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One of the great challenges of scanning tunneling microscopy is the production of atomically sharp tips.
In this research, we have produced STM tips by electrochemical etching and subsequent field-directed
sputter sharpening. Tips produced using these techniques were characterized using transmission electron
microscopy. Here, we show that we have successfully produced atomically sharp tungsten tips with an apex
radius of up to 1.4 nm. Although we have been able to reproduce field-directed sputter sharpening of
tungsten tips, it remains unclear under which circumstances this method yields the best results. We suggest
further systematical research in order to optimize this promising STM tip production technique.
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I. INTRODUCTION

There exists a direct relationship between the quality and
geometric characteristics of tips used in scanning tunneling
microscopy (STM) and the quality of the images obtained
[1]. In order to obtain high quality images, the production
of excellent tips is thus quintessential. Many different
production methods for STM tips exist [2]. Although most
research groups use electrochemical etching, various other
procedures are also used to produce tips. A single best
production procedure yielding reliable and cheap tips of the
highest quality does not yet exist, although efforts are
undertaken to systematically study the optimal parameters
for batch production of electrochemically etched STM tips
[3]. The success rate seems to depend largely on the skills
of the operator, and the production of atomically sharp tips
has therefore been called to be more of an “art than a
science” [4]. Quite recently, a new method called field-
directed sputter sharpening has been published which
offers several advantages over electrochemical etching: the
process is self-limiting, suitable for batch production,
efficient and cheap and produces tips of higher quality than
previous methods [5,6]. In this research, we have sought to
devise a reliable procedure for atomically sharp STM tip
production and to reproduce the field-directed sputter
sharpening technique.

A. Electrochemical etching

The electrochemical etching (ECE) of STM tips is a process
in which a metal wire is partially dissolved in an electrolyte
solution such that a sharp tip is formed. ECE is currently the
most practical method for producing STM tips since it is able
to produce cheap, reliable STM-tips of reasonable quality
while the process is relatively easy and fast. Typical tip radii
produced by ECE range between 4-50 nm [3,7,8]. For

tungsten wires, both NaOH or KOH can be used for the
electrolyte solution and there does not seem to be a clear
preference in the literature for either substance or specific
concentration [2,4,7,9]. Typically, the tungsten wire will
have a diameter of around 0.3 mm, the applied voltage is
around 3V and the etching process takes around 10
minutes, although times as short as a minute and up to 50
minutes are reported [2,4,10]. The following chemical
reaction takes place during electrochemical etching:

6H,0 + 6e~ - 3H, (g) + 60H~
W (s)+80H » WOz~ + 4H,0 + 6e~
W (s) + 20H™ + 2H,0 —» WOz~ + 3H, (9)

cathode:
anode:

A tip is formed during the etching process because the
electrolytic solution’s surface tension will form a meniscus
around the tungsten wire emerged in it. The concentration
of OH™ ions is lower near the top of the meniscus than in
the solution overall. The etching process thus takes place at
a slower rate at the top of the meniscus. Where etching
takes place at a higher rate, tungsten anions are formed
that will flow downwards. This hinders the electrochemical
etching of the tungsten wire submerged below the
meniscus. Thus, a so-called ‘neck-in” will occur close to the
bottom of the meniscus. Eventually, the submerged part of
the tungsten wire will become too heavy and the ‘drop-off’
occurs. At the breaking point, the sharp tip is formed. The
formation and shape of the meniscus is thus crucial for
electrochemical etching. It was experimentally confirmed
that altering the meniscus shape, e.g. by lifting the wire
during the process, will also alter the shape of the tip [3].
Because of the crucial shape of the meniscus, the ECE set-
up should be kept free of external vibrations. The neck-in
and drop-off process are depicted in Figures 1 and 2.
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Tungsten wire

Figure 1. Schematic view of the neck-in process due to the tungsten
anion flow around the meniscus [3].
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Figure 2. The drop-off process as a result of the neck-in process and
the weight of submerged wire. The meniscus is formed in a); b) to e)
show the tungsten anion flow; f) the drop-off [4].

ECE is not self-limiting and continuing to apply a voltage
after the drop-off has occurred blunts the tip. Many papers
therefore describe a mechanism that automatically cuts of
the applied voltage within 500 ns after the drop-off has
occurred [9]. Alternatively, the lower part of the tungsten
wire also forms a tip at the drop-off, and the blunting
process does not affect this submerged STM-tip [7]. By
designing the production device in such a way that these
submerged tips are recollected undamaged, sharp tips can
also be produced [11-13].

Most papers describing ECE procedures use a tungsten
wire, which unfortunately suffers from oxidation (mostly
WOs) [14]. The storage of these tips after production is
therefore problematic since oxidation will take place if
stored under ambient conditions [7]. This does not only
affect the sharpness of the tip, but could destabilize the
tunneling current as well [2]. Typically, the oxidation layer
is around 2 nm in thickness [7,9].
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B. Field-directed sputter sharpening

Field-directed sputter sharpening (FDSS) can be applied
to electrochemically etched STM tips in order to further
sharpen them. The technique is similar in principle to
conventional sputter erosion (CSE), in which a metallic tip is
sharpened due to ion bombarding under an angle.
However, CSE is not able to produce the ultrasharp tips
desired for use in STM [5,15]. Field-directed sputter
sharpening bombards Argon ions onto a metallic STM tip,
but during the process a bias is applied to the tip. This
produces a spatially localized repulsive potential at the apex
of the tip (see Figure 3). The electric field gets localized
more strongly as the apex narrows, thus ions directed at the
sharpest part of the tip will undergo the most deflection [5].
This subsequently leads to an even further reduction of the
ion flux at the apex which produces a sharp apex due to
directed sputter sharpening.

In comparison to CSE, FDSS produces significantly sharper
tips [5,16]. In CSE, there is a competition between erosional
sharpening and blunting of the tip. By field-direction, FDSS
produces an equilibrium curvature of the tip that depends
on the ion flux. The deflection of ions also preserves the
structural integrity of the tip base which is of importance to
tip stability. Ultimately, a tip apex equilibrium is reached in
FDSS where ion sputtering continues without influencing
the apex.

Il. EXPERIMENTS, RESULTS AND
DISCUSSION

A. Tip production (ECE) and characterization

Tungsten tips are produced from a polycrystalline
tungsten wire (ChemPur; 0.25 mm diameter, 99.95+%). Tips
are produced using a simple electrochemical etching set-up
modelled after the design of [7] which does not require a
computer controlled power supply (see Figure 4). The wire
is attached to a ring stand and threaded to a 2.4 mm hole in
a stainless steel plate connected to a different ring stand.
The length of the wire under the plate is a little over 1 cm.
Underneath the stainless steel plate, a short plastic tube (<1
cm, small radius) is placed filled with paper flasks at the
bottom. This will collect the lower part of the wire after the
drop-off has occurred and its length and diameter should be
such that the collected tip will not touch the sides of the
tube once collected. The tungsten wire (anode) and
stainless steel plate (cathode) are now connected to the DC
power supply. A small droplet of 2M NaOH etching solution
is placed in the hole, and a 3V DC voltage is now applied.
After the drop-off has occurred, the power supply is
switched off manually. The tip is collected and rinsed in
distilled water and ethanol subsequently.

Electrochemically etched tips were then studied using an
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optical microscope attached to a computer to study their
macroscopic geometry. Since field-directed sputter
sharpening requires straight tips, clearly deformed (e.g.
bent) tips should be recognized a priori to improve FDSS
yield. Using a transmission electron microscope (TEM)
(Philips Tecnai 10; 100 kV), more detailed images of the tips
were collected. The chemical composition of the
electrochemically etched tips and possible
contaminations/oxidation layers were studied using Energy
Dispersive X-Ray (EDX) analysis integrated in a TEM system
(Phillips Tecnai 20F; 200 kV). We have used a spherical
approximation for final tip apexes and hence quantified tip
sharpness using the radius of curvature of the final tip apex.
If a well-defined oxidation layer was present, we defined
the tip radius at the sub-surface tungsten core apex.

B. Tip sharpening (FDSS)
After TEM characterization, electrochemically etched

Figure 3. Simulation of field-directed sputter etching around a
biased tip apex (greyscale represents strength of electric field, lines the
paths of individual ions, scale bar: 20 nm) [5]
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Figure 4. Sketch of electrochemical etching set-up (not to scale).
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tungsten tips were brought into a high-vacuum
antechamber (below 2-10~° mbar) of the STM (Scienta
Omicron Fermi SPM). Tips were placed in STM tip holders
that were put in a tip carrier. A custom-made holder for this
carrier was placed in the antechamber and connected to an
external power supply (Delta Electronics SM 400-AR-8). A
bias of 400 V (relative to ground) was applied to this holder
which was electrically isolated from the rest of the
chamber. An Omicron ISE 10 Sputter lon Source (variable
acceleration voltage, 2 cm beam diameter) was used for the
sputter sharpening and placed some 5 cm from the tip.
Sputtering was applied for approximately 60 minutes using
the standard focus/extractor profile of the sputter gun.
During sputtering, the Argon pressure was kept around
3.0+0,1-10"® mbar. After field-directed sputter
sharpening, tips could either be directly used in STM
experiments or removed from the vacuum system for TEM
characterization.

il N

Figure 5. Typical tip produced with ECE (7 nm radius) shown at two
different scales. TEM images (left) were taken approximately one hour
after etching, whereas TEM images (right) were taken four days later.

Growth of the (presumptive) oxidation layer (A) is clearly visible ,whereas
even more contamination is observed on the left-hand side (B).
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Figure 6. The sharpest tip produced in this research (1.4 nm radius) with an
oxidation layer of around 1-2 nm thickness surrounding the tip. Due to the
macroscopic shape of this tip (bent tip apex), it is not fit for FDSS.
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Table I. Tip radius before and after field-directed sputter sharpening.
Eion = ion energy; Vprobe = probe bias; Ereiative = ion energy — probe bias; Vreiative = probe bias/ion energy

Tip Radius before FDSS (nm) Radius after FDSS (nm) Difference Eion (V) Vorobe (V) Erelative (V) Vrelative
A 10 4 -6 1500 150 1350 0.1
B 5 104 +99 1500 150 1350 0.1
C 25 36 +11 1778 178 1600 0.1
D 12 N/A N/A 1222 122 1100 0.1
E 38 10 -28 1500 150 1350 0.1
F 18 13 -5 1500 150 1350 0.1

Table Il. Average radius and cone angle of STM tips after ECE.

Radius (nm) Cone angle (°)
Average 15.5 33.7
Minimum 14 12
Maximum 62 95
Standard 15.3 20.4
Deviation
Tip radius vs. etching time
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Figure 7. Tip radius (nm) vs. etching time (s) of electrochemically etched
tungsten tips. There does not seem to be a relationship between tip
etching time and tip radius.

C. Results and discussion

We have produced and characterized 23 electrochemically
etched tips. The important characteristics of these tips are
listed in Table Il and a typical tip is shown in Figure 5. Our
results are in close agreement with earlier studies, although
our best tip is considerably sharper than previous studies
(1.4 nm vs 4 nm, see Figure 6) [3,7]. This exceptional result
could not be surpassed by tips treated with FDSS, but we
were not able to routinely reproduce this result with ECE
either. The average tip radius achieved in this research is
good although the deviation around this average is still
relatively large and the procedure would thus need to be
improved before it is suitable for batch production. As can
be inferred from Figure 7, ECE typically lasted for 1-4
minutes or 11-16 minutes. There does not seem to be a
clear relationship between tip etching time and tip radius.

Figure 8. Tip A before (left) and after (right) FDSS. The tip radius was
reduced from 10 nm to 4 nm.

———
120 fifa

Figure 9. Tip C before (left, two scales) and after (right, two scales)
FDSS. Due to the bent tip apex, FDSS field lines were probably distorted
and tip radius was increased from 25 nm to 36 nm.

The chemical reaction involved in ECE behaved differently
from time to time. The gaseous bubble formation of the
hydrogen gas could take place more violently (shorter
reaction times) or calmly (longer reaction times). More
research into the underlying mechanisms dictating the
reaction rate of tungsten ECE is necessary to understand
this phenomenon better.

Tips produced using electrochemical etching were stored
under ambient conditions and hence suffered from
oxidation. Furthermore, despite rinsing in distilled water
and ethanol, other contaminations (e.g. from the etching
solution) could still be present. Oxidation and other
contaminations were present in virtually every tip studied
in this research. An oxidation layer is clearly visible in Figure
5 and 6 and Figure 8 shows other contaminations. EDX
analysis was performed in order to determine the chemical

4
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composition of these contaminations. The presumptive
oxidation layer visible in Figures 5 and 6 could not reliable
be resolved using EDX. The layer is very thin and thus hard
to resolve due to resolution limitations. Furthermore, the
tip can be idealized as a spherical cone. An oxidation layer
would also be present in the middle of the tungsten tip (top
view) since this merely represents the uppermost part of
the spherical cone in real space. Therefore the difference in
chemical composition between a spot at the center of the
tungsten tip and along the edges at the oxidation layer are
expected to be minimal, even if resolution limitations would
not play a role. Later tips that were stored in a vacuum
exsiccator (under nitrogen atmosphere) after ECE showed
considerably less oxidation.

The chemical composition of larger contaminations such
as those in Figure 8 could be resolved using EDX. The data
shows presence of carbon, oxygen, copper, iron,
aluminium, sodium, chloride, sulfur, calcium and tungsten.
The presence of carbon, oxygen and sodium is easily
explained, since contamination of hydrocarbons, etching
residuals and tungsten oxides is in accordance with the
literature [2,7,17]. Since the TEM sample holder is made out
of copper, the presence of copper in the spectrum was
expected. Why the tip was contaminated with iron,
aluminium, chloride, sulfur and calcium remains unclear.

Field-directed sputter sharpening was applied to 8 tips in
total, out of which 6 were TEM characterized (1 was lost; 1
was used immediately in STM imaging). As can be inferred
from Table I, FDSS resulted in tip sharpening in 3 out of 6
cases. Judging from TEM images, it is likely that tips B and D
were severely damaged before or after FDSS and as a result
of this no sharpening is visible on the TEM images. Tips were
manually processed and transported to the electron
microscope, thus damage resulting from this is not unlikely.
FDSS vyield is hence expected to be substantially higher if
tips are immediately used for STM imaging. Tip C was
slightly bent at the top, and it is therefore likely that FDSS
had a different effect on this tip than anticipated due to
distorted field lines. We conclude that we have been able to
successfully reproduce field-directed sputter sharpening of
tungsten STM tips. Comparisons between the tip before
FDSS (left) and after FDSS (right) are shown for tip A (Figure
8) and C (Figure 9).

Although our results show that we have been able to
reproduce FDSS, the effect was smaller than anticipated
upon the basis of earlier research [5,16]. We believe several
factors have influenced this. Firstly, the sputter pressure in
this research (3.0 + 0,1 - 10~% mbar) was considerably lower
than in previous research (7.3-107> mbar). Since our
equipment is too sensitive to be used at such pressures, we
had to use lower sputter pressures. However, since sputter
pressure together with ion energy dictate the ‘sputter rate’,
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Figure 10. EDX spectrum of a heavily contaminated tip (inset, tungsten tip
apex radius of 2 nm).

Figure 11. STM images (100x100 nm) of the surface of a Au (111) crystal
before (top image) and after (bottom image) FDSS. Herring bones are
clearly visible in the image obtained with a sputtered tip. Images were
collected with the Omicron Fermi STM using the following parameters:
V-gap = 0.1 V; |-setpoint = 1 nA; Loop gain = 3% (trace down). Images
were processed using Gwyddion; inter alia, linewise plane subtraction
was applied. Scale bar = 40 nm.
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this could partially explain the observed difference in
sharpening. Considerable longer sputter times may
compensate for the lower sputter pressure, but this still
needs to be experimentally confirmed. Secondly, we
believe that the electric field lines of our tips were not
nearly as well-defined as modelled in Figure 3 [5]. Tips
were placed in tip holders of the Omicron SPM Fermi
model STM that were placed in tip carriers during
sputtering. The tip did not protrude above the electrically
conductive tip carrier. The tip carrier is likely to have
influenced the electric field lines which are crucial for FDSS
to form a sharp tip. The distortion due to the tip carrier is
twofold; the Argon ions will be deflected differently
resulting in a different FDSS effect and the field lines
resulting from the tip carrier are likely to have decreased
the kinetic energy of the Argon ions as well. We
hypothesize that the combination of these two effects
have influenced our results and explain the observed
difference in sputter sharpening between our results and
earlier results. This could be further researched with a
different set-up, or by compensation for these effects
within the current set-up upon the basis of computer
modelling of the tip and tip carrier.

STM imaging was performed before and after FDSS
using the same tip (see Figure 11). A clear improvement is
visible, since in the image obtained with a FDSS-treated tip
the herring bones of the Au(111) surface are visible a
contrary to the image obtained with the tip before FDSS.
Although too many factors influence STM imaging to
conclude that this improvement is solely due to FDSS on
the basis of one test, we can conclude with certainty that
at least FDSS did not affect the STM imaging capability of
the tip negatively, and quite possibly affected it positively.

IIl. CONCLUSIONS

We have successfully reproduced field-directed sputter
sharpening of tungsten tips for use in scanning tunneling
microscopy. The tip apex radius was substantially reduced
in some of the cases where FDSS was applied. Our
electrochemical etching set-up also vyielded excellent
results. This combination of techniques offers great
potential for batch production of tips and subsequent
detailed STM imaging given the relative simplicity of the
methods employed, the cheap price of starting materials,
and the high quality of final products. However, more
research into the optimal FDSS parameters still needs to
be carried out. Due to different (tip holder) designs of STM
systems, it is likely that these parameters will differ per
laboratory. Since reliable tips are the limiting factor in
present-day STM imaging, this tip production technique
offers researchers in nanotechnology great potential to
improve STM imaging.
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SUPPLEMENTARY FIGURES

Optical microscope images of tungsten tips

Photographs of electrochemical etching set-up

Tip characterization

Photographs of field-directed sputtersharpening set-up (STM)
TEM images of sputtered tips
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Section 1 — Optical microscope images of tungsten tips

o -

Figure 1.1. Optical microscope image of typical tip Figure 1.2. Optical microscope image of typical tip

(bottom part) produced with electrochemical etching. (bottom part) produced with electrochemical etching
(zoom).

Figure 1.3. Optical microscope image of typical tip Figure 1.4. Optical microscope image of typical tip
(upper part) produced with electrochemical etching. (upper part) produced with electrochemical etching
(zoom).

Figure 1.5. Optical microscope image of tip (upper Figure 1.6. Optical microscope image of cut tungsten
part) less suitable for FDSS due to the macroscopic wire.
shape (bent apex).



Section 2 — Photographs of electrochemical etching set-up

Figure 2.1. Electrochemical etching set-up (right) and Figure 2.2. The two ring stands, stainless steel plate
optical microscope connected to computer (left). and power supply of the ECE set-up.

Figure 2.3. Gaseous bubble formation during the Figure 2.4. Detailed photograph of tungsten wire
etching. threaded through steel plate and flask for recollection
of dropped-off tips.

Section 3 — Tip characterization

D
Value: 338.14 °

Figure 3.1. Definition of tip radius and cone angle. Figure 3.2. Tip radius was defined at the sub-oxidation
layer level as depicted in this TEM image.



Section 4 — Photographs of field-directed sputter sharpening set-up (STM)

Figure 4.1. STM set-up in which the FDSS was Figure 4.2. Custom-made holder for the tip carrier
performed. during assembly.

Figure 4.3. Tip carrier with tip in tip holder during sputtering in Figure 4.4. Tip holder and tip holder carrier.
the ultra-high vacuum antechamber. Source: scientaomicron.com



Section 5— TEM images of sputtered tips
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Figure 5.1. TEM images of tip A before (left) and Figure 5.3. TEM images of tip C before (left) and

after (right) sputtering. Tip radius was decreased after (right) sputtering. Tip radius
from 10 to 4 nm. was increased from 25 to 36 nm.
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Figure 5.2. TEM images of tip B before (left) and Figure 5.4. TEM images of tip D before (left) and
after (right) sputtering. Tip radius was increased after (right) sputtering. Tip radius was clearly
from 5 nmto 104 nm. increased, although no radius could be calculated..
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Figure 5.5. TEM images of tip E before (left) and after
(right) sputtering. Tip radius was decreased from 38

to 10 nm.
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Figure 5.6. TEM images of tip F before (left) and after
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(right) sputtering. Tip radius was decreased from 18

to 13 nm.
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LITERATURE REVIEW: SCANNING TUNNELING MICROSCOPY AND THE PRODUCTION OF ATOMICALLY SHARP TIPS

INTRODUCTION

Scanning Tunneling Microscopy (STM) has quickly become one of the chief imaging techniques used for
studiesinto nanoscale materials afteritsinventioninthe early 1980s by Gerd Binnigand Heinrich Roher.
The technique allows forimaging and manipulation of singleatoms and can be applied to a large variety
of chemical compounds. Due to the invention of STM, a whole class of scanning probe microscopes now
exist. Examples are atomicforce microscopy, scanning thermal microscopy or ballistic-electron-emission
microscopy [1]. STM does not depend on optical techniques but rather scans the relief of the compound
using a sharp tip (needle). The production of these tipsis one of the great challenges of this microscopy
technique. Thereisadirectrelationship between the quality and characteristics of the tip and the
quality of the image obtained. In orderto produce high quality images, the production of excellent tips is
thus quintessential.

Different production methods for STM tips exist. Although most research groups use electrochemical
etching, various other procedures are also used to produce such tips. A single best procedure yielding
tips of the highest quality does not exist. The success rate still seems to depend largely on the skills of
the operator, and the production of atomically sharp tips has thus been called to be more of an “art
than a science” [2]. Recently, an alternative method called field-directed sputter sharpening has been
published. This alternative method offers several advantages over conventional electrochemical etching
and isthus of great interest toresearchers.

This literature review will first discuss scanning tunneling microscopy in general and the quantum theory
of STM. Tip characterization and production willthen be discussed, followed by more detailed treatment
of electrochemical etching production and field-directed sputter sharpening tip production. The
literature review will be concluded with a brief description of the research that will be conducted for
this bachelorthesis. The research will focus on reproducing the method of STMtip production byfield-
directed sputter sharpening, and more specifically to find the circumstances underwhich field-directed
sputtersharpeningyields tips of the highest quality.

SCANNING TUNNELING MICROSCOPY

The basic principle of scanning tunneling microscopy is comparableto reading braille. Asharptip scans
the surface of the compoundinthe x, y and z-direction using piezoelectricelements. It does so by
placingthe tipa few nanometers abovethe sample and applyingabias (voltage) to both the sample as
the tip. A so-called tunneling current can now exist that strongly depends on the distance between the
tip and the sample. Typically, abias between 1mV and 4V is applied tothe tipwhichresultsina
tunnelingcurrentbetween 0.1nA and 10 nA [3]. By sweeping overthe compound (rastering) and
monitoring this tunneling current, asurface image can be generated pixel by pixel. The tunneling current
isdue to quantumtunneling, which refersto the ability of particles to tunnel through a classically
forbidden barrier. More detailed information on quantumtunneling can be found inthe subsequent
section.
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Figure 1. Fundamental components of an STM [4]. ) ]
surface and the resulting tunneling current [5].

Figure 1 depicts the fundamental components of an STM and Figure 2 the working of the STM. The 3D
piezoelectricscanneris both usedto position the tip close tothe sample before the experimentas to
monitorthe tunneling current/tip position during the experiment (depending on the mode of
operation). Itis composed out of three mutually perpendicular piezoelectrictransducers ora
piezoelectrictube thatis able to move in three dimensions [4]. Such piezoelectric materials change
dimensionsinresponsetoan applied voltage. Depending on the polarity of the voltage, they either
contract or expand. The resulting small tunneling current fromthe tipis amplified and recorded. The
feedbackamplifieris subsequently used to adjust the tunneling current to match the presetvalue of the
currentin constant current mode. The coarse positioneris usedtoroughly position the sample and
piezo scanner close to each other after which further positioningis done with the piezoelectricscanner.
Lastly, the vibrationisolation is of crucial importance due to the precision with which the STM has to
function.

The great achievement of Binnig & Roher was thatthey were able to design aSTM that was sufficiently
protected againstvibrations to perform precise microscopy [6]. The principle of STMhad already been
conceived, but before Binnig & Roherno one had succeededin creatingthe device [7]. Intheirfirst
successful attempt, they protected the tunneling unit by installing the vacuum chamberon a heavy
stone bench, floating oninflated rubber tubes. Furthermore, the internal vibrations of the system were
filtered out by static magneticlevitation of the tunneling unit [6]. The STM also had to be operatedina
quietenvironment. The vacuum used was around the order of 10~ Torr, where other STMs operate
around 2 - 10710 Torr [8]. An STM is always subject to external vibrations transmitted by air or the
ground, and thus needs to be isolated from such vibrations. Machines, building and walking vibrations
are allinthe range between 1-100Hz and the vibration reduction should focus on this frequency range
primarily [1]. Typically, the vibrational noisesignal is about 10.000 times largerthan the signal to be
measured [9]. The STM is placed within avibration reduction system consisting of two stages suspended
fromspringsinvacuum, with Eddy currents due to permanent magnets acting asthe damping system.
This systemis usually placed upon avibrationisolation table to e nsure optimalvibration isolation.
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The strong dependence of tunneling current on distance was shown in Binnig & Roher’s publication
using Figure 3, whichindeed showsthatal A (1 - 10719 m) vertical displacement resultsin achange in
current of around an order of magnitude. The resolution of STMimaging can be approximated quite
easily[10,11]. Even for a large radius of the tip (1000 A) the resolution willbe rathersharp though not
atomic (50 A). Resolutions considerably below 100 A thus need tip radii of around 100 A or lower [11].
Under favorable conditions, aresolution under 2 A can be achieved [8].
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Figure 3. Tunneling resistance and current versus tungsten tip displacement, depicting the strong dependence of both the
tunneling resistance and current on vertical displacement. For curves D and E (measured in vacuum), a 1 A vertical
displacement results in a change in current of around an order of magnitude [6].

Two main modes of STM operation exist; constant current mode or constant height mode [1]. In the
constant current mode, the tipis vertically moved at each data point (x,y position) untila certain preset
currentvalue isreached. The voltage applied to the piezoelectricscanner needed forthis constant
tunnelingcurrentserves as a proxy variable forthe vertical position of the tip [3]. If the sensitivity of the
piezoelectricscanneris known, the topographicdatacan be acquired. The tip will then move to the next
data pointand move verticallyuntil the predetermined currentis reached. Inthe constant height mode,
the distance betweenthe tipand the sampleis fixed and the tunneling current for every x,y data pointis
stored. The constant height mode offers much quickerimagingandisthus of interest when the data-
collectiontime is limited, forexample in dynamic processes. Quick imagingalso reduces image
distortion due to effects such as piezoelectric hysteresis and thermal drifts®. The constant height
methodis harderto employ though, since the tunneling function needsto be calibrated. The constant

currentmode is more commonly employed due toits main advantage thatitis betterable toscan
surfaces that are not atomically flat.

1 The sensitivity of piezoelectric scanners scan very slightly throughout the epxeriment. This effect is called
hysteresis [9].
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Scanningtunneling microscopy offers several advantages over other microscopy techniques [1]. Itisable
to achieve atomicresolution and image individual atoms and molecules. Furthermore, itisable to
modify the surface by manipulating singleatoms. In a famous experiment, researchers were ableto
write the letters IBMusingindividual xenon atoms deposited on nickel [12]. STM is able to work with a
large variety of materialsin different mediums. It operates both under ultra-high vacuum (UHV) or
ambient conditions, at very low and high temperatures and samples can even be immersedinliquids.
Hardly any sample preparationis usually required for STM and the technique is non-destructive. Italso
allow forreal-time surface studies, and STM s thus particularly useful inimaging dynamic processes.
Lastly, itallowsforresearchersto study the unique surface of a compound, as opposed to studyingthe
average properties of bulk materials such asin X-ray crystallography. The main drawback of STMis that
it requiresthe samplesto be electrically conductive.

QUANTUM TUNNELING

As mentioned before, tunneling refers to the ability of electrons to ‘tunnel’ ortravel through a barrier
that would be classically forbidden. The effect originates from the wave-like nature of electrons. In
guantum mechanics, particles can be fully described in quantum mechanics using their wavefunction,
whichisa solution tothe Schrodinger Equation. A full introduction to quantum mechanics relevant to
physical chemistry cannot be given here, but can be found elsewhere [5].

Quantumtunneling can best be described by briefly considering the following example of a particle
penetrating arectangular potential energy barrier. If a particle with energy E travelling towards the
barrier, the particle will be reflected if Eis smaller than the potential energy barrier V. This can be
compared with a rollercoastercart not beingable totravel overa hill if the kineticenergy of the cart is
smallerthan the gravitational energy barrierimposed by the hill. In quantum mechanics, there is some
probability forthe particle to be found onthe otherside (see Figure 4). Instead of overcomingthe
barrier, the particle is said to have tunneled through the barrier. Tunnelingis described by the
probability thatanincident wave to the barrier will tunnel through the barrierinstead of beingreflected
(see Figure5).

The oscillating wavefunction of the incident particle is sinusoidal outside the barrier, butinside the
barrierthere are no oscillations and the wavefunction decays exponentially. Given that the functionis
non-zero atthe opposite side, an oscillating wavefunction will result again on the otherside of the
barrier. This effect only occurs when the functionis non-zero at the otherside of the barrierand thus
the barrier should be sufficiently thin fortunneling to occur.
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Figure 4. A wavefunction incident on a barrier will decay Figure 5. An incident wave on a barrier has a finite

exponentially within the barrier with the possibility of forming probability to tunnel through the barrier (transmitted
an oscillating wavefunction on the other side of the barrier [5]. wave) or to be reflected [5].

In STM, the conductingtip and sample represent the region outside of the barrier. The gap between the
tip and the sample isthe tunnelingbarrier. When the electron wavefunctions of the tip and the sample
overlap, the barrier will be penetrated and atunneling current will be created [4]. A physical explanation
can be given using density of states (DOS); the amount of electrons at a specificenergy level. STMuses a
bias to probe this local density of states (LDOS) of the sample. STM thus does not ‘feel’ the atoms
directly, butrathertheirelectron distribution. Depending on the polarity of the bias, electrons tunnel
from occupied tip states to unoccupied sample states orvice versa. Both the tunneling probability as the
tunneling currentare strongly depend on the tip-sample distance. The atom of the tip that is closest to
the sample will thus carry the majority of the tunneling current, hence the large distance dependence
which explains the high resolution STM can achieve. Normally, when the tip and sample are inthermal
equilibrium, the nettunneling current willbe zero since the tunneling flow from the tip to sample will be
equal tothe tunneling flow fromthe sample tothe tip. InSTM, a biasisappliedto generate atunneling
current. Tunnelingtheory relevantto STMwas developed most notably by Bardeen [13] and explicitly
appliedto STM by Tersoff & Hamann [14]. Two approachesto calculating the tunneling current will be
given here.

21 Zz
metal 1 vacuum metal 2

Figure 6. Metal-insulator-metal model with a bias applied to metal 2 with barrier height ¢ (z), Fermi levels Er; and Erz, work
functions &; and &2, and barrier width s = z, - z1 (here s=d) [8].
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Let us considertwo metal electrodes separated by aninsulator where abiasis applied to one electrode
at T=0K (see Figure 6). The electron states of both electrodes are filled up to their Fermi level, which
can be defined as the level of the highest occupied electronlevelat T =0 K. This metal-insulator-metal
model serves asa model fortunnelingin STM if the bias voltage is small and the distance d not too large
[1,8]. Inthis case, there will be anet flow of electrons from left to right because there are electron
statesavailable to which they can tunnel. Only electrons with an energy between the two Fermi energy
levels will contribute to the current. The probability fortunneling to occur in STM is given by:

P x e~2kd  where k = /2m(V — E)/h? (1)

and isindeedstrongly dependent on the tip-sampledistance d. The tunneling currentis in this case
defined by:

I=e[DEINE)AE) (2
Where D(E,) is the tunneling probability for a barrier of height ¢p (z) and n(E,) is the number of

incidentelectrons tothe barrierwithenergy E,. D(E,) is given by using the Wentzel-Kramers—Brillouin
approximation:

D(E,) = exp {%*" 17\ 2ml@@ + Ep)— EZ]dz} (3)

n(E,) can be calculated by using the Fermi-Diracdistribution:

n(E) = 2 [ [f (B — FEo+ eWdvedv, (49

In the case of STM, Eqg. 3 and 4 these can be incorporated into Eq. 2 and approximated as:

__e¢ —AJd _ —AJprevd] with 4 — 2VZm _ ~1/28-1
[ AT2hd2 [¢)€ \/_ (d) + eV)e ] with A n 1.025 eV A (5)

Thisdescribes the netflow of particles by subtracting the right-left flow from the left-right flow. The
equation canstill be simplified further by assumingthat eV < ¢, whichis the case in STM where the
applied voltage issmall. The formulathanreducesto:

[ = < &9 -afFa (g

8m2h2 d

Or moresimply I « (V/d)e‘Aﬁd. InSTM, typically the change of 1A in gap distance resultsinachange
inthe tunneling current of around an order of magnitude [15].
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An alternative approach to the tunneling current problemin STMwould be to use Bardeen’s formalism
which gives an approximate expression for the tunneling current:

1= 25 B~ FE, + e M| 5~ E) (7

h
where f (E) isthe Fermifunction, V the applied voltage, My, the tunneling matrix element between
states ¢, of the tipand ¢, of the sample and E, and E), respectivelythe energy of these statesin the

absence of tunneling[1,14]. The tunneling currentis thus given by a combination of the local density of
states of the tip and the sample. The essential problem here isto determine M,,,, the relative weight of

these two elements. Bardeen solves this problem by modelling the tip as locally spherical. For simplicity,
letus considerthe tip tobe a point probe with the tip wave functionslocalized, the matrix element M,

will be proportional the amplitude of ¢, ata position 7. Equation 7 than reduces to:
2 _
I x %Zvlfpv(ro)lzfs(Ev_ Er) (8)

Where the right-hand side of the equation represents the charge density from states atthe Fermi level
(local density of states, LDOS). The tunneling currentis thus proportional to the LDOS of the surface at
the positon of the tip. This means thatthe STM image represents the contour map of the constant
surface LDOS, whichisindeedthe case. Viaamore formal mathematical derivation of the matrix
element equation, Bardeen found that the tunneling matrix (M,,,) is given by the integrating the current

operatoroverthe surface of the barrierregion:

h? C * 17 X7, %
Muv = fds((pMV(pv - !PVVQDM) (9)

2m

TIP CHARACTERIZATION AND PERFORMANCE

Two factors characterize tip performance in STM: geometric characteristics and material characteristics.
Various metals can be used for STM tips. Tungsten (W), Platinum (Pt) or Platinum-Iridium (Ptlr) tips are
used commonlyin STM. Underambient conditions, Ptlrtips are usually preferred since such tips, a
contrary to tungstentips, are not easily oxidized. Oxidation and other contaminations have a
disadvantageous effect on the tip quality and thusimage quality. In vacuum, tungsten tips are usually
preferred since theseare generally cheaperand easierto produce [9]. The geometrical characteristics of
influenceare the aspectratio, radius of curvature, opening angle and shape of the tip (see Figure 7)
[16,17]. The aspectratio is defined as length to base width (L/W). Short tips are required for STM
imagingin orderto decrease mechanical vibrations that blurthe image [16]. The radius of curvature
should be as small as possible in orderto produce images with high resolution. The openingangl e is of
influencetothe tip broadening effect. The tip should be spherically symmetrical in orderto produce
well-defined electronicwave functions leading to an undistorted image. Lastly, the tip should also be
stable underhigh electricfields [9]. Ideally, the tipis only one atom wide at the apex (atomically sharp).
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Figure 7. Key parameters in an idealized spherical tip. Here W and L represent the width and length respectively, o the
opening angle and R: the radius of curvature of the tip [17].

The quality and characteristics of the tip have a direct effect onthe image quality obtained. ‘Tip
artefacts’ are commonly referred to as all tip-related obstacles that prevent us from retrieving animage
that perfectly represents the actual surface of the sample. Awhole class of tip artifacts exist, of which
some are related to the geometric characteristics of the tip and some are related to imperfections on
the surface of the tip. On the one hand, the inherent geometrical characteristics of the tip can lead to
images thatdo not perfectly represent the surface of the material being studied. These are oftenthe
result of the relative size of the tip compared to trenches and holes present at the surface. The tipis
oftennotable to fully penetrate holes (trench width reduction effect) norto accurately image small
protrusions (tip broadening effect). Examples of this are visible in Figure 8and 9.

—
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Figure 8. Trench width reduction effect [17]. Figure 9. Tip broadening effect [17].

On the otherhand, image artefacts due to non-ideal geometricshape of the tip can forexample lead to
‘ghosting’ of images by which the image becomes blurry (see Figure 10). These defects can be due to the
production process or develop while beingin use. ‘Doubletips’ can forexample disturb the tunneling
currentand lead to ghosted double tipimaging. Correcting for these factorsin the post-processing can
lead to improvedimages although it remains difficult to assess how well the imagerepresents the
surface [17].
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Figure 10. Scanning Electron Microscope (SEM) images of STM tips, with (a) an undamaged and clean tip, (b) a contaminated
tip and (c) a damaged tip. Corresponding STM images are shown, in which the effect of damage and contamination of tips is
clearly visible. The pictures are illustrative, since tip and image dimensions are not shown [17].

PRODUCTION OF ATOMICALLY SHARP TTIPS

Different methods exist that are used to produce STM tips of high quality. Oliva etal. list
electrochemical, mechanical, evaporation, cutting and breaking off techniques as methods that are
commonly used to produce such tips [16]. Additionally, methods to further sharpen tips after production
also exist, butthe effect of these techniques is often only determined empirically [9]. Forexample,
resistive heating, in which the tipis (flash) heated to above 800° C, can be used to remove oxide layers
and othercontaminations [9,18]. High electricfield treatments are also used to remove contaminations.
In this procedure, the bias voltage used fortunnelingis raised significantly forsome time [9].
Alternatively, by indenting the tipinto a soft metal, a new microtip can be formed that will serve as the
tunneling conductor. Conventional sputtersharpeningis also used as a post-etching procedure.
Combinations of these techniques are also used, forexample by Chaickaetal.
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Here, the electrochemical etching of STM tips will first be discussed extensively, followed by treatment
of (field-directed) sputtersharpening.

ELECTROCHEMICAL ETCHING

Electrochemical etching referstothe processin which ametal wire will partly dissolve in such away that
the remains of the wire will form a sharp tip. By dipping the metal wire into an electrolyte solution
containingan electrode and applyingavoltage, the process will dissolve the wire partly nearthe air-
solutioninterface until asharp tip will have beenformed. The voltage is applied in such away that the
wire (tip) isthe anode and the submerged electrode is the cathode in this electrochemical etching
process. Electrochemical etchingis currently the most practical method for producing STMtips because
itisable to produce cheap, reliable STM-tips of desired qualitywhile the process is relatively easy and
fast. Typical tip radii produced by conventional electrochemical etching range between 4-50nm [2,19].

Usinga micrometerscrew, avery thintungsten wire is partly submergedintoaNaOHor KOH electrolyte
solution. There does notseemto be a clear preference foreither NaOH or KOH in the literature, and
solutions of various molarity are used. For example, Guiseet al. used a2M KOH solution, Mulleret al. a
2 M NaOHsolution, Oliva et al. both NaOH and KOH of various concentrations and Luciera 7.5 M KOH
solution [16,19-21]. Both electrodes are connected to a control unit, which applies a DC bias voltage.
The wire isthen electrochemically etched untilthe ‘drop-off’ takes place and asharp tip is formed near
the solution-airinterface. The currentis closely monitored to be switched of when this drop-off has
occurred. The time period in between the drop-off and the switching off of the applied voltageis called
the cut-off time. Typically, the tungsten wire willhave adiameter of around 0.3 mm, the applied voltage
isaround 3V and the etching process takes around 10 minutes, although Lucierreports times as shortas
a couple of minutes and Olivaetal. etching times of up to 50 minutes [16,21].

The chemical reaction of the tungsten dissolution can be expressed as:
W (s) + 20H™ + 2H,0 - W02 + 3H, (9)

In otherwords, the tungsten wire is oxidized to form tungstate anions which are soluble in water, and
thusthe wire is partly dissolved. The question remains however, why asharp tipis formed during this
process.

Thetip isformed during the etching process because the electrolytic solution’s surface tension will form
a meniscus around the tungsten wire emergedinit. The concentration of OH ~ionsislower nearthe top
of the meniscusthaninthe solution overall. Thus, the etching process takes place ataslower rate at the
top of the meniscus. Where etchingtakes place ata higher rate, tungsten anions are formed that will
flow downwards. This hinders the electrochemical etching of the tungsten wire submerged below the
meniscus. Thus, aso-called ‘neck-in” willoccur close to the bottom of the meniscus. Eventually, the
submerged part of the tungsten wire will becometoo heavy and the drop-off occurs. At the breaking
point, the sharptip isformed. The formation and shape of the meniscusis thus crucial for
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electrochemical etching. It was experimentally confirmed that altering the meniscus shape, e.g. by lifting
the wire during the process, will also alterthe shape of the tip [2]. Because of the crucial shape of the
meniscus, the production process should be kept free of external vibrations. The neck-in and drop-off
processisdepictedinFigures11and12.
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Figure 12. The drop-off process as a result of the neck-in

Figure 11. Neck-in process due to the tungsten anion flow process and the weight of submerged wire. The meniscus is
around the meniscus [2]. formedin a), b) to e) show the tungsten anion flow and f) the

drop-off [21].

Afteretching, the tip hasto be cleaned. Researchers report different methodsin ordertodo so. Rinsing
with distilled water seems to be standard and most papers reportrinsing with methanol or ethanol
afterwards. Gentle drying with clean compressed nitrogen gasis reported by Lucier, Olivaetal. report
the use of an ultrasoniccleanercombined with distilled water [16,21]. Chaika et al. reportsthe report
the use of hot distilled water since ultrasonicrinsingin ethanol oracetone potentiallyleads to breaking
the tip apex [18].

One of the many things that makes electrochemical etching particularly challenging, is the fact that the
processis not self-limitingand continuing to apply the voltage afterthe drop-off has occurred, will
adversely affect the tip sharpness. Most papers describe amechanism thatautomatically cuts of the
applied voltage within 500 ms after the drop-off has occurred. Thisis possible because of asharp dropin
current after the drop-off, as depicted in Figure 13. However, Guise et al. found that turning the power
supply offisinitself notsufficientto create sharp tips [20]. The problemisthat even withoutanapplied
voltage, asmall natural work function bias existsin the electrolyticsolution and thus continues to etch
the tip. This process will adversely affect the sharpness of the tip and bluntit (see Figure 14). They found

that by applyingareverse bias, the electrochemical reaction could be frozen, prohibiting the natural bias
from furtherblunting the produced tip.
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Figure 13. Evolution of the current during electrochemical
etching. The end of fine etching depicts the drop-off moment
and activates the power supply switch-off [20].

Figure 14. Schematic depiction of post-etching blunting of
the STM tip as time evolves [20].

Anothermethodto preventbluntingisto connecta reservoir of deionized waterto the solution and
flush the electrolyticsolution with deionized waterimmediately when the drop-off has occurred.
Additionally, the lower part of the tungsten wire alsoforms atip at the drop-off, and the blunting
process does not affect this submerged STM-tip [19]. By designing the production device in such away
that these submerged tips are recollected undamaged, sharp tips can also be produced.

Most papers describing electrochemical etching procedures are using atungsten wire. The low chemical
reactivity of Ptlrwhich makesthemlessinertto oxidationthan tungsten does require the use of
dangerous chemicalsto successfully etch the tips [21]. Besides the oxidation problem preventing
tungstentips from being used underambient condition, the storage of these tips after productionis also
problematic: oxidation will take place if stored underambient conditions [19]. This does not only affect
the sharpness of the tip, but could destabilize the tunneling current as well [16]. Both Muller & Guise
reportan oxidation layeronthe tip of around 2nm thickness.

Most research papers covering electrochemical etching of tungsten tips have sought under which
characteristicparameters the best (sharpest) tips are produced. Olivaetal. report best results with KOH
as electrolyte and an applied voltage between 2-6V [16]. Furthermore, the sharpest tips resulted from
those where alarge part of the wire was submerged. This effectisdue tothe larger weight of the part
thatisdropped off. They did notfind a relation between the diameter of the wire used and the tip

sharpness, only between wire diameterandtip length. Because optimal tips must be short, the wire
used should not have a too small diameter.

Lucierreports that a short meniscus will resultinasmall aspect ratio of the tip [21]. When it comesto
the effect of the length of the wire submerged, the reportfindsitto be ambiguous and states that this
effectisstill uncertain. Anapplied voltage of around 3V (DC) was found to be optimal in this particular
research. Furthermore, the concentration of the electrolytesolutionis also of influence and since both a

too high as too low concentration are disadvantageous, a balance has to be found. This will most likely
differfromset-up toset-up [21].
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SPUTTER SHARPENING

An alternative tip production method was introduced by Schmuckeretal.in 2012, the so-called field-
directed sputtersharpening (FDSS) [22]. The principle behind this production technique is quite simple; a
tipis sharpened by shootingions atthe tip with considerablekineticenergy and sputter erosion takes
place at the surface of the tip (sputtersharpening). By applying avoltage to the tip, theions are
deflectedin such away by the tip that a very sharp tip will be formed (field directed). This new
technique is promising to researchers because of multiple reasons. Firstly, the processis self -limiting
and does notrequire oversight. Secondly, the technique is suitable for batch production. Thirdly, itis
efficientand cheap. Lastly, it produces tips of high(er) quality than previous methods.

Conventional sputtererosion (CSE) can also be used to sharpen metallic tips, but cannot produce the
sharp tips needed for STM [22]. In CSE, the sharpeningtakes place due to the angle of incident of the
ionsbombarded atthe tip. It can be used to remove contaminations from the surface of the tip [16]. Itis
comparable toion milling, in which anion beamis aimed at the tip under production while rotating said
tip [23]. Chaicka et al. used sputtersharpeningin combination with othertechniques to produce well -
defined nanoscale pyramidal tungsten tips. Tips were produced using electrochemical etchingin 2M
NaOH, without applyingreverse bias. Afterwards, the tips were further sharpened by electron beam
heating (flash heating) and ion sputtering. The ion sputtering was performed using a 600 eV argon ion
beam applied for 15-20 minutes. The sharpening procedure was carried outin the UHV chamberofa
scanningtunneling microscope underroom temperature without applying any bias to the tip.

Schmuckeretal. were able to produce tungsten tips with sharpertips than conventional methods by
using Field-Directed Sputter Sharpening, as can be inferred from Table 1. The field-directed sputter
sharpeningtakes placesin ahigh-vacuum chamber. Schmuckeretal. report a background pressure
below5 - 1078 Torr. The temperature of the tip was not controlled, and the tip was placed at 5-10 cm
fromthe focusing assembly of the ion gun (nominal beam diameter: 2mm). Further details on the exact
ionsused, ionenergyand bias applied can be foundin Table 1.

Table 1: Experimental field-directed sputter sharpening parameters and results of Schmucker et al. [22].

Tip material lon compound | lon energy | Bias Finalradius | Duration
Ptlr (90/10%) Neon 2.0 KeV 400V <1nm 195 min
Tungsten Argon 1.5 KeV 150V | 2-3nm 1hr
Tungsten + hafnium diboride Argon 1.2 KeV 200V | 4nm 60 min
coating
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In FDSS, a positive biasis applied tothe tip. This produces a spatially localized repulsive potential at the
apex of the tip (see Figure 15). The electricfield gets stronger as the apex narrows, thusions directed at
the sharpest part of the tip will undergo the most deflection [24]. This subsequently leadstoan even
furtherreduction of the ion flux at the apex which produces a sharp apex due to directed sputter
sharpening. The effective ionimpact energy is the difference between the tip bias and the accelerating
voltage of theion gun. Schmucker et al. have performed computersimulations of the ion sputtering
[22]. Their model shows adependence of the relativeion flux (flux reductionin the apex region) on the
ratio betweentip biastoion acceleratingvoltage (V,). This dependence follows asquare root relation
(see Figure 16).
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Figure 16. Relative ion flux in the apex region vs. V. (ratio tip

a biased tip apex for V.= 0.44. (greyscale represents strength
p apex for Vr (grey. p g bias/ion accelerating voltage). The dependence shows a root

of electric field, green lines the paths of individual ions, scale

square relation [22].
bar: 20 nm) [22]

In comparison to CSE, FDSS produces significantly sharpertips [25]. In CSE, there is a competition
between erosional sharpeningand blunting of the tip. By field -direction, FDSS produces an equilibrium
curvature of the tip that dependsontheionfluxandthuson V.. The deflection of ions also preserves the
structural integrity of the tip base whichis of importance to tip stability. Ultimately, atip apex
equilibriumisreachedin FDSS where ion sputtering continues without influencing the apex. Thisis the
reason that the processis self-limiting and thus does not require manual oversight. Becausethe process
of producing STM tips by FDSS it so simple and effective, itis of greatinterestto researchers working
with STM. Schmucker & Lyding have filed a patent on the technique and founded acompany aimed at
the production of STM tips using FDSS [26,27].
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RESEARCH TOPIC

This research will focus on reproducing the method of STM tip production by field-directed sputter
sharpening. Although Schmucker etal. were able to show that field-directed sputter sharpeningis able
to produce sharp tips consisting of different materials under varying conditions, they have not
researched systematically underwhich conditions the best tips are formed. This research willapply the
field-directed sputtersharpening method to readily available tungsten tips. Tips will be produced using
Argonions while systematically varying the tip bias and ion kineticenergy from sample to sample. By
doingso, the optimal circumstances can be sought fortungsten tip production using FDSS.

The tip quality will be assessed mainly on the basis of their geometric characteristics using electron
microscopy. STM images based on a tip treated with FDSS will also be compared to STM images based
on atip that has not beentreated with FDSS. This can be done using a standard STM sample, suchas a
silicon(111) 7x7 surface. If time allows, the same set of experiments while varying tip biasandion
kineticenergy can be done using a different tip material orion source.
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