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APPENDIX

B
Tip preparation and
characterisation

One of the key ingredients in STM/S is the tip. There exists a great wealth of liter-
ature on how to make good tips and each group doing STM/S measurements has
its own recipe, ranging from buying commercially available tips to intricate schemes
using etching techniques and in situ treatments. Since considerable time has been
spent during this Ph.D. research to find an optimum procedure to produce tips, this
appendix will review several techniques adopted. Basically two types of material
are used to make tips, tungsten (W) and an alloy of platinum and iridium (Pt/Ir).

B.1 Tungsten tips

B.1.1 Etched W tips

Tungsten is a very tough material which, with 3695 K, has the highest melting point
and the highest tensile strength of all pure metals [118]. Tips made from W are
therefore very stable over a wide temperature range and might even survive a tip
crash. Moreover, the material can be etched into very sharp tips using for instance a
harmless NaOH solution. The main drawback is that the material oxidizes rapidly,
which requires difficult ex- or in situ treatments to remove the oxide layer.

To etch a tungsten tip, a piece of tungsten wire is immersed into a NaOH solution
and connected to a voltage supply. A counter electrode is placed in the same solution
to enable a current to flow. Figure B.1 shows two ways to immerse the tip into the
solution. In Fig. B.1a, the tip is immersed into a beaker so the bottom of the wire is
fully in the solution. To prevent disturbance of the meniscus at the tip by bubbles
forming at the counter electrode, a glass ring is placed around the wire. Part of
the wire in the solution can furthermore be covered by a Teflon tube to prevent an
etching reaction taking place there, but this is not essential (see below). Figure B.1b
displays a slightly different technique: a platinum ring supports a sheet of NaOH
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B. TIP PREPARATION AND CHARACTERISATION

Figure B.1: Two types of etching methods: (a) the bottom part of the tip is completely im-
mersed in the etching solution, or (b) is immersed through a thin film of etching solution
suspended from a platinum ring.

solution into which the tungsten wire is stuck. This way, the etching process is very
local and requires little NaOH. Since the entire solution can be replaced easily in
this case, dust and other impurities in the solution are swiftly removed. A further
advantage of this method is the formation of a double meniscus, making the etching
process highly symmetric.

The voltage driven reaction used to etch tungsten in simplified form is [253]:
W(s) + 2OH− + 2H2O→WO2−

4 + 3H2(g), where (s) and (g) denote the solid and gas
phase of the materials, respectively. Due to the formation of a meniscus when the
tip wire is immersed in the etching solution, a concentration gradient of OH− from
the top of the meniscus to the bottom is created. Since the reaction product, WO2−

4 ,
drops downward after creation, a second gradient of OH− is created. The strongest
etching thus takes place at the bottom of the meniscus, where the tungsten wire is
formed into an hourglass shape. When the wire gets too thin it will break and two
sharp tips are produced. To prevent blunting of the formed tip, the etching reaction
should be stopped the moment the wire breaks. This can be done by monitoring the
etching current which has a dip when the wires break. An often adopted procedure
is to use the tip that drops into the solution instead of the one that is connected to
the voltage supply. This is especially useful when using the etching scheme depicted
in Fig. B.1b since the tip falls completely out of the etching solution. However, the
design of the tip holder used in this work prohibits this options, since the tip wire
has to be mounted in the holder before it can be etched.

The time it takes to etch a tip and its shape depend mainly on the concentration
of the NaOH solution and the applied voltage. In this study, tungsten wire with
a diameter of 0.3 mm, a typical concentrations of 2 mol/l, or 4 g NaOH in 50 mL
distilled water, and a DC voltage of 7-10 V has been used, resulting in sharp tips
after 10-15 minutes of etching. In general, a lower voltage tends to lead to a slower
etching and a tip with a longer taper length. Using an AC voltage instead of a DC
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Tungsten tips

voltage has been tried, but due to the formation of H2O bubbles at the tip this usually
resulted in microscopically irregular tips, increasing the chances on a double tip. See
Refs. [253–256] for more details on tip etching schemes.

B.1.2 Oxide removal techniques

The main drawback of using tungsten for STM tips is that a thick oxide layer (WO3)
forms on the surface of the material which prohibits a tunneling current to flow from
it. There are several recipes to remove this oxide layer, either just before insertion
into the vacuum chamber or in situ. One such ex situ treatment is to dip the tip in
the highly acidic HF [257]. As can be seen in Fig. B.2a and b, HF dipping effec-
tively removes all unwanted features from the tip apex. However, the acid is rather
dangerous and special protection should be used in the process of dipping the tips.
Moreover, there is a finite time between the HF dip and the actual insertion into the
vacuum chamber, enabling oxide to form again on the tip. Therefore, a more user
friendly in situ method seems more appropriate.

The simplest in situ treatment is to anneal the tip which is mostly done by electron
bombardment [258–261]. At approximately 1000 K the WO3 layer will react with
pure tungsten to form WO2 which will sublimate [262,263]. Due to the high melting
point of tungsten, the tip itself will not be affected. Raising the temperature too high
might make the tip blunt though.

A slightly different method to remove the oxide layer in situ, often in combination
with an annealing treatment, is by ion bombardment or self-sputtering [255,259,260,
264, 265]. The advantage of the latter is that this technique opens up the possibility
of field emission to estimate the sharpness of the tip even before having to place it
in the STM (see section B.2). For this reason, only self-sputtering, or electron beam
heating, was attempted.

As the name suggests, during electron beam heating a beam of electrons is di-
rected onto the tip. The easiest way to achieve this is by placing a filament through
which a current is applied in proximity to the tip and applying a high voltage differ-
ence between the filament and the tip. Depending on the sign of this high voltage,
either the tip is bombarded with electrons (positive voltage on the tip) or serves as
a source of an electron beam (negative voltage on the tip). To this end, a vacuum
manipulator was constructed which is pictured in Fig. B.3b. The installation of this
fork also required an adaptation to the arm in the load lock itself which is depicted in
Fig. B.3a. With the ’glowfork’ a tip can be picked up from the load lock arm and slid
underneath the filament (made from tungsten). High voltage between the filament
and tip can be applied and the filament itself can simultaneously be heated via a di-
rect current. Typically, the filament was made to glow white and a 1000 V difference
was applied between the tip and the filament for approximately one minute yielding
oxide free tips as can be seen from Fig. B.2d.
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B. TIP PREPARATION AND CHARACTERISATION

Figure B.2: Scanning Electron Microscope (SEM) images of tips before and after two different
oxide removal techniques. Panel (a) and (c) show tungsten tips just after etching. The result
of dipping the tip shown in panel (a) in HF is imaged in (b). Panel (d) shows the result of
(electron beam) heating the tip shown in panel (c) in vacuum. All contaminations are gone for
both techniques.

B.2 Field emission as a test of sharpness

Once the oxide layer of a tungsten tip has been removed using the technique de-
scribed in the previous section, the same setup (Fig. B.3b) can be used to estimate
the sharpness of the tip by field emission. Field emission from bulk metals was theo-
retically described by Fowler and Nordheim in 1928 [266] and refined the following
year [267]. They showed that the current density J flowing from a metal can be de-
scribed by the following equation:

J =
e3

2πh

√
µ

(Φ + µ)
√

Φ
E2exp[

8π
√
2m

3eh

Φ3/2

E
]. (B.1)

where e is the elementary charge, h Planck’s constant, Φ the work function of the
material, µ the chemical potential, m the mass of the electron and E the electric field.
For actual comparison with experimental values for the current density, correction
for Coulomb interaction between electrons should be taken into account [268], which
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Field emission as a test of sharpness

only introduces a field independent factor into the equation. From Equation (B.1), it

Figure B.3: Designs for load lock manipulators. (a) Main load lock manipulator, with place
for three samples and up to ten tips. (b) ’Glowfork’ where a tungsten tip can be heated by
a filament, bombarded by electrons and used as an electron emitter, all in UHV. Drawings
courtesy of R. Manuputy.

readily follows that the stronger the electric field, the higher the current density (and
thus a higher tunneling current).

In order make the link to field emission from a tip, the electric field at the tip
apex as a function of the applied voltage (V) has to be known. If the tip is assumed
to be a simple sphere, the field at the edge of the sphere and thus at the tip apex is
given by E = V/R, where R is the radius of the tip apex. To correct for the fact that
the tip is not a perfect sphere, but more like a sphere on a cone, a correction factor k
is introduced, E = V/kR. Immediately one sees that a smaller tip radius leads to a
larger electric field, which from Equation (B.1) means a larger current density. Using
the design of Fig. B.3b, upon applying a negative voltage to the tip, a current will
flow to the earthed filament. The voltage required to establish a certain tunneling
current is directly linked to the radius of the tip apex. In this work, tips which gave
a tunneling current of 10 nA at less than 800 V were considered sharp enough to be
used in the STM.

The implementation of the ’glowfork’ manipulator therefore enables the removal
of oxide from the freshly etched tungsten tips and can give an indication of the radius
of the tip apex. The tips that passed the field emission test were characterised on an
Au(788) sample (see section B.4) and resulted most of the time in sharp tips which
gave proper tunneling spectroscopy. Due to an adaptation to the design of the tool
that is used to place tips in the STM1 the time to replace a tip in the STM is less
than 15 minutes, making a more detailed knowledge of the tip apex less relevant.
Therefore, even more sophisticated techniques to estimate the tip sharpness than the
quick test described above have not been attempted. See Ref. [256] and references

1Originally the tip transfer tool was like that shown in Fig. B.3b, in which case the sample in the STM
underneath the tip had to be removed in order to get the tip far enough from the magnet holding it to be
taken out of the STM. A hook-like adaptation resolved this by no longer having to move the tip down,
but simply pull it out of the magnetic field.
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B. TIP PREPARATION AND CHARACTERISATION

therein for more details on more intricate sharpness tests and other treatments of
etched tungsten tip and their effect.

B.3 Platinum Iridium tips

B.3.1 Mechanically cut Pt/Ir tips

Although tungsten tips can be made very sharp using etching techniques, the for-
mation of an oxide layer on the tip poses considerable problems, and the process
becomes therefore rather time consuming. The toughness of a tungsten tip ensures
that it will not change easily over a wide temperature range. However, this can also
be considered a drawback, since a tip cannot be conditioned easily on an Au(788)
sample to meet the requirements (see section B.4). Therefore Pt/Ir (in a ratio of
80%/20%) is often used to make STM/S tips. Pt/Ir does not easily form an oxide
layer, so once the tip has been made, it can be used immediately without further
treatments. Since Pt/Ir is much softer than tungsten, it is much more easily condi-
tioned on an Au(788) sample. Au also tends to stick much better to Pt/Ir than to W,
making Pt/Ir a much more user friendly material. Lastly, due to the softness of Pt/Ir,
a simple wirecutter can be used to make a tip. If the cutting is combined by a pulling
motion, the tip more or less flows out into a sharp protrusion. Although such a cut
tip is rather blunt by eye compared to etched tungsten tips, a single microscopic pro-
trusion is sufficient for tunneling experiments. The only drawback of tips produced
this way is that there are likely to be several of such protrusions in close vicinity to
each other, i.e. double or triple tips, obscuring proper tunneling experiments. As
demonstrated in Ref. [269], a few seconds at 12 V AC in a solution of CaCl2·2H2O
(35 g), de-ionised water (200 ml), and acetone (10 ml) is sufficient to remove most of
these protrusions obtained by mechanically cutting Pt/Ir tips. However, the main
tip might be somewhat blunted after etching as well. Often, but unfortunately not
always, the multiple tips can also be reduced to a single tip on an Au(788) sample.

B.3.2 Etched Pt/Ir tips

A more foolproof method than cutting would be to etch the Pt/Ir like is done with
W tips. There are several techniques to etch a Pt/Ir wire, either using highly toxic
cyanides [270–272], or molten salt etchants [273], both of which are not attractive al-
ternatives to etching and cleaning W tips. However, there are several reports of suc-
cessful etching strategies using a rather harmless solution of CaCl2·2H2O [274–279]
using an AC current and a graphite ring as counter electrode. Although little time
has been spent etching Pt/Ir tips in this project, a few tips have been produced us-
ing a simple drop-off etching technique as has been described above for the etch-
ing of W tips. The thick black oxide layer which is a product of the etching can be
easily removed before the final drop-off using tweezers, leaving a relatively sharp
and clean tip which in principle can be used without further processing in the STM.
However, often upon drop-off a spark occurs between the two parts of the etched
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Characterisation and conditioning of tips on an Au(788) surface

wire, melting the tip apex into a metal droplet. In such cases, and in general for
blunt or already used tips, multiple step processes can still lead to a further sharp-
ening [274,276,278,279]. Fig. B.4 shows a typical etched Pt/Ir tip for two magnifica-
tions. As can be seen, the tips are much more cone-shaped than the W etched tips,
but have a much larger tip apex radius of curvature.

Figure B.4: Etched Pt/Ir tip at two different magnifications, indicated at the bottom of the
images.

The main advantage of etching Pt/Ir tips with respect to mechanically cutting
the tip is a reduced chance of having multiple protrusions, and the more symmetric
shape of the tip could be advantageous in terms of stability and handling in the STM.
However, etching is more time consuming, and if the AC current is not switched off
directly upon drop-off, the tip will become blunt. Furthermore, as in the case of
etched W tips, a thick oxide layer is formed as a result of the etching process and
will have to be removed.

Whether Pt/Ir tips are cut or etched, they are a good alternative to time-consuming
and oxidizing W tips. Which type of tip is used is mostly a user dependent choice:
Pt/Ir tips are easy to make, but are less stable once properly characterised on for
instance an Au(788) single crystal due to their softness; W tips are time consuming
to produce and difficult to adjust to meet demands in situ, but very stable once prop-
erly characterised. Throughout this work, both types of tip have been used giving
identical results.

B.4 Characterisation and conditioning of tips on an Au(788)
surface

Once a tip has been either etched or cut, inserted into the UHV system and, if re-
quired, treated to remove oxides, it has to be characterised on a known surface be-
fore an actual measurement is performed on an unknown material. For this purpose,
an Au(788) sample is used for two reasons. The first is that Au as a metal has a flat
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B. TIP PREPARATION AND CHARACTERISATION

density of states near the Fermi energy and is therefore ideally suited to test the den-
sity of states of the tip. As described in section 2.1.1, the actual tunneling current is
a convolution of the density of states of the tip and the sample. In order to discard
the contribution of the tip density of states, it should be constant in the energy range
used during measurements. Since Au has a constant density of states, I(V) spectra
between the tip and an Au(788) sample should be linear as a function of energy for
a tip to be suitable for further measurements.

The second reason to use an Au(788) sample to characterise the tips is that is has
steps at the surface of a regular height and with a fairly regular step width. There-
fore, the piezos (especially the z-piezo) can be calibrated on a regular basis. Figure
B.5 shows a schematic view of an Au(788) sample, two constant current images, a
very corrugated and a typical image, and a typical I(V) and dI/dV curve. Since
atomic resolution on Au(788) is not a regular occurrence due to delocalisation of the
electrons, see section 2.1.1, it was not deemed essential for a proper tip. If the step
edges are sharp, and the I(V) spectrum is linear as a function of applied voltage, the
tip is considered suitable for further studies.

Figure B.5: (a) Schematic representation of the unreconstructed Au(788) surface, after [22].
The atoms are close packed hexagonally ordered with an inter atomic distance of 2.88 Å (see
inset), leading to a step height of 2.35 Å. (b) STM topograph of exceptional atomic resolution
on Au(788). The atomic corrugation can clearly be seen from the line scan shown below the
image, which is taken along the line indicated in the image. (c) Typical constant current im-
age on the same Au(788) crystal as was used for (b), without atomic corrugation, but with
sharp step edges. (d) Tunneling I(V) spectrum (top) and its derivative (bottom) taken on (c)
displaying a simple Ohmic behaviour as is required for the tip density of states.

Often, either the topography is very sharp or the spectroscopy gives a linear re-
sponse, but not both. Several tricks can be used to get both to meet demands. One
frequently used procedure reported in literature is to purposely crash the tip into the
Au sample in order to coat the tip apex with Au atoms, see for instance Ref. [280] and
references therein. This method was not opted for, since there is a big chance the tip
gets damaged beyond ’repair’. Another reported technique is to apply a high volt-
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Characterisation and conditioning of tips on an Au(788) surface

age to the sample with a high current setpoint in order to create a large electric field
between the tip and the sample, which will also result in the coating of the tip apex
with Au atoms, see for example [133, 135, 153]. Since this field emission technique is
a non-contact way to coat the tip, it has been applied throughout this research. The
higher the voltage, the bigger the chance to coat the tip properly. The drawback is
that too high voltages could blunt the tip, for instance because a large piece of the tip
breaks off due to the electric force on it. In practice, voltages higher than 150 V were
rarely used and usually <50 V was enough to modify the tip apex to meet demands.
If the feedback loop is set rather high, it will start to resonate as a response to its
own response, which leads to the tip oscillating near the sample at a high frequency,
which often assisted the Au atoms in coating the tip in a relatively controlled way.

Of the tips inserted into the STM head after an initial selection with the optical
microscope, and for tungsten tips a second selection using the field emission results,
more than 70% of the tips were deemed suitable for further studies after characteri-
sation on the Au(788) sample.
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