually proceed upon evacuation of the load lock from atmospheric pressure for

fewer than 3 hours.
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Figure 5.51. Constraints for transfer into and out of storage stations on the docking
scaffold consist of four stainless steel posts (A) extending from the bottom of the
chamber.

The STM section contains a UHV chamber of 10 L volume, which houses the
high pressure reactor cell containing the STM and its associated mounting and transfer
mechanisms, the latter of which will be discussed in detail in Subsection 5.4.4. The
chamber is cylindrical in dimensions with two rows of flanges on its side and 8” flange
access on both ends. The top row of radially arranged flanges contains evenly spaced and
alternating array of four 6” flanges and four 2.75” flanges. The former flange type serve
as view ports to provide ambient lighting as well as visual access by eye and charge-
coupled device (CCD) cameras during manipulation, while the latter allows fastening of

the mounting framework as described in Subsection 5.3.3. The lower row of flanges is
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similar in arrangement, with two 2.75” flanges on the side of wobble stick access flange
(same system side as the introduction flange on the load lock) replaced by three specially
placed 1.375” flanges as described later in this subsection, and one 6” conflat flange
replaced by a 2.75” flange. The two opposite 6” and 2.75” flanges in this row serve as
gated access ports for the transfer to and from the two other compartments of the system,
while the remaining two 6” flanges function as a view port and a wobble stick access
port, the mechanism of which will be detailed in Subsection 5.4.4. One of the 2.65”
flanges in this row provides electrical access for the internal lighting system on the
mounting framework as described below, while the other acts as an access point for
various vacuum gauges. The XYZ® manipulator containing the pressure cell and STM
setup is installed onto the top 8” flange of the chamber, while the lower 8” flange access
of the chamber leads to an 8”-to-6” nipple followed by a 6” conflat tee junction to
provide gated access to the 340 L/s system turbo molecular pump or a 60 L/s ion pump
on either remaining flanges. Four evenly spaced rods of 0.375” diameter and 112 mm
long are situated on a bolt circle of 116 mm diameter extending from the 8” side of the
nipple to the interior of the STM chamber (Figure 5.51), to provide the necessary security
for the bottom of the STM docking scaffold during the transfer of holders and bayonet
seal to and from the docking stations, and to minimize the swaying motion of the
elongated manipulator setup when the scaffold is not in mounting position. Due to the
precision required in manipulation of the sample and the tip, adequate lighting within the
STM compartment is warranted in form of three 42 Candelas halogen light bulbs, each of

which is mounted onto each support pillar on the mounting framework. In addition, two
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1.375” flanges are fashioned near the wobble stick access flange into the STM chamber
so that the center lines converge onto the pressure cell entrance when the cell is in the
mounted transfer position. Two inverted metal-to-glass domes on 1.375” flanges are
installed in those position to allow insertion of guided lighting from an fiber optics
illuminator (variable up to 350,000 Candelas). (Figure 5.52) One additional 1.375” flange
is also machined nearby in the chamber for a linear manipulator access to provide the

necessary torque for the bayonet sealing action as described in Subsection 5.3.1.

Figure 5.52. Each of the illumination view ports contains an inverted glass dome (A) that
can be accessed by a fiber optic through an entry on the 1.375” flange (B).

The UHV chamber is a Varian surface analysis chamber equipped horizontally
with a collection of surface science equipment for treatment and analysis before and after
in situ STM studies: cylindrical mirror analyzer (CMA) for Auger electron spectroscopy,

low energy electron diffractometer for qualitative surface analysis after sample
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preparation, mass spectrometer for residual gas analysis and chemical analysis concurrent
with in situ STM studies, sputtering gun for argon ion bombardment to vigorously
remove surface contaminants, and electron beam bombardment heater for annealing
sample. The chamber is adjoined to the STM chamber through a gated 6”to 8” fitting.
Unlike the system described in Chapter 3, the major view port for visualizing the sample
is on a different side compared to the wobble stick access and the introduction flange of
the STM chamber and the load lock, due to the asymmetric transfer arm fork and the lack
of circular symmetry in the sample holder and tip exchanger. Vacuum gauges are set up
on the system to provide pressure readings between 1 x 10" Torr and 1000 Torr. Like in
the high pressure STM system, the sample preparation stage, as detailed later in
Subsection 5.4.3, is mounted on a XYZ® manipulator to allow repositioning of the
sample for access by different surface analysis and preparation techniques, and leak
valves are installed to allow introduction of argon and oxygen for sputtering and
annealing as well as gas sampling from the pressure cell and the STM chamber. A 2.75”
conflat flange provides gated access to a conversion tee that connects to both the system
turbo molecular pump and the 6 tee below the STM chamber. Normally, the UHV
analysis chamber is maintained by a gated 200 L/s ion pump after initial evacuation by
the system turbo molecular and mechanical pumps. A titanium sublimation pump (TSP)
is available to reduce chamber pressure further to reduce the amount of residual gases

before sample cleaning. During ion bombardment or oxygen annealing treatment of the
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sample, the chamber is differentially pumped by the system pumps to minimize

contamination.

5.4.2 Vibration Isolation

As mentioned in Section 5.2, a STM can be viewed as a mechanical system that
has a collection of coupled resonance frequencies. These resonance frequencies are
excited both by the surroundings and by the scanning piezoeletrics within the STM. The
effect of the scanning piezoeletrics can be minimized through careful design, but it
cannot be eliminated. The microscope, however, can be isolated from the vibrations
present in the surrounding. The vibration isolation setup of the new system is introduced
as follow, and the analysis of its design and performance will be presented later in

Subsection 5.7.1.

Figure 5.53. The system is secured onto the carbon steel framed through a series of
silicone-lined ring clamps, each mounted onto a flange on the transfer arm axis.
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In addition to the vibration damping provided by the carefully-chosen suspension
springs of the pressure cell and the built-in high resonance frequency of the system
through rigidity and compactness of the design, the vibration damping ability of the
system depends heavily on the careful design of the support frame. Instead of the wooden
frame as installed on the previous system, the new system is supported securely on a
carbon steel frame that encloses the system below the transfer arm axis. The system is
supported and mounted down at flanges located at endpoints of each compartment and
the transfer arm along the transfer axis, to increase stability by lowering the center of
gravity in relation to the support axis. The flanges are secured in ring clamps that have
0.125” silicone lining (Figure 5.53), for damping vibration transmitted between the frame
and the system. The frame is mostly built out of 2.5” carbon steel square tubes, which are
filled to 80% interior volume with play sand to act as a sandbox for providing a large
damping factor for the rigid frame of otherwise high resonance frequency, and several
steel I-beams in spatially restricted area. One of the ends along the length of the system
contains a detachable I-beam, which can be removed to allow easy access and extraction
of the UHV analysis chamber, the heaviest compartment, from the system. The system
frame is maneuverable on four 5.625” high heavy duty caster wheels installed at the four
lower corners during relocation of the system. The frame also provides four access points
for easy coupling to the pistons of four 28 high pneumatic isolators if necessary, which
provides heavy damping on all excitation except very low frequency. While the frame is
equipped with the caster wheels resting upon a flat surface, the four access points (which

are four depressions for the pneumatic pistons to engage into) are 0.125” above the
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pistons. By pressurizing the pneumatic isolators with air and positioning the pistons
directly under the access points on the frame, the pistons will engage the access points
that are designed to allocate the asymmetric weight distribution of the system evenly on
the four isolators, and elevate the entire frame off the floor thus allowing removal of the
caster wheels and subsequent relaxing the weight of the entire system on the four
pneumatic isolators.

Altogether, the system frame on pneumatic isolators serve as a mass-spring
system that has a very low intrinsic resonance frequency and a large damping factor,
while the silicone lining between the system and the support and the suspension springs
of the pressure cell serve as secondary low pass filters. In this manner, only excitation of
very low frequency and amplitude will be able to reach the microscope, but too far

removed from its intrinsic resonance to couple and excite significantly.

5.4.3 Sample Preparation Stage

The oxygen free high conductivity (OFHC) copper sample preparation/cleaning
stage is mounted onto a commercial XYZ® manipulator through a collection of stainless
steel plates that serve both as extension of the manipulator and as part of the necessary
manipulation system within the UHV analysis chamber for securing the sample holder
within the stage. Referring to Figure 5.54, the stage has a fork-like structure of four
fingers that together act to confine the sample holder, upon deposition from the transfer
arm fork through a vertical motion of the manipulator. Upon insertion of the sample

holder, a stainless steel spring-loaded clamp can be lowered to secure the holder within
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the stage, through the use of the extension rod within the manipulator setup and a pivot-
and-lever system. This allows the sample holder to remain stationary during manipulation
of the stage as well as the extraction and insertion of the transfer arm fork. At the same
time, the clamp ensures good mating contacts between the pairs of type K thermocouple
wires on the sample holder and the stage (with each pair 90° rotationally out of phase
from the other to ensure a secure contact). Another set of type K thermocouple wires is
connected to measure the temperature of the stainless steel manipulator plates at

ambience as well as during sample annealing as well as system bake-out.

Figure 5.54. The sample stage (A) is mounted onto the XYZ® through a collection of
stainless steel plates (B), and has an internal cooling reservoir accessible externally
through a cooling coil (C). Behind the stage is an electron bombardment heater (D), and
above it is a maneuverable metal clamp (E) that can be used to secure a sample holder
within the stage.

185



Sample Preparation Stage

The back of the sample stage features two copper leaf springs that are electrically
isolated by 0.5 mm thick Macor spacers and 2-56 alumina screws from the rest of the
setup, which serve as high voltage supply electrodes to mate and ensure good contact
with the spring taps extending from electrodes of the custom button heater embedded in
the sample holder. The leaf spring are connected to two high voltage feedthrough flanges
on the manipulator through copper coils of 0.5 mm diameter.

In addition to the button heater, the stainless steel manipulator plates contain a
ring clamp section that allows installation of a ceramic tube containing a thoriated
tungsten filament of 0.010 diameter for heating of the sample by electron bombardment,
should the button heater be removed from the sample holder. The electron beam heater is
positioned to within 4 mm of the backside of the sample, to minimize heating of the
surroundings while still allow sample holder insertion when the button heater is present
inside the holder.

In order to improve the cooling ability of the sample preparation stage over the
existing design in the high pressure STM system to compensate for the thermally
insulating material used for the construction of the sample holder, the copper stage
contains an internal circuit of 0.0625” diameter, which are connected to a stainless steel
coil of the same diameter to allow direct cooling of the stage with an external
introduction of liquid nitrogen or chilled inert gas, while minimizing the thermal load as

well as the resistance between the coolant reservoir and the sample.

186



Transfer Mechanism

5.4.4 Transfer Mechanism

The overall transfer mechanism of the system consists of a magnetically coupled
linear rotary transfer arm for relocation of sample holder or tip exchanger between the
three system compartments, a wobble stick on the STM section that provides the
necessary precision and agility in exchanging sample and tip within the severely confined
space of the pressure cell, and the intelligent use of the XYZ® manipulators in both STM
and UHV analysis chambers to maneuver receptacles into accessible and secured
positions. While the transfer process between the transfer arm fork and the manipulator
stage in the UHV analysis chamber has been sufficiently described, details of the
relatively more complicated transfer process within the STM chamber are outlined within
this subsection.

The stainless steel transfer arm fork features three fingers, with one finger being a
thin plate to mate with the front cavity of the sample holder or the tip exchanger, while
the other two being L-shaped angled plates with one arm of each “L” engaging the ledge
on the opposite end of the holder. (Figure 5.55) The arm gripping the underside of the
ledge (if the sample surface and back define the front and rear axis) has a 1.5 mm
depression across 14 mm from the end, to allow insertion of the wobble stick finger (as
described later) and the spring leaf on the introduction flange for the load lock, and to
permit subsequent disengagement of the transfer arm fork after engagement of the
manipulating counterpart is achieved. The purpose of the L-shaped angled plates is to
provide alignment during insertion and removal of the sample at the sample preparation

stage in the UHV analysis chamber, through mating with the top of the four fingers on
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the stage for guided lateral movement. The fork can be removed from the transfer arm by

disengaging two 2-56 set screws.

Figure 5.55. The sample preparation stage (A) provides guided movement to the transfer
arm form by its four-finger structure (B), and contains a suitable recess for the insertion
of the third finger (C).

Figure 5.56. The wobble stick hand contains two alignment rods and one maneuverable
finger that grips onto the sample holder at rest (A) and releases when an external lever is
pressed (B).
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Figure 5.57. The miniature view port for the wobble stick contains an optically flat glass
port (A), and a robust metal tube (B) for connection to a bellow system (C) and mounting
onto the wobble stick. The tube also prevents over-insertion of the fiberscope.

Figure 5.58. The miniature view port is mounted to the wobble stick at an angle to give a
full view of the manipulation process (A). The bellow system for the view port contains a
standard bellow section (B) for mechanical robustness against abrasion and a welded
bellow section (C) for flexibility necessary for transfer.
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Figure 5.59. Fiberscope with adjustable metal stop collar (A) to work with the metal tube
in the miniature view port system and prevent over-insertion.

Figure 5.60. The custom allows the wobble stick to be mounted (A) concentrically to the
6” access port on the STM compartment, and the miniature view port system to be
secured at an angle (B).
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Transfer process in the STM compartment requires active manipulation by
transfer arm fork and wobble stick, along with positioning by the XYZ® stage to proper
transfer position of the pressure cell and the docking scaffold. The pressure cell and
scaffold can be elevated to allow the introduction of the transfer arm into the STM
chamber, and subsequently either continual proceeding of the arm into the adjacent UHV
analysis chamber or manipulation of sample holder or tip exchanger by the wobble stick
in the STM chamber. In the latter case, a custom-designed wobble stick is used to extract
or deposit sample holder or tip exchange to and from the transfer arm fork. The wobble
stick features both linear and rotary manipulation, and contain a specially designed hand
at the end that can mate and grip onto a holder by adjusting an external lever on the
wobble stick, with the holder fully engaged by the wobble stick hand at the rest position
of the lever. As seen in Figure 5.56, the wobble stick hand consists of two small straight
rods for alignment with the two end circular holes on the sample holder and the tip
exchanger (as well as the field emission plate and the bayonet seal), and a maneuverable
finger that can grip onto the adjacent hole on the holder in a vertical motion through the
use of the wobble stick lever. Mounted by a custom ring clamp to the wobble stick hand
is a miniature glass-to-metal view port that contains an optically flat view port (Figure
5.57), which is sealed to a 8” long standard bellow and subsequently a 6” long welded
bellow and a 2.75” flange. (Figure 5.58) This optical setup is positioned at an angle to the
end of the wobble stick, and allows the insertion of a fiberscope externally to permit
monitoring of the wobble stick hand and the surrounding space during transfer. A CCD

camera is attached at the end of the fiberscope so that the image can be viewed easily on
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a monitor. The miniature view port contains a short rigid metal tube between the glass
and the standard bellow that is mounted firmly to prevent individual movement during
travel of the wobble stick, and the metal tube also prevents the fiberscope from pushing
onto the optical glass from over-insertion with the use of a custom collar on the
fiberscope to provide a stop at the metal tube. (Figure 5.59) The two-staged bellow setup
is necessary because the standard bellow provides the necessary mechanical durability
against abrasion during manipulation by structures inside the chamber, and the more
receded welded bellow allows the translational and rotational agility necessary for
manipulation. The entire wobble stick along with the optical setup is installed onto the
STM chamber on a 6” conflat flange as indicated previous, through the use of a custom
mounting fitting that provides two angled 2.75” flanges for mounting the wobble stick
and the optical setup, as well as allows complete recession of the wobble stick setup from
the chamber when idle. (Figure 5.60)

After removing the sample holder, for example, from the transfer arm by the use
of the wobble stick, both the transfer arm and the wobble stick can be retracted from the
chamber, and the pressure cell can be lowered for access by the wobble stick by the use
of XYZO stage. Subsequently, the pressure cell and the docking stations on the scaffold
can be reached by adjusting the manipulator stage to appropriate positions.

In the case of the delicate handling of sample and tip within the pressure cell, the
pressure cell is secured rigidly so that the bayonet-sealed opening is aligned
concentrically with the wobble stick access flange in the mounted transfer position, by

the use of the pins-and-holes system on the pressure cell with the mounting framework
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and docking scaffold, as described in Subsections 5.3.2 and 5.3.3. The concentric
arrangement is essential for accurate introduction of the sample holder and the similar by
the wobble stick, since any angle of engagement introduced by otherwise can impede
insertion or even cause breakage due to the small bayonet-sealed opening and, more
importantly, the minute size of the holders. Once aligned and secured, the sample holder
can be introduced simply by inserting it through the bayonet-sealed opening onto the
sample stage, with visualization of the transfer by CCD cameras mounted on the
fiberscope as well as 6” view ports on the STM chamber. Since the pressure cell is
mounted rigidly, the wobble stick can be used to push the sample holder firmly in place
to ensure engagement by the leaf spring and the wire springs on the sample stage without
concern of breakage, as long as no torsional stress is applied. Once the holder is
deposited, the wobble stick finger can be disengaged from the holder and the
manipulation hand can be retracted.

Similarly, when the pressure cell is in the mounted transfer position, the
manipulation hand on the wobble stick can be used to engage the bayonet seal onto the
pressure cell by depositing and turning the seal to connect into the lips of the closing
mechanism, followed by disengagement of the wobble stick and subsequent torque action
provided by the linear manipulator to complete the pressure seal.

For deposition of sample holder, tip exchanger, and field emission plate into
storage at the bottom plate of the docking scaffold, as well as placement of the bayonet
seal into the docking station mounted on the scaffold, the pressure cell can be rotated and

maneuvered into free transfer positions for such tasks. While in free transfer positions,
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the pressure cell is only engaged by the three pins of the scaffold mainly for support, and
the docking scaffold is prevented from swaying excessively during the deposition and
extraction of various holders at the storage through the restricted movement of the lower
scaffold plate imposed by the four stainless steel posts at the bottom of the STM
chamber, as described in Subsection 5.4.1. The process of using the wobble stick for
manipulation during free transfer positions is the same as stated in the case of mounted

position.

5.5 Electronics Design

Since the mechanical control of the scanning piezoelectric transducer is inherently
similar for most scanning tunneling microscopes, a commercial SPM imaging control
electronics (SPM-1000HV) with an integrated digital signal processor (DSP) and the
associated software (STiMage), for loading the DSP control and serving as the user
interface to the STM, are obtained from RHK Technology, Inc. The control software
acquired has been modified to control an external input/output card on a computer to
output a transistor-transistor logic (TTL) clock signal for controlling a custom approach

electronics of the Walker STM motor.
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Figure 5.61. Schematic of approach electronics for the Walker STM.

195



Electronic Design

TH0)—> - “ i) >

T drive LU

X Y X
Figure 5.62. The timing graph of the Walker STM electronics, show the shear legs are
sequentially charged up and eventually simultaneously discharged, all set on the TTL
drive signal of a drive period T that is greater than the charging time. The charging time
1(0) depends on the shear piezoelectric capacitance, and the discharging time (1)
depends on the relay speed and the discharge resistor. The wait time XY between steps is
dependent on the existence of tunneling current check in-between.

The initial approach electronics, used in Subsections 5.6.1 and 5.6.2 and
schematically shown in Figure 5.61 and Figure 5.62, consists of three sections: a 2-serial-
in 8-parallel-out shift register (Motorola SN54/74L.S164) for sequential movement of the
six shear piezoelectric legs for tip approach (or retraction), six pairs of quad 2-input AND
gates (Fairchild DM74LS08) for charging and discharging of the shear stacks, and an

up/down control that determines net movement direction as well as resetting sequence

counter and piezoelectric stacks at the end of each approach step. Operationally, the TTL
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clock signal from the computer of a user-determined frequency (or alternatively, a square
pulse clock signal of 1 V,, from a function generator will suffice if manual control of
triggering is desired) is sent to the shift register to set the rate of moving each shear
piezoelectric leg within each step. 5 V DC signals of opposite polarity serve as the two
input signals controlled by the shift register, and one is sent successively and maintained
in each of the 8 gated output, in synchrony with the rising transition of each clock pulse.
The polarity of the 5 V signal transmitted is determined by the up/down control, and has
the same polarity as the high voltage output (up to 250 V) that is sent as input to the first
of each pair of AND gate logic chips. The 5 V signal serves as a switch input to each pair
of AND gate chips, with the polarity inverted for the signal sent to the second of each
pair. Upon receiving the 5 V signal sequentially in each of the first chips in the six AND
gate pairs, the high voltage signal (through a Schmitt trigger to decrease the rise time of
the signal) is successively sent to and maintained at each shear piezoelectric leg to cause
a sudden shear movement to allow the slipping motion of the shear stack on the sapphire
slider surface, while the other five static shear stacks provide enough frictional force to
maintain the slider in stasis. After triggering the first six of eight gated outputs on the
shift register, the seventh gated output is intentionally grounded on the circuit to allow
equilibrating time for all six shear legs before relaxation, which commences upon the
triggering of the last gate that is linked to the master reset of the shift register. Resetting
the shift register causes all eight gates to output and maintain simultaneously a 5 V signal
that is of opposite polarity to the previous output. Once again, the 5 V signal is sent to

both AND gate chips for each shear piezoelectrics. The signal, now of opposite polarity,
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causes the first chip to cease supplying high voltage to each shear leg, while at the same
time causes an output (or discharge) of the stored potential in the piezoelectrics to a 1
MQ resistor by the gated output of the second AND gate chip in the pair. The resistor is
necessary for a slow discharge, in comparison to the quick 5 us charging (a function of
capacitance of each shear stack), of the shear leg to allow a translational motion with the
shear stacks remaining in contact (or sticking) with the sapphire slider. The use of a 1
MAQ resistor per shear leg allows an adequately slow relaxation time of 20 ps. As a result,
all six shear piezoelectric legs are relaxed simultaneously to “drag” the sapphire slider in
motion. Upon triggering of the last gate in the shift register, the computer proceeds to
extend slowly the scan tube in an attempt to detect tunneling current. If no current is
detected, the scan tube (and thus the tip) is quickly retracted and the next set of TTL
clock signals is then sent to trigger the next user-determined number of approach steps.
Apparently, decreasing the discharge resistance below 1 MQ and thus increasing
the discharge rate causes a minor increase in approach speed initially and no
improvement after that, probably due to the fact that rapid relaxation causes at least
partial slipping of the shear stack surfaces on the sapphire slider and thus decreasing step
size. Furthermore, it should be noted that the discharge time relies on both the discharge
resistance and the relay time set by the second AND gate chip of each pair. Likewise,
increasing the clock speed above 120 Hz causes inadequate relaxation time between steps
and thus reduced step size. As a result with the initial electronic setup, each step (a
complete cycle of six shear stack sequentially charging and simultaneously discharging)

requires a minimum of 58 ms.
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The principles behind the approach electronics used in Subsections 5.6.3 and
5.6.4 remain essentially unchanged, with the major change from a voltage-controlled
AND gate pair for each shear stack to a current-controlled triac triggered by the peak of a
60 Hz 10 V line on a static shunt load of 10 kQ. As a result of this modification, the

present approach electronics allows a shorter approach time of 25 ms per step if no check

for tunneling current is performed.
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Figure 5.63. Step size of the approach mechanism as a function of voltage applied.

Figure 5.63 shows the relation between step size of the STM motor and the
voltage applied using the more recent electronic setup, which is linear in the step distance
range of interest. The step size can be modified further by adjusting the bracing pressure

of the shear legs through the adjustment screw of the CuBe spring plate on the
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microscope, or by using the alternate set of sapphire prism surfaces for the shear stacks to

rest on.

5.6 Performance in Air

In order to assess the performance of the Walker STM motor, surface imaging of
gold deposited on glass and highly ordered pyrolytic graphite is attempted, due to the
high resistance of these samples against contaminants after initial preparation. The XYZ
ranges of the motor has not been calibrated during these tests, and the dimensions in the
three directions for imaging have been approximated through known atomic distances
(atomic lattice of graphite for XY ranges and atomic step height of Au(111) for Z
direction). In all performance tests recorded in the following subsections, imaging in air
along with using only a cut tip (made of oxidatively resistant platinum alloy with 10%
rhodium), instead of imaging in a well-isolated environment with a carefully assembled
setup similar to Subsection 5.6.4, introduces many fundamental noise problems, both
mechanically and electrically. Mechanical stability is considerably compromised due to
acoustic transmission, physical induction by convection, and a structurally weak and
poorly defined tip. While most of these problems can be eliminated by carefully isolating
the motor and making appropriate preparation before testing, the minimally mechanically
isolated setup serves two important purposes: a comparison of mechanical stability
between the Walker STM and the current Beetle STM, and a preliminary test of
susceptibility to vibrational excitation of the new motor in order to predict future
performance under mechanical stresses such as vibrations from gas flow and tubing
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connection. Electrically, interference from nearby devices such as power sources,
electronic modules for STM imaging as well as sweeping frequency of computer monitor
is apparent during the initial tests due to the lack of a grounded housing (normally in the
form of a UHV chamber in a system), and should be typically eliminated after the motor
is introduced into the system and the routing of signals to and from the motor are

properly designed and shielded.

5.6.1 Unannealed Gold on Glass - Microscope only

The Walker STM, complete with exchangeable tip and sample installed and
sample stage rigidly coupled by the use of the CuBe press plate, is mounted onto a
vibrationally undamped optical table. The optical table is chosen to mount the STM
firmly through the body with the use of a micro clamp, due to the fact that its dynamic
and static rigidity, along with the lack of surface and side wall resonances, allows for the
accurate simulation of securing the microscope directly onto a desktop.

The sample is prepared by electron beam deposition from a gold source onto the
surface of a glass disc of 10 mm diameter and 1 mm thick, at a rate of 500 nm per minute
to 1 um thickness. The sample is mounted onto the metallic mock sample holder with the
use of four tantalum leaf springs and three stainless steel balls of 1 mm diameter, instead
of the usual glass balls, to provide electrical connection between sample and holder for
application of the bias voltage.

Electrical connections are made by 0.003” thick Kapton-coated copper wires

between the microscope and an electrical breadboard, which is secured onto the optical
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table and allows conversion to BNC connections to the approach and imaging electronics.
The BNC cables are secured firmly to a hook shortly away from the breadboard to protect
the connection and minimize vibrations conducted to the optical table. While an attempt
to shield the microscope from external electrical noises by surrounding with a grounded
aluminum foil cage, interference as a result of capacitance coupling between the
tunneling current wire and other microscope lines is still present in the form of a strong

60 Hz peak in the tunneling current noise spectrum.

Figure 5.64. (2000 x 2000) A? image of gold deposited on glass with no vibration
damping reveal step edges with clarity, but smaller scans are unable to resolve individual
gold atoms. (V=225 mV,[=0.51 nA)

Initial imaging of the gold sample proves difficult due to the mechanically

unreliable nature of the tip as a result of the fashioning method as well as the relatively

soft Pt alloy, and due to the often amorphous structures on the surface as a result of high
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deposition rate (even after annealing by hydrogen flame post-deposition). However,
images of granular structures on the amorphous surface can still be obtained with the
vibrationally undamped setup. In the case of several well-prepared gold on glass samples,
step edges between flat terraces can be imaged clearly (Figure 5.64), in sharp contrast to
the need of the current Beetle STM for extensive vibration damping and an atomically
sharp tip to image atomic step edges. No tunneling current noise spectrum is taken due to
the lack of such ability in the initial electronic setup, but fast Fourier transformation
reveals a medium response at 35 Hz that is known to be the vibration frequency from the
laboratory building, in addition to dominant peaks at 60 Hz and 120 Hz, probably as a
result of external power sources nearby despite shielding with an aluminum cage. The
noise level in the vertical direction in the images obtained is calculated to be 0.17 + 0.03
A, which explains the lack of atomic resolution in the attempt to observe the Au(111)
lattice. No measurable drifts in XY ranges are observed during as small as (700 A)

imaging of step edges.

5.6.2 Graphite(0001) - Microscope Only

Identical setup is used for imaging HOPG surfaces, due to the lack of consistency
in preparing well-structured gold surfaces for imaging. The graphite sample is glued to a
copper disk of 10 mm diameter and 3 mm thick by conductive epoxy for eventual
electrical connection to the sample holder. Before immediate imaging of the surface, the

graphite sample is stripped by scotch tape to reveal a new layer and subsequently
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mounted to the holder by four tantalum spring leafs and three glass balls of 1 mm

diameter.

Figure 5.65. The Walker STM under no vibration damping does not resolve individual
atoms on fine scan ranges, but shows step edges on HOPG clearly in an (800 x 800) A’
image. (V=1000 mV, =197 nA)

Step edges between graphite terraces can be imaged but individual atoms cannot
be atomically resolved (Figure 5.65), as in the case of the unannealed gold on glass
sample. Subsequently, the microscope is evenly suspended on three rubber bands from a
plate supported on a tripod with pinpoint contacts to minimize vibration transmission
from the support surface, in an attempt to damp mechanical noises conducted to the
microscope. After the modification, low frequency noises in the images can still be

observed but the graphite lattice can be atomically resolved (Figure 5.66), with the noise

level vertical resolution being 0.07 + 0.02 A. Fast Fourier transformation of the tunneling
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current no longer shows observable excitation near 35 Hz, but still reveals strong
responses at 60 Hz and 120 Hz. By assuming each carbon atom observed in the lattice to
be a perfect circle and measuring the distortion of the atom in comparing the X and Y

directions, the drift rate in the slow scan direction is found to be less than 1 A per minute.

Figure 5.66. (20 x 20) A? image of HOPG by the Walker STM suspending on rubber
bands resolves atomically. (V =149 mV, I =6.45 nA)

5.6.3 Graphite(0001) - Microscope in Pressure Cell

The STM is installed inside the pressure cell, which is subsequently connected to
the XYZ® manipulator (temporarily and currently without installing the high pressure
gas tubing coils) for future operation within the system designed. During this test, the
entire manipulator setup is secured on an inverted tripod to be placed on a desktop for

operation. (Figure 5.37) During operation, the pressure cell initially is decoupled from the
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support scaffold and damped by three suspension springs as designed, but silicone
spacers are inserted periodically within each spring subsequently so that any excitation
inducted can be more quickly damped compared to using springs alone (< 3 minutes
compared to 10 minutes). Throughout the test, the pressure cell is closed up in
atmosphere by the bayonet seal to simulate the final operation condition inside the system
as well as to minimize the amount of convection and acoustic excitation inducted directly
on the microscope. Also, the inverted tripod with the entire manipulator setup is enclosed
in electrically grounded aluminum foil to minimize electrical noises as well excitation of

the setup by convection.

Figure 5.67. (45 x 45) A? image of HOPG with Walker STM in the pressure cell
suspended by precision springs on desktop shows clear atomic resolution. (V =333 mV, |
=2.86 nA)
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Imaging of HOPG surfaces reveal similar drift rate (< 1 A per minute) and noise
level (0.07 A +0.03 A) as in previous cases (Figure 5.67), but images show considerably
smaller amount of low frequency excitation and electrical interference in the setup,
proving the carefully chosen springs of defined low resonance and the meticulous
shielding of the tunneling current signal are crucial contributors in minimizing noise
within the system. The nevertheless high noise level in the vertical resolution remains
despite the improved setup, and the tunneling current noise spectrum reveals strong
response and low damping at low frequency (< 10 Hz) upon excitation externally or
internally (such as after repositioning of the tip position by the scan tube). This most
likely is due to the low damping performance of the suspension springs currently chosen,
even when mitigated by the installation of the silicone spacers; while the springs are well
defined low pass filter with a narrow bandwidth, its high excitation response at resonance
requires a low equilibration time. It is assumed that when the manipulator setup is
secured inside the system, the added rigidity and damping of the system by the pneumatic
legs and the custom-designed support frame, as well as the eventual evacuation of the
system to reduce acoustic conduction and convective excitation, will eliminate the high
excitation and low damping problem and reduce the noise level to a more acceptable
level. Aside from the low damping situation, the tunneling noise spectrum shows the
lowest observable mechanical excitation frequency, as identified by a broadened
response, is a pair of resonance peaks at 14.8 kHz and 15.3 kHz. This shows that the

introduction of the microscope into the multi-part pressure cell does not compromise the
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performance of the STM, and the mounting and wiring mechanisms of the STM inside
the pressure cell as designed are mechanically stable.

Meanwhile, no observable signals as in previous cases can be seen at 60 Hz and
120 Hz, but a sharp response at 3.1 kHz of unknown origin is observed in the noise
spectrum, which most likely is a result of electrical induction on the system. This can be a
result of ineffectual shielding of the setup by the aluminum foil, which can not be

confirmed until the current setup is placed inside the grounded system as planned.

5.6.4 Graphite(0001) - Microscope in System

The manipulator setup as described in the previous subsection is placed inside the
system as described within this chapter, and imaging is once again performed in air with
additional damping of the microscope by pneumatic legs and steel support frame. (Figure
5.68) Drift rate in the lateral directions remains small (< 1 A per minute), while the noise
level in the vertical resolution improves slightly (0.04 A + 0.01 A). Mechanically and
electrically induced signals within the tunneling current remain essentially unchanged in
frequency but mildly diminished, with mechanical resonances at 15 kHz and electrical
excitation at 3.1 kHz, while the damping performance of the feedback loop below 10 Hz
improves with help of the added damping. While acoustic and convective excitation can
still be responsible for moderately compromising the mechanical performance of the
microscope, the cause for low frequency electrical noise within an electrically shielded

system remains unidentified but most likely a result of capacitance coupling between
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wires within either the pressure cell or the manipulator, as similar noise has not been

observed prior to the installation of the microscope into the cell or the manipulator.

Figure 5.68. (38 x 38) A image of HOPG with the Walker STM in pressure cell and
suspended on precision springs within the STM compartment engaging on pneumatic
legs. (V=249 mV,1=3.65nA)

Figure 5.69. (40 x 40) A? tunneling image of HOPG under varying sample bias between
250 mV and 600 mV and current set point of 3.00 nA shows a change in tunneling
probability of the atomic row as indicated by the green line.
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For proper testing, it is essential to verify that the tunnel barrier represents true
vacuum (or atmosphere, in this case) and is free of material that can provide additional
mechanical stability to the junction and create a false impression of the intrinsic
mechanical properties of the system. Such material often results in “abnormal” tunnel
barriers that are considerably smaller than the work functions of the tip and surface. In
order to ascertain whether the images obtained thus far on HOPG surfaces by the Walker
STM motor are a result of true tunneling or tip profiling of the surface similar to contact
mode in atomic force microscopy (AFM), imaging response to altering either bias voltage
or tunneling current set point is observed. This information is crucial because true
tunneling mode of imaging indicates the microscope is mechanically stable enough,
within the correction range of the feedback response, for maintaining a constant tip-
surface distance and performing STM studies. Furthermore, this will validate the
excitation response of the microscope during STM imaging performed on HOPG surfaces
so far, as the mechanical reaction will certainly be very different if the tip is in contact
with the sample surface. By decreasing bias voltage applied when maintaining the same
tunneling current set point, for example, the tip can be brought closer to the surface. If the
tip is not in contact with the surface, decreasing the tip-sample distance changes the
tunneling barrier potential and thus tunneling contribution between different energy states
and different layers of the HOPG surface, which in turn results in a noticeable change of
contrast in the images. If the tip is in contact with the surface already when decreasing

bias, the change in the absolute tip height is smaller and thus the contribution to the
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current remains almost identical. As a result, the contrast change in imaging from altering
bias is nearly negligible. Through varying either bias or current set point during imaging
HOPG with the new microscope, images show that contrast varies with changing
parameters, as conductive (brightly contrasted) atomic features change to less conductive
(darkly contrasted) areas and then back to conductive state again. (Figure 5.69) Thus, it is
apparent that the images obtained are from tunneling mode instead of contact mode of

scanning on the surface.

5.7 Vibrational Analysis

A carefully designed STM system minimizes vibrational excitation through
maintaining high resonance frequency of the STM motor and rigid coupling between
motor and sample, as described previously in Section 5.2. At the same time, the system
must provide an effectively damped low pass filtering system between the STM and the
environment, so that any vibrations conducted will be of small amplitudes and as far
removed from the resonance frequency of the motor to couple and excite effectively. The
first subsection outlines both known and calculated theoretical frequencies of the
damping system designed, as well as the theoretical intrinsic resonance values of the
microscope. The second subsection presents the measured responses of the scanning
piezoelectric transducer as well as tunneling current noise spectra under mechanical
excitation and normal operation, in order to assess the damping efficiency of the

constructed system and the accuracy of the design and theoretical expectation.
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5.7.1 Theory

As presented in Subsection 5.4.2, the low pass filtering and damping setup in the
system presented in this chapter consists of a mass-spring system created by pneumatic
legs and carbon steel system support frame (that also serves as a sandbox), the silicone
lining to further damp vibrations conducted between the system and the support frame,
and the suspension springs for the high pressure flow reactor cell. While the silicone
lining typically provides a high damping factor for high frequency modes (> 20 Hz),
effective filtering of high frequency excitation of the system in both vertical and
horizontal modes comes from the use of pneumatic legs, which have low settling time
(1.5 s) for both vertical (> 1 Hz) and horizontal (> 1.5 Hz) frequencies (Figure 5.70), in
junction with the rigid carbon steel frame that provides added damping and further low
pass filtering, by creating profuse amount of vibration coupling junctions through its role
as a sandbox, and by its added weight (2500 lbs in addition the system’s inherent 1000
Ibs). As seen in Subsection 3.3.3, bending modes of an object (through approximated
consideration as a well-behaved tubular structure) are in general of much lower frequency
than stretching modes. Using a rigid steel frame that extends over the entire dimensions
of the system with proper intermediate support points allows minimized excitation of the
low frequency bending modes (and stretching modes). In addition, by using a stiffer (or
of larger Young’s modulus) such as steel, the inherent resonance of the frame is much

lower than the wooden support formerly built for the existing high pressure STM system.
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Figure 5.70. Response of pneumatic legs to horizontal and vertical excitation reveals
vertical resonance of 1 Hz and horizontal resonance of 1.5 Hz with very small settling

time.

Catalog #|Spring constant (Ibfin) Coilsfinch AL (mm) frequency (Hz) L (mm)
S665KS1 30.8 769 3212 278 211.22
S665KE1 53.3 66.7 16.10 383 22724
SE65K12 82 4 58 8 518 520 23418
0565K42 170 50 3.78 810 239.56
O665KS53 13.3 66,7 64.52 1.96 178.82
S665K83 o 58.8 32.19 278 211.15
0665KS54 40 50 16.08 393 227.26
9665K15 138.5 385 3.58 8.33 238.76
S665KE4 0.3 66 7 161.90 1.24 81 44
S66aK16 8.2 58 8 9225 1.64 131.06
S6B5KST 20 50 32.16 278 211.18
S663K8S 53.8 38.5 8.1 2.18 23413
S660K18 125 31.3 322 878 24012
S66SK1S9 a a0 B0.40 1.76 162.94
SE65K21 23.1 385 21.44 3.40 221.90
SB65K22 62.5 31.3 6,44 6.21 236.90
O665K23 175.6 24 4 1.79 11.78 241,55

Table 5.4. Resonance frequencies of various commercial precision spring from
McMaster-Carr Supply Company.

213



Theory

The suspension springs for the pressure cell serves as the final stage of low pass
filtering and damping, and are chosen among a variety of miniature precision springs that
are commercially available. The resonance frequency of a spring can be related to its

extension under stress as the following:

_ 1l g
f_27r Al

where f'is the resonance frequency of the spring, g gravity and A/ the increase in length
under load. Thus, it is apparent that the low pass filtering can be made more effective by
increasing the extension of the spring under the same load, or simply by using a spring
with lower spring constant, without exceeding into the inelastic regime of the spring.
Table 5.4 outlines the properties and calculated resonance frequencies, under the weight
of the pressure cell setup and given the maximal desired length of 243.34 mm as
restricted by the length of the chamber and structures therein, of various commercially
available stainless steel precision springs. It is important to note that the frequencies thus
calculated represent original elastic conditions of the springs, and the resonance
frequencies can be expected to be lower when the springs are loaded under thermal stress,
for example, in the case of system bake-out. Thus, it is imperative to put springs under
simultaneous physical and thermal loads before introduction to attain accurate
performance. Spring 9665K16 (1.6 Hz) is ultimately used in place of Spring 9665K84
(1.2 Hz) for the new system, even though it has a slightly higher resonance frequency,
due to the latter spring extends into inelasticity under load after thermal treatment. The

suspension spring system serves as an excellent low pass filtering system, as the precision
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springs have well defined resonance frequency. However, this also leads to a heightened
response and low damping factor near resonance, as a result of narrow response
bandwidth imposed by the well defined resonance. In order to increase the damping
ability of the suspension spring system, 0.125” thick silicone spacers are periodically
inserted into the coils of each spring. Though the resonance frequency of the spring

system is evidently not as well defined as a result, the settling time improves noticeably.

Bending resonance (kHz) | Stretching resonance (kHz)
Scan tube 18.46 62.74
Scan tube + tip holder 16.61 56.47
Sapphire slider 21.66 49.87
Sapphire slider + base plate 17.54 40.39
STM body 19.59 46.76
Body + Stage + Press Plate 18.78 44.83
Fully assembled STM 15.85 37.84

Table 5.5. Resonance frequencies calculated for various Walker STM parts.

The intrinsic bending and stretching responses of the Walker STM motor can be
calculated as previously done for the Beetle STM, using the equations outlined in Chapter
3. The components calculated are assumed to be perfect tubular structures with evenly
distributed mass along its length, and with any attached mass at the end considered as

point mass. Furthermore, all structures are considered affixed at one end as a result of
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attachment of the tubular structure to a much heavier fixture, such as the placement of a
Macor base plate at the end of the scan tube and the sapphire slider, or the attachment of
the motor to the pressure cell, moving the nodal plane of the bending mode from the
center to the end of the tube. Table 5.5 contains the theoretical calculation for the basic
bending and stretching frequencies of various components within the STM setup.
Vibration modes of the pressure cell are assumed to be negligible contributions due to the
damped coupling between the STM setup and the pressure cell in form of silicone spacers
at the mounting points. The theoretical calculation shows that the intrinsic bending
response of the new STM setup is higher in frequency compared to the Beetle STM, with
a calculated excitation frequency of 18.46 kHz versus 12.92 kHz for the scan tube
without the attached mass of tip receptacle.

Since the sapphire slider containing the scan tube and the tip receptacle are
mounted rigidly by two sets of three-point contact maintained through the six shear
piezoelectric stacks, additional vibrational modes can be introduced by shearing motion
of the flexible contact between the shear piezoelectric stacks and the molybdenum body
due to gluing. By assuming the contacts between the piezoelectric stacks and the sapphire
slider to be perfectly rigid, the characteristics of the shearing action introduced by the

epoxy contacts can be calculated by the following equations:

f= 1 K where K = 6(E—A)
272. MSCGHV[GV + 6 : M t

shear

where fis the resonance frequency introduced by the weakened contacts, K the effective

spring constant, Mcgumer and M., the weights of the scanner (that includes sapphire
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slider, Macor base plate, scan tube, and tip receptacle) and each of the shear
piezoelectrics, respectively, £ the Young’s modulus for the epoxy after curing (492
MPa), A the total contact area between each stack and the molybdenum body, and ¢ the
thickness of the epoxy applied (assumed to be between 10 and 100 pum). The thus
calculated resonance response is between 3.45 kHz and 10.9 kHz, which indicates that in
general application of epoxy in constructing a STM must be judicious: While it is
essential to apply enough to ensure good mechanical rigidity upon curing, the epoxy
applied must be as thin as possible to prevent introduction of weak contact points in the
microscope.

Lastly, the effect of the length of the cone/tapered section of the STM tip to
inherent bending mode of the probe is also explored. Assuming the tip end to be a
pyramid with a square cross section rigidly mounted to the rest of the length of the tip,
and the physical properties of the materials are equal to the proportional sum of those of
the components, the bending vibrational mode of a tip that is exposed outside of the tip

holder can calculated by using the following equations:

1 K, 3r E-d*
=—.|— where K, =—
/. 27\ M To64 I

where f is the bending frequency of the tip, K, the associated spring constant, M the

effective mass of the tip (which is a third of the overall mass, assuming even mass
distribution along the length), E the effective Young’s modulus (according to the above
assumption, 210.8 GPa for Pt-40%-Rh composition), d the dimension of the square cross

section of the tip cone (assumed to be 50 um), and / the length of the tip cone. The
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calculated resonance frequencies are 23.8 kHz and 5.9 kHz for 0.5 mm and 1.0 mm long
tapered tip respectively. Thus, it is important to reduce the tip taper during etching or
other type of fashioning of the type, as a macroscopically small difference in length can

lead to a much worsened vibrational response of the scanning probe during studies.

5.7.2 Analysis of Measured Responses
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Figure 5.71. Vibrational response in the bending mode of the Walker STM shows strong

response in 10-13 kHz, and mild responses in 19-21 kHz, 24.9 kHz, and 35-38 kHz

regions. Weak response in 14-16 kHz range is also observed (as shown in Figure 5.75).
Using the setup as described in Subsection 3.3.3 to excite the shear and scanning

piezoelectric transducers, with the STM mounted to an optical table without the pressure

cell as described in Subsection 5.6.1, we can measure the vibrational susceptibility of the
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microscope by detecting excitation response at the scan tube and compare the measured
responses to the calculated values. Excitation of the scanning piezoelectrics reveals
similar responses in the detection of both bending (Figure 5.71) and stretching (Figure
5.72) modes, showing strong responses between 10 kHz and 13 kHz, and mild responses

at regions between 19 kHz and 21 kHz, 24.9 kHz, and between 35 kHz and 38 kHz.
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Figure 5.72. Vibrational response in the stretching mode of the Walker STM reveals
similar responses as in the case of the bending mode.

While measuring the excitation of the scan tube in response to vibrations induced
by the shear piezoelectric stacks are not relevant as the shear stacks are immobile and
used only to mount down the scanner during imaging, excitation response of the shear
stacks itself is useful in identifying additional source of vibration frequencies within the

mechanical response spectra of the scan tube. By exciting a shear piezoelectric stack to
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provide enough mechanical disturbance in the rigid system while measuring another
stack, strong excitation modes are found in regions between 19 kHz and 22 kHz and
between 26 kHz and 32 kHz. (Figure 5.73) Additional vibrational modes can be found
between 69 kHz and 75 kHz, which are most likely the higher harmonics of vibrational
modes. By comparing to the expected vibration regime as a result of weak gluing
junctions between the shear stacks and the molybdenum body as calculated in the
previous section, the lack of response below 12 kHz in the shear stack response spectra

indicates the shear stacks are firmly attached to the STM body.
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Figure 5.73. Vibrational response in the shear piezoelectric stack of the Walker STM
upon excitation reveals strong responses in the 19-22 kHz, 26-32 kHz, and 69-75 kHz
regions.

By comparing the excitation spectra of the scan tube to those of the shear stacks,

the resonance frequencies detected between 19 kHz and 21 kHz for the scan tube cannot
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be an intrinsic response of the scanning piezoelectrics. Most likely, it is a result of
excitation modes of the shear stacks or the bending responses of the STM body. While
the peak at 24.9 kHz on the excitation spectra of the scan tube cannot be attributed with
certainty to any calculated response, the resonance frequencies detected between 35 kHz
and 38 kHz can be attributed to the stretching modes of the scanner, the molybdenum
body, and the entire STM setup (which includes the motor, sample stage and holder, and
the CuBe press plate). The four strong vibration peaks detected at the lower frequency
(10.8 kHz, 11.0 kHz, 12.3 KHz, and 12.7 kHz) are unique to vibration detection at the
scan tube during excitation of the scan tube or the shear stacks, and are thus assigned to

be the various bending modes related to the scanning piezoelectric transducer.
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Figure 5.74. Tunneling current noise spectrum of the Walker STM, upon physical
agitation of the system, shows strong mechanical response between 14 kHz and 38 kHz.

221



Analysis of Measured Responses

350E-12

300E-12 I

fahitrary unit

i.50E-12

100E-12 4

S 0E-13

0. 00E -+ | T v ' r r T . T ,
14000 14200 14400 14600 14800 15000 15200 15400 15600 1500 18000

Excitating frequancy (Hz)

Figure 5.75. Current noise (blue) and vibrational response (magenta) spectra of Walker
STM both show additional mechanical response between 14 kHz and 16 kHz, previously
too weak to be detected under physical detection. The shift in peaks between two
methods is due to non-linearity of mechanical driving amplitude inherent in setup.

Under tunneling condition with the pressure cell containing the STM vibrationally
damped by only suspension springs with silicone spacers, noise spectra of the tunneling
current have been taken to show that mechanical vibrations between 19 kHz and 38 kHz
remain noticeable during physical excitation of the pressure cell. (Figure 5.74) In addition
to the mechanical responses indicated above, weak resonance responses can be detected
at the scan tube between 14 kHz and 16 kHz during physical excitation as well as at

tunneling current noise spectra. (Figure 5.75) Thus, it confirms the mechanical vibration

modes detected earlier are intrinsic to the STM.
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Figure 5.76. Transient low frequency resonance of the Walker STM at 7.2 kHz appears
and disappears upon the introduction of different tips.

A transient and weak mechanical response is sometimes detected at 7.2 kHz
during tunneling (Figure 5.76), and varies upon tip exchange. This frequency can either
be attributed to a tip-induced effect on the tunneling junction, or a possible and
occasional mechanical instability in the magnetic attachment of the tip holder to the tip
plate at the end of the scan tube. Since no other mechanical responses are detected within
the tunneling current noise spectra between 0 and 74 kHz, it thus has been shown that the
complex inclusion of the STM into the pressure cell and subsequently to the custom
XYZ® manipulator stage does not incur any noticeable mechanical compromises during

imaging.
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Figure 5.77. Well-defined electrically-induced noise frequencies are left, once
mechanical resonances are damped.

In addition to mechanical responses, electrical noises of well defined frequencies
are found at 3.1 kHz, 23.3 kHz, 23.5 kHz, 23.7 kHz, 31.7 kHz, 31.8 kHz, 31.9 kHz and
above 40 kHz within the tunneling noise spectra. (Figure 5.77) Only the 3.1 kHz
electrical response poses a significant concern to imaging, as the other frequencies
observed are too far removed to couple with the frequency of interest (< 1 kHz). Since
the test setup lacks proper electrical shielding, further tests need to be conducted in order

to isolate and identify the source for the 3.1 kHz electrical noise.
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5.8 Challenges and Limitations

Despite various mechanical and thermal precautions displayed in the design of the
new STM system, and excellent mechanical performance presented thus far by the
associated STM motor, a variety of potential problems within the current design,
especially the thermal aspect, remains to be examined and elucidated within vacuum and
under operating pressure range. While foreseeable limitations such as the reduced scan
range of the microscope as imposed by the rigid design and the low cooling rate of the
sample during annealing as a result of the highly insulating material chosen for the
sample holder are as expected and can be resolved by alternate means as physically
reinserting the sample and increasing thermal dissipation rate on the preparation stage,
various thermal and mechanical issues remain to be addressed.

First and foremost is the thermal performance of the STM design, which remains
largely unexplored thus far. While the actual sample holder is built out of fused silica for
low thermal conductivity in order to compensate for the high power needed for the button
heater as a result of high annealing temperature in vacuum and elevated thermal
performance needed under increased pressure, the insulating ability of the geometry and
material chosen and the actual thermal load under pressure remain to be tested. While the
ability to assume as a flow reactor alleviate the potential thermal depolarization of the
piezoelectric transducers in form of an external active cooling in the gas loop, an optimal
flow range must be found to effectively remove heated gas from the pressure cell, while
maintaining a low enough rate to minimize turbulence within the cell as well as to
maximize external cooling. At the same time, it is important to identify the thermal effect

225



Challenges and Limitations

on the mechanical stability of the microscope, in form of drift rate as well as performance
of the leaf spring and wire spring in securing the sample holder as well as additional
electrical connections under thermal stress.

Mechanical stability of the microscope during experiments has been extensively
tested, and in vacuo manipulation, especially relating to transfer mechanism within the
STM chamber, remains unexamined under vacuum, where friction is considerably higher
due to the lack of carbonaceous lubrication normally present in ambient environment.
The precise fit in the pins-and-holes system within the mounting mechanism for the
pressure cell can be more difficult under vacuum, and necessary modification must be
made accordingly as any sudden mechanical movement or stress may cause breakage of
wiring as well as system components that will require considerable amount of repair time
due to their compact assembly.

The delicateness of manipulation and the associated compactness and fragility of
the parts involved requires a high demand of caution as well as finesse, which has from
time to time proved to be problematic when visualization has to be done by and limited to
secondary means of CCD cameras, due to the requirement of the wobble stick entry has
to be concentric to the limited access of the pressure cell. To complicate the matter
further, the resolution of the fiberscope image is low and limited by the number of optical
bundles within the scope. While an alternate fiberscope of higher resolution and
magnification can be highly beneficial, it is financially more feasible to introduce
additional view ports, especially onto the custom mounting fitting for the wobble stick

setup, to allow additional direct and secondary visualization means.
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The tip exchange mechanism, which includes securing the tip holder during
transfer and precise coupling of the tip holder to the magnetic tip plate at the end of the
scan tube, still requires additional modification and adjustment to function reliably to
prevent occasional weak coupling that gives rise to the weak mechanical response at 7.1
kHz. The amount of retraction necessary, once the tip holder is magnetically coupled,
before the extraction of the tip exchanger can be predicted more effectively if a
capacitance measurement of distance can be performed. The capacitance measurement
can be installed as simply as partially plating one side of the sapphire slider, and
measuring its capacitance with respect to ground as the slider is motored along.

Further challenges lie in the pressurization of the flow reactor cell. While the
potential problem of gas leakage from the pressure cell is most likely through wiring
junctions and can be simply corrected by judicious use of sealing epoxy, the problem of
mechanical vibration conducted through the polymer gas line, though damped by silicone
sleeves and o-rings, still needs to be tested and most likely remains to be resolved. The
gas line must be fashioned long enough to create a relaxed spring so that the pressure cell
is rested and damped entirely on suspension springs, while it has to be short and light
enough (along with the added weight of damping sleeves and o-rings) to minimize
reaction volume and surface area as well as to prevent slumping of the gas line onto the
docking scaffold thus making mechanical loops for vibration conduction.

Lastly, electrically induced interferences such as that induced at 3.1 kHz remain

to be identified and resolved. Additional shielding as well as twisting of inverted signals
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(such as the Y+ and Y- signals for the scanning piezoelectrics and similarly for the X+

and X- signals) to minimize inductive coupling effects may be required.
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Chapter 6

Conclusions

6.1 Summary of Results

The aim of the work presented therein is to take advantage of scanning tunneling
microscope’s (STM) capability for operation under a variety of environments under real
time and at atomic resolution to monitor adsorbate structures and mobility under high
pressures, as well as to design a new generation of STM systems that allow imaging in
situ at both higher pressures (35 atm) and temperatures (350 °C).

The design of a high pressure, high temperature scanning tunneling microscope
system, that is capable of monitoring reactions in sifu at conditions from UHV and
ambient temperature up to 1 atm and 250 °C, is briefly presented along with vibrational
and thermal analysis, as this system serves as a template to improve upon during the

design of the new ultra high pressure, high temperature STM.
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Using this existing high pressure scanning tunneling microscope we monitored
the co-adsorption of hydrogen, ethylene and carbon dioxide on platinum (111) and
rhodium (111) crystal faces in the mTorr pressure range at 300 K in equilibrium with the
gas phase. During the catalytic hydrogenation of ethylene to ethane in the absence of CO
the metal surfaces are covered by an adsorbate layer that is very mobile on the time scale
of STM imaging. We found that the addition of CO poisons the hydrogenation reaction
and induces ordered structures on the single crystal surfaces. Several ordered structures
were observed upon CO addition to the surfaces pre-covered with hydrogen and ethylene:
a rotated (V19 x V19)R23.4° on Pt(111), and domains of ¢(4 x 2)-CO+C,Hs, previously
unobserved (4 x 2)-CO+3C;H3, and (2 x 2)-3CO on Rh(111). A mechanism for CO
poisoning of ethylene hydrogenation on the metal single crystals was proposed, in which
CO blocks surface metal sites and reduces adsorbate mobility to limit adsorption and
reaction rate of ethylene and hydrogen.

In order to observe heterogeneous catalytic reactions that occur well above
ambient pressure and temperature, a custom STM motor has been designed and
constructed in-house. The new STM design features a much reduced size and a rigid
coupling to the sample, and has been tested to show considerably higher resonance
frequency than conventional tripod designs, providing the ability to image faster and
yielding smaller susceptibility to noise. A flow reactor cell of much reduced volume for
pressures up to 35 atmospheres has also been designed and constructed to house the new
STM. The small volume reduces gas consumption and sensitivity to impurities in high

pressure gases, as well as maximizes product concentration and reduces response time.
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The ability to flow reactant gases also allows for continuous monitoring of reaction
mixture by mass spectrometry or gas chromatography, and permits correlation of
structural information from STM and reaction kinetics. The reactor cell containing the
STM is placed inside an UHV system to allow cleaning and characterization of sample
before and after experiments, as well as continuous monitoring by mass spectrometry or
gas chromatography through a leak valve. The new ultra high pressure system also allows
in vacuo sample and tip exchange through a load lock, without exposing the system to
impurities in air. This new ultra high pressure, high temperature STM system has been
shown to perform with major improvements over the existing high pressure, high
temperature STM system. Unlike the older system which requires extensive vibration
damping setup in order to operate, the new system is shown to be less susceptible to
noise, and be able to image atomic steps with no vibration isolation and atomically
resolve highly ordered pyrolytic graphite with only spring suspension and a cut tip.
Extensive vibrational analysis of the new system is presented, as well as an appendix of
AutoCAD-generated design schematics for the major components of the system is

included at the end.

6.2 Future Direction

The ability of scanning tunneling microscopy to resolve surface structures at
atomic resolution and the potential capability to measure dynamic studies at a more
refined time scale need to be explored and fully taken advantage of, due to this

technique’s unique capacity to obtain real time and space measurement. While it is
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difficult to construct a STM that has temporal resolution that is comparable to ultra fast
spectroscopy on the femtosecond or better time scale due to the limited response time of
piezoelectric motors, more mechanically stable and faster STM motors can still offer a
temporal resolution of microsecond timescale. Given the author’s experience in both the
design and application of STM, it is the author’s opinion that the most foremost problem
of using STM in reaction studies lies in thermal control to reduce both thermal drift
during image and thermal excitation of electrons at the tip, both of which can affect
physical and electronic resolutions. As STM becomes more rigid and compact to enhance
mechanical stability, careful plans must be in isolating thermal input to avoid
unnecessary thermal load that can both reduce thermal control and stability of the
piezoelectrics in the STM motor. Lastly, the enhanced daily difficulty of obtaining an
atomically sharp enough tip for imaging under high pressure and temperature requires a
focused effort to find ways to create and condition reliable tips, as tips tend to degrade
quickly under these harsh conditions while conditioning also becomes less controllable

and dependable.
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Collection of AutoCAD Drawings for UHP-STM

This section includes alphabetically the detailed design schematics for all major
custom components constructed during the creation of the ultra high pressure, high
temperature scanning tunneling microscope (STM) system. While the dimensions
recorded herein are precisely representative of the functional modules as they have been
constructed, care must be taken in recreation as minor modifications such as chamfering
and filleting are not indicated in the drawings. It is the author’s hope that the reader will
find the designs appended here highly informative for both reproduction of the system as

well as improvement to create the next generation of in situ reactor STM systems.
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Appendix

I — Bayonet Plug
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Appendix

II — Cell Bottom
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Appendix

IIT — Cell Lids
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Appendix

IV — Cell Middle

M3|A WOL30Q

M3IA 3PIS

103300

uLl/e'e2d

A urdap g1 ao AT @
0as Buli-0 20-2 404 2A004E

wug 2

1PY UBNOAWE O0TTY WH/E'ETH

dasp wupogL
doy w62y 09 ‘Bupeds 06
ChXy SHOY paprIdlyy 2E-8

L2¢0 ¥ 30 Bupuds gl
(2xy S2104 UBNOUYL PaPOIIUL 9C-2

WU/ E'E2H

A wdep 3T ao L a1
jpas Buu-o gap-2 403 asoodb

mCQD YBNoJYy 0007y Wu/EETH
dasp wugpg's

wuun/e'024 04 ‘Budoeds o9 Mmaln ﬁ_D._.

(9% S310Y papu3Iy} 2£-8

(19915 SSa\UI0AS)

Uo|1 23S 3PPIW 1137

doyr Wougd WWE M3IA

238



Appendix

V — Cell Restraint Bottom Plate
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Appendix

VI - Cleaning Stage Plates
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Appendix

VII — Cleaning Stage

F—f._m
JEEU WD JBJELDUG TOUE S04 * :_r.h

M3 WOL 30T

M3JA LUIDA A

‘.\\ F
R

=
3
¥

=l

_:.nl [T
(NJ) aboy

e
< Duluoa)n

SRS LES

M3|n 3PS *
WML Wl
WL g
0o ©
. o © |
w7l | = kg
kg
\‘\ (%21 _
SJaBUly Wd X WU G JM04 R
kgL
man doy malA Ho0g
|-I|II PP ﬂ|
—
- g ——
[ MHG
araddey. ‘sg-z luury o
UMFEI26 S e
g —— ny
WWT
wnEg ] e T
—— WUEE
|1ﬁ|| uDEFIJdap 1
=
. [
e daap uu § Wt
il (pacduy ‘ZE-@)
WAG AT i
[ —mil] -
wug 3 . ubnows w22
QW 220 WMESEE
|
]

241



Appendix

VIII — CuBe Press Plate (for STM)

MalA do |

UOI1D3S SSOU) C02F0) W89l |

L02¢'08 24 ‘Buinods par
W (2 5210y Ybnouyy 9g-2

02¢'04 24 ‘Bupreds 021
€%y 2104 uBnoaut L0100

CO2F 02 Er_mm_@_mz

\jy{

(005 0a) W/ "2
a0y ybnouyiz uuway

(3gN7)Y a101d ssaud WIS

242



Appendix

IX — Docking Station
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X — Emission Stage Accessories
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Appendix

XI — Field Emission Plate
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Appendix

XII — Heater Press Plate
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Appendix

nck view

Sample Holder (stainless steel)

Cross section 1

XIV — Sample Holder (Mock Version)
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Appendix

XV — Sample Holder
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Appendix

XVI — Sample Stage Bottom Piece
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Appendix

XVII — Sample Stage Top Piece
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Appendix

XVIII — Sapphire Slider
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Appendix

XX —STM Body
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Appendix

XXI - Tip Exchanger
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Appendix

XXII - Tip Holder and Tube Plate
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Appendix

XXIII — Transfer Arm Fork
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Appendix

XXIV — Wobble Stick Attachment
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Appendix

XXV — Wobble Stick Fork
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