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Abstract

A technique for preparing tips with a radius of a few nanometers from tungsten wire is
investigated. The sharp shape is obtained by electrochemical etching; further tip pro-
cessing and characterization is done in ultra-high vacuum. Tips are cleaned through
a high temperature annealing process and their sharpness can be quickly estimated
from their field emission behaviour. Sufficiently sharp tips are imaged with a field ion
microscope; full atomic characterization of the tip apex can be obtained from an anal-
ysis of the resulting images and field evaporation can be used to atomically engineer
the tip apex into a desired configuration. Starting from single crystal, (111) oriented
tungsten wire, a sharp tip terminating in three atoms can be fabricated; due to its
geometry and its stability, this apex configuration is well suited for applications as
an atomically defined electrical contact in a single molecule conductivity experiment.

ix



Résumé

Une méthode servant a préparer des pointes de quelques nanometres de rayon a
partir d’'un fil de tungsténe est étudiée. La forme effilée est obtenue par attaque
électrolytique et les traitements additionnels sont effectués en ultravide. Les pointes
sont nettoyées par chauffage et la finesse de leur sommet peut étre facilement estimée
a partir de leur comportement en émission de champ. Les pointes suffisamment
aigués sont observées avec un microscope ionique et une analyse des images obtenues
permet une caractérisation de leur apex a 1’échelle atomique. De plus, le phénomene
d’évaporation par effet de champ peut étre utilisé pour sculpter, atome par atome, la
structure de Papex. A partir d’un fil de tungsténe monocristallin d’orientation (111),
une pointe ayant trois atomes & son sommet peut étre fabriquée; grace a la géométrie
et & la stabilité de son apex, cette pointe peut servir de contact électrique bien défini
dans une expérience visant a mesurer la conductibilité d’une molécule.
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1

Introduction

Since the birth of the transistor at Bell Labs in the 1940’s, tremendous efforts and
resources have been devoted to producing new generations of semiconductor devices
which are smaller, faster and cheaper than their predecessors. However, this con-
tinual miniaturization is quickly reaching an imposing limit; semiconductor devices
below 10 nm require prohibitively expensive fabrication techniques and exhibit quan-
tum effects which dramatically alter their desired electronic properties. In response
to these issues, an increasing amount of attention has been paid to the emerging
field of molecular electronics [4-6]. This novel technology seeks to utilize individual
molecules as building blocks for nanometer sized electrical circuits. At this scale,
the laws of physics and chemistry merge, and quantum properties rule. Developing
a comprehensive understanding of this strange new world and successfully exploiting
its resources could lead to great technological and scientific advances.

A crucial first step in the development of such molecular structures is a system-
atic study of the electrical properties of single molecules. To achieve this ambitious
research goal, fine electrical contacts must be attached to each end of a molecule so
that the electrical behaviour of the molecule at the nanoscopic level can be recorded
and examined from the macroscopic world; however, wiring a single molecule into an
electrical circuit represents a significant challenge due to the small size of the com-
ponents involved. Many studies on the electrical properties of molecules have been
conducted over the past few years and techniques employing break junctions, scan-
ning probe tips, nanopores, electron beam deposition and nanolithography have been

developed to electrically contact a single molecule or a molecular monolayer [4,7-
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10]. Since discrepancies exist between reported conductivities for identical molecules,
and since these conductivities disagree with theoretical calculations of electron trans-
port in similar nanoscopic systems by several orders of magnitude, it is believed that
the observed electrical properties of such molecular devices are not inherent to the
molecule itself, but are rather determined by the nature of the molecule-electrode
junction [8,9]. To gain insight into the electrical properties of single molecules, it is
thus necessary to devise an experiment in which the geometry of the molecular device
is well defined at the atomic level; using atomically characterized electrodes to contact
a molecule can then lead to a meaningful comparison with theoretical predictions on
single molecule conductivity [10, 11].

In order to understand the electrical behaviour of single molecules, we propose
to measure the conductivity of a well defined two-terminal molecular device using a
combined scanning tunneling microscope (STM), atomic force microscope (AFM) and
field ion microscope (FIM) in an ultra-high vacuum (UHV) environment. As illus-
trated in figure 1.1, the STM tip plays the role of the top electrode, while the bottom
electrode is provided by an atomically flat metallic surface evaporated onto a flexible
cantilever beam. The investigated molecule sits on the metallic substrate, and the
STM tip can be carefully brought into contact with the molecule through the action
of a piezo tube; by applying a voltage to the tip, the current flowing through the
molecule can be detected. Since a laser beam probes the deflection of the cantilever
beam, the force exerted on the molecule by the tip can be recorded by AFM tech-
niques; electromechanical measurements on the molecule can thus also be performed.
As shown in figure 1.1, the chief advantage of this combined STM/AFM/FIM setup
is that the tip apex can be atomically characterized by FIM imaging prior to its use
in a single molecule conductivity experiment since, thanks to piezoelectric motors,
the AFM sample stage can be quickly retracted, thus exposing a screen on which the
FIM image of the tip apex can be observed. Once the geometry of the top electrode
is well defined, the microscope can switch back to the STM/AFM configuration; the

tip then locates a single molecule on the substrate in STM imaging mode before mea-
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Figure 1.1: Schematic representation of our combined UHV STM/AFM/FIM system. Using piezo-
electric motors, the sample stage can be quickly retracted to switch from the STM/AFM mode to the
FIM mode. With this unique setup, single molecule conductivity measurements can be performed
in the STM/AFM mode using a tip which can be atomically characterized in the FIM mode. (This
drawing was adapted from [1].)

suring its electrical properties in AFM/STM spectroscopic mode. Initial experiments
will use the Cgy molecule, as this fullerene has already been extensively studied, and
a gold (111) substrate, since nice large atomically flat terraces can be obtained by
evaporation. The top electrode will consist in an atomically defined tungsten tip,
since tungsten tips are relatively easy to prepare and are stiff enough to withstand
the mechanical stress imposed by the high electrical fields which prevail during FIM
imaging.

This thesis discusses the various steps involved in the preparation and character-
ization of a suitable top electrode for our two-terminal molecular device. Since the
tungsten tip will be used for STM imaging as well as for probing electrical properties of
a single molecule, the main requirements for this electrode are the following: it should

be very sharp and free of contamination, it should have an atomically stable apex and
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it should be fully structurally characterized before being brought into contact with
the molecule. A tip fabrication technique fulfilling these requirements has been devel-
oped and several tip characterization tools have been explored to assess the success
of the preparation process; the various results obtained on polycrystalline tungsten
tips and on single crystal, (111) oriented tungsten tips are presented throughout this
thesis.

The description of the preparation and characterization of our tungsten tips is
divided in three chapters. The formation of a sharp tip shaped electrode through
the electrochemical etching of a cylindrical tungsten wire is explained in chapter 2,
along with a discussion on how a’high temperature annealing treatment in UHV can
effectively clean the surface of a freshly etched tip; some attention is also given to
the consequences of this annealing treatment on the tip apex shape. Once the tip
is annealed in UHV, it is possible to verify its sharpness and to estimate its apex
radius by monitoring in situ its field emission characteristics; such analysis is the
focus of chapter 3. Finally, the tips which reveal a sharp enough apex during field
emission measurements can be transferred to the UHV STM/AFM/FIM chamber,
where the atomic structure of their apex can be observed with the microscope in
FIM mode. Chapter 4 provides a detailed description of the working principle and
capabilities of the FIM and demonstrates how the analysis of FIM images can lead
to a full atomic characterization of the tip apex. Since FIM also allows the removal
of individual atoms from the tip apex surface by field evaporation, ultimate control
on the electrode apex shape can be achieved; such engineering of the apex into an
atomic configuration which is optimal for molecular electronics studies is illustrated

in chapter 4.



2

Preparation of Tungsten Tips

Although there exist various well defined techniques for preparing suitable STM and
FIM tips, it appears that the mastering of tip fabrication remains an art more than a
science. It is considered to be one of the trickiest steps in the realization of a successful
STM experiment, as one can often blame the tip when faced with lousy images.
Ideally, an STM tip should be extremely sharp, possibly terminating in a single atom,
in order to resolve details at the atomic level; it should have a small aspect ratio to
reduce mechanical vibration while scanning, have a stable atomic configuration at
its apex to yield reliable and reproducible images, and be clean to ensure a stable
tunnel junction, since the presence of contaminants like oxides or etching byproducts
could alter its metallic behaviour. As will be discussed in chapter 4, the specifics of
our FIM setup enforce the sharpness requirement for our tips; only tips with an apex
radius of a few nanometers will produce a FIM image, and will thus be atomically
characterized and engineered. This chapter will provide a detailed explanation of
the method employed to prepare our tips, from the electrochemical etching to the
annealing in UHV, along with a survey of the various problems encountered and an

overview of other existing tip preparation techniques.

2.1 Electrochemical Etching : From a Wire to a Tip

Electrochemical etching of a metal wire is a routinely used techunique to generate good
STM tips. The basic idea is to dip a small diameter metal wire into an electrolyte

solution in which a counter electrode is sitting and to apply a AC or DC voltage
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between these two electrodes until enough dissolution of the wire has happened so
that it displays a sharp tip shapé. The choice of the electrolyte and of the voltage
applied depends on the material used to make the tip; convenient tables regrouping
this information can be found in references [3,12-14]. Many other techniques exist
to prepare STM tips; a quick overview of these will be presented in section 2.1.5.
Among the reasons why tungsten (W) is such a popular material for the production
of STM tips is that an extremely sharp tip can be obtained in a single electrochemical
step using fairly mild chemicals. The drawback is that due to its poor resistance to
oxidation, the tungsten tip will most likely undergo surface contamination; however,
a proper annealing treatment in UHV can provide a quick and efficient solution to

this problem (section 2.2).

2.1.1 Setting Up for the Electrochemical Etching

Our W tips were made from either a 0.1 mm diameter polycrystalline wire or a
0.13 mm diameter single crystal, (111) oriented wire. The differences between these
two types of W tips will be discussed in detail in chapter 4. The first step involved
in tip preparation is illustrated in figure 2.1. Two pieces of W wire must be cut:

one about 1.5 cm long and the other about 4 mm long. The small piece, which

Cut two pieces of Spot—weld the small Spot—weld the cross on Cut the wire to fit the
W wire piece on the big piece each side of the holder holder
Polycrystalline
W wire Cut
Spot~welding

points

"

|4 4mm

Insulator

Polycrystalline Spot-welding
Stainless steel

or single crystal W wire point

Figure 2.1: Instructions on how to mount the tip on the tip holder
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will become the tip, has to be spot-welded onto the center of the bigger piece at a
90° angle; the resulting cross will in turn be spot-welded on both electrically isolated
sides of the tip holder, with the tip wire pointing up. Considering the very high cost
of single crystal wire, one should always make sure to use polycrystalline wire for the
bigger piece! Any wire protruding from the sides of the tip holder should be cut off.
The overall length of the tip wire is quite critical, not for the etching itself, but for
its use in the STM since the piezo tube controlling the approach of the tip towards
the sample has a limited range of motion. Too short a tip will not reach the sample
within a tunneling distance, and too long a tip will crash while scanning since the
piezo will be incapable of following the sample’s topography. A good rule of thumb
is that if the tip length (once etched) is roughly equal to the height of the tip holder
it is sitting on (~ 2.5 mm), then it will be appropriate for use in our STM.

The experimental setup we use for the electrochemical etching of our W tips is

shown in figure 2.2. The tip holder is magnetically held onto the etching station

Micrometer screw

Figure 2.2: The electrochemical etching station

and can be moved vertically using a micrometer screw; it is thus possible to easily
and precisely control the length of the wire immersed in the solution. We usually

set this length to be 0.5 mm. The counter electrode is a loop of steel sitting at
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the bottom of the solution container; however, other geometries such as a rod-like
shape are also perfectly acceptable [15]. The most common electrolytes used for
W etching are NaOH and KOH; the community seems divided as to which one
is best [3,12-14,16-18], but we used a freshly prepared 7.5 mol/L KOH solution,
which yielded satisfying results. The tip and the counter electrode are connected to
a controller which serves several purposes: it lights up an LED when the end of the
tip wire touches the solution, which gives a convenient reference point from which the
immersed length can be measured, it provides the bias voltage necessary to generate
the etching reaction — in our case, we use 3.0 Vpe — and it monitors the current
between the anode and the cathode in order to quickly switch off the voltage when
the etching is completed. The latter point is extremely important, as the cut-off time
of the etching circuit greatly affects the shape of the tip; this will be discussed later.
Note that a large working distance optical microscope sits in front of the setup so

that the tip etching can be carefully observed.

2.1.2 Understanding the Electrochemical Reaction

The overall reaction governing this particular electrochemical etching is the following
[19]:

cathode: 6H,0 + 6e~ — 3Hs(g) + 60H™ (2.1)
anode: W (s) +80H™ — WO;™ + 4H50 + 6e~ (2.2)
W{(s)+20H™ + 2H,O — WO + 3Hs(g) (2.3)

The etching takes place at the air/electrolyte interface, and as one can learn from
equation 2.2, the tungsten undergoes an oxidative dissolution to tungstate anions
(WO73™), which are soluble in water. However, the actual reaction is more complex
than it appears [19]: the tungsten is first oxidized to intermediate tungsten oxides;
these are in turn non-electrochemically dissolved to yield these soluble tungstate
anions which show greatest stability in a basic medium. The reaction also involves
the reduction of water; bubbles of gaseous hydrogen and OH ™ ions are thus produced

at the cathode (equation 2.1).
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One can wonder how this reaction actually generates a tip shape out of a cylindrical
wire. The explanation [19] roots in the fact that capillary forces yield the formation
of a meniscus of solution around the tip wire when it is immersed into the electrolyte.
The shape of the meniscus plays a very important role in determining the final shape
of the tip as the etching rate at the top of the meniscus is a lot slower than at the
bottom. This can be explained by the presence of a concentration gradient due to
the diffusion of OH ™ ions to the tip. Furthermore, the soluble tungstate produced
during the reaction flows towards the lower end of the tip wire, generating a dense
viscous layer which prevents this region from being etched away. Thus, a necking
phenomenon is observed in the meniscus where the etching rate is enhanced. At
some point, this part of the wire becomes so thin its tensile strength cannot sustain
the weight of the lower end of the wire; the latter breaks off and a sharp tip is left
behind. This is commonly referred to as the “drop-off” method, and it is illustrated

in figure 2.3.

S

Figure 2.3: Tlustration of the drop-off method. a) shows the formation of the meniscus. b) to e)
illustrate the flow of WO;™ towards the lower end of the wire, the formation of a dense layer of
WO;~ around the bottom of the wire and the necking phenomenon in the meniscus. In f), the lower
part breaks off: the drop-off has occurred.

Once the etching is completed, it is imperative that the tip should be cleaned
immediately by carefully dipping it for a few seconds in distilled water, and by rinsing
it with acetone and ethanol. The purpose of this step is to remove residues left by the
etching process. The tip should then be gently dried with clean compressed nitrogen

gas.
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2.1.3 Maximizing the Chances of Success

If the electrochemical etching is successful and followed by the cleaning procedure
described above, the freshly made W tip observed under an optical microscope should

resemble the tip presented in figure 2.4. It should reveal a smooth surface and have

Figure 2.4: Freshly electrochemically etched tungsten tip observed under an optical microscope with
a 10X magnification on the left and a 50X magnification on the right.

a very sharp end that cannot be resolved. Note that on the left image of figure 2.4,
the part of the wire close to the tip appears more reflective than the rest of it. This
is due to a pre-etching operation [20], during which 1 mm of the wire is immersed
in the electrolyte and etched for 5 seconds, followed by the cleaning steps explained
before. The pre-etching, while not removing a significant amount of material, leaves
a much smoother and cleaner wire to etch; this seems to improve the quality and
reproducibility of the subsequent “real” etching step [21] .

At this point, one must understand that not all etched tips will look as nice as
the one shown in figure 2.4. Many times, the electrochemical etching does not go as
smoothly as described above; in fact, about 40% of our freshly etched tips have to be
discarded due to obvious gross flaws. To get a reasonable success rate, many factors

have to be well controlled [19, 22]; the optimal etching conditions are discussed below.

The Etch Cut-Off Time

As was mentioned before, the time interval between the actual drop-off and the switch-
ing off of the circuit is crucial. Many authors agree to say that the longer this interval

is, the more blunt the tip will become [19, 22-24]. This is because the electrochemical
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reaction does not stop after the drop-off occurs, so if the applied voltage is not turned
off right away, the sharp end of the tip will be etched away.

People have been concerned with this issue for many decades and have designed all
kinds of electronic devices to minimize the switching off delay [19, 25-27]. They relied
on the following principle: as the etching progresses, the current between the anode
and the cathode decreases in a linear manner since the cross-sectional area of the
wire decreases, but when the drop-off happens, the current falls abruptly, reflecting
the loss of an considerable amount of material at the anode. These electronic devices
thus monitor the current (or the differential signal of the current [26]), and switch off
the circuit when a sudden drop in the current is detected. In our case, the current
is usually between 4 and 9 A at the beginning of the etching process and decreases
steadily until it reaches about 1.5 A, at which point the drop off happens and the
circuit switches off. The whole etching operation requires a couple of minutes. Of
course, the magnitude of the current and the etching time vary with the applied
voltage, the diameter of the wire, the length of wire immersed in solution and the
electrolyte concentration.

A smart alternative solution to this time delay issue would be to design the etching
station in such a way that the part of the wire that drops off can be rescued and used
as the tip [28]. As can be seen from figure 2.3, two tips are actually produced. The
advantage of using the lower one is that it disconnects from the circuit as soon as
it drops, so there is no need to worry about over-etching it and thus no need for an

automatic shutting off system.

The Shape of the Meniscus

The discussion surrounding figure 2.3 made it clear that the meniscus shape directly
influences the tip shape. The shorter the meniscus, the smaller the aspect ratio of
the resulting tip and a small aspect ratio is desirable to limit the vibration of the tip
in a STM experiment {16, 19, 26, 28]. Note that it is possible to fine tune the height
of the meniscus before starting the etching reaction by carefully playing with the

micrometer screw.
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One can also imagine that a symmetric meniscus will yield a symmetric tip. This is
achieved when the angle between the immersed wire and the air/electrolyte interface
is close to 90° (see figure 2.2). However, this is not an easy task; lots of practice is
required to be able to mount the tip wire truly perpendicularly onto the tip holder
(figure 2.1). Figure 2.5 shows scanning electron microscope (SEM) images of two
tips etched at different angles with respect to the air/electrolyte interface. The left
image shows a tip etched perpendicularly to the liquid surface and its shape exhibits
remarkable symmetry, while the tip in the right image illustrates the effect of an

asymmetric meniscus. It would be preferred to etch the tip symmetrically, since

S-4700 10.0kV 11 9mm x1.10k SE[U} 3 /:12:0minx1.10k SE(U)

Figure 2.5: SEM images showing the effect that the symmetry of the meniscus has on the tip shape.
Left: tip obtained from a symmetric meniscus. Right: tip obtained from an asymmetric meniscus.

asymmetric etching will result in lateral forces at the breaking point, which may lead
to undesired phenomena such as bending of the tip near the apex.

Perhaps the most problematic issue we encountered was to make sure the shape
of the meniscus would stay intact while the wire was being etched. Our experiments
revealed that if the meniscus gets destroyed during the process, the drop-off will most
likely not occur and some oddly shaped wire will result. An obvious first precaution
to take is to keep the solution as vibration free as possible [22]; to this end, our etching

station was sitting on a toroidal air bladder.
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As demonstrated in equation 2.1, hydrogen bubbles develop at the counter elec-
trode; these bubbles often migrate towards the anode and cause a considerable dis-
turbance in the meniscus area. A suggested solution to this problem is to shield the
cathode from the anode, either by placing the counter electrode in a separate beaker
connected through a bridge [20, 23], or by surrounding it with a glass tube [15]. One
also has to watch for dirt particles from the surrounding air that will undoubtedly
deposit at the surface of the electrolyte; these particles follow the liquid flow and
start spinning around the etching neck. If they get too close to fhe wire, they can
also destroy the meniscus.

Another factor to take into account is the concentration of the electrolyte. The
dilemma is the following: a low concentration will imply a long etching time, which

increases the chance of having dirt particles and hydrogen bubbles disturbing the

‘meniscus, whereas a high concentration will yield an etching reaction that is faster

but so violent that the quick change in cross-sectional area of the wire will often be
sufficient to cause the meniscus to drop. A compromise has to be made and a trial
and error approach will help in determining the appropriate concentration. For our
particular setup and etching conditions, we developed a quick rule of thumb: if the
starting etching current was above 9 A, the reaction would most certainly be too

violent; we would turn off the applied voltage right away and dilute the solution.

The Applied Voltage
Some thought should be given about the choice of the applied voltage when electro-

chemically etching tungsten tips, since it appears to have an influence on their overall
shape.

The most striking effect associated with the use of an AC voltage is the abundant
formation of gas bubbles around the specimen surface [15,24,29,30]. As as result,
the formation of the protective layer around the lower part of the wire (figure 2.3) is
disturbed, yielding a delocalized electrolytic attack [15], and the bubbles also cause
the etching to extend above the air/electrolyte interface. Consequently, tips with a

long taper length, which are not ideal for STM use, will be produced. However, it
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has been demonstrated [29,30] that one can take advantage of this bubble stream
if the tip is oriented upwards in the solution; in this reverse electrochemical etching
configuration, the directional bubble flow affects the local etching rate in a way that
enhances tip sharpening.

A low DC voltage tends to generate a strong necking effect, thus encouraging a
very localized electrolytic action. Sharp tips with a pronounced concave shape are
produced, making them perfectly suitable for an STM experiment. With a high DC
voltage however, the drop-off is quite improbable since the high reaction rate will
quickly etch the lower part of the wire before a significant neck can be created [15].
Moreover, a voltage above 4 V could apparently lead to the growth of a notably thick
oxide layer on the tip [19]. From these claims, we expect that our low DC voltage of

3 V should be close to optimal.

The Length of the Wire Immersed in Solution

The length of the immersed part of the wire is another determining parameter in the
final tip shape. It is quite intuitive to understand that too small a dipping length will
not yield a necking phenomenon [21]. However, contradiction exists among authors
as to whether or not the quality of the tip increases with the dipping length. It was
reported [19] that the longer the submerged wire, the larger the radius of curvature
of the tip. The explanation is that as the length increases, the weight of the part
hanging below the neck increases as well; this can cause a premature drop-off and
thus possibly produce blunt tips. On the other hand, it was also claimed [16] that
a longer immersed wire yields a sharper tip. We found that a dipping length of
0.5 mm generally gave good results, but this is a clear example that there are still
open questions in the field and that more systematic experimental studies should be

pursued.

2.1.4 A Comparison: Electrochemical Etching of Iridium Tips
Although tungsten is probably the most widely used material to prepare tips for

STM applications in UHV, other metals could offer certain advantages. Iridium is
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an interesting candidate since it is a very stiff material that is much more inert to
oxidation than tungsten. On the other hand, its lower chemical reactivity makes it
harder to etch and often requires the use of dangerous chemicals [3,13,14]. A method
using relatively benign electrolytes has nonetheless been suggested [31] and, out of
curiosity, we applied it to a 0.25 mm diameter polycrystalline iridium wire.

The technique advises the use of a CaCly solution of 30% to 50% saturated con-
centration, an AC voltage between 20 and 30 V, a graphite counter electrode and
a dipping length of 3 mm. Since the drop-off phenomenon does not occur in this
reaction, the voltage has to be turned off manually when the electrochemical activity
stops. The parameters that gave us the best results were a 40% saturated concen-
tration and an AC voltage of 20 V. In contrast to the etching of tungsten tips, the
starting current is very low — in our case, it was around 0.4 A — and the time elapsed
until there is no more noticeable activity in the solution is very long — up to 45 min-

utes. A typical iridium tip made using this procedure is shown in figure 2.6. An

Figure 2.6: Freshly electrochemically etched iridium tip observed under an optical microscope with
a 10X magnification on the left and a 50X magnification on the right.

interesting feature is the overall shape of iridium tips. The absence of a pronounced
curvature along the tip shank is quite common from AC etching and the lack of a
strong necking effect. This is made obvious in figure 2.7, where SEM images show
the differences in shape between a tungsten tip (left) and an iridium tip (right). One

can notice how much more concave the shape is in the case of tungsten.
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Figure 2.7: SEM images comparing the overall shape of two electrochemically etched tips. The
left image shows a tungsten tip and the right image, an iridium tip. (Please note the difference in
magnification and scale between theses two images.)

As pointed out in section 2.1.3, the use of AC voltages involves gas bubbles for-
mation; this turned out to be a major problem in the preparation of iridium tips.
The bubbles would sometimes climb up high enough on the wire to actually touch
the tip holder; this would generate important current fluctuations and disturb the
etching process. The froth of bubbles would also interfere with the monitoring of the
reaction through an optical microscope. A solution to this problem is to use the same
electrolyte, but in an acetone saturated solution. The addition of acetone has been
reported to control bubble formation [32] and we did see a major improvement upon
resorting to this modification.

Since we decided to concentrate on tungsten as the tip material, we did not push
further our experiments on iridium wire. From our various optical microscope and
SEM observations, we suspect that the procedure suggested above does not yield
sharp tips. Information is available in the literature about further etching or polishing
steps that can be done to achieve an apex radius of a few nanometers on platinum
or platinum/iridium tips [15, 32, 33]. These techniques would probably also work on

iridium tips since etching recipes for iridium and platinum are similar [3,13, 31].
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2.1.5 Other Ways of Making Sharp Tips

“Possibly there are as many tip-preparation procedures as there are people making
tips. [20]” This statement reflects the amazing variety of existing approaches to
produce sharp tips and makes it clear that an exhaustive review of these techniques
would be a rather tedious task. Researchers continue to innovate by creating their own
procedures or by trying new combinations of known techniques. Useful descriptions
of the most popular methods are available in references [15, 29, 34, 35|; only a quick
overview of these techniques will be provided in this section.

As a general rule, tip-forming techniques tend to fall within one of the two follow-
ing categories: mechanical procedures and physicochemical procedures. Mechanical
procedures were popular in the early age of STM [29, 36] due to their simplicity and
their ability to yield atomically resolved images. This category includes techniques
such as cutting a metal wire at an angle with a wire cutter, a scissor or a razor blade
[35, 37, 38], fragmenting bulk pieces of material into small pointy pieces [39], or grind-
ing a metal rod in order to get a sharp tip shape [40]. Mechanical procedures usually
leave a ragged surface at the end of the tip and the numerous tiny asperities protrud-
ing from the apex almost always guarantee atomic resolution on flat surfaces. Even a
broken pencil lead managed to successfully image the structure of highly ordered py-
rolytic graphite [41]! However, mechanically prepared tips display an irregular shape
and a large macroscopic radius of curvature [34]. During STM imaging, they perform
quite irreproducibly and often show poor stability particularly on rough surfaces; the
presence of several minitips at their apex can also lead to multiple image signals and
other artifacts [34, 35].

Physicochemical procedures can yield extremely sharp and symmetric tips in a
more reproducible fashion than mechanical procedures and seem to be the methods
of choice nowadays [15]. Electrochemical etching, either as described in this chapter
or along with additional refinements [15,18,30], is probably the most popular tip
preparation method. It is sometimes performed as a two-step procedure, where the

second step consists in “zone electropolishing” the tip to further sharpen it in a
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very controlled manner. During zone electropolishing, the tip is moved by a micro-
manipulator through a thin film of electrolyte contained in a loop of metal — which acts
as the counter electrode — so that very small amounts of material can be removed
locally [15,35]. Note that this extra step was not required in our case, since very
sharp tungsten tips could be obtained from our etching procedure. Various other
physicochemical procedures exist; for example, sharp tips can be made by chemical
vapor deposition [42] or electron beam deposition [43] onto pre-existing tips, as well
as by ion milling [44]. Ultimate control on the tip apex shape can be achieved with
field ion microscopy techniques, where consecutive field evaporation of single atoms
can yield a particular atomic configuration of the apex. The specifics of this process

will be addressed in chapter 4.

2.2 Annealing the Tungsten Tip in UHV

2.2.1 Why do Tungsten Tips Need Further Cleaning?

Tungsten tips resulting from a successful electrochemical etching process are quickly
transferred to the preparation chamber of our UHV system for a further cleaning step,
as their surface is inevitably covered with contaminants which cannot be removed by
mere rinsing in water, acetone and ethanol.

It is well known that an oxide layer (mainly WOj3, which is also referred to as
tungsten trioxide) develops on the tip shank’during electrochemical etching [45, 46],
but it is not quite understood how the growth of this amorphous layer relates to the
tip etching parameters [20,44]. As was briefly mentioned before, it has been sug-
gested that a higher DC etching voltage could yield a particularly thick oxide layer
[19], but authors who actually looked at this layer with a transmission electron micro-
scope (TEM) agree to say that it is usually a few nanometers thick [20, 21, 44, 45,47,
regardless of the etching conditions. Using either TEM, Auger microscopy or energy
dispersive x-ray analysis, the distribution of this oxide layer has been studied and
there exists a great disparity between the various claims. Some authors noticed a

more significant contamination around the tip apex [21, 38|, while others observed a
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higher degree of oxidation at the tip base (close to the unetched part of the wire)
[46]; a uniform oxygen contamination along the tip has been reported as well [16].
Auger microscopy and energy dispersive x-ray analysis have also revealed the pres-
ence of other surface contaminants such as carbon, nitrogen, alkali metal hydroxides
(e.g. KOH) and microcrystals (e.g. WO3K), which are left on the tip from the
electrochemical bath and exposure to the atmosphere [16, 17, 20, 38].

Although a firm understanding of the chemical changes happening on the tip
surface during and after etching is still lacking, it is a well-grounded belief that
freshly etched tungsten tips are not readily suitable for STM imaging or spectroscopy.
The various contaminants listed above will undoubtedly cause instabilities in the
tunnel junction, thus affecting the image quality and increasing the noise level [20,
22,38,48]. The presence of an insulating oxide layer can even lead to a tip crash,
since the resistance of this layer is most likely greater than the tunnel gap resistance
corresponding to the set current; this implies that the tip will touch the sample’s
surface before the desired current can be reached [16, 34,44]. Sometimes a controlled
tip crash may allow a more stable tunnel junction to be recovered, either by breaking
the oxide layer covering the tip or by transferring some atoms from the sample to the
tip [41, 45,48]. However, since our experiments require a sharp atomically defined tip
(see chapter 1), intentional crashing is not an option! There exist more appropriate,
controllable and reproducible ways to remove the contaminants, in particular the
undesired oxide layer. Some of these methods will be outlined in section 2.2.4, whereas
sections 2.2.2 and 2.2.3 will focus on the annealing process, which is the method we

chose to further clean our tungsten tips.

2.2.2 Experimental Details of the Annealing Process
Heating the tip at high temperatures in UHV is a very efficient way to desorb the

contamination layer. At temperatures above 1000 K, the following reaction takes

place [36,49]:

MW O3 + W — 3WO, 1 (2.4)
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From equation 2.4, it can be seen that the tungsten trioxide (WQ;) covering the
tip will react with tungsten to form tungsten dioxide (W0O,); the latter is volatile and
sublimates around 1075 K [36,50]. A clean metallic tungsten surface is therefore left
behind [17,20,36]. Another advantage of this annealing process is that it heals the
crystallographic defects generated by the electrochemical etching and the drop-off,
and it smoothes out the tip surface [21, 51, 52].

In order to proceed with this annealing operation in our UHV preparation cham-
ber, the tip is brought to a heating stage using transfer arms and manipulators.
Feedthroughs allow this heating stage to be connected to a current generator outside
the chamber. When the tip sits in place, each side of the tip holder is contacted by
a metallic clip, thus permitting the passing of a current through the polycrystalline
tungsten wire spot-welded onto the holder (see figure 2.1). The tip, being spot-welded
on this conducting wire, will be resistively heated. In our setup, there is no precise
way to monitor the temperature reached by the tip; we use the color of the heated
tip, from blackbody radiation, as a rough indication of its temperature. When per-
forming the annealing, it is important to turn off all the external lights, switch off the
ion pressure gauge and cover the unused window ports of the preparation chamber
since it is easier to get a better feel for the glowing color in a dark environment.

Finding the optimal annealing parameters is quite a tricky task. It has been
suggested that since the sublimation of W0, starts around 1075 K and that pure
tungsten melts at the much higher temperature of 3683 K, there is no risk of blunting
the tip when the WO, sublimes [20]. However, this statement is somewhat misleading,
as the surface diffusion of tungsten atoms might start blunting the tip at much lower
temperatures than the tungsten melting point. This particular issue will be addressed
in greater detail in section 2.2.3. After trying various annealing temperatures and
times, we found that the method yielding the best results was to first flash anneal
the tip for 2 seconds at a bright orange glow, which would usually correspond to a
current between 3.0 and 4.5 A, and then to lower the current to about 2.0 A for at

least 5 minutes. Note that by “best results”, we mean tips that would reproducibly
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be clean but still sharp; a quick and convenient test for sharpness can be done right
after annealing and will be explained in chapter 3. The goal of the first annealing step
~ what we called flash annealing — is to go to a high enough temperature to remove
the oxide layer, but not too high nor for too long to induce substantial blunting of the
tip. It has been reported that around 900 K, the tip just starts to glow [53] and thus
exhibits a dark red color; between 1175 K and 1300 K, the tip has an orange glow
[1,21] and around 1375 K, the tip has a yellow glow [1]. Perception of colors is a very
subjective matter and varies between individuals, but from the previous claims, we
can deduce that our bright orange glow probably corresponds to a temperature close
to 1300 K. The second annealing step, which consists in heating the tip at a much
lower temperature for a longer time, is intended to allow other remaining impurities

to desorb and also to degas the tip holder.

2.2.3 Consequences of the Annealing Process on the Tip Shape

Tip Blunting

While being quite successful at removing the contamination layer from the electro-
chemically etched tungsten tips [38,53], the annealing process has been reported to
routinely lead to the blunting of these heated tips [51-56]. In our quest for the
sharpest tips, this effect is far from desirable and thus deserves some attention in
order to be better understood and prevented.

The tip shape evolution during annealing in UHV is determined by the action
of two mechanisms: surface diffusion and evaporation of tungsten atoms [52, 55, 56].
Surface diffusion is due to capillary forces and causes atoms to migrate from the tip
apex to the tip shank, thus increasing the radius of curvature of the apex. Conversely,
evaporation leads to an overall sharpening of the tip apex by removing material from
the tip. Intuitively, the rate of change of the apex radius R during annealing should
then correspond to the superposition of the blunting rate due to surface diffusion and

the sharpening rate due to evaporation [56]:

(dR/dt)total = (dR/dt)diffusicm - (dR/dt)evaporation (25)
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However, evaporation is significant only at high temperatures; in the case of metal
tips, a minimum temperature of about 0.7 - T}, is required, where T;, is the melting
temperature of the particular metal [56]. Therefore, for Tonneating > 0.7 - Tp, the tip
shape results from the competitive actions of both surface diffusion and evaporation
as predicted by equation 2.5, whereas for Typnneating < 0.7 « Try, only surface diffusion
plays a role in establishing the final tip shape and the term (dR/dt)epaporation Can be
ignored in equation 2.5 [55, 56].

At first sight, the case Topneating > 0.7 - Tp, looks appealing since it introduces the
possibility of a decrease in tip rédius. However, tip sharpening from such thermal
treatment will happen only under very specific conditions. A closer look at equation
2.5 should help to clarify this point. Equation 2.5 suggests the existence of a limiting
radius which is reached when (dR/dt)ipta; = O or, in other words, when there is an
equilibrium between the surface diffusion rate and the evaporation rate. Ounly tips
with a starting radius above this limiting radius value will get sharpened during a high
temperature annealing process, but their final reduced radius will not reach values
below this limiting radius value. Conversely, tips with a starting radius smaller than
the limiting radius value will get dulled by such annealing process, but their final
radius will not exceed this limiting value [52]. Experimental studies have demon-
strated that this limiting radius exists and that its exact value depends on the tip
material, the annealing temperature and the tip cone angle, but not on the tip radius
[52,55,56]. For tungsten, the limiting radius is of the order of a tenth of a micron
[55,56]. Our electrochemically etched tungsten tips are usually much sharper than
that and thus high temperature annealing would yield blunting of these tips. On the
other hand, even if our tips had a starting radius greater than the limiting radius and
got sharpened during the annealing, this sharpest achievable radius of a tenth of a
micron is still way too large for our purposes (see chapter 1). From these arguments,
we can reason that Tonpeqiing > 0.7 - T;,, is not an appropriate annealing condition for

our tips.
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Quantitative studies [54,55] of the tip shape evolution due to surface diffusion
alone (i.e. Tynneating < 0.7 - Tp,) revealed that the radius of curvature of the tip apex

(R) increases with the duration of the thermal treatment (¢) following the scaling law
R~ ti (2.6)

It has also been reported that the blunting rate increases with the annealing temper-
ature [52], and that the self-diffusion flux of atoms is proportional to the chemical
potential gradient, which in turn is proportional to the surface curvature gradient
[54,55]. The latter observations and equation 2.6 make it quite clear that a short
annealing time at a a reasonably low temperature will limit tip blunting. This is
especially important when a really sharp tip is annealed, since the high surface curva-
ture gradient of a sharp apex favors a particularly quick migration of atoms towards
the shank. Our flash annealing procedure described in section 2.2.2 meets these re-
quirements: the annealing time is short (2 seconds), and the claimed temperature of
1300 K, while high enough to sublimate the oxide layer, is still well below 0.7 - T,
(note that 0.7 - T,, ~ 2580 K for tungsten.) One might argue though that a short
annealing time will not be efficient enough to remove all of the oxide layer present on
the tip shank. This is a definitive possibility, but one should keep in mind that the
last traces of contamination can be easily removed by field evaporation during the
FIM process (see chapter 4). We find it better to use a short annealing time and to
perfect the tip cleaning with FIM, rather than to take the risk of dulling our tips by
annealing them for too long.

As a closure to this section, figure 2.8 illustrates how annealing can occasion tip
blunting. Figure 2.8a) shows an SEM image of an annealed polycrystalline tip used
for FIM. This tip displays a 40 nm diameter protuberance lying on top of a 170 nm
diameter spherical feature; a small neck is also visible under this sphere. Figure 2.8b)
presents the same tip after two further annealing treatments. One can notice that the
sharp protuberance and the neck have disappeared, and that the tip apex now has
a 250 nm diameter (note the different magnification on this image). To verify these

observations, the tip has then been rotated by 90° in the SEM chamber and is shown
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Figure 2.8: Hlustration of tip blunting by surface diffusion of tungsten atoms from the apex to the
shank during annealing. a) Tip before the additional heating treatments. b) Tip after the additional
heating treatments, displaying an overall blunting of the apex. ¢) 90° rotation of the blunted tip.

in figure 2.8¢); the characteristics displayed in figure 2.8b) apply here as well. This
is an example demonstrating that the heat induced self-diffusion of atoms from the
apex to the shank lead to an overall blunting of the tip. Note that the tip shown in
figure 2.8a) was annealed following our optimal procedure described in section 2.2.2
and exhibited a sharp enough apex to be a suitable specimen for field ion microscopy
studies. It is the undergoing of two further similar annealing steps that caused the

significant dulling of this tip.

Unexpected Tip Shapes
Occasionally, tips submitted to the annealing treatment described previously would
reveal unexpected profiles when imaged under the SEM. One of the “irregularities”

’ observed is shown in figure 2.9 and consists on a little ball sitting at the tip apex.
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The left image displays a (111) oriented tungsten tip and the right image presents a
polycrystalline tungsten tip; both tips exhibits a similar apex shape. We can offer two

hypotheses to explain how such a ball-like structure could potentially be generated.

v 12.1mm x8

Figure 2.9: SEM images of a single crystal (111) oriented tungsten tip (left) and a polyerystalline
tungsten tip (right) displaying a little ball at their apices after an annealing treatment.

Qur first hypothesis is that this shape is defined as the tip is annealed. As was
pointed out earlier, the atomic surface diffusion flux induced on the tip during an-
nealing is proportional to the surface curvature gradient. Since the surface curvature
at the tip apex is far more pronounced than the surface curvature along the shank,
the flux of atoms leaving the apex will be greater than the flux of atoms diffusing
along the shank. Computer simulations of tip profile variations have demonstrated
that this diffusion flux dynamics causes the creation of a bulbous apex region and
the possible formation of a neck under the apex [55]. A similar effect has been ob-
served experimentally by other authors [20] who annealed their tips for 30 seconds
by electron bombardment. They claim that “local heating” is responsible for the
formation of a neck under the apex and that the ball-like structure is simply a molten
apex; however, they do not clarify the causes and mechanisms of this local heating,
nor do they mention their annealing temperature. While their experimental findings
coincide with ours, we believe the surface diffusion flux dynamics explanation to be a

more plausible and satisfying way to interpret the tip shape displayed in figure 2.9.
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Our second hypothesis is that the ball-like structure is a result of the electrochem-
ical etching process. Several authors [13,15,19,22,24] have reported the presence
of severe deformations such as balls, bent points or dislocations at the apex of tips
that were electrochemically etched but not annealed. This phenomenon has been
observed to become more significant as the length of the wire immersed in the elec-
trolyte solution increases, which suggests the following explanation. Remember that
as the etching progresses, a neck is formed and the drop-off occurs when the weight
of the lower part of the wire exceeds the tensile strength of the neck (section 2.1.2).
When the lower part of the wire falls, the downward force that was acting on the
neck during the etching is suddenly removed and the mechanical energy stored in
the neck is released; this energy is thought to be sufficient to cause a slight recoil of
the tip or a local melting of the apex [19, 24|, thus justifying the presence of a little
ball at the very end of the tip. As the length of the immersed wire increases, the
weight of the stub hanging below the neck increases as well; under these conditions,
many dislocations can result in the tip structure from the larger stress applied by the
hanging piece of wire and the deformations induced by the drop-off are expected to
be more important, which corresponds to the findings of the authors cited above.

In our case, it is hard to tell with certainty which hypothesis could best explain the
tip shape shown in figure 2.9 since these SEM pictures were taken after the annealing
of the tips; there is thus no way to know how these tips looked like right after the
electrochemical etching. Other tips have been imaged under the SEM after being
electrochemically etched, but no ball-like structure has been observed. However,
this does not yet rule out the possibility of the drop-off causing this apex shape.
Indeed, this shape has been observed only twice during the scope of our studies,
which indicates that whether it is due to the annealing or the etching, it is not
a very common phenomenon. We think that by using a short annealing time, we
limit the effects of the surface diffusion, and by dipping a short length of wire in
the electrolyte, we minimize the amount of energy released at the break off; in both

cases, the likelihood of obtaining a ball-like structure at the apex is kept rather small.
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Further studies in which the annealing time and the dipping length would be varied
in a systematic fashion could help us gain some insight on the true causes of this
“unusual” tip shape.

Another unexpected tip shape is presented in figure 2.10. These SEM images
show two different views of the same polycrystalline tungsten tip which was electro-

chemically etched and annealed following our usual procedure. As can be seen on

5.0kM 13.2mm x70 0k SE(U)

Figure 2.10: Two different views of a polycrystalline tungsten tip showing severe deformations along
with a variation in the surface texture.

the left image, the tip displays two obvious bent points located a couple of microns
under its apex, and the right image shows how smooth the surface is nearby these
bent points in comparison with the rest of the tip. A rugged surface is typical for
an electrochemically etched polycrystalline tungsten tip because it is composed of
variously oriented crystallites, so this unusually smooth area suggests that some re-
arrangement of atoms happened. Again, this rearrangement is most likely an effect
of the annealing process, during which atomic surface diffusion was enhanced around
the bent points due to their high surface curvature gradient. We can iny speculate
as to why these two bent points appeared in the first place. A possible explanation
is that the polycrystalline wire used to etch this tip had some pre-existing defects or
weaknesses at these particular sites; these weak points were then more susceptible to

suffer from plastic deformations when the drop-off occurred.
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From the two examples presented in this section, one can learn that a routine
electrochemical etching and UHV annealing with no observed irregularities can, from
time to time, yield unintended tip features. The deformations can be due to either
the etching or the annealing process, but they can also result from a combination
of these two operations, since the heat induced surface diffusion of atoms will be
directed according to the particular tip shape left by the etching. As a last comment
on this topic, it is worth mentioning that tip deformations can occur under other
circumstances than the ones mentioned above. Figure 2.11 illustrates this point; it
shows a severely bent polycrystalline tungsten tip, but the deformation is not due to
the electrochemical etching nor to the annealing since this tip was successfully used

for FIM studies. Only very sharp tips can be imaged by FIM, so such a deformed

S-4700 10.0kV 12.1mm Jk-SEL)

Figure 2.11: Severely bent polycrystalline tungsten tip. The deformation is most likely due to a tip
crash during an STM spectroscopy experiment.

tip would not have been a suitable FIM candidate. The bending observed on this tip
most likely happened later on, while performing an STM spectroscopy experiment on
a gold substrate. The tip shape displayed in figure 2.11 is a typical indication of a tip
crash [20, 22, 45], although the exact mechanism by which the crash causes the tip to

curl while leaving the apex intact is not fully understood.
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2.2.4 Other Tip Cleaning Methods

Although the annealing of freshly electrochemically etched tungsten tips is among the
most widely used techniques to remove surface contaminants, other popular methods

exist and will be shortly summarized in this section.

HF Chemical Cleaning
The idea behind this technique [48] is to dip the tip in hydrofluoric (HF) acid right af-

ter completion of the electrochemical etching to solubilize the tungsten oxides. Tung-
sten itself does not react with HF, but all of its oxides are soluble in a concentrated
HF solution, so a clean tungsten tip should result from this treatment. The suggested
dipping time is between 10 and 30 seconds, and the recommended concentration is
51% HF in water. The author has shown the efficiency of this technique by compar-
ing the performance of treated and untreated tips in STM imaging and spectroscopy;
treated tips turned out to have highly superior imaging capabilities and displayed a
truly metallic behaviour in spectroscopy. Auger microscopy studies have also con-
firmed the ability of HF attack to remove oxides from the tip [46]. However, it has
been reported that a similar HF chemical cleaning treatment, with a slightly lower
solution concentration, gave quite irreproducible and unpredictable results [20]. It

was also observed that HF cleaning leads to a significant blunting of the tip [17].

Ion Milling

Ion milling consists in directing argon ions to the tip surface in order to remove the
contamination layer by sputtering. In a usual setup, the tip is either rotated in a flux
of argon ions with the ion beam at a certain incident angle, or placed right under
the ion beam so that its axis coincides with the beam. The bombardment time and
flux energy vary with the particular geometry of the setup, but exposures of tens
of minutes at a few keV are often encountered in literature [17,22,44]. Ion milling
is an effective way to clean the tips and it has the advantage of further decreasing
the radius of the tip apex since sputtering also removes tungsten atoms [22, 34, 44].

However, a short annealing step is usually necessary afterwards to heal the damage
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caused by ion sputtering [51, 53]. It has been reported that multiple tips might result
frora the ion milling process on polycrystalline tips, due to the lamellar texture of
polycrystalline tungsten wire [22,44]. The formation of a neck just below the tip
apex has also been observed and attributed to the trajectory of the ions and the local

roughness of the tip surface [20].

Self-Sputtering

Cleaning the tip by self-sputtering has effects very similar to ion milling. Self-
sputtering occurs when the UHV chamber is filled with neon at a pressure around
10~* mbar, and a high negative voltage is applied to the tip. Under these condi-
tions, the electric field at the tip apex will ionize the noble gas atoms and cause these
positive ions to be accelerated back towards the tip, thus inducing sputtering. As
with ion milling, self-sputtering leads to the removal of contaminants and to further
sharpening of the tip. The difference is that this process can be conveniently moni-
tored through the field emission current generated by the tip apex [20,57]. One can
then follow the evolution of the tip apex shape, as a higher field emission current

corresponds to a sharper tip. Field emission will be discussed in detail in chapter 3.

Additional Annealing Techniques

Because of the potential tip blunting associated with the annealing process described
before (sections 2.2.2 and 2.2.3), some refinements to this technique have been pro-
posed. Annealing the tip in presence of an electric field with a high gradient or
annealing the tip in an oxygen atmosphere are examples of methods which efficiently
clean the tip while lowering the overall blunting rate. If properly mastered, they
also allow the resharpening of a blunt tip inside the UHV preparation chamber. The
prospect of recycling “bad tips” is quite appealing; more attention will therefore be

given to these techniques in section 3.3.
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2.3 Summing Up our Optimal Tip Preparation Technique

This section is intended as a convenient reference regrouping the various etching
and annealing parameters which reproducibly yielded good tungsten tips using our

particular setup. This tip preparation information is summarized in tables 2.1 and

2.2.

Etching Parameter

Optimal Value or Procedure

Tip wire diameter

0.1 mm polycrystalline wire, or

0.13 mm (111) oriented wire.

Electrolyte concentration

7.5 mol/L. KOH
(11 KOH pellets in 2.8 mL of water)

Applied voltage

3 Vpe (tip on positive bias)

Counter electrode Steel loop
Pre-etching tip immersion length | 1 mm
Pre-etching time 5 seconds
Etching tip immersion length 0.5 mm

Starting etch current

Between 4 and 9 A (Above 9 A, the etching

is too violent and the meniscus is destroyed.)

Etching time

The etching is stopped automatically
when the drop-off occurs. It usually

takes a couple of minutes.

Monitoring of the reaction

Through an optical microscope

Cleaning procedure
(after the pre-etching
and for the final tip)

1) Dip in distilled water
2) Rinse with acetone and ethanol

3) Dry with compressed N, gas

Table 2.1: Summary of the parameters yielding the optimal electrochemical etching procedure for

our tungsten tips.
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Annealing Step Tip Color Applied Current Time
1) Flash annealing Bright orange | Between 3.0 and 4.5 A | 2 seconds
2) Low current annealing | Not glowing | 2.0 A 5 minutes

Table 2.2: Summary of the optimal UHV annealing two-step procedure for our tungsten tips.

Note that the tips produced by successfully following this procedure need to un-
dergo further tests and treatments in the UHV system; they have to be checked for
sharpness (chapter 3) and get their apex atomically engineered into a stable configu-

ration (chapter 4) before being considered suitable for molecular electronics studies.



3

Field Emission: a Useful Tip Characterization Tool

Most of the tungsten tips prepared according to the etching and annealing techniques
described in the previous chapter display a sharp enough apex to be suitable candi-
dates for field ion microscopy studies (see chapter 4). However, about 25% of our
tips do not meet the sharpness requirement imposed by our FIM setup; the resulting
impossibility to atomically characterize their apex thus prevents us from taking a cru-
cial step towards a meaningful single molecule conductivity measurement. The most
probable explanations for these occasional encounters with tip radii larger than a few
nanometers are a premature drop-off at the end of the etching process or a significant
amount of surface diffusion of tip atoms induced by the annealing procedure.

The field ion microscope, although very elegant in the simplicity of its working
principle, is labour intensive in practice; a lot of time and resources can be saved if
FIM experiments are done only on tips that will assuredly yield useful FIM images.
This most definitively suggests the need for the tips to undergo a “sharpness test”
before being used for FIM studies. Fortunately, such a test exists; it relies on the
physical phenomenon called field emission, which will be explained in section 3.1.
Monitoring the field emission characteristics of the tip is a quick way to verify its
sharpness and a more involved examination of the field emission data can even lead
to the extraction of a tip radius value; this will be covered in section 3.2. Finally,
some interesting techniques allowing a possible in situ resharpening of the tips that

failed the sharpness test will be presented in section 3.3.

33



3: Field Emission: a Useful Tip Characterization Tool 34

3.1 Field Emission Theory

Under the influence of a high electrostatic field, electrons can be emitted from a
metallic surface into vacuum; this purely quantum mechanical phenomenon is called

field emission.

3.1.1 Removing an Electron from a Metal Surface

To understand field emission, it is important to recall that the electrons in a metal
reside in a potential well, mainly because of their attraction to the positive ions [58].
In an electrically neutral metal, this barrier can be crudely represented by an abrupt
potential step that electrons cannot surmount, as illustrated in figure 3.1. The step
height, as measured from the metal’s Fermi level y, is equal to the work function ¢ ;
the latter is then defined as the minimum energy that an electron at the Fermi level

must possess in order to escape into free space [2, 34].

Energy

Potential barrier

Fermi level —
Distance (x)

-#—— Metal —— = <——————Vacuum —————>
surface

Figure 3.1: Potential energy diagram for electrons in a metal. The step height, calculated from the
Fermi level p, is equal to the metal’s work function ¢.

Two main effects contribute to the magnitude of the work function. The first

contribution is called inner potential and is basically equal to the difference between
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the chemical potential of the electron in the metal and its chemical potential in a
far away, field-free vacuum [2]. The inner potential is a property of the metal and is
path independent, which means that it does not display crystallographic anisotropy
[69]. The second effect is the result of the electrostatic potentials present at the
metal surface. When an electron passes through the metal surface, it has to travel
in a quite inhomogeneous environment; even if the surface is practically electrically
neutral, there is always a strong dipole layer where the crystal “terminates” [59]. In
fact, one can easily imagine that since the atoms at the surface of the metal do not
have as many nearest neighbours as the atoms in the bulk, the charge distribution
at the surface must be quite different than in the bulk. Moreover, once the electron
has exited the metal, it will experience an interaction with its image charge on the
surface; note that this interaction is coulombic in nature, except when the electron is
very close to the surface and exchange and correlation energies should be considered
instead [2]. The strength of these surface electrostatic potentials varies with the
surface structure, which explains why the work function for a particular metal differs
from one crystallographic plane to another [2,59]. Typical values of ¢ for metals are
around 4 to 5 ¢V, and vary between planes by ~ +10 % [59].

Two well known techniques, thermionic emission and photoemission, allow the
emission of electrons from a metal into free space by providing them with enough
energy to overcome the potential barrier at the metal surface. In thermionic emission,
the metal is heated so that a significant amount of electrons acquire a high enough
kinetic energy to escape the metal [58]. In photoemission, the metal is irradiated
with photons of energy greater or equal to the work function, thus enabling electrons
to freely flow out of the metal in proportion to the incoming photon density [59].
However, these two phenomena are fuhdamentally different from field emission. Field
emission does not require the electrons to gain energy and hop over the potential
barrier in order to be emitted in vacuum. Field emission occurs when the applied
external electrostatic field induces such a strong deformation in the potential barrier

that unezcited electrons can tunnel through it [2].
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3.1.2 'Towards the Fowler-Nordheim Equation

The effect of an applied electrostatic field on the shape of the potential barrier can
be better understood from figure 3.2, which represents the potential energy diagram

for electrons at a metal surface in the presence of an applied electrostatic field [2, 60].

A Energy
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Figure 3.2: Potential energy diagram for electrons at a metal surface in the presence of an applied
electrostatic field F.

The applied field potential has the form
Ufield(x) = —~Fex (3.1)

where F is the applied field strength and e is the electronic charge. Taking the Fermi
level p to be the zero point of the energy axis, as is done in figure 3.2, the effective

potential seen by the electrons is now
Ueffective(:n) = ¢ — Fex (32)

as opposed to the barrier potential seen when no field is applied, which is simply

given by
Uwell(fl;) = ¢ (33)
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and represents the potential well depicted in figure 3.1. One can see right away that
the external field considerably lowers the potential barrier; it now displays a triangular
shape instead of a step-like shape. In order to escape from the metal, the electrons at
the Fermi level have to tunnel through a distance corresponding to the barrier width,

which here is equal to

Tharrier = ‘}’?‘é (34)

One can wonder why any tunneling should occur in the first place or, in other words,
why unexcited electrons would just happen to “leak out” through this barrier. This
is not an intuitive phenomenon and it can only be explained by quantum mechanical
arguments. From the Heisenberg uncertainty principle, we know that the wave nature
of the electron implies inherent uncertainties in its particle properties [58]. If the
uncertainty in the electron’s position is of the order of the potential barrier width,
there is a finite probability of finding this electron on the other side of the barrier; in

such a case, we say that the electron has tunneled through it [2, 34].

From equation 3.4, it can be seen that a higher applied field yields a thinner barrier
width; the tunneling probability thus increases with the field strength, which causes
a corresponding enhancement in the field emission of electrons. Pioneering work in
the understanding of field emission was done by Fowler and Nordheim in 1928 [61];
they derived the field emission current density i as a function of the metal’s work
function ¢ and the applied electrostatic field F.. The procedure they used consisted
in computing the barrier penetration probability, multiplying it by the arrival rate of
electrons at the barrier and integrating over all electron energies smaller or equal to
the Fermi level . The result is contained in the so-called Fowler-Nordheim equation:

O [ A B
“= orh L+ ¢ F* exp [—5 eh T] (3:5)

where e is the electronic charge, h is Planck’s constant and m is the mass of the

electron. Inserting numerical values for the constants, we can express the current
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density in A/cm? as follows:
i=6.2x107° % F? exp [—6.8 x 107 -?;i] (A/cm?) (3.6)
for y and ¢ in eV and F in V/cm.

Equation 3.6 refers strictly to the zero temperature limit; however, field emission
is virtually temperature independent and the error involved in using this equation
at ordinary temperatures is negligible [2,61]. Furthermore, Fowler and Nordheim’s
calculation is based on the assumption that the emitter is a one-dimensional smooth
infinite plane with a uniform work function [60]). However, it will be shown in section

3.2 that, to a certain extent, their results can also be readily applied to the case of a

tip-shaped emitter.

3.1.3 Improving the Fowler-Nordheim Equation

For a more accurate description of the field emission phenomenon, one should also
include the contribution of the coulombic interaction between the electron and its
induced image charge on the metal surface as it tunnels through it [2,60]. Classical
electrostatics tells us that the image potential has the form

62

Uimage(x) - _21; (37)

Of course, equation 3.7 breaks down when an electron is too close to the metal surface
since the potential energy Ujmage diverges for small values of x. Near the surface, the
electronic surface states of the metal should be explicitly considered in order to get a
realistic expression for the potential. However, it turns out that the classical image
potential contained in equation 3.7 is a good enough approximation to estimate the
effect of an externally applied electrostatic field on the potential barrier [59].

The field emission potential energy diagram including the image potential is pre-
sented in figure 3.3 [2,60]. Taking into account the additional contribution of the
image potential, the barrier seen by the electrons when no field is applied is now
given by

Uneu(®) = ¢ — — (3.8)
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Figure 3.3: Potential energy diagram for electrons at a metal surface in the presence of an applied
electrostatic field F, taking into account the image potential.

and figure 3.3 shows that this barrier has a softer shape than the step-like barrier
illustrated in figure 3.1; the image potential somewhat rounds off the top corner of
the barrier. Equation 3.8 thus replaces equation 3.3 and gives a more appropriate
picture of the potential well in which the metal electrons are trapped. Equations 3.1
and 3.8 imply that the effective barrier seen by the electrons at a metal surface in the
presence of an applied electric field when the image potential is considered becomes

2
[
Ueffective(x) =¢ - 4_5 — Fex (39)

Figure 3.3 clearly indicates the effect of the image potential on the shape of the
effective potential barrier. The effective potential barrier is lower and thinner than
that obtained when neglecting image effects; note that the latter has been included
in figure 3.3 for comparison purposes. From these observations, we conclude that
since the tunneling probability is higher for a thinner barrier, the calculated current
density emitted from the metal surface should be larger when the image potential is

inciuded.
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Some corrections can be added to the Fowler-Nordheim equation (eq. 3.6) in order
to account for the changes in field emission caused by this additional image potential.
The derivation of the modified equation is the same as for equation 3.6, except that
one has to consider a smaller potential barrier area when dealing with the computa-
tion of the barrier penetration probability [2]. The image correction factor has been
calculated by Nordheim himself [61] and by other people as well [2]; whichever way
the calculation was made, this factor, which depends on the applied field and on the
work function of the surface, seemed to always take the form of a multiplicative cor-
rection « to the original Fowler-Nordheim exponent. « has been found to be a slowly
varying function of the applied field F', which allows it to be treated as a constant
in a standard application of the Folwer-Nordheim equation. Including a first order

image correction, the equation governing field emission becomes [2]:

/
i=62x10"° /)" F? exp [—6.8 x 107 ‘b—gl/j-a—} (A/cm?) (3.10)

o?(p+9)

Knowing that o has a value comprised between 0 and 1, it can readily be seen that for
a given field F', the current density ¢ will be higher when calculated from equation 3.10
than when calculated from equation 3.6. In practice, the modified Fowler-Nordheim
equation predicts that field emission will take place for values of the applied electro-
static field about 10 to 20 % lower than that required by the original Fowler-Nordheim
equation [2].

Of course, further improvements can be made to the Fowler-Nordheim equation
in order to better represent the effects of the various potentials present at a metal-
vacuum interface; however, equation 3.10 offers a useful theoretical model for most

field emission applications.

3.2 Field Emission as a Check for Tip Sharpness

The physical phenomenon of field emission described in section 3.1 proved to be an
invaluable tool for the characterization of our tips, since it allowed us to gain some

useful insight in the sharpness of our tungsten tips.
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3.2.1 Relating Field Emission Data to Tip Sharpness

To understand the relationship between the tip radius and the field emission current,
one has to remember that the electrostatic field at the surface of an object increases
at regions of high curvature. If a voltage V is applied to a sphere of radius R, the
field F' at its surface is given by .

F=— (3.11)

If we now imagine that our tip is composed of a sphere connected to a conical shank,
the resulting electrostatic field at the apex surface will be smaller than predicted
by equation 3.11, since the presence of a shank yields a modification in the field
lines distribution. The surface electrostatic field for a tip-shaped object can then be
approximated by .

F=is (3.12)

where k is the field reduction factor and R is the tip radius [2]. Let us assume for now
that k& does not depend on the tip radius and can take a fixed value; we will discuss
the problematic issue of determining its true value in section 3.2.3. From equation
3.12, one can easily see that for a given applied voltage and field reduction factor,
a smaller tip apex radius will yield a higher electrostatic field; we also know from
the Fowler-Nordheim equation (eq. 3.6 and 3.10) that a higher electrostatic field will
produce a higher field emission current density. If we multiply equation 3.10 by the
total field emitting area a (in cm?) and use equation 3.12 to express the electrostatic
field F, we obtain the total field emitted current I (in A) as a function of the tip

radius R (in cm):

1/2 V2 3/2 ER

Equation 3.13 provides us with the explicit description of the relationship between

I=062x107° (3.13)

tip sharpness and field emission data: for any tip voltage, the smaller the tip apex
radius, the higher the total field emitted current. This principle is the key element

behind our quick tip sharpness test.
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3.2.2 The Quick Tip Sharpness Test

As was explained in the previous section, monitoring the field emission current drawn
from our tungsten tips as a function of the applied voltage is a convenient way to
characterize the sharpness of our tips. The experimental setup permitting the ac-
quisition of such field emission data is quite simple. After annealing the tip in the
preparation chamber of our UHV system, we leave the tip on the heating stage de-
scribed in section 2.2.2; however, instead of having this stage connected to a current
generator outside the chamber, we now connect it to a voltage supply allowing the
tip to be negatively biased at voltages up to 2 kV. Inside the chamber, an oxygen-free
copper plate is brought above the tip until the tip-plate distance is about 2.5 cm; this
plate serves as the anode collecting the field emitted electrons and feedthroughs let
this current be detected outside the chamber.

Equation 3.13 showed that for a given applied voltage, a smaller tip apex radius
will yield a higher field emission current. In other words, for a tip to emit a pre-
determined current value, the required voltage will be lower in the case of a tip with
a small apex radius than in the case of a tip with a larger apex radius [57]. Our
sharpness test consists in slowly increasing the tip bias until a field emission current
of 10 nA can be extracted from the tip. The voltage value allowing this current to be
reached is thus a good indication of how sharp the tip is. In practice, we have found
that the tips which could emit a current of 10 nA for an applied negative voltage
smaller than 800 V were suitable candidates for FIM studies. This method, although
not yielding a quantitative description of the tip sharpness, is a very useful diagnostic
in determining whether a tip is sharp enough for FIM before actually trying to image
it with FIM.

An interesting effect that was reported before [21] has been observed while we were
testing our tips for sharpness. For tips that did not pass the sharpness test but were
very close to (10 nA for 850 V, for example), we would apply a higher bias in order to
extract field emission currents up to 5 yA for a couple of seconds and then decrease

the bias. This extra treatment, sometimes after several repetitions, would often allow
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to lower the voltage required to reach 10 nA by up to 200 V and thus permit these
tips to pass the sharpuess test! There are two possible explanations to this sudden
apparent increase in tip sharpness. The first hypothesis is that drawing such high
currents from our tips could result in further cleaning of these tips. One can imagine
that a current of 5 uA flowing through the tip could yield an apex temperature high
enough to sublimate some of the tungsten oxide that might be left even after the
annealing process. Since an oxide layer represents an additional barrier for the field
emitted electrons [20,21], the removal of this layer would undoubtedly be detected
as an increase in the field emission current. The second hypothesis is that the high
current treatment could induce an atomic rearrangement at the tip apex. As will be
explained in section 3.3.2, heating the tip apex in presence of an electric field can lead
to the formation of a sharp asperity; the build-up of such a protrusion could then
explain the observed change in field emission characteristics.

The quick tip sharpness test presented in this section can save one a lot of time
by selecting beforehand the tips that are appropriate for FIM imaging. Furthermore,
we saw that the high current treatment, applied once or repeatedly, is a worthwhile
technique since it can sometimes help in reducing the voltage needed to extract 10 nA

from our tips.

3.2.3 Estimating the Tip Radius from Fowler-Nordheim Plots
While the sharpness test by itself is sufficient to determine if a tip will satisfy the

requirements of our FIM setup, a more detailed analysis of the field emission data
can lead to a quantitative characterization of tip sharpness by allowing the extraction
of a tip radius value.

Estimating the tip radius can be done through a direct application of the Fowler-
Nordheim theory on field emission. If we divide equation 3.13 by V2 and take the

natural logarithm on both sides, we obtain:
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where I isin A, V in V, a in em?, y and ¢ in eV and R in ¢cm. From equation
3.14, it can be seen that a plot of In—‘f—2 versus 1/V will yield a straight line of slope
—6.8 x 107¢*/?akR. This particular way of graphing field emission data is called a
Fowler-Nordheim plot and simply requires to record the total field emission current
for various applied voltages. Provided that the values of ¢, o and k are known,
it is then a straightforward matter to evaluate the tip radius from the slope of a
Fowler-Nordheim plot [2,47, 51,53, 62].

We obtained several Fowler-Nordheim plots from our field emission measurements
on polycrystalline tungsten tips; some of them will be shown later in this section. It
is important to first discuss the choice of appropriate values for ¢, o and k before
attempting to extract a tip radius from our plots.

As was mentioned in section 3.1.1, the work function ¢ of a particular material dis-
plays crystallographic anisotropy; it seems indeed rather intuitive that closely packed
crystal faces would have a higher work function and thus a lower field emission than
loosely packed planes [2]. By definition, a polycrystalline material is composed of
many differently oriented crystallites; however, the fabrication process yielding poly-
crystalline wire — usually a wire drawing technique — results in a preferred grain orien-
tation along the wire axis [2]. For bee (body-centered cubic) metals like tungsten, this
favored orientation is (110) [2, 12]; this has been confirmed for our polycrystalline tips
by FIM measurements (see chapter 4). Since the topmost layer of atoms present on
the apex of our polycrystalline tips obviously belongs to the (110) plane, it would be
tempting to use the work function value corresponding to this particular plane in the
analysis of our Fowler-Nordheim plots, as was done by some authors [47]. However,
because the tip apex can be described as a spheroidal-looking surface composed of
an arrangement of variously oriented flat facets, electrons will be field emitted from
several crystallographic planes and not just from the plane perpendicular to the tip

axis. Moreover, in the case of tungsten, the (110) plane happens to have the highest
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work function (¢110 = 5.25 eV [59]) and thus the lowest emission of all planes [2];
this enforces the idea that other adjacent planes with a lower work function (for ex-
ample, 10 = 4.63 eV and ¢11; = 4.47 eV [59]) will contribute in great proportion
to the total field emitted current. Therefore, our choice of using the average work
function for tungsten (¢ungsten = 4.5 €V [50]), which is heavily weighted in favor of
the strongly emitting planes [2], as an estimate of the overall work function of our
tip apices seems quite reasonable. Note that the particular ordering of the numerous
crystallographic planes present on the tip apex can be deduced from FIM images;
this will be discussed in the following chapter.

It is common practice to take the image correction factor a to be unity when
trying to evaluate the tip radius from Fowler-Nordheim plots [2,51]. Setting o =1
comes down to ignoring the effect of the image potential described in section 3.1.3.
This is acceptable for two reasons. Firstly, in most field emission applications, «
actually turns out to be close to unity [2]; secondly, it should be understood that only
a rough estimate of the tip radius can be obtained from a Fowler-Nordheim plot since
an accurate determination of the values of ¢, o and k depends to a certain extent
on the exact tip apex geometry, which is of course unknown when field emission
measurements are performed.

The field reduction factor k is probably the hardest parameter to estimate, since
for very sharp tips in particular, its value is highly related to the tip shape and apex
radius. In the quest for an appropriate k value, the tip can be modeled, for example,
as a paraboloid of revolution, a hyperboloid, a sphere on an orthogonal cone or a
sharp pyramidal protrusion on top of a larger hyperboloid base, and a corresponding
expression for k can be derived [2,12,63]. However, these expressions yield different
values of k and it is impossible to know which of these geometries apply to the tip
until the tip has been observed under an SEM or a TEM. A systematic study of
field emission characteristics along with electron microscopy imaging of several tips
has been done and reveals that a value of k& ~ 5 is adequate for most geometries

encountered in practice [2]. Other experiments indicated that % is usually between
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5 and 8 for slender tips, and its value can drop to about 3 when the tip is annealed
at high temperatures because of the smooth bulbous apex resulting from blunting
effects [12]. However, taking this range of values for k appears to be a reasonable
estimate only for tips with a radius of at least 100 nm; for much sharper tips, it has
been shown [21] that k becomes strongly dependent on the exact tip geometry and
can reach values as high as 35. Therefore, from field emission measurements alone,
only a range of possible radius values can be found for a particular tip by taking k£ = 3
and k& = 35 as the lower and upper bounds for k.

As will be demonstrated in chapter 4, a refined tip radius value can be obtained
from a FIM experiment; an analysis combining field emission and FIM data can thus
lead to a useful tip apex characterization without having to resort to direct observation
of the tip geometry through SEM and TEM. This is a very important requirement for
our future experiments, since we will have to fully characterize our tips before using
them for single molecule conductivity measurements, without of course the possibility
of taking them out of the UHV system for SEM or TEM inspection.

Figure 3.4 shows a Fowler-Nordheim plot for a polycrystalline tungsten tip; the
observed linearity indicates that our field emission data displays the Fowler-Nordheim
behaviour predicted by equation 3.14. Using ¢ = 4.5 eV and o = 1, as was suggested
in the above discussion, a value of kR = 65 nm can be extracted from the slope
measurement. Taking 3 < k < 35, we obtain for this particular tip a radius R between
2 and 22 nm. Note that the uncertainty on this calculated radius is completely
dominated by our gross estimate of the ¢, a and k values and not by the /] — V
measurements themselves; this claim is supported by the very small scattering of the
data points in this Fowler-Nordheim plot.

Two SEM pictures of this same polycrystalline tungsten tip taken after the field
emission experiment are presented in figure 3.5. (The flag shaped feature observed
close to the apex is most likely due to some surface contamination which could have
happened during the transfer of the tip — in air — between the UHV preparation
chamber and the SEM chamber.) From these two pictures showing the tip under
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Figure 3.4: Fowler-Nordheim plot for the polycrystalline tungsten tip shown in figure 3.5. The
straight line indicates a normal Fowler-Nordheim behaviour; a value of kR = 65 nm can be extracted
from the slope measurement.
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Figure 3.5: SEM images showing under two different magnifications the polycrystalline tungsten
tip whose Fowler-Nordheim plot is presented in figure 3.4. From these images, the radius can be
estimated to have a value R ~ 20 nm.
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different magnifications, an apex radius value can be measured. We estimate this
radius to be around 20 nm, which is towards the upper end of the range of radii
predicted by the corresponding Fowler-Nordheim plot. Note however that it can prove
difficult to relate the definition of the tip radius assumed by the Fowler-Nordheim
analysis, which is that of a sphere partially buried in a conical shank, to the actual
geometry of the tip as seen on the SEM pictures and thus to know precisely how to
measure the radius from these pictures. Moreover, one can notice on the right image
of figure 3.5 that the apex looks a little fuzzy; this is due to the drift of the tip during
SEM imaging which becomes noticeable at this scale and which can then lead to an
overestimate of the tip radius. One thing for sure is that choosing k¥ = 35 severely
underestimates the tip radius in this case; remember that this & value yielded a radius
of 2 nm. This makes sense though, since this upper limit for £ had been found for
tips with an actual radius of 2.5 nm [21], which is obviously not the case here. This is
a clear illustration of a limitation inherent to the analysis of Fowler-Nordheim plots;
it is almost impossible to pick the right k value for a tip in order to find its radius
unless the tip has been observed under an SEM or a TEM, at which point it becomes
useless to estimate its radius from a Fowler-Nordheim plot since it can be measured
directly from the SEM or TEM image.

Figure 3.6 presents another Fowler-Nordheim plot for a different polycrystalline
tungsten tip. The straight line confirms once more a normal Fowler-Nordheim be-
haviour. In this case, a value of kR = 137 nm can be obtained from the linear fit,
which results in a radius R between 4 and 46 nm. The corresponding SEM images
showing this tip from two viewpoints are shown in figure 3.7; inspection of these pic-
tures yields a radius value of about 40 nm. Again, the radius value obtained from
the SEM images is among the larger radii predicted by the plot. However, it should
be pointed out that this plot yielded a kR value twice as large as the kR value ob-
tained from the Fowler-Nordheim plot in figure 3.4; this implies that, for a given

k, the tip radii will scale proportionally. This is exactly what is observed from the



3: Field Emission: a Useful Tip Characterization Tool 49

-30.8 T T T T T T T

+
-31.2 -
-31.4 . -

316 > .

in(Iv3)
+

-31.8 ~ -
+,
32 | e 4

322 L -

-32.4 .+

326 I ! 1 1 1 1 L 1 1.
0.00108 0.0011 0.00112 0.00114 0.00116 0.00118 0.0012 0.00122 0.00124 0.00126 0.00128

1V (in Volts™)

Figure 3.6: Fowler-Nordheim plot for the polycrystalline tungsten tip shown in figure 3.7. Again,
the straight line indicates a normal Fowler-Nordheim behaviour; a value of kR = 137 nm can be
extracted from the slope measurement.
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Figure 3.7: SEM images showing two different views of the polycrystalline tungsten tip whose Fowler-
Nordheim plot is presented in figure 3.6. From these images, the radius can be estimated to have a
value R ~ 40 nm.
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50
SEM pictures; the tip in figure 3.7 has a radius twice as large as the tip in figure

3.5 | Therefore, analysis of Fowler-Nordheim plots, while not necessarily providing
us with an accurate value of the tip radius, is very powerful in that it allows a useful

comparison between the sharpness of tips, which, due to consistency in preparation,
we can assume to have similar geometry.

The latter point is further illustrated in figure 3.8, where Fowler-Nordheim plots
corresponding to five different polycrystalline tungsten tips are presented together

on the same graph. We know from equation 3.14 that a smaller slope on a Fowler-
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Figure 3.8: Fowler-Nordheim plots corresponding to five different polycrystalline tungsten tips. A
smaller slope and a displacement of the plot from left to right are the signature of a sharper tip.

Nordheim plot is characteristic of a sharper emitter; a shift of the plot to higher values
of 1/V (from left to right in figure 3.8) is also a clear indication of a sharp tip since

this means that a current is emitted for lower applied voltages [20,47,64]. These two
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phenomena are nicely combined in figure 3.8; it can be seen that the slope indeed
decreases as the plot is shifted to the right. The leftmost curve thus corresponds to
the largest tip radius, and the rightmost curve to the sharpest tip. The kR values
extracted from the linear fits are given in the graph legend to allow for an easier
comparison between the tips. Figure 3.8 is a clear example of a useful application of

field emission theory regarding the characterization of our tungsten tips.

3.2.4 Limitations of the Fowler-Nordheim Theory

Upon recalling the assumptions on which the Fowler-Nordheim theory of field emission
is based — the emitter is a one-dimensional smooth infinite plane with a uniform work
function, one can wonder why this theory should at all apply to tip shaped emitters.
It turns out that a planar metal-vacuum interface is a valid approximation for a tip
shaped emitter as long as the potential barrier width through which emitted electrons
tunnel (see figure 3.2 and 3.3) is markedly less than the radius of curvature of the
emitter apex [65]. Combining equations 3.4 and 3.12, a coarse estimate of the barrier
width can be obtained:

SkR
arrier ~— 3.15
Zp Ve ( )

Note that equation 3.15 shows that for a fixed radius, the barrier width decreases
when the applied voltage increases and for a fixed voltage, the barrier is smaller for
a sharper tip; since a small barrier means a high field emission current, equation
3.15 is in agreement with the previous discussion on field emission. Using kR values
similar to the ones displayed in figure 3.8 and computing Tpgrrier from equation 3.15
for typical field emission voltages V' (~ 0.3 to 2 kV), the potential barrier width can
be estimated to less than an angstrom up to a few tens of angstroms. This rough
calculation explains why the field emission characteristics of most tips tend to follow
the Fowler-Nordheim theory; the tips encountered in practice usually have an apex
radius of at least a few tens of nanometers, which is significantly larger than the
barrier width. For these tips, it has been shown that the variation of the electrostatic

field over the field emitting portion of the apex is quite small; this is why the apex can
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be approximated by an equipotential surface, which is a well known property for a
planar emitter [2,65]. Moreover, the crystallographic anisotropy of the work function
of such tips does not appear to cause an obvious violation of the one-dimensional
planar approximation [65].

For ultra-sharp tips with a radius of a few nanometers only (~ 1 — 4 nm), signif-
icant deviations from the Fowler-Nordheim theory are predicted, since in this case,
the apex radius is close to or even less than the potential barrier width. The Fowler-
Nordheim theory fails to properly describe the field emission behaviour of these tips
since the electrostatic field at the apex surface cannot be considered uniform any-
more [63] and thus the potential barrier becomes asymmetric; the simple expression
for the image potential given in section 3.1.3 is also no longer appropriate. Correc-
tions to the Fowler-Nordheim theory taking into account these modifications require
extremely complex calculations and, to date, only preliminary work has been done
[65]. Deviations from the typical Fowler-Nordheim behaviour have been experimen-
tally observed for very sharp tips; it is usually detected as an unexpected curvature
in the Fowler-Nordheim plots and attributed to the particular tip geometry or to the
motion of atoms on the tip [64, 66, 67].

Examining equation 3.15, one could argue that a potential barrier considerably
smaller than the radius of curvature of ultra-sharp tips could be obtained by simply
applying a very large voltage to these tips; under such conditions, the field emission
data should display a normal Fowler-Nordheim behaviour. In practice however, the
high voltages required for such a scenario to happen would undoubtedly cause great
damage to the tip apex since the large corresponding field emission currents would
induce significant heating and surface diffusion. This therefore means that the useful
range of I — V measurements extracted from ultra-sharp tips cannot be analysed by
the traditional Fowler-Nordheim theory alone; the application of this theory is then

limited to tips with a somewhat larger apex radius.
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3.3 Resharpening a Blunt Tip in situ

When one of our tungsten tips fails the sharpness test described in section 3.2.2, it
is usually taken out of the UHV system so that the tip holder can be used for the
preparation of a new tip. A lot of time could be saved if it was possible to somehow
resharpen the blunt tip in situ (i.e. within the UHV chamber). As was mentioned
in section 2.2.4, some procedures exist that do allow such “recycling” of blunt tips; a

brief description of the most common of these resharpening methods follows.

3.3.1 Annealing the Tip in Oxygen Atmosphere

Tip sharpening can result from the interaction of tungsten with oxygen at high tem-
peratures. When the tip is annealed in an oxygen atmosphere, the oxygen reacts with
the tungsten atoms at the surface of the tip; this yields the formation of various tung-
sten oxides, which are volatile at these temperatures. This surface corrosion process
leads to an overall removal of material from the tip, provided that the tungsten evap-
oration rate due to this oxygen treatment is higher than the blunting rate induced by
the surface diffusion of atoms on the tip [52]. Therefore, sharpening of the tip will
only happen for very specific oxygen pressures and annealing temperatures.

It has been demonstrated that optimal results can be obtained by introducing an
oxygen pressure of 5 x 107* mbar in a UHV chamber through a gas inlet system
and annealing the tip at 1300 K for a few minutes up to many hours; the length of
the treatment depends on the initial tip shape and the desired final tip radius [68].
The tip temperature is a very critical parameter; too low a temperature will result
in a slow reaction time with no significant sharpening and too high a temperature
will cause an increase of the apex radius. It has been reported that the corrosion
reaction happens at a preferential rate for certain crystallographic planes; this gives
rise to a strong faceting of the tip surface [51, 68] and seems to lead to a particularly
efficient sharpening of (111) oriented tungsten tips [68]. However, this method has
been successfully used to sharpen polycrystalline tungsten tips as well [47]. Another

consequence of the oxygen treatment is the occasional formation of several microtips
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at the apex [47,68]; note that this finger-like structure is not a desirable feature for
our tips, as it can cause instabilities during STM experiments.

We tried to apply the surface corrosion technique described above in order to re-
sharpen a (111) oriented tungsten tip which failed the sharpness test — a voltage of
1500 V was required to extract a field emission current of 10 nA from this tip. After
annealing this tip in an oxygen atmosphere for one minute, its field emission charac-
teristics were monitored again. This time, no field emission current was detected for
voltages up to 2 kV, which means that the tip got blunt during the oxygen treatment.
This is not so surprising since the annealing temperature, which is a critical parame-
ter in this experiment, was simply estimated from the glowing color of the heated tip.
In our case, further investigation of this technique would be worthwhile if we had a

better way of controlling the tip temperature.

3.3.2 Creating a Sharp Asperity by the “Build-Up” Process

A popular method to sharpen a blunt tip consists in annealing the tungsten tip in the
presence of an electric field with a high gradient in order to create a sharp asperity
at the apex [53,64,66,69]. While the oxygen treatment previously described leads
to a sharpening of the tip by increasing the tungsten evaporation rate with respect
to the surface diffusion rate, the field assisted annealing technique lowers the overall
blunting rate by generating a surface diffusion flux opposite to the heat induced
matter transport.

The mechanics of the field assisted annealing technique can be explained as follows
[66,69]. When a voltage is applied to a tip, a surface field gradient develops along
the tip and this field gradient induces a surface diffusion flux from regions of low field
strength to those of higher field strength; since the field increases with curvature,
atoms are thus forced to move from the shank back to the apex. This counter-
balances the self-diffusion of atoms caused by capillary forces, which was explained
in section 2.2.3. For temperatures between 1600 and 1800 K and for an applied
voltage of 2 to 3 kV, the directional effect of the applied electric field dominates over

the matter transport due to capillary forces and from this, a sharp protrusion can
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“build up” at the apex. More specifically, the local rearrangement of atoms leads
to an enlargement of some low index planes; this enlargement self-terminates when
two neighbouring planes meet each other and a sharp protrusion results from the
intersection at the apex of the so-called “build-up” planes.

It has been reported that this “build-up” process works beautifully for (111) ori-
ented tungsten tips; a three-atom protrusion could be routinely obtained from the
meeting of the three {112} “build-up” planes (see chapter 4 for more information
on the crystallography of (111) oriented tips) [66,69]. However, the ease with which
asperities can be created on the {111} family of planes might prevent this technique
from being successfully applied to some other tip orientations: undesired side pro-
trusions from the {111} planes have been observed when annealing a (310) oriented
tungsten tip in an electric field [53]. The “build-up” technique also proved to be effec-
tive in the creation of sharp (100) oriented tungsten tips; in this case, the protrusion
resulted from the intersection of four {110} planes [70].

The sharpening effect can be enhanced if the “build-up” process is combined to
the oxygen treatment described in section 3.3.1. The resulting technique is called the
corrosion-field process and leads to the formation of a pyramidal microtip erected on
top of a support tip of larger radius; for a (111) oriented tungsten tip, this “teton
tip” geometry usually ends with a single atom [36, 69].

3.3.3 Sharpening by Sputtering

Ton milling and self-sputtering, which are some of the tip cleaning methods explained
in section 2.2.4, could also in principle allow a blunt tip to be resharpened in situ
since they cause the removal of atoms from the tip surface [22, 34, 44, 64, 71]. However,
because these techniques tend to create various defects on the tip surface and thus
require a subsequent annealing step to heal out the damage, substantial blunting of
the freshly sharpened tip could result if the annealing is not done in a very careful

way.
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Field lon Microscopy: Study of the Tip at the Atomic Level

Once field emission measurements have confirmed that a particular tungsten tip is
a suitable candidate for field ion microscopy studies, this tip is transferred from the
preparation chamber of our UHV system into the FIM/STM/AFM chamber for fur-
ther analysis. The purpose of imaging the tip apex with our field ion microscope is
to provide us with a better understanding of its atomic structure and with the pos-
sibility of engineering it in a configuration which is optimal for molecular electronics
experiments. These useful applications of the FIM in our tip preparation and char-
acterization process will be discussed and illustrated in this chapter, but a thorough

description of the field ion microscope will be presented first.

4.1 The Field Ion Microscope

The birth of the field ion microscope in the 1950’s was a pivotal milestone in the
progress of surface science experimental techniques: for the first time ever, humans
could observe individual atoms! The field ion microscope’s ability to routinely pro-
duce atomically resolved images of metals and alloys and, more recently, of some
semiconductors and even ceramic materials lead to great advances in the analysis
and understanding of solid surfaces and surface related phenomena [3]. To better
appreciate the capabilities of the field ion microscope, this section is devoted to a de-
scription of the historical background and working principle of this truly revolutionary

instrument.

56
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4.1.1 Historical Introduction

Following the experimental observation of field emission from metals by Lilienfeld in
1922 [34] and the successful quantum mechanical treatment of this phenomenon by
Fowler and Nordheim in 1928 [61], E. W. Miiller invented in 1936 the first modern
surface science instrument: the field emission microscope [60]. Since the advent of the
field emission microscope was a crucial step towards the development of the field ion
microscope, a brief overview of its basic mechanisms, useful applications and intrinsic
limitations is presented below.

The field emission microscope (FEM) is amazingly simple in its design; it consists
of a tip shaped emitter, which can be negatively biased to high enough voltages so
that appreciable field emission currents can be extracted from it, and a conducting
fluorescent screen, which is placed a few centimeters away from the tip apex and
serves as the anode [12,60]. As can be deduced from figures 3.2 and 3.3, the emitted
electrons have little kinetic energy as they come out of the potential barrier; this
implies that their trajectory tends to follow the field lines at the vicinity of the tip
apex [2]. Consequently, the emitted electrons undergo an almost radial projection
outward from the tip. The fluorescent screen collects these electrons and provides
a convenient way to record a point-projected electron image of the apex surface, as
each electron impinging on the screen generates a glowing spot.

The image magnification achievable by a FEM is determined by purely geometrical
considerations and basically depends on the opening angle of the field lines at the tip
apex; for a typical FEM experiment, the magnification reaches a factor of about a
million [60]! Since the apex of the tip shaped emitter is composed of several facets with
various crystallographic orientations and thus various work functions, and since the
field emitted currents strongly depend on the work function value (eq. 3.5), the highly
magnified FEM image will then represent the emission anisotropy corresponding to
the crystal symmetry [2,60]. Planes with a lower work function will emit larger
currents and will therefore be imaged as brighter features on the screen, whereas

planes with a higher work function will appear darker; this is how the image contrast
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is generated in a FEM. This is illustrated in figure 4.1, where a FEM image of a

tungsten tip is shown and the various crystallographic planes are indexed. Provided

Figure 4.1: Field emission pattern of a clean tungsten tip indexed crystallographically (from reference

20)-

the FEM is operated in a UHV environment, a study of the work function distribution
on the surface of a clean emitter can then be conducted. Since the field emitted
currents are also affected by local variations in the surface electrostatic field, which
are due to the presence of protuberances or asperities and to any abrupt changes
in the local curvature of the apex, FEM readily allows the observation of surface
disorder, dislocations, grain boundaries, adsorbates, and surface diffusion [2, 60, 72].
Although the FEM was unique in the late 1930’s in that it allowed for the first
time the visualization of various physical phenomena happening at surfaces, its lateral
resolution was not high enough to yield images where atoms could be individually
distinguished. The two intrinsic limitations on the resolution of the FEM are, in order
of importance, the nonzero lateral component of the velocity of emitted electrons
and the diffraction effects caused by the electrons’ finite de Broglie wavelength [2, 3,
60]. The first limitation can be understood by remembering that most field emitted
electrons originate from the vicinity of the Fermi level, since this is where the potential
barrier is narrowest. These electrons thus have a kinetic energy which, while being

small enough in comparison with the accelerating potential to somewhat constrain
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the emitted electrons to follow the field lines, is not negligible and gives rise to a
relatively large velocity component parallel to the emitting surface. Therefore, the
statistical distribution of momenta transverse to the emission direction results in a
spread in the trajectories of electrons coming from a particular point on the apex and
reaching the screen [60]. Since electrons are fermions, their lateral velocity component
cannot be reduced by cooling the tip; the electron energy thus imposes an inherent
limitation on the resolution of the FEM [3], which is about 2 nm for a tip with an
apex radius of 100 nm [2]. The second limitation on the resolution comes from the
Heisenberg uncertainty principle; electrons emitted from a region of specified lateral
width must display an uncertainty in their lateral momentum since there is a defined
bound on the uncertainty of their position. Consequently, electrons emitted from a
particular atomic site will diffract, thus limiting the resolving power of the FEM; the
resolution on a tip with an apex radius of 100 nm imaged at 10 kV would not be
better than 0.8 nm if diffraction effects alone were to be considered [2]. Combining
both contributions vectorially [2,60], one can predict the effective resolution of the
FEM to be ~ 2 — 2.5 nm [3], which of course cannot lead to atomic imaging.

In 1941, while Miiller was studying the adsorption of a layer of barium atoms
on the surface of a tip, he realized that by reversing the polarity of the tip voltage
and by increasing the applied field, desorption of positive barium ions from the apex
surface would occur [3,12, 73]. He then believed that the desorbed ions, which would
follow the field lines, could generate a magnified image of the adsorption sites on a
fluorescent screen [73]. Since adsorbed atoms are massive particles, and since they
should have a very small lateral velocity component which can be further reduced
by lowering the tip temperature, a much higher resolution than that of the FEM
can be expected [3,12]. However, in order to obtain a perceptible image on the
screen, a single layer of desorbed ions would not be sufficient; a constant supply
of imaging species should be provided instead. Therefore, Miiller thought that by
introducing in the vacuum chamber a sufficient amount of imaging species in the

gas phase and by positively biasing the tip to high enough voltages, an adsorption-
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desorption cycle could be maintained and a visible image of the apex surface would
result [12, 73]. Miiller’s ideas directly lead to the invention of the field ion microscope
and images with a noticeable improvement in resolution were successfully acquired
in the early 1950’s. It was found by Inghram and Gomer in 1954 that the actual
mechanism responsible for the image formation was not an adsorption-desorption
cycle, but rather the field ionization of gas atoms close above the tip surface [3,12];
this phenomenon will be explained in detail in section 4.1.2. The following years were
devoted to determining the parameters yielding an optimal performance of the FIM;
under the right conditions, a resolution of 0.2 to 0.3 nm could finally be achieved and

in 1956, the first atomically resolved FIM image was obtained [3,12,60].

4.1.2 Field Ionization and the Basics of Image Formation

The field ion microscope is quite remarkable for its simplicity and elegance, and for its
numerous applications, some of which will be presented in section 4.2. As mentioned
in the previous discussion, the FIM is operated in a UHV chamber which is back
filled with an imaging gas, usually an inert gas such as helium, neon or argon, to
partial pressures typically in the 10™° mbar range. The specimen is a sharp tip,
which is positively biased to high voltages of several kV and often cooled down to
liquid nitrogen temperatures. A magnified, high resolution image of the tip apex
surface is produced on a phosphorous screen placed some centimeters away from the
specimen through the physical process called field ionization. More details regarding
the FIM experimental setup will be given in section 4.1.4; the purpose of the current
section is to provide a description of the mechanisms governing the formation of FIM

images, starting by a theoretical overview of field ionization.

Understanding Field Ionization

Field ionization refers to the auto-ionization by electron tunneling of an atom placed
under a strong external electric field, and was first suggested by Oppenheimer in
1928 [34]. Through a thorough quantum mechanical treatment of the problem, he

demonstrated that the electron in a hydrogen atom could tunnel into free space if a
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field of about 20 V/nm was applied [3]. The effect of the field is to lower the potential
barrier seen by the electron in the atom so that the tunneling probability becomes
appreciable [3, 73]. This can be better understood from a comparison between figures
4.2 and 4.3. Figure 4.2 shows the potential energy diagram for an electron of an atom

in free space. As illustrated on this diagram, the valence electron of a neutral atom
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Figure 4.2: Potential energy diagram for an electron of an atom in free space. I is the ionization
energy for a valence electron.

is trapped in a coulombic potential well of depth equal to the ionization energy [
[2,3]. The electron cannot escape from this potential well without the assistance of
some external source of excitation. Figure 4.3 depicts the situation where an electric
field F is now applied; the field causes a severe distortion of the potential barrier
profile and the potential barrier width is much lowered on one side 2, 73]. For a high
enough F', the barrier width becomes comparable to the uncertainty in the electron’s
position; the likelihood of the valence electron tunneling through the barrier greatly

increases and field ionization of the atom is now possible [3,73].
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Figure 4.3; Potential energy diagram for an electron of an atom in the presence of an applied electric
field F, in free space.

The finite potential barrier width seen by the valence electron of an atom when
an external electric field is applied can be even further reduced if the atom is brought
in close proximity to a metal surface of work function ¢ and Fermi level p; this
scenario is illustrated in figure 4.4. The interactions between the atom and the metal
surface are responsible for the additional decrease in the barrier width and thus
enhance the rate of electron tunneling from the atom to the metal surface [3,13,73].
A good approximation to the electron potential which takes into consideration the
contributions arising from the presence of the metal surface is given by

e? e e

U = -+ Fer— -~
clectron(7) |z — z] T ez 4z + T+

2

+¢ (4.1)

where z; is the distance from the center of the positive ion to the plane of the conductor
(3,12,13]. The first term represents the Coulomb attraction of the electron by the
positive ion, the second term is the electron potential due to the applied external

electric field F, the third term describes the image potential of the electron and the
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Figure 4.4: Potential energy diagram for an electron of an atom in the presence of an applied electric
field F' and close to a clean metal surface of work function ¢ and Fermi level pu.

fourth term is the repulsion of the electron by the image charge of the ion in the
metal. The fifth term is simply an offset equal to the work function ¢ of the metal
due to our choice of coordinates in figure 4.4. Equation 4.1 breaks down for z = 0
and z = z; since it predicts a diverging potential at these positions [13]; however, this
one-dimensional expression for the potential can still be used in the calculation of a
reasonable estimate of the barrier penetration probability [3]. It is clear from figure
4.4 and from equation 4.1 that the potential barrier strongly depends on the distance
between the atom and the metal surface; in fact, it turns out that electron tunneling
and thus field ionization of the atom is restricted to very specific distances from
the conductor plane. To understand why the ionization region is spatially limited,
one should remember that tunneling from the atom to the metal can only happen
provided that there is a vacant energy level within the metal to receive the electron.

Since for low temperatures, all the electronic levels of the metal below the Fermi



4: Field lon Microscopy: Study of the Tip at the Atomic Level 64

level u are almost completely occupied, tunneling will be possible only if the ground
state of the valence electron in the atom lies above the Fermi level y of the metal
[2,12,73]. As indicated in figure 4.4, there is thus a critical distance z. below which
tunneling is prohibited; the range 0 < z < z, is often called the “forbidden zone” for
field ionization since in this region of space, the atomic level falls under the Fermi
level p [12,73]. From figure 4.4, an expression relating the critical distance z. to
the ionization energy I, the metal work function ¢ and the applied field ' can be
graphically estimated:

Fex.+ ¢~ 1 (4.2)

Equation 4.2 would be more accurate if an image potential and a polarization energy
term were included; however, these contributions are usually negligible compared to
I and ¢ and can thus be safely omitted [2,3,13,73]. Now for distances z such that
z > x., the field ionization probability quickly drops with increasing x, because the
potential barrier becomes wider and the electron is less likely to tunnel through.
Hence, the field ionization region for an atom in the vicinity of a metal surface is

restricted to a very narrow zone above z, called the “ionization disk” [3,72].

Relating Field Ionization to FIM Imaging

The physical process of field ionization described above is of crucial importance in
the formation of FIM images. One can readily relate the physical situation depicted
in figure 4.4 to that which prevails in a FIM experiment by imagining that the metal
surface is actually the tip apex, that the electric field is obtained through the high
positive bias of the tip, and that the atoms undergoing field ionization are the imaging
gas atoms located within the ionization disk surrounding the tip apex. The resulting
positive ions are repelled along the field lines towards the fluorescent screen where
a magnified image of the ionization zone is then produced. Figure 4.4 assumes that
the kinetic energy of the gas atom is low enough so that it can be field ionized right
as it enters the ionization disk; however, the following discussion will emphasize that
this is not the case during FIM imaging and that other physical mechanisms are thus

involved before field ionization can occur.
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When a high positive voltage is applied to a FIM tip, the resulting inhomogeneous
electric field F' at the tip surface polarizes the imaging gas atoms. The polarized
gas atoms are then attracted and accelerated to the tip surface by the electric field
gradient [72]. Due to the field, these gas atoms strike the tip surface at a much
greater rate than predicted by simple kinetic gas flux theory and the dominant gas
flow has been experimentally determined to come from along the tip shank towards
the tip apex [3,13]. Upon arriving at the tip surface, the gas atoms of polarizability

o and temperature 7" possess a fairly large kinetic energy, which is the sum of their

3
2

constant) [3,73]. It has been shown that these imaging atoms can greatly reduce their

polarization energy %—an and their thermal energy kg7 (where kg is the Boltzmann
overall kinetic energy by thermal accommodation to the tip, which is usually kept
at cryogenic temperatures [3,72,73]. The thermal accommodation process happens
through a random hopping motion of the gas atoms [73], which is illustrated in figure

4.5. The hopping motion can be explained as follows [3, 13, 73]. The gas atom first
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Figure 4.5: Diagram illustrating the mechanisms of image formation in field ion microscopy. The
imaging gas atom is attracted towards the tip, then thermally accommodated through a random
hopping motion and, finally, field ionized. The resulting positive ion is repelled towards the screen
and a bright spot is produced upon impact.
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strikes the tip apex with its full incoming kinetic energy and bounces back from the
surface, loosing some of its energy to the lattice. Provided that enough energy has
been shed during the impact, the decelerated gas atom will not be able to escape
from the dipole attraction of the tip and will be drawn back to the tip surface by
polarization forces. The gas atom will then execute a series of hops of decreasing
amplitude, passing each time through the ionization disk with a reduced velocity and
thus an increased chance of being field ionized. It is believed that 50 to over 200 jumps
are usually required to thermally accommodate the gas atom to the tip temperature
[3]. When this thermal accommodation process has sufficiently reduced the velocity
of the gas atom, the latter lingers in the region of high ionization probability and is
very likely to undergo, at some point, field ionization. To get an idea of the size of this
ionization region, it should be noted that for most imaging gases and tip materials,
equation 4.2 predicts that the ionization disk is located about 0.4 nm above the apex
surface; studies of the energy distribution of the field ionized gas atoms have also
shown that this disk is usually less than 0.02 nm thick when best imaging conditions
prevail [3,12,73]. Therefore, as is summarized in figure 4.5, it is only after the imaging
gas atoms have been polarized, thermally accommodated and field ionized that an
image will be formed on the screen, by an almost radial projection of the positive
ions from the tip apex surface.

In the early years of FIM, it was believed that the strong electric field at the tip sur-
face would ionize all gas atoms in its vicinity, but it has been found later on that this
was actually not the case [72,73]. As was mentioned above, the hopping amplitude
decreases with each hop due to the loss in kinetic energy and so if the gas atom has
not been field ionized when the hopping height becomes less than the critical distance
required for field ionization, it will be confined within the forbidden zone where it
cannot be field ionized anymore [3]. It is thus interesting to understand what happens
to these gas atoms which do not field ionize during their random hopping motion.
A possibility is for them to escape along the tip shank back to free space; however,

particularly at low tip temperatures, these well accommodated gas atoms are likely to
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condense on the tip surface [3,12,73]. This is called field adsorption of gas atoms and
it is characterized by a short-range, field induced dipole-dipole bond [73]. Therefore,
during FIM imaging, the tip apex is not free of surface contamination; it is actually
covered with a layer of field adsorbed gas atoms. It has been demonstrated that these
adsorbed gas atoms greatly enhance the thermal accommodation and the tunneling
probability of the hopping gas atoms [3], but a clear and quantitative understanding
of the mechanisms by which field adsorption facilitates field ionization is still lacking
[12]. Due to this coverage of the tip apex, the overall imaging process is a lot more
complicated than that which is illustrated in figure 4.5 [12,60]; however, the latter
diagram provides a satisfying enough explanation of the basics of image formation.
Note that these field adsorbed gas atoms desorb as soon as the tip voltage is turned
off and only the zero-field surface concentration remains [73], which is negligible for
temperatures significantly above the condensation temperature of the gas [3].

In field ion microscopy, the image contrast is basically determined by the variations
in the field ionization rate across the tip apex surface [12,71]. The field ionization
probability is a sensitive function of the local electric field and for regions of the tip
apex where the field is stronger, the following consequences are expected: a higher
concentration of gas atoms will be locally attracted, the tunneling barrier width seen
by the valence electrons will be lowered, and the number of field adsorbed gas atoms
will be increased [3, 12]. Combining these three factors together, one can easily deduce
that the field ion current will be much greater where the electric field is higher. Field
enhancement happens above protruding atoms since they cause an abrupt change in
curvature; therefore, the brightest features observed on a FIM image are atoms at
step edges, as well as single atoms and clusters on a flat plane [71, 72]. In-plane atoms
are usually not distinguishable on a FIM image because they have a lot of nearest
neighbors which prevent the field from being locally intensified; this is particularly
true for atoms in densely packed planes [2]. A typical FIM image is presented in
figure 4.6; it exhibits a structured arrangement of concentric rings where each ring

corresponds to the edge atoms of a particular plane and each set of concentric rings
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belongs to a specific crystallographic orientation. In accordance with the previous

discussion, most in-plane atoms are not imaged in this picture. Figure 4.6 actually

Figure 4.6: FIM image of a polycrystalline tungsten tip acquired at a helium pressure of
2 x 1075 mbar, a tip temperature of 140 K and a tip bias of 5.4 kV. The typical ring-like structure
formed by atoms at step edges is clearly illustrated. As expected, most in-plane atoms are not
imaged.

represents the apex of a polycrystalline tungsten tip; it was imaged with a helium
pressure of 2 x 1075 mbar, at a tip temperature of 140 K and a tip bias of 5.4 kV 1. The
determination of the crystallographic orientation of the various planes displayed in
our FIM images will be covered in section 4.2.1. As a side remark, it is interesting to
compare the resolution observed in figure 4.6 to that of the FEM image presented in
figure 4.1; single atoms are clearly distinguishable in the FIM picture, which shows a
dramatic improvement over the FEM image where only smeared out field anisotropies
can be seen.

As was explained in the above paragraph, an atom with relatively few nearest
neighbors will look brighter in a FIM image, due to an enhancement in the local
electric field. The effect of the number of nearest neighbors on the field ionization
probability above a particular atom is nicely illustrated in figure 4.7. This figure

shows two FIM images of a polycrystalline tungsten tip acquired consecutively under

1Since all our FIM images are acquired at the same helium pressure of 2 x 1075 mbar, this detail will
be omitted in the subsequent figure captions. Note that the bright line in the bottom left corner of

all our FIM images is due to a crack in our screen assembly.
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the same imaging conditions and for an identical exposure time. Each of the two
atoms pointed out on the left image lost a nearest neighbor during the few seconds
separating the acquisition of these images; as a result, they both appear significantly

brighter on the right image. The increase in brightness means that a higher field

Figure 4.7: Consecutive FIM images of a polycrystalline tungsten tip acquired at 2.8 kV and 140 K.
The two atoms identified in the left image both lose a nearest neighbor through field evaporation
and thus appear much brighter on the right image, due to a local field enhancement.

ion current coming from these two atoms had reached the screen; this is a clear indi-
cation that the field ionization rate above these atoms was intensified upon the loss
of nearest neighbors. One can wonder though why some tungsten atoms should sud-
denly “disappear” from the images; this happens through the physical process called
field evaporation, which will be discussed in section 4.2.2. Note that the intensity of
the three very bright atoms in the bottom left corner of the left image had already
saturated the camera; this is why after the field evaporation of one of these atoms,
the increase in the intensity of the two remaining atoms could not be recorded and
thus cannot be observed in the right image.

There is a value of the electric field for which the contrast in a FIM image is best
and maximum surface detail can be obtained; this value is called the best image field
(BIF) and depends notably on the imaging gas used [3,73]. Although the definition
of a “best image” could be somewhat subjective, many investigators seemed to have
agreed over the years that fields of 44 V/nm for helium, 37.5 V/nm for neon and
22 V/nm for argon and hydrogen would yield the clearest FIM images [3]. The
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existence of a BIF implies that there must be a corresponding best image voltage
(BIV) that has to be applied to the tip in order to get the sharpest FIM image
[3,13]. From equation 3.12, we can deduce that the BIV required to obtain the BIF
depends on the tip radius; therefore, the BIV will be different for each FIM imaging
experiment. Deciding on the BIV can prove to be quite a delicate task, since in
reality, the BIV is non uniform over the tip apex surface. Because the BIV obviously
depends on the work function, which displays crystallographic anisotropy, and on
local variations in the tip apex geometry, a compromise must be made in the choice
of its value [13]. If the applied voltage is too low, some planes might not be imaged
and only regions of very high field enhancement can be seen [2,13], provided the
exposure time is long enough. On the other hand, if the applied voltage is too high,
a blurring of the image occurs and the pattern loses structure [2,13,73]. As will be
explained in section 4.2.1, some relevant information about the geometry of our tips

can be obtained from the experimentally determined BIV value.

4.1.3 Magnification and Resolution of the Field Ion Microscope

The field ion microscope, like its predecessor the field emission microscope, is basically
a point-projection microscope and so its magnification M can be obtained by simply
considering the geometry of the tip-screen assembly. If the observed specimen and the
screen were two concentric spheres, the positive ions would follow a perfectly radial
trajectory from the tip surface to the screen; the magnification would then be equal
to the ratio of the tip-to-screen distance Z to the apex radius R [12]:
Z

R

In practice however, the ion trajectories deviate from a purely radial projection,

Msphere = (43)

notably because of the presence of a tip shank [3,73]. Since the ion trajectories tend
to curve inwards in the direction of the screen [12,74], an image compression factor
S has to be included in equation 4.3 so that the image magnification of the FIM
becomes

Z
Mpiy = AR (4.4)
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where 1.5 < 8 < 1.8 for a conventional tip geometry [3,73]. Figure 4.8 provides a

schematic representation of the magnification process in field-ion microscopy [73]. As

Ion trajectory

Screen

Figure 4.8: Schematic illustration of the magnification process involved in FIM. From geometrical

considerations, the magnification M achieved by FIM is found to be Mprp = BZFH where Z is the

tip-to-screen distance, R is the apex radius and J is the image compression factor.

can be seen from this figure, the ion is projected almost radially from the tip apex; its
flight path is then slightly bent towards the screen. If the quite linear ion trajectories
in the vicinity of the screen are projected backwards, they seem to intersect inside
the tip, at a distance SR from the apex surface. One can therefore think of the actual
ion trajectories as the outcome of a radial projection from a sphere with an “effective
radius” SR, which is larger than the measured apex radius R. From figure 4.8, it
is then possible to calculate the FIM magnification from geometrical considerations
[73]: '

MFIM“—‘%%:%ﬁ*—_Z;gRZﬂER (4.5)
which explains the result presented in equation 4.4. In our setup, Z = 6 cm; therefore,
for tips with an apex radius of a few nanometers, a magnification of several million
times can be reached.

From equation 4.4, one can see that the magnification is inversely proportional

to the tip radius; the observed image of a sharp tip will thus appear more highly
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magnified than that of a tip with a larger apex radius. Moreover, a sharp tip will
require a lower BIV than a blunt tip since its high curvature will enhance the field at
its apex. Consequently, a low BIV and a high image magnification are the signature
of a sharp tip in a FIM experiment. This is clearly illustrated in figure 4.9, where

two FIM images of the same polycrystalline tungsten tip are presented. The left

Figure 4.9: FIM images of a polycrystalline tungsten tip. The left image shows the tip when it was
still very sharp; it was acquired at a low BIV of 2.4 kV and displays a high magnification. The
right image shows the same tip after it got blunt by field evaporation; the increase in tip radius is
confirmed by the higher BIV of 4.0 kV and the obvious decrease in magnification. Note that the
left image was taken at room T and the right image, at 140 K; the temperature does not affect the
magnification, but its effect on image intensity and resolution will be discussed later in this section.

image was acquired first, when the tip was very sharp, at the low BIV of 2.4 kV.
The right image was taken later, after several layers of tungsten atoms had been
removed from the tip by field evaporation (see section 4.2.2 for an explanation of
this physical process) and a smoother, blunter tip apex was left behind. In this case,
a higher BIV of 4.0 kV was required, due to the larger radius of curvature. The
difference in magnification between these two images is quite impressive: a lot more
atoms can be seen on the right image and their individual size is much smaller than
on the left image. The very end of the tip apex is located at the center of the set of
large concentric rings and on both images, it can be noticed that the tip most likely
terminates in two atoms; however, the much higher magnification of the left image
implies that the overall radius of the tip is a lot smaller there than it is on the right

image.
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It should be understood that equation 4.4 only provides an estimate of the average
image magnification; in reality, the magnification is not uniform across the imaged
apex surface because of regional variations in curvature [73]. It has been shown that
the local magnification can vary up to a factor of two from one crystallographic region
of the apex to another [12,74]. However, using a method which will be described in
section 4.2.1, it is possible to extract from the FIM image the local radius of curvature
r between the center of two crystallographic poles separated by an angle 6, and thus

to compute a more precise local magnification Mjg.q, which is then given by

L
Mlowl - E (46)

where L is the distance between the two crystallographic poles measured directly
on the FIM image [12]. Another approach allows the determination of the local
magnification for planes in which all the atoms are resolved; in such cases, one can
simply calculate the ratio of the distance between two adjacent bright spots on the
FIM image to the known interatomic spacing for the particular plane [12]. However,
one should be careful when using the latter technique since the high electric field
used in a FIM experiment causes the atoms to adopt a configuration in which the

interatomic spacings differ slightly from the tabulated zero-field values [73].

Coming back to figure 4.9, it should be noted that the left image was acquired
at room temperature, whereas the right image was taken at a tip temperature of
140 K. While the tip temperature does not affect the magnification achieved by the
microscope, it has an interesting effect on the image intensity; this will be briefly
discussed here. As one can see on figure 4.9, the “crack” on our screen assembly
appears much brighter on the left image; this is due to the use of a longer exposure
time in the acquisition of this picture. We have repeatedly observed that FIM patterns
obtained at room temperature were much more faint than those acquired at lower
temperatures. At low temperatures, the atomic structure of the tip apex imaged on
the screen is easily visible to the naked eye while at room temperature, only a long

exposure time allows the pattern to be clearly revealed. For comparison purposes, we
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should point out that the left image was taken with an exposure time of 8 s, whereas
the right image only required an exposure time of 0.4 s.

To our knowledge, the relationship between tip temperature and image intensity
is not explicitly treated in the FIM literature; however, we can offer the following
explanation as to why a FIM image taken at room temperature invariably turns
out to be faint. A faint image is due to a low field ion current and a low field
ion current can be caused by a low concentration of gas atoms attracted to the
prominent surface sites, a low field ionization probability, and a low population of
field adsorbed gas atoms. Although the calculations involved in the determination
of gas concentration variations across the tip surface under high fields are extremely
tedious and, to date, no realistic models seem to exist, it is nonetheless believed
that relative gas concentrations attracted above protruding atoms increase when the
tip temperature decreases [12]. The gas concentrations thus tend to be lower at
room temperature; a decrease in the gas supply undoubtedly yields a decrease in the
field ion current since less imaging gas atoms are available. The second factor to be
discussed, which is the ionization probability, is also temperature dependent. When
a gas atom strikes a tip at room temperature, the temperature gradient between the
gas atom and the tip lattice is quite low and the energy lost upon impact might
not be sufficient to prevent the gas atom from escaping the dipole attraction of the
tip. Therefore, a significant number of gas atoms might not undergo the hopping
motion described in section 4.1.2 and might instead return to free space after a single
collision [2]. These atoms have a high velocity and thus spend very little time in
the ionization disk; their ionization probability becomes extremely small. The ion
current then results from the ionization of atoms which actually perform a series of
hops and we just saw that these atoms are not as abundant at room temperature as
they are at low temperatures. Finally, we know that field ionization is enhanced by
field adsorption of gas atoms on the tip apex surface; however, it has been shown that
the likelihood of field adsorption of helium atoms on tungsten at BIF is very high for
temperatures below ~ 120 K [3,12], but drops with increasing temperature [72]. At
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room temperature, adsorbed atoms are basically inexistent; this further reduces the
ionization probability and thus the field ion current, yielding a fainter image on the

screernl.

The tip temperature, in addition to its effect on the FIM image intensity, also
plays a very important role in determining the resolution of the microscope. By
the time gas atoms are field ionized, they have usually lost a lot of their initial
kinetic energy by thermal accommodation to the tip; however, they still possess some
kinetic energy which, of course, cannot be less than the thermal energy of the tip
temperature and is thus of the order of kT [3,73]. Part of this energy manifests as a
velocity component parallel to the apex surface; the resulting statistical distribution
of the ions’ lateral velocities causes a spread in their trajectories and thus limits the
resolution of the FIM. Lowering the tip temperature will dramatically improve the
resolution of the FIM, as it will reduce the kinetic energy of the well accommodated
gas atoms [3,12,73]. Remember that this was not the case in the FEM, since the
imaging electrons, which are fermions, could not lower their energy by a simple cooling

of the tip.

Another limitation on the resolution of the FIM comes from the uncertainty prin-
ciple; diffraction effects from the finite de Broglie wavelength of the ions will induce a
broadening of the ion trajectories exiting from above a particular atomic site. How-
ever, this effect will be much less noticeable than in the FEM, because ions are a lot

heavier than electrons and their wavelength is thus significantly smaller.

The last main factor limiting the resolution of the FIM is the lateral localization
of the ionization disk above imaged atoms [73]. If the applied field is too high, the
spatial extent of the ionization zone above a particular atom will increase laterally
and the image will appear blurred, whereas if the applied field is too low, the critical
ionization distance z. will be large and the field distribution at the ionization disk
will not reflect the atomic details of the surface structure [12]. Only at BIF will

the spatial variation of the ionization rate yield the highest resolution. Since the
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resolution cannot be better than the size of the imaging gas atoms, it is common
practice to take the limitation on the resolution caused by the ionization disk size to
be of the order of the radius of the image gas atom [3,12].

If we define the resolution ¢ to be the smallest possible distance between two
surface atoms for which they can still be distinguished as two separate features on
a FIM image, then § can be expressed as the following vectorial combination of the

three limiting factors described above [3]:
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where 3 is the image compression factor, kg is the Boltzmann constant, T is the

temperature of the image gas atom immediately before ionization, R is the tip radius,
k is the field reduction factor due to the tip geometry, F is the electric field at the tip
apex, M is the mass of the image gas atom and J, represents the size of the image
gas atom [3]. The first term in equation 4.7 refers to the broadening caused by the
statistical distribution of lateral velocities, the second term calculates the spot size
due to the uncertainty principle, and the third term takes into account the spatial
extent of the ionization disk. It can be deduced from equation 4.7 that the highest
resolution is obtained with image gas atoms which are well accommodated to a low
tip temperature, with a small tip radius, a high electric field at BIV and a small gas
atom size. Since helium is a very small gas atom and has a high BIF of 44 V/nm,
it is thus the best choice for an imaging gas [3,73]. Under the best experimental
conditions, the resolution of the FIM should be ~ 0.2 nm; atomic displacements of
~ 0.05 nm should also be resolved [72]. The fact that we could reproducibly get FIM
images with atomic resolution even at room temperature is most likely due to the

small radius of our tips.
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4.1.4 Our Field Ion Microscopy Instrumentation

The basics of FIM instrumentation have already been outlined in the previous dis-
cussion; the purpose of this short section is to point out some of the features which

are specific to our FIM setup.

General Design

As explained in chapter 1, our field ion microscope is integrated to our STM/AFM
system. This design conveniently allows us to image, characterize and engineer the tip
with the possibility of using it immediately after as an atomically defined electrode
in a single molecule conductivity experiment. Figure 1.1 shows that the tip holder
is magnetically attached to a piezo tube; the latter controls the approach of the tip
towards the molecule when the system is in the STM/AFM mode. In the FIM imaging
configuration, the STM/AFM sample stage is retracted using piezoelectric motors so
that the tip, which points down, faces a screen located 6 cm below. When a high
positive bias is applied to the tip in presence of imaging gas atoms, a FIM image of
the apex is formed on the screen and can be easily recorded by a camera from outside

the chamber.

Imaging Gas

The UHV chamber which houses the FIM/AFM/STM system has a base pressure in
the low 107!! mbar range; however, during a FIM experiment, the chamber is back
filled with helium to a pressure of 2 x 107% mbar. In order to get very pure helium
in the chamber, the helium gas is introduced by diffusion through an electrically
heated quartz glass leak valve [1]. This diffusion process ensures that only helium
atoms can enter the vacuum system; the FIM imaging gas is then virtually free of
impurities [73]. To reach and maintain the desired helium pressure, it is necessary
to shut off the turbomolecular pump from the chamber by closing a valve [1]; this
might however worsen the base vacuum of the chamber. A higher base pressure is not
an issue during FIM imaging since the high electric fields prevent the adsorption of

most contaminants on the tip surface [21}; only field adsorbed helium atoms cover the
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tip surface, but as was mentioned earlier, they desorb when the field is removed. To
avoid surface contamination of the tip after FIM imaging, it is important to recover
a low base pressure with the tip still under high fields; this is done by re-opening the
pump to the chamber before turning off the high FIM voltage applied to the tip [21].

Tip Temperature

Our FIM tips can be cooled down using liquid nitrogen. The cryostat consists of an
outer vessel, which is filled with liquid nitrogen, and an inner vessel, which contains
helium gas. (Note that the helium gas present in the cryostat should not be con-
fused with the helium gas used for FIM imaging; they are in no way related.) The
FIM/STM/AFM assembly is in thermal contact with the liquid nitrogen through the
helium gas, which then acts as a thermal exchange medium. A detailed description
of our cooling system is available in reference [1]. Provided that the liquid nitrogen
supply is regularly renewed in the outer vessel, a tip temperature of about ~ 140 K

is usually achieved.

Tip Bias

The maximum positive voltage that can be applied to our FIM tips is 7 kV; therefore,
only tips which require a BIV lower than 7 kV will yield a useful FIM image. This
limitation comes from the breakdown voltage of the insulation on the wire leading to
the tip. A higher rated cable would be significantly thicker and rigid, which would
increase the vibration coupling to the tip; this would be detrimental when using the
tip in STM mode. By equation 3.12, one can relate the BIF to the BIV in the following

manner:

BIV
kR
Knowing that the BIF for helium is 44 V/nm and that, in our case, the highest

BIF = (4.8)

available BIV is 7 kV, then equation 4.8 predicts that our tips have to meet the
condition kR < 160 nm in order to be clearly imaged with our FIM. This information
about the geometry of our tips can be readily extracted from Fowler-Nordheim plots;

in practice however, the quick sharpness test is sufficient to reveal whether or not
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our tips are good candidates for FIM imaging. Note that within the FIM literature,
it is not unusual to encounter FIM pictures taken at imaging voltages ranging up to
30 kV [12, 72]; under such conditions, tips with a kR value as high as 680 nm can be
imaged with helium. This shows how stringent a restriction our FIM setup imposes
upon our tip radius values. On the other hand, since molecular electronics studies do
require the use of very sharp tips, our range of low BIV values is adequate for our tip

characterization purposes.

Image Intensification

During FIM imaging, around 10? to 10* ions are projected every second from above
each atomic site [3,13]. For a typical tip, this corresponds to a total gas ion current
of about 107 to 107'2 A [12,21,73]. If this small ion current is directly used to
produce an image of the tip apex on the phosphorous screen, a very faint image will
inevitably result. This is because heavy particles such as helium ions do not efficiently
convert their energy into light upon impact with the phosphorous screen; their so-
called “absolute phosphor efficiency” is usually only about 1 % [12,13]. Moreover,
phosphor damage may possibly occur due to this bombardment of heavy particles
[60]. Some form of image intensification is thus highly desirable and in our FIM, this
is achieved by letting the ions strike a microchannel plate (MCP) located just above
the phosphorous screen. A MCP is a thin circular glass plate which consists of a well
ordered array of many millions of very fine pores. Our MCP is 4 cm in diameter and
0.5 mm thick; each pore has a diameter of 10 um and the center-to-center spacing
between each pore is 12 ym. To illustrate the typical honey-comb structure of a
MCP, three pictures showing an intact region of one of our old and damaged MCPs
were taken with an optical microscope under three different magnifications and are
presented in figure 4.10. A conductive coating made of nichrome covers both sides
of our MCP and when a voltage of 1 kV is applied between these two electrodes,
each pore acts as an electron multiplier tube. When the helium ions hit the MCP,
they generate secondary electrons which are accelerated down the pores; during their

descent, these electrons quickly multiply by undergoing several collisions with the
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walls of the pores [12,13,73]. For each incident ion on the front surface of the MCP,
about 10® to 10* electrons are obtained at the opposite end [12,73]. Note that the
high magnification of the FIM ensures that ions repelled from adjacent atoms on the
tip apex are separated by several pore diameters upon arrival at the MCP surface
[73]. By applying a voltage of 4 kV between the bottom surface of our MCP and
our phosphorous screen, the emerging electrons are accelerated and focused on the
screen. The absolute phosphor efficiency of electrons is much higher than that of
ions; it can reach a value up to 50 % [12]. Since our MCP yields a gain in light
intensity of ~ 104, clear and bright FIM patterns can be formed on our screen. With
the aid of a mirror placed below our MCP-screen assembly, the FIM images can be
recorded through a window port with either a CCD camera or a digital camera. The
best imaging conditions are obtained when the lab lights are turned off, when a black
cloth surrounds the space between the camera and the window, and when the other
window ports of the UHV chamber are covered. Once the FIM experiment is finished,
a shutter can be conveniently brought above our MCP in order to protect its fragile

structure.

Figure 4.10: Optical microscope pictures showing the honey-comb structure of a MCP. From left to
right, these images were taken at a 10X, 50X and 100X magnification respectively. Each dark circle
is a pore which, under a voltage of 1 kV, acts as an electron multiplier tube. The diameter of each
pore is 10 pm and the center-to-center spacing is 12 pm.
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4.2 Useful Applications of the Field Ion Microscope

With a good understanding of the working principles of the field ion microscope, it is
now possible to turn our attention to the capabilities of this instrument, in particular
those which prove useful in the final stages of tip preparation and characterization.
The atomic resolution of the FIM allows the extraction of an apex radius value from
the FIM images and can even lead to the three-dimensional, atom by atom recon-
struction of the tip apex; this will be discussed in section 4.2.1. Ultimate control on
the tip apex shape can also be achieved with the FIM through field evaporation of
tip atoms; an explanation of this physical process, along with examples showing how

it can be used to atomically engineer the tip apex, will be given in section 4.2.2.

4.2.1 Atomic Characterization of the Tips

Useful information regarding the tip geometry can be obtained from an analysis of
FIM images, provided that the image features can be correctly interpreted. As was
mentioned in section 4.1.2, a FIM image is composed of sets of concentric rings, each
set corresponding to a particular crystallographic orientation and each ring represent-
ing the edge atoms of an atomic layer. Therefore, a set of concentric rings should be
interpreted as a stack of flat atomic layers, where successive layers are separated by
an atomic step whose size depends on the crystallographic orientation of the set. The
smallest ring, which is at the center of the set, represents the topmost layer of atoms
of that crystallographic orientation on the tip surface. Note that due to the discrete
and ordered atomic structure of the apex, each ring is in fact a polygon composed of
straight rows of atoms [13]. To understand and characterize this atomic structure of
the tip apex surface, which is composed of many different crystal planes, the first step
in the analysis of a FIM image thus lies in the correct crystallographic identification

of the various planes visible on the image.

Crystallographic Orientation of the Tips

Before attempting to index the various crystal planes imaged on a FIM picture,

it is useful to examine the orientation of the wire used to electrochemically etch
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the tip, since the plane corresponding to the tip orientation should appear as the
central reference pole on the FIM image. As was mentioned in section 2.1.1, our
tips were made either from polycrystalline tungsten wire or from single crystal, (111)
oriented tungsten wire. Polycrystalline wire is composed of many differently oriented
crystallites but since the size of the tip apex is most likely smaller than the size of
individual crystallites, the apex is usually part of a perfect single crystal [2,73]. One
might think that the orientation of this single crystal is quite unpredictable due to the
polycrystalline nature of the wire. However, as was pointed out in section 3.2.3, the
wire fabrication technique results in a preferred grain orientation along the wire axis;
in the case of tungsten, the (110) orientation turns out to be the favored orientation.
All our tungsten tips made from polycrystalline wire which were imaged with our FIM
indeed showed an atomically smooth (110) plane at their apex. Of course, tungsten
tips resulting from the etching of a (111) oriented wire invariably displayed a (111)
oriented apex.

As an aside, it is interesting to note that although both polycrystalline and (111)
oriented tungsten tips have a single crystal apex, the difference between their overall
structure is quite striking and can be readily observed through SEM imaging; this is
illustrated in figures 4.11 and 4.12. Figure 4.11 shows SEM pictures of two polycrys-
talline tungsten tips taken from above the tip apex; one can see that the tip surface
is rough due to the presence of variously oriented crystallites. Even if the macro-
scopic tip shape is determined by the necking phenomenon and the drop-off method
described in section 2.1.2, it should be pointed out that, at the microscopic level, tip
etching generally removes material in a selective way, which means that a local etch-
ing rate exists for each crystallographic orientation [15]; since polycrystalline wire is
made of grains of different orientations, what starts out as a smooth cylindrical wire
quickly develops into a ragged surface as the electrochemical etching progresses. For
comparison, figure 4.12 presents two SEM images of a single crystal, (111) oriented
tungsten tip showing a top view of the tip. Here the tip surface is much smoother and

more uniform than in figure 4.11; this is because a single crystal wire has a constant
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Figure 4.11: SEM images showing a top view of two polycrystalline tungsten tips. The tip surface
is very rough, since the tip is composed of differently oriented crystallites.

A4700.5.0kV. 12 1mm x15.0k SE(! 3.00um S:4700:5:00V:12: 2mm 150k SE(Y)

Figure 4.12: SEM images showing top views of a single crystal, (111) oriented tungsten tip. The
surface is smooth and uniform due to the constant orientation of the wire. A clear three-fold
symmetry can be observed about the (111) direction.

orientation throughout its entire length. The faceting that can be observed on these
two pictures is most likely determined by the intersection of the families of planes
which have the fastest etching rates. A clear three-fold symmetry about the (111)
direction is displayed in figure 4.12; it will be shown later from FIM images that
the (111) plane actually exhibits a three-fold symmetry with some families of planes.
This is a nice example illustrating that crystallographic information about the tips

can be extracted from SEM measurements [51, 75].
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Indexing the FIM images
Assuming that the tip apex has a nearly spherical shape and that the field ionized

gas atoms follow an almost radial trajectory from the apex surface, it would seem
reasonable to compare a FIM image to a geometrical projection of the expected crys-
tal symmetry corresponding to the particular tip orientation in order to assign the
correct Miller indices to the various sets of rings present on the FIM image [3, 73].
The standard crystallographic projections which are commonly used to approximately
represent a FIM image are the gnomonic, stereographic and orthographic projections;
these projections are illustrated in figure 4.13 for a point P on the tip apex surface

[12,76]. As can be seen from figure 4.13, the tip apex has a constant radius of

~—- (Gnomonic
«— Stereographic
Orthographic

Projection plane

Figure 4.13: Schematic representation of the standard gnomonic, stereographic and orthographic
projections of a point P located on the tip apex onto a planar surface.

curvature R, and the projection plane is tangent to the very end of the apex. The
gnomonic projection is simply a radial projection of the point P, the stereographic
projection is given by the linear projection of P from a distance 2R away from the

end of the apex, and the orthographic projection is a projection of P from infinity
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[12,76]. However, none of these projections perfectly coincides with the positions of
the crystal planes on a FIM image; this can be understood from the complexity of
the ion trajectories and their marked dependence on the exact tip apex, tip shank,
and tip-screen geometries [12,13]. It appears that the actual FIM projection of a
point on the tip apex surface lies somewhere between the orthographic and the stere-
ographic projections [13, 76]; some intermediate projections have thus been suggested
[76,77], but in reality, a FIM image cannot be accurately described by any particular
projection due to the intricacies of the image formation process [12,13]. However,
it has been shown that the stereographic projection provides the most reasonable
approximation to a FIM image for points which are located on the apex surface at a
radial angle below 45° [13, 76]; this projection is thus conventionally used for a quick
crystallographic identification of the planes on a FIM image [3,12,13].

To illustrate the usefulness of a stereographic projection in the analysis of a FIM
image, figure 4.14 shows a FIM image of a (110) oriented tungsten tip along with
a stereographic projection map for a (110) oriented bce crystal; both images come
from reference [3]. The interpretation of a stereographic map is as follows: each dot
indicates the relative position of a particular plane on a FIM image with respect
to adjacent planes and thus represents the center of a concentric set of rings; the
size of the dots refers to the relative size of the planes as they appear on the FIM
image. The size of a plane is related to its atomic step height; planes with the largest
interplanar spacings will be more prominent on a FIM image [3,12]. This is because
planes with a large atomic step height are necessarily closely packed planes with a
high work function; it will be explained in section 4.2.2 that since atoms belonging
to such planes have a lower evaporation field, they will then be preferentially field
evaporated when the tip is imaged with FIM, thus exposing larger facets on the tip
surface [3,13]. Note that in figure 4.14, the stereographic map represents a larger
area than that which is actually imaged on the FIM picture; some major planes have
then been identified on the FIM image to show which part of the map should be

considered for an adequate crystallographic identification of the remaining planes on
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Figure 4.14: FIM picture of a (110) oriented tungsten tip with its corresponding stereographic
projection map allowing the crystallographic identification of the imaged planes {from reference [3]).
Some planes are indicated on the FIM picture to illustrate the concordance with the map.

the FIM image. The easiest way to assign the Miller indices to the sets of rings is to
relate the symmetry elements in the FIM picture to those in the stereographic map
and to use the expected prominence of planes to resolve ambiguities [12]. Since the
stereographic map has been found to be less accurate for higher index planes, the
latter might be harder to correctly identify on the FIM image [12]; to index these
planes, other methods involving direct linear measurements on the FIM image can
be applied [12, 77].

Upon comparison between the FIM image displayed in figure 4.14 and our own
FIM images which were presented earlier in this chapter, one can readily see that our
FIM images are much more highly magnified due to the sharpness of our tips and
possibly to the geometry of our microscope. Therefore, only a small number of planes
are imaged on our pictures, which makes the recognition of symmetric patterns a
lot harder. However, higher index planes are not visible on our FIM images and a

so-called “reduced projection map” can thus be used to identify the imaged facets
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[21]. A reduced projection map is basically a small portion of the stereographic map
from which all the high index planes have been removed. As can be seen in figures
4.15 and 4.16, these reduced maps allow for a straightforward characterization of
the crystallographic structure of the tips. Figure 4.15 shows the reduced projection
map for a (110) oriented bee crystal [21], along with two fully indexed FIM pictures
of distinct polycrystalline tungsten tips; a direct correspondence between the FIM
pictures and the reduced projection map can be easily observed. It can also be
noticed that the expected prominence of planes indicated on the reduced projection

map is pretty well respected on these FIM images. Note that the crystallographic
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Figure 4.15: Reduced projection map for a {110} oriented bee crystal along with two fully indexed
FIM pictures of distinct polycrystalline tungsten tips. The left FIM image was acquired at 140 K,
at a BIV of 4.9 kV; the right image was also acquired at 140 K, but at a BIV of 5.9 kV; note that
in both cases, the apex has a (110) orientation.
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Figure 4.16: Reduced projection map for a (111) oriented bee crystal along with a fully indexed
FIM picture of a single crystal, (111) oriented tungsten tip. The FIM image was acquired at 140 K,
at a BIV of 5.9 kV. Three-fold symmetries can be clearly observed about the (111) pole.

identification of the planes in these FIM pictures confirms that the apex of these
polycrystalline tungsten tips is really (110) oriented. Figure 4.16 presents the reduced
projection map for a (111) oriented bec crystal [21], as well as a crystallographically
indexed FIM picture of a single crystal, (111) oriented tungsten tip. Again, the
concordance between the reduced map and the FIM image is evident. From this FIM
picture, one can see that the (111) pole has an obvious three-fold symmetry with
the {211} planes, and also with the {110} planes; this offers a nice parallel to the
three-fold symmetries observed in the SEM pictures of figure 4.12.

Estimating the Radius of the Tips

Knowing the crystallographic structure of the tip apex, it is now possible to calculate
in a straightforward manner the average local radius of curvature between the centers
of two neighbouring poles. Since the tip apex surface is not a perfectly spherical cap,
its local radius varies from point to point; computing the local radii corresponding to
different pairs of poles will thus reflect the regional variations in surface curvature.
This information is crucial in the characterization of our tips for molecular electronics
studies, since it allows the determination of the surface area of the tip which will be

in contact with the molecule.
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Figure 4.17: Hlustration of the “ring counting method” used to determine the local radius of curva-
ture r between two crystallographic poles of Miller indices [hkl] and [h'k'I'] separated by an angle
#. According to the simple geometrical considerations shown on this diagram, the local radius can
be found by counting on the FIM image the number of rings n of step height s which can be seen
between the centers of the two poles.

To calculate the local radius of curvature between two crystallographic poles, a
“ring counting method” is employed, which is illustrated in figure 4.17 [3,12,73]. As
can be seen from this diagram, a local radius of curvature r can be found between
the center of a reference pole of Miller indices [hkl] and the center of a neighbouring
pole of Miller indices [h'k'l'], assuming that the local surface between these two poles
is spherically shaped. If the two poles are separated by an angle § and if n rings of
atomic step height s can be counted on the FIM image between the centers of these

poles, then the following relationship holds true:
rcosd =r —ns (4.9)

Rearranging equation 4.9, the local radius of curvature r can be expressed as follows:

ns

= 4.10
1 — cost ( )

T

In order to calculate r from equation 4.10, the values of cosf and s must first be

determined. For the cubic lattice, the angle § between two crystallographic poles is
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simply obtained from the definition of the scalar product of the two vectors [hkl] and
[h'k'l'], and is thus given by [3]
hh' + kK + 1

cos = W2+ K2+ B 2R+ k2 + (212 (4.11)

For a cubic crystal of lattice constant a (Gungsten = 3.16 A [50]), the step height s
shown in figure 4.17, which represents the interplanar spacing for the reference pole

[hkl], is equal to
a

TSR 1 k24 )12
Note that in the case of a bce lattice such as tungsten, § = 1 when h+ £k + 1 is an

(4.12)

even number and § = 2 when h+ &+ is an odd number [3,13, 73]. Once r and 6 are
known, the local magnification M, corresponding to this region of the apex can
also be calculated using equation 4.6; to this end, the distance L between the centers
of the two poles needs to be directly measured on the FIM image and the angle 8 has
to be expressed in radians.

Tables 4.1, 4.2 and 4.3 summarize the results of the ring counting method when
applied to the three FIM images presented in figures 4.15 and 4.16. Each table shows
the analysis for a particular FIM image and displays the local radius of curvature r
for several pairs of crystallographic planes separated by an angle 6. According to the
previous discussion, [hkl] corresponds to the reference plane with respect to which the
n rings are counted and the step height s is calculated. For the sake of completeness,
the local magnification M, of the apex region characterized by a local radius r has
also been included in these tables. Note that the length L used to compute Mjca
was measured on the FIM images as they appear in this thesis; since, in order to
facilitate their analysis, these images have been enlarged compared to the actual size
of the screen, the local magnification stated in these tables is slightly larger than that

which is achieved by the microscope alone.
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[REI | [WET] | cosf s n T L Miocat
110 | 111 |0.816 223 A |6|7.3nm | 2.5cm | 5.6 x 10
110 | 121 |0.866 | 2.23A | 5|83 nm |22cm | 5.1 x 10°
110 | 211 |0.866|223A|5|83nm|22cm |51 x10°

Table 4.1: Results of the ring counting method as applied to the FIM image of the polycrystalline
tungsten tip presented in the bottom left of figure 4.15, along with the calculated local magnification.

[REl] | [WE] | cosf 5

110 | 111 |0.816 | 2.23 A
110 | 121 |0.866 |2.23 A
110 | 211 |0.866 | 2.23 A
110 | 121 |0.866 | 223 A
110 | 131 |0.853 223 A

T L M local

85nm | 2.7cm | 5.2 x 10°
100 nm | 2.4 cm | 4.6 x 10°
83nm | 22cm |5.1x10°
83nm | 22cm | 5.1 x10°
10.6 nm | 2.7 cm | 4.6 x 10°

~ Ot |t Oy =T 3

Table 4.2: Results of the ring counting method as applied to the FIM image of the polycrystalline
tungsten tip presented in the bottom right of figure 4.15, along with the calculated local magnifica-
tion.

[hED) | [WET] | cosB s

011 | 111 |0.816|2.23 A
112 | 111 [0.943 129 A
121 | 111 |0.943|1.29 A
011 | 112 ]0.866 | 2.23 A

r L M, local

6.1 nm | 2.3 cm | 6.1 x 108
45nm | 1.4 cm | 9.2 x 10°
6.8nm | 1.3 cm | 5.6 x 10¢
8.3nm | 2.0 cm | 4.6 x 108

crlie i oty 3

Table 4.3: Results of the ring counting method as applied to the FIM image of the single crystal,
(111) oriented tungsten tip presented in figure 4.16, along with the calculated local magnification.
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As expected, it can be observed from tables 4.1, 4.2 and 4.3 that the local radius of
curvature differs substantially from one crystallographic region of the apex to another;
this is particularly striking for the (111) oriented tip analyzed in table 4.3, where the
curvature varies by up to a factor of almost 2. Such large variations in the local radius
of curvature are commonly encountered in the FIM literature and are mostly due to
the crystallographic anisotropy in the work function and in the step height [12,13].
This confirms that the overall shape of the apex is not hemispherical and that the
apex surface cannot be described by a simple analytical function [13]. It should be
mentioned however that there is some uncertainty in the number of rings that should
be counted on a FIM image; it is sometimes difficult to decide which outer ring of the
[hkl] plane coincides with the center of the [h'k'l'] plane. We estimate the error on n
to be of the order of one ring, which leads to an uncertainty of up to approximately
one nanometer on the calculated local radius r.

The ring counting method is a quick and straightforward way to obtain an estimate
of the local radii of curvature across the apex surface, provided that the FIM image is
clear and that the rings can be easily distinguished. The major drawback is that the
method cannot be applied to very sharp tips due to the extremely high magnification
of the apex; in such cases, only a very small number of rings belonging to the central
pole are imaged and most neighbouring planes are invisible. An example of a FIM
picture of a polycrystalline tungsten tip for which the ring counting method cannot
be used is given in figure 4.18. As can be seen on this picture, only a few atoms are
imaged. The apex terminates in a single atom, and the ring below this atom most
likely belongs to the (110) plane. However, since most neighbouring planes are missing
and thus symmetric elements cannot be recognized, it is impossible to correctly index
this image. It follows that the radius cannot be computed from equation 4.10.

As a side comment concerning the tip geometry, it is interesting to note that FIM
imaging can also provide a way to compute, using equation 4.8, the kR value of
the tip; it is then possible to compare this kR value to the one extracted from field

emission measurements. For example, the tip shown in figure 4.18 was imaged (at
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Figure 4.18: FIM picture of a polycrystalline tungsten tip which is so sharp that only a few atorms
are imaged; the ring counting method is thus impossible to apply for this tip apex. This FIM image
was acquired at room temperature, at a BIV of 2.4 kV.

room temperature) at a BIV of 2.4 kV; since the BIF for helium is 44 V/nm, equation
4.8 yields a kR value of 55 nm. The Fowler-Nordheim plot for this tip was presented
in figure 3.8 (this tip corresponds to “Tip 4” in the legend of the graph) and the kR
value obtained from the slope was 72 nm. These two kR values differ by about 25%
and the discrepancy is probably mostly caused by the quite arbitrary choice of the
BIV, which is particularly hard to determine at room temperature due to the lower
FIM image intensity and resolution. Even if we know from the variations in the local
radius of curvature that the tip apex does not have a perfect hemispherical surface
of radius R, it is still useful to make this approximation in order to calculate kR
from field emission and field ionization data and to get a quick estimate of the overall

sharpness of the tip.

Three-Dimensional Atom by Atom Reconstruction of the Tips

Although the calculation of the various local radii of curvature of a tip from a FIM
image provides some very useful insight into its apex geometry, there is no better way
to atomically characterize a tip than by reconstructing its apex atom by atom. A
careful interpretation of a FIM image can lead to a three-dimensional reconstruction of
the tip apex; however, since only a few atoms are present on a FIM picture and because

of the two-dimensional nature of the image, this task represents quite a challenge.



4: Field lon Microscopy: Study of the Tip at the Atomic Level 94

To reconstruct our tungsten tips from FIM images, we used a computer program
[78] which allows the user to edit a database of atomic positions in space; the avail-
able atomic sites are those of a bee crystal structure with the lattice parameters of
tungsten. The user can navigate through various crystallographic planes and through
successive layers of a particular plane in order to add or delete atoms; additions and
deletions are done by a simple click of the mouse on the selected atomic sites. The
progress of the reconstruction can be viewed at any time and from any plane chosen
by the user. Since only edge atoms are visible on the FIM image, it is usually easier
to start the reconstruction with the smaller planes for which the atoms can be clearly
distinguished and counted on the FIM image; once these planes are reconstructed, it
becomes possible to infer the size and position of the rings belonging to larger, more
open planes. The program outputs a file containing the spatial coordinates of the
apex atoms; this file can be fed to the freely available software POVRAY [79] which
then produces the three-dimensional rendering of the apex reconstruction.

An example of a three-dimensional, atom by atom reconstruction of a polycrys-
talline tungsten tip apex from a FIM image is given in figure 4.19. In this figure,
the FIM image of the apex, which was acquired at 140 K, at a BIV of 4.9 kV, is
presented along with three views of the reconstruction. Only the portion of the tip
which appears on the FIM picture has been reconstructed; no attempts have been
made to extrapolate the position of atoms located further away from the apex. On
the upper right corner, the top view shows a direct correspondence to the FIM image;
this strongly suggests that our reconstruction accurately represents the actual geom-
etry of the tip apex. Note that the different shades displayed on this reconstruction
reflect the brightness of each atom on the FIM image. Below the FIM image is a
side view of the tip, and next to the side view is the apex as seen from an angle.
It is interesting to point out that schematic drawings of STM tips often assume an
overly sharp, angular tip apex; from a comparison with our reconstruction, it can be

deduced that the usual cartoon-like representations of STM tips are not realistic [80].
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Figure 4.19: FIM image of a polycrystalline tungsten tip acquired at 140 K, at a BIV of 4.9 kV,
along with the corresponding three-dimensional, atom by atom reconstruction of the apex presented
from three different viewing angles.

From a three-dimensional reconstruction, it is possible to calculate the local radius
of curvature between two planes; the results can then be compared to those obtained
with the ring counting method. Calculating the local radius of curvature between two
planes from the reconstruction is done as follows: by inspection of the reconstruction,
the center point of the reference plane is determined and, using the computer program,
a normal to that plane passing through its center is dropped; the same is done for
the neighbouring plane and the point where these two normals intersect can then be
calculated. The radius is obtained by computing the distance between the intersection

point and the top of each plane. For example, applying this technique to the (110) and
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(111) planes of the reconstruction shown in figure 4.19, one finds that the distance
between the intersection point and the top of the (110) plane is 6.0 nm, and the
distance between the intersection point and the top of the (111) plane is 5.5 nm.
That these two values differ from one another indicates that the surface between
these two planes is not spherically shaped, and talking about a “radius” becomes
less relevant in this case. This points out a clear limitation of the ring counting
method, since the latter assumes that the surface between two neighbouring planes
can actually be described by an arc of a circle. Note that for the FIM image shown
in figure 4.19, the ring counting method yields a local radius of 7.3 nm between
the (110) and the (111) planes, which is larger than both values obtained from the
reconstruction. Another limitation of the ring counting method is that there is not
always a ring belonging to the reference plane which passes through the center of the
neighbouring plane; this is illustrated in the FIM image of figure 4.19, where it is not
clear whether 2 or 3 rings should be counted between the (112) and the (111) planes.
In this case, taking n = 2 gives r = 4.5 nm, whereas taking n = 3 yields r = 6.8 nm;
it is expected that the actual radius should be somewhere in the middle. It turns out
that the radius obtained from the reconstruction is 5.4 nm with respect to the (112)
plane, and 5.5 nm with respect to the (111) plane; these values both fall in between
the results obtained from the ring counting method for n = 2 and n = 3. Therefore,
analysis of the reconstruction allows the determination of a more refined radius value
than that which is found from the ring counting method.

From the previous discussion, we can conclude that the radius of curvature varies
continuously across the apex surface, even between two adjacent crystallographic
planes; departures from the spherical approximation will most likely become more
apparent for sharper tips. Therefore, the most accurate and reliable characterization
of the tip apex is obtained through a three-dimensional, atom by atom reconstruc-
tion; this method will prove very useful in our future molecular electronics experi-
ments since the exact atomic structure of the top electrode is believed to be a critical

parameter.
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As a closure to this section, two more reconstructions are shown in figure 4.20.
These reconstructions correspond to the polycrystalline tungsten tip which was pre-

sented in figure 4.19, but with slight changes in the atomic structure of its apex, as

can be observed from a comparison between the FIM pictures.

Figure 4.20: Two additional FIM pictures (140 K, 4.9 kV) of the polycrystalline tungsten tip pre-
sented in figure 4.19, along with their corresponding three-dimensional, atom by atom reconstruc-
tions from three different viewing angles. Note the changes in the atomic structure of the apex in
going from one FIM picture to the other.

4.2.2 Atomic Engineering of the Tips

Another useful application of the FIM regarding the preparation and characterization
of our tungsten tips is the possibility of engineering the atomic structure of the apex
through the physical process called field evaporation. If properly mastered, field
evaporation can lead to a controlled removal of individual tungsten atoms from the
tip; a stable apex terminating in very few atoms can then be achieved, which is a

highly desirable configuration for the top electrode of a two-terminal molecular device.
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Understanding Field Evaporation

Under the influence of a strong electric field, atoms bound to the tip surface may
escape into vacuum in the form of ions. If the emitted ions were lattice atoms,
the phenomenon is called field evaporation; if, on the other hand, these ions were
adsorbates on the tip, then the process is referred to as field desorption. There is,
however, no theoretical distinction between these two cases; field evaporation is often
thought of as a particular type of field desorption [3,12, 73].

Field evaporation is an extremely complex phenomenon and several theoretical
models have been suggested to describe it [2,3,13,72]; as an attempt to outline its

basic principles, a simple potential diagram is presented in figure 4.21.
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Figure 4.21: Potential energy diagram governing the physical process of field evaporation for an
atom bounded to the tip surface. When a high electric field F' is applied, the ionic state becomes
energetically favorable at distances above z, and field evaporation can thus occur.
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In this diagram, the atomic curve refers to the potential energy of a tip surface
atom, whereas the ionic curve represents the binding state of an n-fold charged pos-
itive ion on the tip surface. In the absence of an electric field, the ionic curve lies
above the atomic curve; in this case, the activation energy @), required by an atom

to emit out of the surface as an n™ ion is then given by
Qo = A+ 2,1, —ng (4.13)

where A is the heat of sublimation of a neutral atom, I, is the n** ionization energy of
the atom and ¢ is the work function of the tip. Equation 4.13 can be understood as
follows: for the neutral atom to be removed from the tip surface, an energy equal to
its binding energy must be supplied which is accounted for by the term A; then, some
energy is required to ionize the atom into an n™ ion and this energy corresponds to the
sum of the ionization potentials ¥, I,, for n electrons; finally, an energy n¢ is released
when the n electrons return to the metal [3,13]. Such ionic evaporation cannot occur
by vibrational excitation to an upper state since the atom would thermally desorb
before being ionized; therefore, the activation energy (), can only be provided by a
non-vibrational phenomenon such as photoexcitation [2].

When a high electric field F' is applied at the tip surface, the ionic curve is greatly
reduced by a potential —nFez, as can be observed in figure 4.21. Due to the field, the
atomic curve is also slightly shifted to a lower energy [2,3,12}; for simplicity, these
small polarization effects have been neglected on this diagram. At a critical distance
Z., the atomic curve and the ionic curve intersect and at distances greater than z.,
the ionic state is energetically favorable. Therefore, if an atom gathers enough energy
to reach a distance z., it may undergo an electronic transition into an ionic state and
accelerate into vacuum, away from the tip [3, 12, 13]; the atom is then said to be field
evaporated from the tip surface. The activation energy @, (F) required for the atom
to field evaporate is provided by thermal vibration of the lattice; field evaporation
is thus a thermally activated process. The value of Q,(F) is further reduced when
the field is increased since for higher fields, the ionic curve crosses the atomic curve

closer to the equilibrium distance of the surface atom. The field evaporation rate is
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then dependent on both the applied field and the tip temperature. Note that the
exact determination of the critical distance z. and the activation energy Q,(F) relies
on a detailed mathematical description of the complicated atomic and ionic potential
curves, which, to date, seems to be still lacking [3,12].

Mass spectrometry measurements revealed that the ions emitted from the tip by
field evaporation of surface atoms can have various charge states; it has been deter-
mined that, for tungsten, the triply charged state (WW3*) was the most abundant ionic
species [3]. It is believed that thermal activation of the atom yields the initial, singly
charged ion and that post-ionization to a higher charge state occurs by field ioniza-
tion [73]. The probability of such multiple ionization by field ionization is directly
related to the strength of the applied field since, as was illustrated in figure 4.4, the
magnitude of the electric field establishes the width of the tunneling barrier.

Because of field evaporation, care must be taken in the choice of the imaging gas
when planning a FIM experiment. If the BIF of the imaging gas happened to be
above the evaporation field of the tip atoms, then the lattice would dissolve before it
can even be imaged [73]. Since the average evaporation field of tungsten is 57 V/nm
[3] and, as was pointed out earlier, the BIF of helium is 44 V/nm, helium is obviously
an appropriate imaging gas for our tungsten tips. (Note that the evaporation field
depends to some extent on the work function; this is why the cited value is an average.)
Helium cannot be used to image metals such as iron (Feu = 35 V/nm), cobalt
(Fepap = 36 V/nm), nickel (Foyqp = 35 V/nm), copper (Feyep = 30 V/nm), silver
(Fepap = 256 V/nm) and gold (Feyep = 35 V/nm); for these materials, imaging gases
like argon and hydrogen, with a low BIV of 22 V/nm, would be a suitable alternative.

Consequences of Field Evaporation on the Tip Structure
Before demonstrating how controlled field evaporation steps can lead to the engineer-
ing of a particular tip apex configuration, it is worth briefly discussing the implications

of field evaporation on the tip cleanliness and shape.
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An interesting and useful side effect of field evaporation is the removal of contam-
inants from the tip apex surface (3,12, 13, 53]; note however that since contaminants
are adsorbed atoms, the process by which they leave the tip surface should rather be
called field desorption. It has been shown that oxide protrusions on tungsten tips have
a desorption field strength significantly lower than the BIF of most imaging gases (as
low as 9 V/nm for highly oxidized and loosely bound WO, [81]); this implies that
by the time our tungsten tips are observed at helium BIF, their apex is virtually free
of oxide contamination. FIM thus provides a very convenient way to perfect the tip
cleaning process started by the high temperature annealing treatment described in
chapter 2. One might think that due to the low surface curvature gradient of the tip
shank, the electric field at its surface may not reach a high enough value to induce
the desorption of contaminants [53] and that the latter might then migrate towards
the apex during FIM imaging; however, since a low tip temperature prevents con-
taminants from diffusing along the shank, the apex surface should stay clean during
a low temperature FIM imaging experiment [3].

Another consequence of the field evaporation process is the development of an
atomically smooth tip surface as the voltage is gradually raised towards the BIV.
Since the local electric field is enhanced above protrusions and sharp edges, the most
prominent surface atoms will field evaporate at a lower voltage than the atoms belong-
ing to smooth regions of the apex [12]; a uniform apex surface composed of various
well resolved crystallographic poles is thus exposed at BIV. Since the resulting apex
shape has a nearly hemispherical end-form, the image distortion is minimal [3] and
the surface can look as ordered as the bulk lattice [73]; only under such conditions
can a meaningful atomic characterization of the apex be performed. An example of
a smooth field evaporated end-form can be observed on our three-dimensional recon-
structions presented in figures 4.19 and 4.20.

The major drawback related to the smoothing of the tip shape by field evaporation
is the rather poor resolution of the STM images obtained with these tips. Atomic

resolution usually results from the presence of some sharp asperity at the apex surface,
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but as was explained above, such asperities must field evaporate in order for the
underlying atomic structure of the tip to be clearly revealed at BIV. From the atom by
atom reconstruction displayed in figure 4.19, one can count 14 atoms on the topmost
layer of the apex; an apex terminating in so many atoms can obviously not yield
atomic resolution when scanned over a surface. One can then conclude that while
FIM is a unique tip characterization tool, it induces substantial blunting of the tip
apex which compromises the ultimate resolution achieved by the STM. However, since
our tips will be used to locate single molecules on the substrate by STM imaging and
to perform conductivity measurements on the selected molecules, their apex must
be sharp to yield a high STM resolution and atomically characterized so that their
structure can be related to the observed I — V properties. To satisfy both of these
requirements, a smooth and stable field evaporated end-form should first be obtained
at BIV, followed by careful successive field evaporation of single atoms until a sharp

apex configuration is achieved; this technique will be explained and illustrated below.

Atomic Manipulation of the Tip Apex by Field Evaporation

Since the evaporation field of the tip material is higher than the BIF of the imaging
gas, field evaporation of a single atom from a stable and atomically smooth apex
surface is experimentally achieved as follows: while carefully observing the “live”
FIM image, one increases the tip voltage very slowly above the BIV until the onset of
field evaporation; once an apex atom “disappears” from the FIM image, the voltage
must then be quickly lowered back to its BIV value to prevent further field evaporation
of lattice atoms. These field evaporation steps are repeated until the desired apex
configuration is obtained.

We have successfully applied this technique to a (111) oriented tungsten tip; an
example of such atomic manipulation of the apex by controlled field evaporation is
presented in figure 4.22. As can be observed from these successive FIM images, the
field evaporation steps reduce the number of atoms on the topmost layer of the apex
from 5 to 3. The resulting (111) trimer is the sharpest apex we could obtain. We did

not manage to engineer an apex terminating in a single atom since the trimer field
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Figure 4.22: FIM images of a (111) oriented tungsten tip showing atomic engineering of its apex by
successive field evaporation of single atoms. The images were acquired at 140 K, at a BIV of 5.9 kV.
In between each picture, an atom was field evaporated by momentarily increasing the voltage to
6.2 kV.

Figure 4.23: FIM images showing another sequence of field evaporation steps for the tip presented
in figure 4.22; note that the order in which the apex atoms are field evaporated is different in this
case.

evaporated as a single unit; such simultaneous field evaporation of the three remaining
atoms on the apex had also been reported before [71]. If the trimer is accidentally
field evaporated, it is possible to resume the controlled field evaporation process on
the freshly exposed (111) layer in order to recover a sharp apex. This is illustrated
in figure 4.23, where another sequence of field evaporation steps for the same tip is
shown. This time however, the order in which the apex atoms are field evaporated is
different than that which is observed in figure 4.22. While engineering the apex, it is
somewhat possible to predict which atom will field evaporate next; since preferential
field evaporation happens for atoms above which the local field strength is highest

and for which the binding energy to the tip surface is lowest, the brightest edge atom
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is then the most likely to leave the surface during the subsequent field evaporation
step. However, since the process of field evaporation is statistical in nature, it is
very difficult to predict the exact order of the evaporation sequence for more than
a couple of steps. Note also that because field evaporation is thermally activated,
the field evaporation rate will depend notably on the vibrational amplitude of the
surface atoms; controlled removal of single atoms will thus be much easier at low
temperatures, due to the higher stability of the atomic structure above BIV. For tips
imaged at room temperature, we repeatedly observed that a slight increase of the
voltage above its BIV value would cause several atoms to field evaporate.

When planning a molecular electronics experiment, some thought should be given
to the choice of the crystallographic orientation of the top electrode, since the ease
with which it can be atomically engineered and the stability of the resulting apex
configuration depends on the work function of the apex plane and on its activation
energy for surface diffusion; the importance of these two parameters is examined
below.

Since planes with a higher work function have a slightly lower evaporation field
due to the details of their electronic structure and to the larger amount of energy
returned to the lattice upon reentering of the electrons in the tip surface [3,12,13], and
since these planes are closely packed and thus have a larger interplanar spacing which
enhances the field at their edges, atoms belonging to these planes will be preferentially
evaporated at lower voltages. This explains why the {110} planes, which have the
highest work function (@150 = 5.25 eV) for tungsten and a large step height s of
2.23 A, always develop into larger, more open facets on all our FIM images taken at
BIV. These planes are quite difficult to engineer in a controlled fashion, due to the
lower energy required to field evaporate the atoms. The onset of field evaporation
tends to happen at a voltage too close to BIV to allow field evaporation of single
atoms; if the voltage is slightly raised above BIV, an entire layer of (110) atoms
quickly field evaporates. It has been our experience that any apex configuration

obtained on a (110) plane is not stable for more than a couple of minutes at BIV.
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The (111) orientation, with a lower work function ¢1;; = 4.47 eV, a more loosely
packed structure and a smaller interplanar spacing (s = 0.91 A), is much easier to
engineer, as is illustrated in the FIM sequences shown in figures 4.22 and 4.23. Since
the gap between the BIV value and the field evaporation voltage is greater for the
(111) plane than it is for the (110) plane, the (111) trimer remains very stable at
BIV.

Another advantage of the (111) trimer is its high stability against surface diffusion;
the diffusion rate of single atoms on the (111) plane is basically negligible even at
room temperature [12,80], since the activation energy for single atom self-diffusion
is ~ 1.8 eV for the tungsten (111) plane [71]. Atoms on the (110) plane are much
more mobile and surface diffusion on this plane is quite rapid; the activation energy
for surface diffusion on the (110) plane is about ~ 0.9 eV [3]. In order to mini-
mize the movement of apex atoms while scanning over a surface or performing STM
spectroscopy measurements, a (111) trimer should thus be chosen over a (110) apex
configuration.

From the above discussion, we can conclude that a (111) oriented tungsten tip is
suitable for molecular electronics studies, since it can be quite easily engineered into a
sharp and stable apex terminating in 3 atoms. Since this atomic manipulation is done
under FIM imaging, a detailed atomic characterization of the resulting apex can be
performed. Moreover, a single atom tip could be obtained by vapour deposition of an
atom onto the (111) trimer; this technique has already been successfully developed by
Fink [71]. Due to the loosely packed structure of the trimer and the high activation
energy for surface diffusion on the (111) plane, the vapour deposited atom creates a
very stable protrusion [12]. This single-atom protrusion could be made of a different
metal than the underlying tungsten tip, and could even have a lower evaporation field
(bulk property) than the BIF of helium, as was experimentally demonstrated by the
imaging of gold atoms deposited on a (111) tungsten tip [21]. This would allow a
comparative study of the electrical properties of a two-terminal molecular device as

a function of the chemical nature of the top electrode’s apex atom.
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Conclusions

A multi-stage tip preparation and characterization technique was studied with the
aim of fabricating well defined tungsten electrodes which can be used for contacting
single molecules and probing their electrical properties. Using this technique, sharp
polycrystalline tungsten tips with apex radii of a few nanometers were reproducibly
obtained; furthermore, a single crystal, (111) oriented tungsten tip was engineered
into a stable apex configuration terminating in three atoms.

The various parameters influencing the success of the electrochemical etching of
tungsten wire in a KOH solution were investigated, and the following conclusions
can be drawn. In order to create a sharp tip using the drop-off method, the time
required to stop the electrochemical reaction after the lower part of the wire breaks
off must be as short as possible to avoid overetching of the tip; an automatic shutting
off system monitoring the etching current is thus necessary. A symmetric looking tip
with a small aspect ratio can be obtained if the meniscus surrounding the wire at
the air-liquid interface is symmetric and short; care should then be taken to avoid
disturbing the meniscus while the wire is etching. To this end, the etching station
should be isolated from external vibrations, a low DC voltage should be used to
limit gas bubble formation at the counter electrode, and the electrolyte concentration
should be chosen so that the etching reaction is fast but not violent. It was also found
that a pre-etching step improved the reliability of the overall etching process. Since
the most problematic issue we encountered concerned the migration of bubbles from
the counter electrode towards the meniscus, a possible improvement to our etching

setup would be to partially shield the tip from the counter electrode.
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Since various contaminants were present on the tip surface after the electrochemi-
cal etching, a thorough cleaning procedure was required. Rinsing the tip with distilled
water, acetone and ethanol, and drying it with compressed nitrogen gas helped re-
moving some of the contamination, but an oxide layer inevitably remained after this
treatment. For further cleaning of our tips, we introduced them into our UHV system,
where high temperature annealing of the tips was performed. Since we estimate the
annealing temperature to be around 1300 K, most of the oxide layer covering the tip
sublimated during this treatment. We found that the drawback of the annealing tech-
nique is the substantial blunting of the tips it can induce due to the surface diffusion
of tungsten atoms from the apex to the shank. To limit these effects, we chose a low
annealing temperature and a short annealing time (2 seconds); we preferred to perfect
the tip cleaning with the FIM rather then to take the risk of blunting our tips with
a longer annealing time at a higher temperature. A better control on the annealing
procedure could be achieved if the temperature was properly monitored; interesting
tip sharpening methods for which the tip temperature is a critical parameter, such as
annealing the tip in oxygen atmosphere and in presence of an electric field, could also
be successfully applied to our tips. We can suggest two techniques which would allow
such temperature control. The tip temperature could be obtained from a pyrometer
[57], which should be combined with a proper combination of lenses in order to focus
the measurement area directly on the tip, or it could be measured from the variations
in the resistance of the heating loop, taking into account the temperature gradient
along the tip [52, 56].

We examined the field emission behaviour of our etched and annealed tips in order
to gain some insight into the sharpness of their apex. We found that field emission
data can be used as a quick sharpness test to determine which tips are suitable
for FIM studies. A more detailed analysis of field emission characteristics through
the construction of Fowler-Nordheim plots lead to the extraction of a kR value for
each tip, which can be conveniently used to compare the sharpness of different tips.

However, a precise radius value R could not be obtained from such plots, since the
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k value strongly depends on the exact tip geometry, which is unknown when field
emission measurements are performed.

Sufficiently sharp tips were transferred to the STM/AFM/FIM chamber for fur-
ther preparation and characterization. From FIM images of our tips, a full atomic
characterization of their apex could be obtained. A radius of a few nanometers was
calculated using the ring counting method; however, this radius was found to differ
between various pairs of crystallographic planes, thus confirming that the apex surface
is not perfectly hemispherical. A three-dimensional, atom by atom reconstruction of
the apex was achieved using a computer program; such representation of the atomic
structure of the apex will prove very useful for our molecular electronics studies, since
it allows the calculation of the surface area in contact with the molecule. From the
value of this surface area and the force measurements obtained by the deflection of
the cantilever beam on which the molecule sits, the pressure exerted by the tip on
the molecule can be deduced; since force and current can be measured simultaneously
with our combined AFM/STM setup, the conductivity of the molecule as a function of
the applied pressure can thus be determined. Such electromechanical measurements
should make a significant impact in the field of molecular electronics.

Atomic manipulation of the apex was demonstrated using controlled field evapo-
ration of individual atoms. This powerful technique allows the engineering of our tips
into a desired atomic configuration; measurements of the conductivity of a molecule
as a function of the atomic arrangement of the top electrode’s apex will thus be pos-
sible. We determined that (111) oriented tungsten tips were easier to manipulate at
the atomic level than the (110) oriented tips. The trimer configuration of the (111)
tungsten tips seems particularly interesting for molecular electronics experiments due
to its sharpness and stability; it also offers a template on which a single atom of
a different material can be vapour deposited. Although it is encouraging that the
(111) trimer is stable under FIM imaging, it will be important to ascertain its stabil-
ity when it is exposed to experimental conditions such as being in electromechanical

contact with a molecule. Fortunately, FIM allows the structural integrity of the tips
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to be compared before and after a single molecule conductivity experiment has been
performed. In the future, tips of different crystallographic orientations will also be
investigated, as well as other tip materials.

The natural extension of this work will be to use these atomically defined tips as top
electrodes in single molecule conductivity experiments, and to compare the observed
electrical properties of the molecule to theoretical predictions. To this end, a close
collaboration with Dr. Hong Guo’s group at McGill University, which specializes in
electron transport theory in nanoscopic systems, has already been initiated. Their
expertise in modelling such_ systems, combined with our experimental results, will
enable us to reach a more complete understanding of the electronic properties of

molecules.
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