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Abstract

In scanning probe energy loss spectroscopy (SPELS) an STM tip is used as a localised
source of field emitted electrons by applying a high voltage. Energy loss measurements
of the backscattered electrons provide spectroscopic information from the sample. The
energy resolution is ~ 0.3 eV. In principle, a raster scan provides a spatially resolved
image of these excitations. In this work, a new generation instrument is employed
and developed in which the electrons are captured by an electrostatic lens system
and focussed onto a multichannel detector using a 127° cylindrical-sector analyser.
Additionally, a compact retarding field analyser has been built, which can be placed
within 20 mm of the tip position. Both detectors have been positioned at an angle of
7° to the surface plane, as most of the backscattered electrons are expected to emerge
near the surface plane due to the high electric field between tip and sample. Ag and
Au nanostructures on graphite designed for the SPELS instrument covering a large
sample area have been prepared by electron beam lithography. The characteristics of the
instrument have been measured, with high spatial resolution (down to 25 nm) images
showing various contrast mechanisms. Spatially resolved silver surface plasmon maps

are presented.
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Chapter 1

Introduction and Background

1.0 Perspective

The study of surfaces has been a vibrant physical research field for several decades,
driven by the invention of superior analysis methods and by the importance of sur-
faces in various disciplines (e.g. chemistry and biology) and engineering fields (e.g.
electronics). The development of experimental techniques in surface physics led to the
first imaging of single atoms through the field ion microscope (FIM) and then scanning
tunnelling microscope (STM), as well as to the ability to characterise the chemical and

elemental composition of a surface [1-3].

The composition and structure of surfaces can have an important influence on the
chemical, electrical and optical properties of a surface. A brief introduction to these

tields is given in Section 1.1.

The ultimate purpose of the present research work is to develop a relatively new
analysis technique, scanning probe energy loss spectroscopy (SPELS), into a practical
method for nanoscale surface analysis. This technique combines the advantages of
two existing analysis methods, STM and electron energy loss spectroscopy (EELS), in
order to provide, with nanoscale spatial resolution, information about the chemical

composition of a sample surface through spectroscopic information. This technique

1
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has been a subject of investigation for twenty years, initially at Cambridge and then
at the Nanoscale Physics Research Laboratory at the University of Birmingham. The
current apparatus is Mark IV in the development of this program. The technique has
been proved suitable to distinguish different materials on a surface by their surface
plasmon energies, with a spatial resolution below 50 nm [4, 5], as well as to measure
local secondary electron spectra [6]. SPELS employs an STM tip, operated in the field
emission (FE) mode near the surface. The electrons reaching the sample are detected
as a current to run a feedback loop for a measurement in constant current mode.
Simultaneously, the backscattered electrons are detected by an electron energy analyser
to provide an electron energy loss spectrum. The intense electric field between tip and
sample acts rather like a focussing lens for the SPELS image, by suppressing most of the
backscattered electrons whilst only allowing electrons from a certain area to reach the
detector. The detector is positioned at a small angle to the surface as many electrons are
bent back into trajectories almost parallel to the surface [7]. The objectives of this study
were to perform spatially resolved plasmon images of nanostructures at enhanced signal
to noise ratios, to increase the resolution limits of the instrument and to conceive and
build reliable methods to support its operation. The SPELS idea is described in more
detail in Section 1.4 after the underlying STM technique and FE method are explained

in Sections 1.2 and 1.3.

A wide range of existing surface analysis techniques allow a thorough investigation
of the atomic and molecular structure of the interface. The analysis method should be
selected depending on the sample and the objective in mind. While some techniques
allow the characterisation of the chemical composition of the sample but have limited
spatial resolution, other techniques are able to provide topographic information with
atomic resolution but fail to identify the chemical nature of the features they image.

Chapter 1.5 provides a brief overview of common analysis techniques for elemental
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imaging and compares them to SPELS.

1.1 Surfaces on the Sub-100 nm Scale

This section provides a brief introduction about techniques producing sub-100 nm
structures at surfaces as well as applications of these structures to motivate the need for

analysis instruments working at this resolution, such as SPELS.

In the last few decades new methods of producing structures smaller than 100 nm have
been developed. For instance, the semiconductor chip industry pushed the barrier
for the half pitch of a DRAM cell down to 90 nm in 2004 and has reached 22 nm since
then [8]. The method with the highest precision to produce a nanostructure is the
manipulation of single atoms using a STM, although this is a time consuming approach
with a low throughput [9]. Size selected clusters on surfaces and self assembled layers
of molecules also allow sub-100 nm structures to be obtained [10, 11]. A challenge for
surface analysis techniques is to determine these structures, which are not necessarily
crystalline and also sensitive to damage caused by a probe tip or an intense beam [12,

13].

Another important example of sub-100 nm structures are fullerenes [14] and carbon
nanotubes (CNT) [15]. Both are allotropes of carbon and represent stable three di-
mensional structures in the sub nanometre regime. CNT are already used to improve

properties of products like resins or composite materials [16].
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1.2 Scanning Tunnelling Microscopy and Scanning

Tunnelling Spectroscopy

The first instrument to obtain an image with atomic resolution of a flat surface in real
space was the scanning tunnelling microscope (STM) invented by G. Binnig and H.
Rohrer in 1982 [2, 17, 18] . It utilises the quantum mechanical tunnelling effect, which
was first described in 1928 by Gamow [19] and at the same time independently by
Gurney and Condon [20, 21]. The SPELS technique utilises a STM and therefore benefits

from the precision of this instrument.

In this section STM and scanning tunnelling spectroscopy (STS) are described.

1.2.1 Scanning Tunnelling Microscopy

The STM uses a sharp tip to probe a conductive sample with atomic resolution by
applying a voltage and measuring the tunnel current between tip and sample. The
sample can be a metal or a semiconductor. Ideally the tip is never in direct contact with
the sample. Although in classical physics an electron cannot pass a potential barrier
which exceeds its own energy, like the gap between tip and sample, one consequence of
quantum mechanics is that an electron has a finite probability of passing the barrier. A

schematic of an STM configuration is shown in Figure 1.1.

The STM is often used in an ultra high vacuum (UHV) environment to reduce the

contamination of the sample, but it can also be used in air and even in water [22].

The physical background of this system was first described by Tersoff and Hamann [23]
in 1985 based on the work of Bardeen from 1961 [24]. A schematic of the one-dimensional

potential barrier is displayed in Figure 1.2. The wavefunction of a tunneling electron
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sample

piezoelectric
crystals

Vxyz

Electronics

|

Figure 1.1: Schematic of a STM configuration. The electronics controls the position of
the tip by adjusting the applied voltages Vx yz at the piezoelectric crystals.
The tip-sample distance is measured by the tunnel current Isty; between tip
and sample which is dependent on the applied bias Vsry.

vacuum

Figure 1.2: Energy diagram of the one-dimensional potential barrier of width d between
two metal surfaces. The tip is biased (Vsra) negative with respect to the
sample. The wavefunction for a tunnelling electron ¥, is displayed as the
thick black line. ®y;;, and Py, are the work functions of the tip and the
sample. Ef tj, and Ef g1 are the fermi energies of the tip and the sample.
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from the Fermi level of the tip in the vacuum is

Y (x) xe ¥ with kz,/z’ZZq) (1.1)

where k is the inverse decay length in the gap, m, is the mass of an electron, i = h/2m

is the reduced Planck constant and ® is the work function of the tip and sample
(Drip = Psampre = P) [25]. Assuming a small voltage (eV << P) and identical work

functions for the tip and sample the current I is proportional to

I o g2k, (1.2)

The STM current is proportional to the local density of states (LDOS) of the surface
and depends exponentially on the distance between tip and sample and therefore can

provide electronic and topographic information about the sample surface [23].

If the tip is biased negatively with regards to the sample then the measured current I
represents the probability of the electrons in the tip to tunnel to an empty state in the
sample whilst a positive bias at the tip measures the probability of the electrons of the

sample to tunnel to an empty state at the tip.

By scanning over an area of a sample with constant work function, the STM provides a
topographical image of the surface. This is done either in constant height mode where
the Z-position of the tip is held constant and the variations of the current represents the
topography, or in constant current mode where the Z-position of the tip is dynamically
adjusted to keep the current constant. The latter mode is more suitable for samples with

a rough surface to avoid collisions between tip and sample.

In order to work in constant current mode it is necessary to have a feedback loop for

the Z-position which reacts to changes in the tunneling current with respect to a target
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current Isp (set point current). The coefficients of the feedback loop have to be optimised
for each tip/sample configuration. The main settings for a STM measurement are these

coefficients, the set point for the STM current, the applied voltage and the scan speed.

Apart from the measurement settings, another important requirement for a successful
STM image is a suitable tip. Common materials for STM tips are tungsten or plat-
inum/iridium wires. While platinum/iridium tips can be produced by simply cutting
the wire, tungsten tips are produced by an electrochemical etching process, which is

described in Section 3.2.

Since the typical tip-sample separation d for a STM is in the range of 1 nm or less [23],
the instrument uses piezoelectric crystals to move the tip and an advanced vibration
damping system to prevent the tip from crashing into the sample. These techniques are

described in detail in Section 2.2.

Tersoff and Hamann also published an approach to determine the theoretically effective
lateral resolution of the STM [23]. They approximated the tip apex to a sphere of radius

R. This radius, together with the tip-sample separation d, leads to a resolution of
A-(R+4), (1.3)

where A = 2A and A (Angstrom) is the unit of 1-1071m.

For rough sample surfaces the geometry of tip and sample can limit the lateral resolution.
This is shown in Figure 1.3. If the size of the surface features is in the same range as
the tip apex diameter then the resulting image will be distorted by what is known as
tip dilation. In this case, steep flanks are smoothed. While small islands appear larger,
holes are smaller in the image and the depth of narrow holes could be underestimated

as shown in Figure 1.3 b).

To reduce this geometrical source of distortion, it is preferable to have a sharp tip with

7
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a)
tip
sample

b)

STM profile

Figure 1.3: Schematic illustration of the distortion effect due to the tip geometry. The
movement of the tip over the sample is displayed in (a) while (b) shows the
expected STM profile (illustration takes only geometry into account). Note
that islands appear wider while the width of a trench or a pit is underesti-
mated.

a high aspect ratio. However, a narrow tip is also less rigid and therefore less stable
during the scan. The optimal tip shape is a trade-off between resolution and stability
and depends on the sample roughness and the quality of the damping system of the
STM.

1.2.2 Scanning Tunnelling Spectroscopy

The STM enables the acquisition of spectroscopic information by changing the voltage

applied between tip and sample. This method, known as scanning tunnelling spec-
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troscopy (STS), measures the probability of the electrons to tunnel through the gap
between the tip and the sample. This probability is dependent on the energy of one
electrode (tip) with respect to the other (sample). It can be adjusted by changing the
applied voltage, and the number of occupied energy states in the tip and the sample.
Therefore, the current is dependent on the LDOS of the surface and the density of
states (DOS) of the tip [23].

The electrons tunnel from the negative to the positive biased part of the junction. At
the negative electrode, the occupied electron states with the highest energy, which
are at the Fermi level, have the highest influence on the tunnel current because these
electrons have the highest probability to tunnel through the gap. To help remove the
influence of the DOS of the tip, the applied voltage should be negative at the tip. Then
the current variations, while changing the applied bias, are mainly influenced by the
unoccupied states at the sample [23, 26]. If the DOS of the tip is known then it is possible
to measure the LDOS of the sample. The DOS of a tungsten tip can be manipulated to
be comparable to the DOS of a free electron gas by the method described in [27]. There
the tip apex is first melted by a FE current of a few microampere until it recrystallizes to

a blunt tip.

For the STS measurement the applied voltage is varied while the current is recorded and
the height of the tip is held constant. The voltage is limited by the work function of the
positive biased part of the barrier gap. If the energy of the electrons at the Fermi level
of the negative biased part exceeds the work function of the positive biased part, field
emission appears. Field emission is described in the next section. The resolution for the
measurement of the LDOS decreases with higher temperatures T as the Fermi function
changes from a step function to a distribution of width 2kgT with the Boltzmann

constant kg.
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1.3 Field Emission

Field emission (FE) describes the escape of electrons from a surface by tunneling through
the potential barrier of the surface under the presence of an electrostatic field into
vacuum. The strength of the field F is in the order of 0.3-0.7 V/ A [28]. The field reduces
the barrier width and therefore increases the probability of an electron to tunnel through
the barrier. The emitted electrons are accelerated by the field after they have escaped

from the metal.

The form of the potential barrier in one dimension can be approximated by the potential
of a constant electric field —eFx and by the Coulomb interaction of an electron outside

of the metal with the metal surface —e?/ (47tepx) by

V(x)=— — —eFx, (1.4)

where €y is the vacuum permittivity and e is the electronic charge. The maximum of the

barrier is

2 1
Viar = ————————at  x= ¢ (1.5)

VAmegVe3F 4rteyg F
The form of the barrier is displayed in Figure 1.4.

In 1928 Fowler and Nordheim introduced a theory of the field emitted current density
[29]. Their theory was based on a one dimensional approach by assuming a flat tunnel
junction. This approach was used by Young in 1959 while taking the total energy
distribution of the incident electrons into account [30]. He started by deriving formulae
for the number of incident electrons at the surface N(W, E) and for the probability of
these electrons to penetrate the potential wall D(W). N(W, E) dWdE is the number of
electrons arriving at the surface with an energy within E and E + dE and an energy

part normal to the surface which lies between W and W + dW per unit time. The total

10
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EE tip

vacuum

x=0

Figure 1.4: Schematic of the potential barrier at a metal surface under the presence of a
electric field F. For the V(x) plot an electric field of 0.5V /A is used.

energy distribution is

P(E)d(E) = /N(W,E)D(W) dWdE (1.6)
1%

and the field emitted current density j is then
j= e/P(E) d(E) = e/ / N(W, E)D(W) dWdE. (1.7)
E EW

The number of incident electrons can be written as

4rtm dWdE
- _ 1.
N(W,E)dWdE 7 oxp ((E — ) /ksT) 1 (1.8)
while the transmission coefficient for electrons with energies near W = —® is
W+o
D(W) = exp <—C-|— ;; > (1.9)

11
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with
_ 4/2m, @3 [ VeSF
"~ 3heF ( ) (1.10)
d= 1.11
2\/2me<I>t< & ) -
2 d
)=o) - 35 112
1
v(y) :E 14 4/1—y? (E(b)— (1— 1—y2) K(b)), (1.13)
2 21—y
= Ve (1.14)
/2
_ / /1 - b2sin? ¢ do, (1.15)
0
/2 d
K(b) = / 9 (1.16)

0 wl-bzsinng

where ¢(y) and v(y) are slowly varying functions [31]. Substituting in Equations (1.8)

and (1.9), Equation (1.7) can be written explicitly as

S F2 4xcd3 kst
| = exp | — o(VBF/®)| — 4 1.17
/ 87Thq)t2(\/ﬁ/<b) P [ F ( )] sin (n%) ( )

where @ is the work function, x = /2m,/ n* a constant, e the elementary charge and F
the field strength [30]. Equation (1.17) is only valid where kpT < d. If numerical values

are inserted in Equation (1.17), ® is expressed in eV and F in V/cm and j becomes

1.54 - 10 °F2
ot (3.79 10-4VEF/®

j=103

3
) exp (—6.83 : 107%0 (3.79 : 104\/f/c1>>> (1.18)

at room temperature [31]. Equation (1.18) is sufficient for tips made of chemically etched

12
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tungsten wires and the emission currents which are used in SPELS [32, 33].

By neglecting the slowly varying functions #(y) and v(y) and looking at the F-dependency

of j in Equation (1.18) it can easily be derived that
joc F2 et (1.19)

The field at a tip apex depends on the applied voltage V, the radius of the apex, and a

tield reduction factor k which takes the geometry of the tip into account such as

F = R (1.20)

By multiplying j with the effective emission area, 4, the result is the generated current
of the tip I = a - j. If the measured FE current, I, is plotted against the applied voltage

squared (V?) a straight line with intercept « and slope 8,
LN_ B
In (—) =a+ v (1.21)

is obtained. This plot is called the Fowler-Nordheim plot and can be used to gain a
rough approximation of the tip apex radius. By comparison of Equation (1.21) with

(1.18) and v set to 1 the slope B is
B=—683 107®kR. (1.22)

If the effective work function and the field reduction factor of the tip are known the tip

apex radius R can be calculated from Equation (1.22).

13
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1.4 Scanning Probe Energy Loss Spectroscopy

The scanning probe energy loss spectroscopy (SPELS) technique utilises an STM in
field emission mode above a sample and records electron energy loss spectra from
backscattered electrons. A schematic of the setup is shown in Figure 1.5. The applied
voltage which extracts the electrons minus the work function of the tip defines the

energy of the electrons which hit the sample. These electrons scatter inelastically in the

UHV chamber

electron detector

CR(E) Electronics
VEE
Z Vxyz
ti
. piezoelectric
X crystals
Irg

Figure 1.5: Schematic of the SPELS instrument as it is used in this thesis (not to scale),
showing the STM in field emission mode and electron detector. The dotted
lines illustrate electron trajectories. CR(E) is the measured count rate in
respect of the electron energy.

material and are detected after they leave the sample. The energy loss of an electron

corresponds to one or more excitations in the sample. The resulting spectrum is usually

14
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displayed as an energy loss spectrum with the peak of elastically scattered electrons on
the left and peaks of inelastically scattered electrons which lost energy to the sample on

the right (see Figure 1.6).

1.2,
Elastic Peak

Loss Peak 1
Loss Peak 2

0 1 1 1 1 )
-2 0 2 4 6 8

Electron Energy Loss (a.u.)

Figure 1.6: Example of an expected energy loss spectrum with the elastic peak at 0 and
excitation peaks at 2.6 and 6 (a.u.).

The backscattered electrons are influenced by the same field by bending their trajectories
back towards the sample. The majority of the electrons are absorbed by the sample
and form a current which depends on the tip-sample separation and can be used in a
feedback loop to adjust the Z-position of the tip, as it is performed in the tunnelling
regime for a constant current measurement. Here this current is referred to as FE-current
which is explained in the previous section. The area of the sample surface which is
exposed to the electron beam is in the same range as the tip-sample separation [4]. This
leads to a good spatial resolution for tip-sample separations in the nanometre regime.

Also the field improves the spatial resolution, as described below.

A brief overview about related work is given in the next subsection. After this the
previous work on SPELS in Birmingham is explained. A more detailed view of electron

scattering in the sample is given at the end of this section.
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1.4.1 Historical background

The first attempt to use field emitted electrons from a tip to measure surface proper-
ties of a sample was performed by Young in 1972 [34]. He called his instrument the
Topografiner and achieved a spatial resolution of 400 nm by measuring the secondary
electrons from the sample. It was the precursor to the STM. Young achieved a count
rate of 1 kHz by using an emitter voltage of 160 V. This work was improved by Fink in
1988 [35]. He obtained a spatial resolution of 3nm with an STM operating at 15V and

an FE-current of 0.1 nA.

The next step was to perform an energy-resolved measurement of the backscattered
electrons, which was done by Reihl and Gimzewski in 1987 [36]. Their instrument was
called the field emission scanning auger microscope (FESAM) and allowed them to
measure surface and bulk plasmons of a silicon surface at an initial electron energy of
574 eV and Auger electrons at 1050 eV. The tip-sample separation during the experiment
was 100 pm and above. In 1988 Allenspach and Bischof added a Mott detector to a STM
and used the tip in FE mode to measure magnetic domains on the sample [37]. Their
detector was set up at an angle of 25° to the surface. Tomitori et al. combined a field
emission microscope (FEM) and a FIM with a STM in FE mode and an electron energy
analyser which was set up at an angle of 20° to the surface [38, 39]. They studied the
influence of the tip-sample separation on the obtained spectra in the range of 0.1-3 mm
and found decreasing count rates for energy loss peaks for lower voltages and therefore
smaller tip-sample separations. They tried to reduce the effect of the field between tip
and sample by introducing a grounded molybdenum shield around the tip which led
to the disappearance of a broad peak at lower energies in their spectra. Recently Xu et
al. used a toroidal electron energy analyser with an azimuth angular range of 245° to
measure the energy of backscattered electrons field emitted from a tungsten tip which

is mounted onto Omicron micro piezo slides [40]. They achieved an image of energy
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loss spectra with a spatial resolution of 4.84-2.4 um.

1.4.2 Previous work at NPRL

The work presented here builds upon previous research conducted at the Nanoscale
Physics Research Laboratory (NPRL) at the University of Birmingham, which will be

summarised in this section.

In 2000 Eves et al. reported spectra from backscattered electrons from a silicon sample
for different angles between the detector and the sample [7]. They used a hemispherical
electron energy analyser. The spectra for detector angles of 0°, -0.8° and 1.4° are shown

in Figure 1.7. This experiment demonstrated that the highest count rate of backscattered

12.0 Si (111)-7x7
1 E o = 200 eV
_10.0-
e )
L ]
X 8.0
o d
& 6.0
€ 1
3 4.0k
8 .

1 I 1 -I I. 1 I Trri I LB LI I rrri I LI LI | L]
0 5 10 15 20 25
Energy Loss (eV)

Figure 1.7: Electron energy loss spectra obtained on a Si(111)-7x7 sample for different
angles between detector and sample. The incident electron energy was
200 eV and the FE-current was 20 nA (from [7]).

electrons can be obtained by a detector set up parallel to the surface of the sample.

In the same year Festy et al. discussed the influence of the surface topography on the

obtained SPELS images [41]. They reported a spatial resolution of 40 nm by collecting
17
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a) Backscattered electrons b) Topography
300 300 — 556 nm
200} 200}
100} 100t
: (ii)
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0 100 200 300 nm 0 100 200 300 nm

Figure 1.8: Backscattered electron image (a) and topography image (b) of a roughened
Si(111) sample. The detector is positioned at the left side of the image. The
applied voltage was 120V and the FE-current was 20 nA. Only the edges
facing the detector appear bright in the backscattered electron image (from

[41]).
backscattered electrons with one energy whilst the tip scanned over the sample. In
Figure 1.8 the topography and the backscattered electron image of a roughened Si(111)
surface are displayed. The highest count rate of backscattered electrons was detected at
the edges of islands facing the detector. The underlying mechanism is comparable to
SEM images and is shown in Figure 1.9. The difference to the contrast mechanism in
SEM is that the high electric field in SPELS suppresses most of the electrons on the edge
opposite to the detector as these electrons are suppressed by the field under the tip. If
the feature size on the sample is in the range of the tip-sample separation electrons can
be blocked by these features. This blocking effect is displayed in Figure 1.10 where the
lower part of an edge facing the detector does not produce a high count rate due to the

blocking of these electrons at the next high feature.

An analysis of the trajectories of the backscattered electrons was published by Palmer et

al. in 2002 [4]. The results are shown in Figure 1.11. The first important information from
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\
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Figure 1.9: Image contrast in the image for backscattered electrons for three different
surface features. The detector is assumed to be on the left. The features are a
surface edge facing the detector in (a), a series of small particles below the
resolution of the instrument in (b) and a big particle in (c) (from [41]).

a) Backscattered electrons b) Topography
300, - 300 __64nm
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Figure 1.10: Backscattered electron image (a) and topography image (b) of a roughened
Si(111) sample. The detector is positioned at the left side of the image. The
applied voltage was 120V and the FE-current was 20nA. The electrons
from the lower part of the left edge of island (v) are blocked by island (iv)
(from [41]).

this simulation is that the area illuminated by the electron beam is in the range of the tip-

sample separation, as mentioned before. In the calculations a tip-sample separation of
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Figure 1.11: Simulated electron trajectories of field emitted electrons from a tip with an
apex radius of 28nm, 100 nm above a surface and an applied voltage of
100V at 1.16 nA FE-current are shown in (a). The upper region of the tip is
assumed to be shielded as the long range field effects are neglected in this
simulation. In (b) the current density of incident electrons is displayed. (c)
shows the backscattered electrons which reach the detector during a angle-
integrated measurement. In (d) the measured distribution of electrons
reaching a detector at an angle of 85 =+ 0.5° is displayed (from [4]).
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100 nm leads to a electron beam distribution with a full width half maximum (FWHM)
of 54 nm. The second important fact is that most of the electrons which are backscattered
do not reach the detector. Only the electrons from a narrow annulus around the tip
position can escape and be detected. This selection process increases the resolution
achievable with SPELS. For an integrated electron measurement the FWHM of the
distribution of the detected electrons is 10 nm. If the measurement is taken at a fixed
angle of 85 £ 0.5° simulations demonstrate that the FWHM of the electron distribution
is only 1.3nm. In calculating this value it is assumed that the upper parts of the tip are

shielded as the influence of the long range electric field is neglected.

In 2004 Festy and Palmer demonstrated that an energy-resolved image of the backscat-
tered electrons with a spatial resolution of at least 50 nm is possible [5]. This image
was obtained by recording spectra on each point of a 10 x 10 grid on a 500 x 500 nm?
area with a retarding field analyser. The sample they used was a roughened silicon
sample. Yin et al. reported energy loss spectra obtained from graphite with SPELS [42].
They could identify plasmon and secondary-electron emission peaks. The secondary
electron emission peaks can be identified by changing the FE voltage and therefore
the energy of the incident electrons. A secondary electron has a fixed energy and
the corresponding peak in the energy loss spectra shifts as the FE voltage is changed.
Lawton et al. extended this work by performing SPELS measurements at tip-sample
distances from 50-3000 nm on graphite and gold samples [6]. They also reported the
influence of carbon contamination on the spectra taken from gold samples. Pulisciano et
al. published SPELS measurements of silver and gold samples where they could identify

the surface plasmon peaks and interband transition features [43].

The goal of the work performed by Song et al. was to reduce the influence of the tip on
the trajectories of the backscattered electrons [44, 45]. They produced a micro fabricated

silicon tip coated with a co-axial layer consisting of two layers of gold which were
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Figure 1.12: a) Schematic of the co-axial tip produced by Song for SPELS measurements.
b) The inner gold layer forms the tip apex and is electrically isolated from
the outer gold layer by a hafnium dioxide layer. c) The gold coated silicon
tip without shielding (from [45]).

electrically isolated by a hafnium dioxide layer as displayed in Figure 1.12 (taken from
[45]). With the co-axial tips the spectra of the backscattered electrons showed a higher
signal for secondary-electron emission peaks. The confinement of the field to the tip-

sample junction allowed low energy electrons and electrons which are emitted at a
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shallow angle (electrons originating from the M-point of the Brillouin zone of graphite)

to reach the detector.

1.4.3 Electron scattering

The following subsection provides the theoretical background of the electron scattering

mechanism present during a SPELS measurement.

The incident electrons can undergo elastic and inelastic scattering events in the sample
and at adsorbates on the sample surface. The amount of energy lost by an electron
to one or more inelastic scattering events can be found by comparing the measured
electron energy with the initial electron energy. This is done by recording an energy
loss spectra of the backscattered electrons which also includes the peak for the elastic

backscattered electrons.

The electrons scatter elastically at the ion cores of the sample. Therefore the cross section
for elastic scattering is dependent on the energy and the angle of the incident electrons
according to Bragg’s law. If d is the spacing between lattice planes and 6 the angle of the

incident electron beam, then the spectrum of the elastic scattered electrons has peaks at

W o, 1
E = <W7’l — VO) COSZQ (123)

with n € IN and Vj as the real part of the inner potential of the specimen [46]. The

position of the Bragg peaks provides structural information about the specimen such as

the spacing between lattice planes. The wave function ¥; of the scattered beam can be
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described as

o e 2\ - . [2mE - |2
TS(V)ZZ'BT\ exp z<k|+g|)r—z\/%—‘k|+g|’ -z (1.24)
I N »

A

where kqh = k] + &]| is the momentum of the scattered electrons. Part A is real when
\kﬂ + 8| 2 > 2mE /h?. Under this condition the electron wave is evanescent. By adjust-
ing the energy of the incident electrons the momentum of the scattered electrons can be
limited. Only about 0.5 % of the incident electrons in the energy range of 50-100 eV are

elastically backscattered [47].

The energy dependence of the mean free path of electrons in graphite, silver and gold is

presented in Figure 1.13 and was calculated in [48] using Penn’s algorithm [49].

A theory for inelastic backscattered electrons was published by Saldin in 1988 [50]. He
found that if the energy loss is small compared to the electron energy a two phase
scattering process is more likely than a single inelastic scattering process. Most of
the backscattered electrons undergo an elastic backscattering and an inelastic forward-
scattering event. Therefore, two main channels for detected inelastically scattered
electrons are to be considered. The electron could first be elastically scattered and
thereafter lose energy to an inelastic scattering event, which is called (D + L) event, or
it can first lose energy and then diffraction occurs, named (L + D). For small energy
losses (0-35eV) the probability for both channels were found to be equal by Ruocco
et al. for highly oriented pyrolytic graphite (HOPG) [46]. They compared the electron
energy spectra for elastic scattered electrons with those electrons which have a certain
energy loss (inelastically scattered electrons). The Bragg peaks found in the spectra for
elastically scattered electrons remain in the spectra for inelastically scattered electrons.

Additionally, for each Bragg peak a second peak occurs at an energy which exceeds
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Figure 1.13: Electron mean free path in graphite, silver and gold in the electron en-
ergy range from 54.6 eV to 492.7 eV. This graph was plotted using values
calculated by [48].

the Bragg peak by the same amount as the energy loss of the electrons. This second
peak is interpreted as the (L + D) channel, because the energy of these electrons is at
the Bragg peak after the inelastic scattering event. The electrons at the Bragg peak are
interpreted as the (D + L) channel, because as their initial energy is at the Bragg peak
the probability of measurement is higher when the inelastic scattering has occurred

after the elastic scattering.

The incident electrons can scatter inelastically at the ion cores of the substrate which is
referred to as impact scattering or it can happen as dipole scattering between the incident
electron and the electron gas of the sample crystal or with dipoles from adsorbates on

the sample surface.
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Dipole scattering includes excitations of the electron gas, including plasmons, as well
as inter- and intra-band transitions and changes of the rotational and vibrational states
of adsorbates. The range of dipole scattering is determined by the cut-off frequency
we = v/d, where v is the velocity of the electron and d is the distance between the
sample surface and the electron [51]. Dipole scattering is a weak interaction resulting in
only a small momentum change. Therefore the trajectory of inelastic scattered electrons
which are scattered by dipole scattering and elastic backscattering is near the trajectory

of only elastic backscattered electrons.

Impact scattering can excite phonons and Auger electrons. Auger electrons are produced
when the incident electron ionizes a core electron of the atom. The new free state is
refilled by an outer electron and the energy of this transition ionizes a third electron,
which is called an Auger electron. The Auger electron is characteristic for the element
and can be used to characterise the sample. The momentum transfer during impact
scattering can be in a wide range which leads to a diversification of the trajectories of

the scattered electrons.

Resonance scattering leads to enhanced scattering cross sections at certain electron ener-
gies due to the temporary formation of negative ions. The negative ion resonance occurs
when an electron attaches to an adsorbed molecule at the sample surface [52]. The
excited ion emits an electron after the resonance lifetime 7. The energy of this electron
is determined by the energy difference between the excited state of the ion and the state

of the molecule after electron emission, which can be a vibrationally excited state [53].

In the energy range for SPELS at 30-200 eV the energy loss spectra are determined mainly
by surface and bulk plasmons and interband transitions which are dipole scattering
events. The plasmon frequency can be derived from the dielectric function ¢ (w, k) at

k = 0 assuming a free electron gas model. A free electron in a field E has the equation
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of motion

m—;y = —eE (1.25)
and with x, E « ¢’ inserted in (1.25) it is

eE
X = )
mw?

(1.26)

Here, the polarisation P is the dipole concentration multiplied by the dipole moment of

one electron. Using Equation (1.26) and the electron density 7, it can be written as

P = — = — E. 1.27
(w) nex o (1.27)
The dielectric function at k = 0 is then
P(w) ne? wp 2
_ —1_ =1—(=£ 1.28
¢(w,0) =1+ eoE 1 egmw? ( w ) (1.28)

with the plasma frequency

| o2
ne

=] —. 1.29
“r €om (1.29)

The dielectric theory predicts the occurrence of a bulk plasmon at R(¢) = 0 which

corresponds to a frequency

Wpp = Wp. (1.30)
The surface plasmon frequency can be found at (&) = —1 which is at
“p
wsp = (1.31)

V2
In this derivation, the surface plasmon is assumed to be at the surface of a metal to air

or vacuum with € = 1. Surface plasmons at a interface between two materials must
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consider the dielectric functions of both materials. For metals damping effects from low

energy interband transitions must also be considered [54].

In summary, it was demonstrated that SPELS can achieve a spatial resolution below
50nm for images of energy loss spectra. The electron energy used with SPELS is in
the range of about 30-200 eV. The energy resolution of the instrument depends on the
energy distribution of the emitted electron, which is in the range of 0.3 eV, and on the
detector resolution [55]. In the following section other techniques and their properties

are compared to SPELS.

1.5 Existing Elemental Imaging Techniques

This section describes common surface analysis techniques which perform spatially
resolved elemental analysis in order to compare them with SPELS. This includes tech-
niques for spectral imaging which perform a spatially resolved measurement of the elec-
tron energies emitted from a surface as well as secondary ion mass spectrometry (SIMS)
which images the elemental mass. There are three main groups of instruments which
can identify the composition of a sample on a small scale: those which use electrons
to probe the surface like Auger electron spectroscopy (AES) and EELS; those which
use photons like photoemission electron microscopy (PEEM), X-ray photoelectron spec-
troscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS); and those which use
ions like SIMS.

For heterogeneous samples, like nanostructures, the imaging resolution of the technique
is an important factor. In general the resolution can be split into a lateral part, which
describes the distinguishability of two features parallel to the surface, and a vertical part,
which describes the distinguishability of two features orthogonal to the surface. Vertical

resolution can be particularly useful for multi layered surfaces as then the signal can be
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assigned to only one layer. This type of sample can also be analysed with techniques

with a high surface sensitivity where only the first layer at the surface is measured.

Operation under a vacuum is essential for all the following techniques in order to avoid
surface contamination. For techniques based on electrons as a probe, an UHV chamber

is needed to increase the mean free path of electrons between sample and detector.

1.5.1 AES

AES relies on the Auger-Meitner effect, discovered independently by Pierre Auger and
Lise Meitner [56, 57], which is based on the emission of an electron which gains its
energy from an inter- (for a Coster-Kronig transition) or intra-band transition in the same
excited atom. These Auger electrons can be used to identify the elemental composition
of the sample [58-60]. To excite the atoms, AES uses electrons with energies in the range
of several eV to several keV [61-63]. Newer methods use synchrotron radiation as an

electron source [60]. The spectra of the emitted electrons is then measured.

The resolution for AES is determined by the electron beam width and electron energy

and can reach the nanometre regime [64].

1.5.2 EELS

EELS is, like SPELS, a method which measures the energy loss of electrons in a sample
to obtain information about surface excitations of a sample. These excitations include
surface and bulk plasmons, inter- and intra-band transitions, phonons, surface state tran-
sitions, Auger transitions and rotational and vibrational states of absorbed molecules.
The difference to SPELS is that the electron beam is generated and focussed in an elec-
tron gun and hits the sample in a field free space. Thus, the backscattered electrons are
not influenced by any field and the lateral resolution is only determined by the width of
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the electron beam. Another difference is the range of electron energies which is in the
range of a few to several hundred keV. The surface sensitivity decreases with higher
electron energies as this increases the mean free path of the electrons in the sample.
EELS is not only a surface analysis technique, but can also work in transmission with

thin samples due to the higher mean free path of electrons at higher energies (see Figure

1.13).

If an EELS detector is combined with a scanning transmission electron microscope
(STEM) and a monochromator, high spatial resolution (<1 nm) and energy resolution
(<0.2eV) can be achieved at an electron energy of 300 keV [65]. Only samples with a
sufficient electron transparency can be used in this instrument. Common STEM samples

are thinner than 100 nm.

1.5.3 PEEM, XPS, UPS

PEEM excites a sample by a photon beam and measures the photoemitted electrons. It is
therefore based on the photoelectric effect. Incident photons with energy E, transfer this
energy to electrons which travel to the surface, overcome the material’s work function
®, escape with a kinetic energy Ey;,, and are measured by a detector. The absolute value

of the binding energy E; of the measured electrons can be calculated by

Ey = Ep — Egjy — . (1.32)

If synchrotron light is the photon source then a wide continuous range of energies,

typically from a few up to 1500 eV, can be used to probe the sample.

If the incident photons are in the X-ray regime one speaks of XPS. XPS measures the
atomic binding energies of electrons and was first demonstrated by Siegbahn in 1957 [3,

66]. Other than X-ray absorption spectra it provides the absolute binding energies rather

30



Chapter 1: Introduction and Background

than the differences between energy levels. As the binding energies are characteristic
for each element, XPS measures the chemical composition of the sample surface. Each
element with an atomic number above 2 can be detected. Hydrogen (Z = 1) and helium
(Z = 2) are not directly visible due to the low cross section of their electron orbitals for

photon absorption.

If the initial photon energy is in the range of ultraviolet light the method is called UPS.

UPS measures valence electrons and binding properties of the sample.

The surface sensitivity of these measurements is determined by the mean free path of
the electrons in the sample rather than by the much greater penetration depth of the
photons. XPS has a vertical resolution of less then 2 nm while UPS has less then 1 nm
due to the smaller electron energies. The lateral resolution is given by the size of the

photon beam which can be lower than 150 nm [67].

The maximum energy resolution in XPS is limited by the lifetime width of the core
hole produced in the photoemission process [68]. Recently Daimon et al. performed

stereo-PEEM by using a large acceptance angle objective lens [69].

1.5.4 SIMS

SIMS removes surface atoms from the sample by ion bombardment [70, 71]. Most of
these atoms are neutral, but those which are charged can be analysed by mass analysers
like quadrupole or time of flight analysers [72, 73]. This allows a highly sensitive
analysis of the elemental composition of the sample surface. The disadvantage of this

method is that it erodes the sample and gives no information about electronic states.

The lateral resolution is determined by the size of the initial ion beam which can have
a FWHM down to 10nm in case of a liquid metal ion source (LMIS). However, the

intensity distribution of the ion current is not a Gaussian distribution but has large
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Figure 1.14: Profile of the ion current density j for a large (a) and small (b) aperture in
the ion optics of a ion gun. In (a) the profile is displayed for two different
distances z after the ion optic (taken from [74]).

tails as displayed in Figure 1.14 [74]. Note that the current density axis of this figure
is exponential. The long tails reduce the lateral resolution because atoms from regions
far away from the area described by the FWHM are also removed from the sample.
Aberration effects can also occur in ion optics and are caused by the velocity distribution

of the ions.

The surface sensitivity of the instrument is one atomic layer as for a small incident ion
flux only atoms from the first layer are removed. SIMS can be used to measure a depth
profile of the sample while the ion beam removes material at one site of the sample and

therefore provide vertical resolution.
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1.5.5 Summary

Table 1.1 shows a list of the previously mentioned elemental imaging techniques along

with their resolutions from the most recent experiments. The resolution of 8 nm for AES

Table 1.1: Overview of the resolution for spectral imaging techniques.

Technique Lateral Surface Electron
Resolution = Sensitivity Energy E
SPELS <50nm tirst layers  30-200 eV

|
AES [64] | 8nm (E-dependent) 25keV
STEM-EELS [65] |  sub-nm (E-dependent)  300keV
XPS, UPS [67] | 120 nm <2nm -
SIMS [75] | <50nm first layers -

and sub-nm for STEM-EELS is reached only at the high electron energies of 25 keV and
300 keV stated in the table. The resolution decreases for lower energies. STEM-EELS
is limited to thin samples and has therefore practically no surface sensitivity as the
electrons pass through the whole sample. SPELS works at much lower electron energies

of less then 200 eV and therefore damage to the sample is smaller.

The resolution in the imaging XPS and UPS measurements presented in Table 1.1 were
taken at the UE-52/SGM undulator beamline at BESSY II. The Omicron Nanotechnology
GmbH which distribute the NanoESCA analyser used in this experiment states a lateral

resolution of 500 nm for lab experiments and 100 nm at a synchrotron.

SIMS provides a high sensitivity measurement of the elemental composition of a sample
but does not provide electronic spectra. It is not comparable with the other techniques
mentioned in terms of beam damage as it needs to remove the sample material in order

to perform an analysis.

The advantages of SPELS are the combination of high lateral resolution and surface
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sensitivity with low electron energies in a lab experiment without the need of a sophis-
ticated electron source and the direct measurement of the topography of the sample
during the experiment or directly thereafter in STM mode. This allows us to link spectral

information with an atomic resolution image of the surface.
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Experimental Apparatus

2.0 Perspective

The SPELS system is described in this chapter as it stood in the spring of 2011 when I
began this work. This instrument is referred to as the fourth generation SPELS or "mark
IV SPELS" and was in large part the result of the work of James Lawton in conjunction
with collaborating companies. His main aim was to provide a machine which allows

routine spectral imaging through the introduction of a multi-channel electron detector.

As SPELS utilises electrons to image a sample it requires a vacuum system, which
is described in the following section. The vacuum system is also necessary to avoid
contamination of the sample surface and the tip. The STM scanner head is based on
an Omicron! STM-1 system which was slightly modified to allow STM, FE and SPELS
measurements. The electron energy analyser consists of an EAS000MCA multi channel
analyser and electron optics from LK Technologies?. The sample preparation method as

well as the software environment is described at the end of this chapter.

!Omicron NanoTechnology GmbH, Limburger Strale 75, 65232 Taunusstein, Germany, www.omicron.de
21K Technologies, Inc., 1590 S. Liberty Drive, Suite A, Bloomington, Indiana , USA, www.lktech.com
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Multichnnel Electron Detector

Figure 2.1: Image of the SPELS instrument with attached suitcase. The preparation
chamber is at the left and the analysis chamber is at the right part of the
image. The multichannel electron detector is raised. The metal tube partly
visible at the left side contains the linear positioner to transfer between the
two main chambers and the load lock.

2.1 Ultra High Vacuum System

Figure 2.1 shows the SPELS UHYV system. The UHV system consists of a preparation
chamber where tips and samples are prepared and an analysis chamber where the
measurements are performed and the samples are stored. The two chambers are

separated by a gate valve and samples and tips can be transferred between the two
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chambers using a magnetic transfer arm. Also a small load lock chamber and an UHV
suitcase are connected to the preparation chamber. The load lock chamber allows a
transfer of tips and samples into and out of the vacuum into air without venting the
preparation chamber. It therefore contains a venting valve. The UHV suitcase allows a
transfer of samples between different UHV systems by retaining the vacuum with an
ion pump. It also contains a tip holder, which allows annealing of STM tips by direct
heating, and a simple evaporator which consists of a tantalum crucible heated by direct

resistive heating.

The typical pressures of 3 -10~!! mbar for the analysis chamber and 5 - 10~? mbar for
the preparation chamber are reached by four different types of vacuum pumps. Both
chambers are in each case equipped with a turbo molecular pump which is pre-pumped
by a rotary pump, an ion pump and a titanium sublimation pump (TSP). With the
turbo molecular pumps the pressure can be decreased from standard pressure down
to 1-10~% mbar. The turbo molecular pump at the analysis chamber is only used for
the initial pumping and while the system is baked out. If the turbo molecular pump
is not used it must be vented to prevent the chamber being polluted by oil residues in
the lower parts of the pump. Therefore it can be disconnected from the main chambers.
The UHYV is reached and maintained by the ion pump and by the TSP. The ion gauge

can be used from 1 - 10~® mbar to the low 10~ 11 mbar.

If a chamber was vented by air, the system has to be baked out at 150°C for about two
days in order to remove the water adsorbed on the inner wall of the vacuum chambers
and on the instruments. During this time only the turbo molecular pumps together
with the rotary pump are running and the whole instrument is enclosed by insulated

metal heat shields.

The suitcase and the load lock chamber can be connected separately to the turbo

molecular pump of the preparation chamber.
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The preparation chamber contains a manipulator and an ion gun. The manipulator
allows the annealing of a sample and the placing of it in front of the ion gun. The
temperature of the manipulator is measured by a thermocouple. The ion gun is used to

clean sample surfaces which is described in Section 2.4.

2.2 Scanning Tunnelling Microscopy Head

The STM head has to provide a piezoelectric scanner together with a damping system
to achieve atomic resolution without being influenced by external vibrations. It also has
to allow voltages between tip and sample for the STM and the FE mode to be applied

and currents at the sample to be measured. The Omicron STM-1 is shown in Figure 2.2.

Figure 2.2: Omicron STM-1 stage fixed in the upper position. Only the lower part of the
tip is visible.

38



Chapter 2: Experimental Apparatus

The Omicron manual for the STM states a sensitivity in movement of the piezoelectric
ceramics of 5nm/Vin Z and 9.5nm/V in X and Y for small scan ranges. The ceramic
structure consists of electric dipole moments which can be aligned by an external electric
field. This leads to an extension of the material in one dimension. The STM tip is held
by three piezoelectric ceramic tubes which are arranged orthogonally to each other. This
allows precise movement of the tip in each direction. The lateral range for the tip is
+1330 nm and the range of height variations is +750 nm with the sensitivities mentioned
above. To gain a sufficient expansion of the piezoelectric ceramics a high electric field
has to be applied. A grounded tantalum foil is placed between the piezoelectric tubes
and the sample to prevent any perturbation of the trajectories of the electrons in SPELS
mode. The shield slides towards and away from the sample to allow tip exchange. This
is done with the wobble stick that can push the post in front of the screw on the right

side in Figure 2.2.

The original STM-1 had a pre-amplifier attached to the STM head in order to increase
the signal to noise ratio of the measurement. As the STM mode and the FE mode
require different current ranges the amplifier needs to be switched between each mode.
Therefore the in-situ amplifier is removed and the amplifiers are situated outside of
the chamber. The power supply and the amplifier for each measurement mode are

connected by coaxial cables respectively.

The damping system of the Omicron STM-1 is realised by a spring system with a low
eigen frequency and a magnetic damping system where a ring of magnets which are
connected to the chamber are placed between copper plates which are fixed to the STM
head. Any movement of the STM head will cause an eddy current in the copper plates
and moderate the initial movement. The magnetic field at the position of the sample
was measured with a Hall probe to <0.01 mT which is at the resolution limit of the

instrument. The STM head itself is designed to be as small and rigid as possible to
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have a high eigenfrequency. The combination of components with low and high eigen

frequencies leads to the suppression of most external vibrations.

The sample can be moved by inertia drive shear piezos. This is also how the tip approach
works. The step size of the sample is about 100 nm. After each step the tip approaches
to check if the sample is in range and then retracts before the next step. However, the
lateral sample movement is restricted to the horizontal. The vertical is only covered by
the tip movement which is along the diagonal scan range of maximal 3.76 pm or one
can lift the sample in the STM stage by hand with the wobble stick by 2-3 mm. However,
the movement by hand lacks not only in precision but the sample cannot be placed in
any position as the polytetrafluorethylene (PTFE) wheel at the bottom of the STM stage

forces the sample either up or down (see Figure 2.3).

Figure 2.3: Omicron STM-1 stage. The wheel holding the sample at the bottom is
marked. There is no tip or sample loaded.
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2.3 Electron Energy Analyser

The electron lens system, analyser and detector are shown in Figure 2.4. The multi
channel analyser (MCA) is situated in a separate chamber above the STM which is
connected to the main chamber by an 8 inch wide linear drive. The distance from the
sample to the analyser is bridged by a series of electron transfer lenses (E2, E1, E0).
The minimum distance from the sample to the entrance of the E2 transfer lens is about
4 cm. When the detector is lowered the wobble stick is blocked by the lens system. The
linear drive allows the detector to be raised by 5cm to allow the wobble stick to pass. If
the detector is lowered, the lens system focuses on the sample with an angle of 7° to
the sample surface. The lens system also focuses the electron beam onto the entrance
slit of the analyser (B3, B4). The electrons are separated through their energy in the
127° cylindrical sector analyser. This analyser was designed to give a direct correlation
between the absolute applied voltage and the shift of the position of an electron with a
certain energy. A change of 1V in the "AN1" voltage would lead to a spatial shift of the
electron position at the multichannel plates (MCPs) that corresponds to 1eV. This can

be used to calibrate the detector as described in Section 3.4.1.3.

After the detector, the electrons reach a series of five MCPs, which multiply the amount
of electrons, and then arrive at a resistive anode plate. The current signals are measured
at the four corners of the anode plate. The difference in the signal from each of the
corners is used to determine the position of the incident electrons on the anode and
therefore the energy of the electron. The resolution of the instrument depends on the
dispersive effect in the cylindrical analyser which sets the energy range projected on
the MCPs. An incident electron at the first MCP will lead to a wider lateral distribution
of incident electrons on the resistive anode. The detector has a resolution of 1/400

along the width of the resistive anode. The maximal achievable resolution stated by the
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Figure 2.4: Schematic of the Electron Energy analyser with electron lens system (not to
scale). The dotted lines represent electron trajectories for different electron
energies. The actual length of the entrance lens part is 320 mm.

supplier is 2meV at low electron energies.

2.4 In situ Sample Preparation

The annealing of samples in the manipulator is used for cleaning surfaces like gold and

to prepare heterogeneous samples like silver on HOPG.

To produce an heterogeneous sample consisting of silver on graphite, a silver layer is
evaporated onto the graphite substrate. This was performed with a basic evaporator

installed in the suitcase. It consists of a crucible which is attached between two electrical
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feedthroughs that are used to resistively heat it. With this simple design no reliable
measurement of the evaporation rate is possible. The sample is then annealed to about
600 °C to enhance the mobility of the silver atoms on the surface. The diffusing silver
atoms have a higher stability at silver islands which leads to the growth of silver islands
which are separated by bare graphite. This process is called Volmer-Weber growth [76].

Examples of this are presented in Section 5.4.

The ion gun cleans a sample surface by sputtering the first atomic layers away. The
preparation chamber is filled with argon up to a pressure of 1-10~° mbar while the
ion pump is switched off and the turbo pump is connected at full speed. The ion gun
ionizes the argon atoms and accelerates the ions towards the sample. The ion current
to ground is measured via a thermocouple attached to the sample stage. To clean a
graphite surface decorated with silver an ion energy of 500eV and a current at the

sample of 20 pA is used for 90s.

To clean a gold surface the sample is first annealed at 620 °C for 5 minutes and then
held at 420 °C for 30 minutes before being sputtered with 500 eV argon ions at 5 pA
for 30 minutes. The annealing will transport impurities to the surface where they are
sputtered away. This cycle is repeated several times until the surface is clean which is
determined with the STM. The sample is clean when the atomic structure or, at lower

resolution, step edges can be resolved.

2.5 SPELS Software Environment

SPELS measurements were performed using three different programs. STM and FE
measurements were performed using the Nanonis program while the FE voltage is set
by a LabView program "SloanSPELS_7t" written by Dr. Peter Sloan (at the University of
Bath since 2010). It was initially designed for the EELS system but adopted for SPELS.
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This program uses the interface of the Nanonis program to access the parameters of the
STM. It also calibrates the detector. The lens voltages of the electron energy analyser are

set by a Basic program written by the manufacturer LK Technologies.

To set up a SPELS measurement the LabView SPELS program was used to raise the
FE-voltage and the Nanonis software was used for the automatic coarse approach of
the tip in FE mode. If a count rate was seen, the lens voltages were adjusted with
the LK program. The calibration of the detector was done with the LabView program
by taking a spectrum and determining the position of the elastic peak for a series of
FE-voltages. The position on the detector is related to the MCA-voltage. The data points
(Ugg, Umca) are used to obtain the coefficients of a polynomial conversion formula of
second degree. Then the Nanonis software performs a grid scan using the customised
LabView program "Grid_SPELS_v4" which applies the conversion formula to process
the data. The SPELS image is viewed with the Nanonis program "Binary File Inspector”

during the scan.

The LabView program "SloanSPELS_7t" also has the possibility to perform a FE-voltage
sweep to generate Fowler-Nordheim plots. As with this software version no further
processing of the measured data is possible, this task was performed with the Nanonis

software which allowed to save the data points and process it with a third party program

like MATLAB [77].

The calibration method of changing the FE-voltage and therefore the incident electron
energy to see the elastic peak in the backscattered electron spectra moving by a known
energy step has the disadvantage that the electrons are influenced by different electric
tields before they reach the detector. Therefore the signal intensity for FE-voltages far
away from the voltage for which the lens voltages were optimised decreases due to the

misalignment of the lens voltages.
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Development of SPELS Instrument

3.0 Perspective

At the beginning of the project there was only limited control over tip and sample
preparation and detector calibration in the SPELS system. To improve the performance

of the SPELS system a series of developments have been implemented.

The MCA broke in November 2013 and had not provided spectra with high signal to
noise ratios. With this analyser, it was still necessary to accumulate a spectrum over one
point for 1-3 seconds. To increase the signal level a new analyser that allows the detector
to be positioned very close to the sample was needed. Furthermore, it is desirable to
be able to withdraw the analyser into a DN35CF tube to be able to include a DN63CF
viewport on the adapter flange that would support the analyser. The most compact
analyser design is that of a retarding field analyser, which also allows to place a detector
nearer to the sample as it would be possible with band-pass filter type analysers like an
hemispherical or cylindrical sector analyser. Therefore, a new retarding field analyser
was built, which potentially can utilize a much higher signal level (see Section 3.1). The

analyser performance has been investigated by SIMION simulations (see Section 3.1.4).

In Section 3.2 the revised tip etching setup is explained and results of a quantitative

characterisation of tips in dependence on their etching parameters are described. Also,
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anew tip conditioning stage was implemented to allow several tip preparation methods
to be performed in situ. Its design and the preparation methods are described in Section

3.3.

The SPELS software environment for the MCA was revised and extended so that the
LabView SPELS program could control the analyser, making the original program
redundant, and also allowing a new method of calibrating the multichannel detector
(see Section 3.4.1). The software needed to work with the RFA and to process SPELS

data are described in Section 3.4.2 and Section 3.4.3.

3.1 Retarding Field Analyser

The decision to build the RFA was made in November 2013. The size of the MCA meant
most of the electrons are lost to detection because the detector has to be far away from
the sample to accommodate the cylindrical sector analyser. To avoid this problem a new
detector should be small enough to be placed near the sample. Also the ability to pull
it into a standard DN35 UHV tube was desired to be able to accommodate the whole
detector setup on a DN150 flange with a viewport for easier handling of the STM-1. The

detector setup and method of operation are described in the following sections.

3.1.1 Method of Operation

The RFA utilises a variable electric field to analyse the energy of incoming electrons.
This retarding field is essentially a barrier for incoming electrons on their way to the
detector creating a high pass filter for electrons so that only electrons with sufficient

energy can reach the detector.

By sweeping the retarding voltage over the desired energy range you get an integrated
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spectrum — by decreasing the retarding field strength not only electrons with energies at
this field strength will reach the detector but also all electrons with higher energy. The
spectrum can then be calculated by differentiating over the signal. In reality one has no
continuous signal but a series of sampling points with a uniform distribution over the
energy range. The spectrum is then calculated by subtracting from each sample point
the next higher energy sample point. The new value represents the counted electrons
within the energy range between the two sample points. In this way a series of n sample

points leads to a spectrum with n-1 points.

3.1.2 Design

The detector is depicted in Figure 3.1. To create an even field distribution a series of

Aperture

CEM

S

distance rings

I I

4 x grid holder backplate

Figure 3.1: Sketch and Photograph of the new RFA. The rods supporting and contacting
the CEM are not displayed in the sketch.

four grids is used. The first and fourth grid are grounded (sample potential) while the
retarding voltage is applied to the second and third grid. The grids have been purchased
from SPI' and are made from Au with an open area of 85% per grid. The hole size of the

mesh is 234+2.5 um and the bar width is 19.8+2.5 um. The mesh is cut into circles and

ISPT grids can be purchased via Aztech Trading in the UK, SPT# 02199G-AB
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hold between two stainless steel rings which are spot welded together. A stainless steel
rod is welded to each of the four grid holders to act as a contact at the back of the RFA.
PTFE distance rings isolate the grid holders from each other and the grounded case of
the RFA. The holes in these distance rings are smaller than the holes in the grid holders

to reduce the risk of shorting the grids. An aperture can be placed in front of the grids.

The case of the RFA is a hollow cylinder of 31 mm outer diameter with a wall thickness
of 1.5 mm and a length of 43 mm. This allows the detector to withdraw into a 2 3/4 inch
tube. The back is open while the front has a hole of 16 mm diameter. The aperture and
grid holders slide from the back into the case. The inner diameter of the grid holders is
14 mm. The channel electron multiplier (CEM) is mounted on the backplate which can
be fixed to the case by three screws from the side. The backplate has 7 feedthroughs
isolated by PTFE washers for the 4 grids and the 3 contacts of the CEM. It also has
3 threaded holes which are used for screws that hold the stack of aperture and grid

holders in place once the backplate is fixed to the case.

The aperture is a 1 mm thick stainless steel plate with the desired hole in the middle
that is inserted at the front of the stack. This allows a fast and easy replacement of the

aperture which is ideal to test different aperture sizes.

The backplate is connected to a rod which in turn is connected to a linear drive. The
linear drive has a 4 inch stroke. This allows the detector to be moved out of the way for
tip and sample transfer while it can have a minimal distance to the tip-sample junction
of about 20 mm during measurements. The distance between the tip apex and the CEM
entrance is 38 mm. The drive is mounted on a DN35 port on a custom DN150 flange
which is shown in Figure 3.2. SHV type electrical feedthroughs are situated in the
side ports of the DN35 cross before the linear drive. The DN16 ports on the flange are
focussed on the sample but have not been used so far. The DN100 window has its own

port opposed to being welded into the flange to allow an easy replacement in case the
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Figure 3.2: RFA flange mounted on the STM-1. The RFA is shown in retracted and
extended position. The STM-1, the wobble stick and the support rod for
the RFA in extended position is omitted for clarity. The wobble stick cannot
reach the RFA while it is retracted.

window gets damaged.

3.1.3 Detector

The detector is a CEM from Photonis!. A CEM consists of a long lead silicate glass tube
which has been reduced by hydrogen at high temperature resembling a continuous
dynode multiplier [78]. An incoming electron produces secondary electrons at the
entrance which in turn are accelerated on their way through the tube until they hit the
wall and produce more free electrons. This avalanche process can produce a gain of 107

in analogue mode and up to 108 when saturated in pulse counting mode (see below

LChanneltron® CEM 4502 EIC
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for details). The maximum operating voltage is 3 kV. The resistance between front and
back contact is about 300 MQ). The opening of the front funnel is 9.91 mm diameter.
There are three contacts to the CEM which are front, back and collector contact. The
Voltage between front and back contacts defines the working point of the CEM. The
collector requires to have a positive voltage compared with the back of the CEM to
attract the electrons generated at the end of the channel. This CEM can be operated in
pulse counting mode and analogue mode. Both modes have been implemented. At
the same count rate, the signal to noise ratio is higher for the pulse counting mode
compared to the analogue mode but the pulse counting electronics saturates at 1 MHz

while in analogue mode the CEM can exceed this limit.

The front of the Channeltron has to be grounded or positive with regard to the last grid
so that the electrons are not repelled from it. The electron detection efficiency of the

Channeltron depends on the electron energy as shown in Figure 3.3. Note that the plot
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Figure 3.3: Electron Detection Efficiency of a CEM in pulse counting mode (taken from

[78])

in Figure 3.3 has a logarithm energy axis and the detection efficiency decreases rapidly

for energies below 100 eV. After the electrons pass the retarding field between grid 2
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and 3 they are accelerated again to their initial energy. To measure secondary electrons
with energies below 25 eV reliable a positive voltage of about 350 V (depending on CEM
voltage) is applied between grid 4 and the front of the CEM. This shifts the electron
impact energies back to regions with high detection efficiency. The high positive voltage
at the back of the Channeltron must be raised accordingly to achieve the same electron

gain through the channel.

3.1.3.1 Pulse Counting Mode

In pulse counting mode the resulting charge pulse from an incoming electron is counted.

The CEM is operated in space charge saturation which means that due to positive
charging of the channel walls at the end of the channel no additional free electrons are

produced [78]. This leads to a Gaussian shaped pulse height distribution.

To reach space charge saturation the working point of the CEM has to be high enough.
To find a sufficient value the tip is biased near the sample until a FE current is measured.
Then the CEM voltage is ramped up until a plateau is reached. The CEM is chosen
to a value about 50-100 V above the onset of the plateau. This ensures a stable and
comparable signal output. Higher voltages are avoided to reduce ageing effects on the

CEM. A typical signal-to-CEM-voltage sweep is shown in Figure 3.4.

The onset of the count rate plateau shifts to higher values over time due to ageing effects

of the CEM. For the RFA the value has increased by about 180V since its installation.

As the signal must be read out at the high voltage side of the Channeltron a high voltage
capacitor is used to isolate the signal output and protect the pulse counting electronics.
The ratemeter used in these experiments was kindly borrowed from Yu Chen! and

consisted of a nuclear instrumentation module (NIM) standard ORTEC 9349 Ratemeter

IDr Yu Chen, Department of Physics, University of Strathclyde
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Figure 3.4: CEM HV sweep to find a minimum value where space charge saturation
occurs in the CEM. Taken on sample HS10 while at least 5 um tip-sample-
separation with a current of 120nA and a tip voltage of 120V. The retarding
field voltage was 110V.

and an ORTEC 9302 Amplifier /Disciminator. The high voltage power supply is the
same which was used for the MCA. The electronic circuit to run the CEM has been
built from scratch and is shown in Figure 3.5. The resistor chain R1, R2 and R4 and the
inherent resistance of the CEM form a voltage divider providing the necessary outputs.
The resistor R2 and capacitor C2 form a low pass filter with a cutoff frequency of 159 Hz.
This is necessary to eliminate fluctuations which would interfere with the signal leading
to low maximum count rate. The voltage for the CEM is provided by an Acopian HV
power supply’ (labelled as “HV (3kV)” in diagram 3.5). Table 3.1 lists two examples for

voltages at relevant points in the circuit depending on the power supply voltage.

The Amplifier is connected to the back of the Channeltron through the capacitor CI.
It can be set to a gain of 20 or 200. A discriminator is included in this model. The dis-
criminator threshold can be adjusted between 50 mV and 1 V. The discriminator output

produces NIM-standard fast negative logic signals which are sent to the ratemeter [79].

1 Acopian Technical Company, model PO5HP6, V5 = +5kV, Ly = 6 mA
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Figure 3.5: RFA electronics for pulse counting mode. R1, R2, R4 and the resistance of
the CEM tube of about 300 M() acts as a voltage divider to power the CEM.
R2 and C2 form a low pass filter. R4 lifts the potential at the CEM entrance to
increase electron detection probability. C1 isolates the counting electronics
from the high voltage applied to the CEM collector.

Table 3.1: Examples for applied CEM voltages. Typical values for HV are between

2.5kV and 3.1kV.
Resistances used:
R1 | 10MO HV =25kV HV =3.1kV
R2 | 1MQ CEM front | 328V CEM front | 407V
R3 | 1MQ through CEM | 2095V through CEM | 2598V

R4 | 47MQ CEM back to EIC | 70V CEM back to EIC | 87V
CEM | 300MQ
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The ratemeter has a dynamic range up to 1 MHz and a 10 V analogue output. The time
constant can be varied from 0.03 s to 30's in 1-3-10 steps. The analogue output is read by

the Nanonis controller and converted to counts per second.

3.1.3.2 Analog Mode

In analogue mode the current at the collector of the CEM is measured directly. For
this the working point of the CEM lies within its dynamic range and before space
charge saturation is reached. The collector current is directly dependent of the incoming
electron flux and is measured with a picoammeter. As mentioned before, this type of
measurement has a higher background noise level compared to the pulse counting
mode but also a higher count rate limit. The theoretical limit is at 10 % of the CEM

current which is in the order of 5-30 A [80].

As the back of the CEM is at high voltage, the picoammeter measuring the current needs
to float at this high voltage. It is also important that the current at the picoammeter is
limited. The input protection circuit replacing the high voltage capacitor is shown in

Figure 3.6. The Keithley 6485 picoammeter has an input voltage burden of less than

| |
| |
E : CEM-collector
Picoammeter i Z1 # #ZZ i
| |
| |
|
|

High Voltage Power supply

Figure 3.6: Input protection circuit for the picoammeter when the CEM is operated in
analogue mode. Resistor R1 has a value of 1 M(). The small signal Zener
diodes Z1 and Z2 are from type 1N3595.
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200 uV for a current range of up to 2mA [81]. The leakage current of the 1N3595 diodes
at these voltage drops can be neglected. The resistor limits the current through the

diodes, which are photo sensitive and are therefore enclosed in a box.

The picoammeter is contained within a custom perspex box to protect the user from the
high voltage. The power and signal connections are isolated by an isolation transformer
from Block! and an optoisolator from Scimar?. The connections to the CEM-collector
and the high voltage are made through safe high voltage (SHV) connectors which are
titted in the back wall of the perspex box. This allows an easy switch between the pulse

counting mode and the analogue mode without the need for additional wires.

3.1.4 SIMION simulations for the Retarding Field Analyser

The retarding field principle allows a rather straightforward and compact analyser
design with a high transmittance for incoming electrons. However, this comes at
the cost of energy resolution and the small design does not allow an effective use of
spherical grids - a common feature of low-Energy electron diffraction (LEED) optics
[82]. As a result an aperture has to be used at the entrance of the analyser to reduce
effects which lead to a distortion of the energy spectrum and therefore to lower energy
resolution. These effects are described below. However, a small aperture reduces the
transmittance and therefore a trade-off between high signal (big aperture) and resolution

(small aperture) has to be made. With SIMION the optimal aperture size can be found.

SIMION is an ion optics simulation program to calculate the electric field from a given
set of electrodes and to simulate ion or electron trajectories within this field. SIMION
was used to determine the resolution of the RFA in dependence of the aperture size

used. The electrodes for simulation can be drawn within the program or a geometry

1Block TIM 100, isolation transformer 100VA
25CIMAR OP232/D1, RS232 optoisolator
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file (*.gem) can be written which defines the physical boundaries of the electrodes. The
latter approach was used. The initial position and velocity or energy vector are defined
in a fly file (*.fly2). The electric field is stored in a *.pa file. The results are stored in a text
file or can be processed with a user program using the LUA programming language.

This section discusses the results of SIMION simulations of the RFA.

The RFA has parallel mounted grids which can cause a distorted energy spectrum when
measuring electrons from a point source as the angle of the incoming electrons influences
the probability of it being detected. Assuming a rotationally symmetric detector and
a centred point source in front of the detector, the calculation of electron paths in the
detector can be simplified to a 2-dimensional problem as shown in Figure 3.7. The energy

of an incoming electron can then be written as an on-axis component which is parallel

Electrical potential (simplified)

electron source
EY > E2 > E% =0 CEM

B = B = B V4

aperture grid1to4

Figure 3.7: 2-dimensional representation of electron paths in the RFA under the pre-
sumption of a centred electron source. Electron paths are sketched as blue
lines. For a given Egr the lateral displacement of the electrons within the
retarding field depends on the E;/E, ratio leading to a bigger displacement
for a lower ratio.
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to the symmetry axis of the detector (E||) and an off-axis component perpendicular to
the symmetry axis (E ).

E:E||+EJ_ (3.1)

Assuming an electron with a trajectory parallel to the detector axis. To pass the barrier it
needs to have an energy E > ell = Err, with Egr being the energy lost by the retarding
tield. Whether or not an electron with an arbitrary direction passes the retarding field

depends only on the on-axis energy component of that electron being higher than Egr.

EH > ERrr (3-2)

An electron passing the aperture with a non-zero off-axis energy component but a total
energy exceeding Egrr might still not reach the detector if the (E; — Egr)/E_ ratio is too
small. It would then hit the detector wall. As this ratio is proportional to the retarding
field the electron might then be detected at lower retarding voltage and hence as an
electron with lower energy than its total energy. This leads to artificial tails on the low

energy side of peaks in the energy spectrum.

To decide whether or not the energy resolution with a certain aperture size is acceptable,
the simulation starts with a known spectrum (electron energy distribution) at several
angles as input and builds an output spectrum by counting the electrons that arrive at
the CEM for each retarding field voltage that is simulated. Of course an ideal analyser
would show exactly the same spectrum just with a higher count rate. The initial
spectrum originates from a SPELS measurement on a Ag/HOPG sample with the MCA.
It has 500 energy channels ranging from 83.8 eV to 90.4 eV. This spectrum shows the
elastic peak at 90 eV, the surface plasmon of Ag at an energy loss of 3.7eV and a Ag
interband transition below. The CEM entrance is modelled as a flat surface of 9.9 mm

diameter. If an electron hits this surface it adds as many electrons to the element in the
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output array that represents the current retarding field strength as electrons are in its
inital energy channel. The spectrum is then generated by differentiation of this output
array. In practice a point in the spectrum is the difference of two adjacent elements in the
output array. The energy of this point is the mean of the energies that are represented

by the involved array elements.

To realise this two user programs based on the lua programming language have been
written. A simulation is started by running the first program which is called “main
program”. The parameters of the simulation can be set by changing variables at the
beginning of the main program. This includes the start, end and step-size of the
retarding field voltage and electron angle, the position of the elastic peak of the initial
spectrum and the aperture size. The program then generates the geometry, fly2, pa
and output files and folders, runs the refinement of the pa file and starts the simulation
(“fly”) for each retarding voltage. The second program contains functions which are
called before and after each simulation of an electron. This program evaluates weather
the individual electron hits the detector entrance or not and builds up the spectrum.
It is possible to start the simulation and change the retarding voltage in this program
but then no image of the result for each retarding voltage can be saved. Even though
the simulation is reduced to a 2-dimensional case, the simulation with the parameters

described below still takes several days for completion on a single workstation.

For this simulation the electrons in the initial spectrum are simulated with angles from
0° to 7° in 0.1° steps and the simulation is repeated for retarding voltage values from
80V to 92V (0.1V step). Therefore the resulting spectrum is in the energy range from
80.05eV to 91.95eV. Figure 3.8 shows the initial and resulting spectra for aperture sizes

1 mm to 7 mm.

Figure 3.8 shows a very good match between initial and simulated spectra for an

aperture size of 1 mm and 2 mm. The simulated spectra starts to deviate from the initial
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Figure 3.8: A comparison of the initial spectrum (black empty circle : -) with the simu-
lated measured spectra (red filled circle : ) using the RFA for an aperture
size of 1 mm to 7mm. The initial spectrum has only energy values from
83.8eV to 90.4 eV while the retarding voltage is scanned over the energy
range from 80V to 92V.

spectrum from 3 mm aperture size but the plasmon peak is still visible at 3 mm. Note
the additional peak at around 2.1 eV for aperture sizes of 4 mm and higher. With the
7 mm aperture no incoming electron is hitting the aperture (up to the simulated 7°).
Therefore, the result for 7 mm will be the same for any bigger or no aperture present

within the boundaries of this simulation.

In summary, the result of this simulation is that aperture sizes up to 3 mm are feasible

59



Chapter 3: Development of SPELS Instrument

with the RFA. To reach the maximum input signal an aperture size of 3 mm should be

ideal.

An additional result of this simulation is that the thickness of the grid holder leads to
normally lost electrons being deflected back into the CEM as can be seen in the right

picture of Figure 3.9. The electrons originate from one point on the left of the RFA which

a) b) grid 3

5mm aperture ‘

Figure 3.9: SIMION simulation of the RFA with a 5 mm aperture. Images a) and b) show
the field distribution and equipotential lines for a retarding voltage of 100 V.
Note the inhomogeneity of the field near the grid holder. Image c) and d)
show the electron trajectories at retarding voltages of 80 V and 90 V. Note
the electrons being deflected back towards the detector entrance in image d)
due to the inhomogeneous field near grid holder 3.

lies on the symmetry axis of the detector and is 20 mm away from the detector entrance.
At a retarding voltage of 80V all electrons have enough energy to pass the retarding
field although not all electrons that pass the aperture reach the CEM. Note that even
though the number of measured electrons is highest at Vxr = 80V (being the minimal

retarding voltage simulated) the count rate at 80 eV is low as only the difference to
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the number of measured electrons at the next retarding voltage counts towards the
electron energy spectrum. At Vxr = 90V most of the electrons are being reflected. A
small proportion of electrons that passed the retarding field with a (E;| — Egp)/E_ ratio
leading them to collide with the holder for grid 3 are deflected back towards the CEM.
This is due to the finite thickness of 1 mm of the grid holder after grid 3 which causes

an inhomogeneity in the electric field.

The results discussed in this section have been applied to SPELS measurements with

the RFA which are described in Section 5.5.2.

3.2 Fabrication and Characterisation of Tungsten Tips

3.2.1 Electrochemical etching of tungsten tips

The STM tips used with SPELS are produced by electrochemical etching of a 0.25 mm
tungsten wire using the Omicron W-Tek tip etching tool [83]. For electrochemical
etching the tungsten wire and a silver counter electrode are dipped into a 2 Molar
sodium hydroxide (NaOH) solution and a DC voltage is applied between the wire and
the electrode. It is also possible to use potassium hydroxide (KOH) [84]. The NaOH is

diluted with distilled water. The following reactions are taking place:

tungsten wire (anode): W+80OH- — WOﬁf +4H,O+ 66~
silver wire (cathode): 6 H,O+6e~ — 3Hp(g) +60H™
overall: W+20H™ +2H,0 — WO +3H;(g)

The WOﬁf sinks down and hinders the reaction at lower parts of the wire. Therefore
the highest reaction rate occurs at the meniscus which weakens the strength of the wire
at this point. If the diameter of the wire at the meniscus has reached the point where
it cannot support the lower part of the wire any more, this lower part falls down and
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a sharp tip remains. To obtain this tip, the voltage has to be switched off at this point.

Otherwise the etching process will continue and will blunt the tip.

As the lower part of the wire has fallen down the available tungsten surface has de-
creased dramatically, which in return decreases the overall reaction rate and therefore
the current which can be measured between tungsten and silver wire. There are two
common modes to detect this event. In differential mode an electronic circuit reacts to a
peak in the differential current by turning the voltage off. The threshold mode turns the

voltage off if the current reaches a predefined threshold current.

Another method is to catch the lower part of the wire which has fallen down. As this
part loses contact after the wire breaks, the etching process stops immediately and a

sharp tip remains.

The tip is dipped several times into distilled water after it is removed from the etching
device in order to remove any excess of NaOH which would otherwise crystallise at the
tip.

It is crucial to control the overall length of the tip. If the tip is longer than 9 mm it
will crash into the shield attached to the STM during tip exchange. If it is shorter than
~6 mm it cannot be seen by the camera during coarse approach (with the MCA). The
polycrystalline tungsten wire comes in pieces of 75 mm length. After a 15 mm long
piece of tungsten wire is cut off and spot welded to a tip holder, the first 5.5-6.5 mm are
etched away with a high etching rate at 9 V. This removes possible cracks in the wire
which occur during the cutting of the wire. Thereafter, the etching of the final tip is
performed. The immersion length of the tungsten wire in solution in the second step is

1.5 mm leading to an overall wire length of 7-8 mm which is suitable to fit in our STM.
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3.2.2 Optimisation of the electrochemical etching setup

In the beginning of this work the polycrystalline tungsten wire and the silver cathode
are placed in the same beaker using the Omicron W-Tek tip etching tool [83] as described
in Section 3.2. To obtain a uniform and sharp tip, the surface of the solution has to be
steady. Therefore the etching process has to be protected from vibration and air currents.
The setup stands on a polystyrene block and is covered by a box. The tungsten wire
can be lowered by a multimeter screw. The wire and the silver cathode are connected
to a Omicron tip etching control unit which can operate in a tip adjustment mode,
which gives a visual and audible signal when the tip is in solution, in differential and
in threshold mode. The tips used in this work are etched in threshold mode at various
etching voltages and threshold currents. This leads to different tip shapes as a lower

voltage reduces the etching rate and produces a longer tip.

The H; forms bubbles at the cathode, which can ascend to the surface and produce
waves. This can move the meniscus at the tip during the etching process, which
produces steps in the shank of the tip. To prevent this, it is possible to place the cathode
in another beaker than the tungsten tip which is connected to the first beaker over a
subsurface pipe. This method has been implemented two-fold. My first approach was
to use the same beaker but placing a quartz tube inside which is supported from top
as shown in Figure 3.10. The inner tube separates the liquid surfaces above the two
electrodes which reduced the amount of etched tips showing stepped flanks. However,
the small diameter of the tube means that the liquid surface appears to be curved

(concave) due to the meniscus at the inner tube wall reaching nearly to the centre.

Therefore, a glass tube was attached to a standard glass beaker! as shown in Figure

3.11. The silver wire is placed into the tube while the tip is lowered into the beaker. This

lthis was done by Steve Williams from the glassblowing service in the School of Chemistry
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Stainless steel
tube holder

Figure 3.10: Modified tip etching stage using a suspended quartz glass tube to separate
the liquid surfaces above the two electrodes. The tip is lowered into the
solution within the quartz tube.

means that the cathode is not symmetrically located around the tip position. Therefore,
the tube is attached to the lower end of the beaker and the amount of the solution
was always chosen to fill the beaker at least to three quarters. With these precautions
no directional etching was observed on the tips. The beaker was used with the same
Omicron etching tool. It provides a bigger surface area for the tip and is much easier to

handle than the inner tube holder.

Tube for silver wire

Figure 3.11: Tip etching beaker with attached tube for the cathode (silver wire).
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3.2.3 Characterisation of Tips

The important influence of the macroscopic shape of the tips on the performance of the
SPELS instrument makes it necessary to have a tip etching procedure which provides a
high degree of control over the macroscopic shape as well as the tip apex size. The tip
shape defines the electric field between tip and sample, as experienced by the outgoing
low energy electrons. To produce different types of tip shapes, the etching voltage and
the threshold current can be varied. The opinion at the beginning of my study was that
a long, tapered tip etched at a low voltage and current (2V, 1 mA) would be the best
option, because it would generate an electric field distribution which suppressed fewer
electrons and therefore yield a better SPELS signal at the detector. However, problems
occurring during the SPELS measurements were unstable tip behaviour and a very
small backscattered electron count rate. Often the tips produced no count rate at all and

had to be replaced.

The existing tip preparation method was not optimized to produce suitable tips for
SPELS measurements. Therefore a series of tips with different tip etching parameters
were produced and characterised by scanning electron microscopy (SEM)!. The char-
acterisation of the tips by SEM is described in the next section while the results are

presented in Section 3.2.3.2.

3.2.3.1 Scanning Electron Microscopy of Tips

The tungsten tips are characterized in a Philips XL 30 SEM housed in the NPRL clean
room [85]. The SEM allows the examination of the macroscopic tip shape as well as
the tip apex diameter, as shown in Figure 3.12. The typical imaging conditions are an

electron energy of 5keV and an emission current of 202 uA. The SEM has three different

lthis work was partly done by Caroline Willis during her summer project 2011 under my supervision
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Figure 3.12: The macroscopic shape of a STM tip for SPELS is shown in the SEM image
(D while (2) shows the tip apex with the determined tip diameter of 59.4 nm.

detectors with different resolution limits. The secondary electron detector is used for
a wide range of magnifications but has a lower maximum resolution than the inline
detector which can only be used for magnifications higher than 3200. The backscattered

electron detector does not provide clear images and was therefore not used.

The electron beam produces a contamination layer on top of any sample during imaging
which was first discovered by Broers [86]. The removal of this contamination layer in
an oxygen plasma cleaner has been tried, assuming that the tungsten oxide layer on
the tip would prevent it from further oxidation. However, the tips treated this way
had a apex diameter of less than 50 nm in the SEM images, but proved to be blunt in
SPELS measurements after the usual annealing process. Hence, this cleaning step was

not repeated.

It is possible that the exposure to air during the tip transfer between the SEM and the
SPELS system alters the tip. Although care was taken to avoid any contamination some
tips have been imaged twice without preparation steps in between as a reference. These

tips show no change by the tip transfer as can be seen in Figure 3.13. This demonstrates
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Figure 3.13: Reference tips for SEM characterisation. The tips have been unloaded from
the SEM, stored in air and the SPELS system for 21 days (upper images)
and 45 days (lower images) respectively and loaded again in the SEM. No
tip preparation was done within this time.

the validity of SEM characterisation regarding tip shape and apex diameter. However,
the last cleaning step of a tip should be done in situ before a measurement as the SEM

will not show changes on the atomic level of the tip or the deposition of a water layer.

3.2.3.2 Tip dependence on etching parameters

The main properties of a tip are the aspect ratio, which is the tip length divided by the
wire diameter, and the tip apex diameter which are illustrated in Figure 3.14. It is also
important that the tip is etched evenly to avoid additional field emitters and to improve
tip stability. The tip length can be varied between the wire diameter of 0.25 mm and
more than 1 mm by varying the etching voltage. Lower etching voltages lead to longer

tips but also tend to produce tips with a higher apex diameter as can be seen from
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Y

Tip

Figure 3.14: Schematic of tip geometry. The aspect ratio is the length of the tip A divided
by the wire diameter B. The tip apex diameter is C.
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Figure 3.15: Tip apex diameter versus tip length for different etching modes and volt-

ages. Higher etching voltages (> 4 V) tend to produce shorter and sharper
tips.

Figure 3.15.

The fractions of tips from Figure 3.15 with a apex diameter below 100 nm are listed in

Table 3.2 for different etching voltages. Tips which are etched at 4V and above have a
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higher probability to be sharp than tips at lower voltages.

Table 3.2: Summary of the influence of the etching voltage on the tip apex diameter.
The etching voltages 1.8V, 2.2V and 9V for threshold mode etching are not
included in this table as only 2, 2 and 1 tip was imaged by SEM respectively.
Only tips that have been characterised with SEM are included in this table.

fraction of tips with an apex
etching mode and voltage | number of tips diameter below 100 nm

threshold 1.5V \ 10 0%
threshold 2V | 28 32 %
threshold 4V ‘ 27 63 %
threshold 6 V | 12 50 %
threshold 8 V \ 6 50 %
differential 4 V | 2 100 %
differential 6 V | 21 57 %
differential 9V \ 8 63 %

However, the probabilities in Table 3.2 are only based on the tips that have been
characterised by the SEM which are 119 of the 329 tips made in total during this study.
For about every eight tip it could be seen by eye or optical microscope that the tip
etching failed and these tips have been sorted out before any further characterisation
was done. But this also depends on the etching setup. With the new beaker used as
described in Section 3.2 none of the 20 tips etched failed this test. But not all tips that
have passed this optical test have been tested by SEM due to limited access to the
instrument. These tips have been characterised by the field emission test described in

Section 3.3.3.1 or directly in the SPELS instrument.
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3.2.4 Cleaning of etched tungsten tips

The sublimation of WO, starts at 1075K [87] while tungsten melts at 3695 K. The
annealing of a freshly etched tip is therefore a simple way to remove the tungsten oxide.
At the beginning of my project, this has been done by the resistive heating method in a
tip holder in the suitcase of the SPELS system. The tip holder allowed contact between
the wire of the tip and a 0.5 mm tungsten wire to be made. A constant current between
this point of the wire and the base of the tip holder can be applied. The heat produced
by the current dissipates to the tip apex and removes the tungsten oxide. The duration
of annealing and the amount of current used are crucial for this preparation method
as the tip apex can become blunt at high temperatures [88]. After the annealing step,
the suitcase has been vented, the tip was removed and loaded into the load-lock of the

SPELS system.

3.3 In situ Tip Conditioning Stage

When this project started, tips were etched, annealed by resistive heating as described
in the previous section and tested in the SPELS instrument. As mentioned earlier, this
approach often led to unstable and blunt tips. Unstable tips have high fluctuations in the
FE current during a SPELS measurement which can lead to height variations that exceed
the range of the Z piezoelectric scanner. Adsorbed molecules and atoms on the tip
surface can move towards the tip apex and change the overall work function of the tip.
The tip preparation method of annealing the tip in the vacuum suitcase and transferring
it into the load lock through air is one likely source of contamination. To avoid contact
with air after annealing and to allow additional cleaning procedures, a new in situ tip

conditioning stage was designed and installed in the preparation chamber.
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3.3.1 Design of the tip conditioning stage

Ball Bearing

Figure 3.16: Tip conditioning stage with installed tip transporter. The stage is mounted
to the chamber via a rod which is attached at the right side of the stage and
electrically isolated by ceramic spacers.

The tip conditioning stage is shown in Figure 3.16. To be able to prepare a tip and
transfer it to the STM head in situ, the stage was designed to accommodate Omicron
style tip transporters which have the same dimensions as the Omicron style sample

plates.

The stage has two slots for tips or samples. The possibility to park tips and samples
in the second slot proved to be very useful. The tip transporter can be moved by the
magnetic transfer arms in the preparation and the analysis chambers. Both slots have
wires for direct heating. One slot has an additional ball above the tip while the other has
a tungsten coil. The stage is isolated from the chamber and can be held at high voltage.
The ball, the two wires for direct heating, both sides of the coil and the stage can be
contacted directly from the outside. The high voltage is provided by a MicroLab dual

channel power supply which can apply up to 6 kV with two channels.
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3.3.2 Software controller for the tip conditioning stage

A LabView software has been written to control the MicroLab dual channel 6 kV power
supply remotely and to analyse tip preparation parameters. The front panel of the

control software is displayed in Figure 3.17. The software can set the current limit and
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Figure 3.17: Front panel of the tip conditioning stage controller TPSControl v7.

voltage of the power supply as well as inhibit and foldback switches for both channels.
To avoid unwanted tip changes the high voltage slew rate is limited in the program. The
tips can be characterised using Fowler Nordheim plots as described in Section 3.4.1.2.
Conditioning of the tips is done by raising the HV at the ball in front of the tip. The
voltage plot time length can be adjusted. The data is also written into an output file

to track improvements of the tips field emission capabilities. Such a plot is shown in

Figure 3.20.

3.3.3 Tip preparation methods

The tip conditioning stage provides five different types of tip preparation techniques
including the resistive heating method described in Chapter 3.2. It also allows e-beam
heating, self-sputtering, field emission and field-surface-melting. Now follows a short

summary of how these techniques are applied before their results are presented.
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Resistive heating of a tip can be done in both slots of the stage. Tungsten wire with
a diameter of 0.5 mm was used to contact the tip. After some initial adjustments to
the wire touching the tip, the contact to the tips proved to be reproducible. The tips
were flash annealed for 1-2 s while they glow with a bright orange colour using a direct
current of 6 A. This step was repeated 4 times before the tip was degassed for 10 min

using 3.5 A.

For e-beam heating, a coil is placed above the tip in one of the slots. The coil is made of
0.25 mm tungsten wire and produces thermally emitted electrons by resistive heating of
the wire. The tip is then biased with a high positive field with respect to the coil. The
thermal electrons accelerate towards the tip. As the strength of the field is largest at the

tip apex, this region is heated maximally which removes the tungsten oxide.

The self-sputtering method is performed in the second slot where a ball bearing is
placed above the tip. The uniform shape of the ball is used to apply a uniform field at
the tip apex. The preparation chamber is then filled with argon and a high electric field
is applied between ball and tip. The strong field at the tip apex can ionise argon atoms
which are then accelerated towards the tip leading to a sputtering effect. This can lead
to sharper tips, but an annealing step is necessary after the self-sputtering to heal the
damage caused by sputtering [87]. The current induced by the positively charged argon
ions can be used to monitor the evolution of the tip apex as a sharper tip would lead to

a higher field, and therefore higher FE current, between tip and ball bearing.

Field emission as described in Section 1.3 can be done in both slots relative to either the
ball or the coil. However, all field emission tests have been done using the ball as only

it was connected to a SHV feedthrough.

If the tip is heated by direct current heating the surface atoms become mobile, an effect

which is enhanced by an applied electric field and this is then called field-surface-
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Figure 3.18: FEMM simulation of an STM tip made of 0.25 mm tungsten wire with an
tip apex of 200nm and an aspect ratio of 1. The tip was 5 mm away from
the cathode and at a 500 V potential. The black lines in the left image are
equipotential lines.

melting [89, 90]. This can be done by applying a high negative voltage to the ball above
the tip at the same time as the tip is heated. This can cause surface atoms to move

towards the strong field at protrusions on the tip, effectively building up a new sharp

tip.
3.3.3.1 Field emission

As SPELS works with an STM tip in the field emission regime it seems obvious to test
the FE capabilities in the tip conditioning stage prior to SPELS measurements. To be
able to assess how such a treatment could change the tip, electrostatic simulations were
performed using the free software FEMM!. In this simulation the tip is 5mm away from
the cathode. Figure 3.18 shows the setup with an applied voltage of 500 V and a tip apex
diameter of 200 nm. The highest field intensity of 0.06 V/A is reached at the tip apex as
expected. As mentioned in Section 1.3, field emission starts around 0.3 V/A. Another
mechanism that can happen is field evaporation where surface atoms are removed

due to a high electric field. Field evaporation begins from 1V /A [91]. Other papers

Finite Element Method Magnetics (FEMM) by David Meeker, version 4.2, see www.femm.info
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suggest a more conservative value of 5.7 V/A [92]. Figure 3.19 shows the maximum
tield intensity |E| for different tip voltages and apex sizes and a histogram of tip apex

diameters of the tips characterised by SEM.
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Figure 3.19: Maximum field intensities as simulated with FIMM for apex diameters
from 20 nm to 200 nm are displayed for tip voltages of 500 V to 5000 V. The
regions where field emission and field evaporation are possible are marked
in the background. At the bottom of the graph is a histogram for tip apex
diameters for all tips included in Figure 3.15 minus 15 tips which have apex
diameters above 210 nm. The bar width is 20 nm.

The histogram in Figure 3.19 suggest that depending on the applied voltage it is possible

that a freshly etched tip is not only field emitting but field evaporating.

However, one has to keep in mind that a freshly etched tip is still surrounded by a layer
of tungsten oxide. transmission electron microscopy (TEM) pictures of the tungsten
oxide layer can be found in reference [93]. Furthermore, the simplification of the tip
being modelled by a hemisphere does not reflect the complicated structure some tips
exhibit.
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Field emission in the tip conditioning stage with freshly etched tungsten tips was
usually performed in constant current mode. This can be done with the Microlab power
supply by limiting the current and setting the voltage to maximum. Two examples of
tips treated in this manner are presented below. Both tips (tip208 and tip209) have been
etched from 0.25 mm tungsten wire with the differential etching method at 6V at the

same day using the same solution and the beaker described in Section 3.2.

Figure 3.20 shows the results of field emission on tip208. The tip was treated for 6 hours
with emission currents of 1 uA to 5 pA. The voltage needed for 1 pA of emission current
decreased from 4424V to about 1000 V over this period indicating the improved field
emission capability of tip208. Furthermore, the SEM images show a more compact tip

but with a top that appears to have a rough surface.

Figure 3.21 shows a similar treatment for tip209. Here the field emission current
maximum was set to 1 pA. The voltage decreased from 2271V to about 600V. The
voltage graph shows short drops to zero at random intervals. These are are due to a bug
in the communication interface of the power supply which enables channel inhibition
at random times. The control software for this measurement (see Section 3.3.2) detects
these drops and resends the voltage settings automatically. The SEM images show a
reduction of the tip apex diameter from 174 nm to 80.3 nm. In this case the tip apex does

not appear to be rough but the very top appears to be bend to one side.

3.3.3.2 Field-surface-melting

Direct current heating has to be applied cautiously as a tip tends to become blunt when
the tip begins to melt as described in Section 3.2.4. But if the tip is under the presence
of an high electric field by applying a positive voltage to the tip the surface atoms are

attracted by the local field gradient at protrusions on the tip [90].

76



Chapter 3: Development of SPELS Instrument

5000 :

4000 |
3000 [ :

Voltage [V]

2000 |- |

current limit [uA]

1000 | |

0 L ! L I | L [ | 1]
0 50 100 150 200 250 300 350 400

Time [min]

384 nm)|

g £ S
IAccV SpotMagn Det WD Exp 1 200nm AccV Spot Magn Det WD E F—— 500nm
5.00 kV 1.0 200000 TLD 6. Karl Bauer. tip208. 3/6/2014 5.00kV 2.0 100000x TLD 56 0 Karl Bauer - tip 208. 24/6/2014

—

AccV Spot Magn Det WD Exp l—i 5 pum AccV Spot Magn Det WD Exp 5 um
500kV 1.0 10000x TLD 66 1 Karl Bauer. tip208. 3/6/2014 5.00kV 2.0 10000x TLD 56 0 Karl Bauer - tip 208. 24/6/2014

Figure 3.20: Applied voltage during the field emission of tip208. The current limit is
displayed above the graph. The result on the tip is shown in the SEM
images below the graph for two magnifications.
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Figure 3.21: Applied voltage during the field emission of tip209. The current limit was

set to 1 pA. The result on the tip is shown in the SEM images below the

graph for two magnifications.
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Figure 3.22: SEM image of a tungsten tip before it was used for field-surface-melting

The tip shown in Figure 3.22 has been treated in this manner. The first SEM image of
this tip after etching showed a sharp but fragile tip with a diameter of 27.2nm. Then
it was treated at an emission current of 10 pA at 6 kV. The subsequent SEM image (see

Figure 3.22) shows a smooth tip apex with a 226 nm apex diameter.

This tip showed only poor field emission of 0.12 pA at 6kV applied to the ball. The
voltage polarity at the ball was then changed by switching to channel 2 of the power
supply and -2kV were applied. This of course resulted in no field emission current.
The tip was then annealed by direct current heating with 5 A and 3.7V for 2 seconds.
After this the field emission current at 6kV at the ball measured again. Figure 3.23
shows the result of repeated annealing and field emission testing steps with increasing
annealing time. Only the two first annealing steps of 2 and 5 seconds were performed
at -2 kV. Thereafter the voltage was -4 kV. After the last annealing step of 60 s another
5min of annealing at -4 kV was performed. After this step the current at 6 kV would
have exceeded the safety limit and the power supply reduced the voltage accordingly.
The current was limited to avoid tip melting during the characterisation process. The
measured field emission current was 10.7 pA at 5.7kV or 1.8 uA at 5kV. The next
annealing step of 5min lead to 6.8 pA at 5kV. As the last two steps are not directly

comparable to the previous field emission tests at 6 kV they are not included in Figure
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Figure 3.23: Field emission current tests at 6 kV between steps of field-surface-melting.
The annealing time was increased for the last steps.

3.23.

In conclusion the field-surface-melting technique for build-up tips has been applied
successfully. The exposure to annealing currents of 5 A for several minutes without
an applied field would normally render the tip blunt but improves the field emission
characteristics with the field. However, the process is time consuming and has not been

used regularly in favour of the field emission treatment.

3.3.3.3 Self sputtering

Self sputtering has the advantage that a characterisation of the tip can be done by field
emission at the same time. However, the Argon used as the sputtering gas has to be
pumped out of the system before the tip can be transferred to the analysis chamber.
The sputtering ions create a neck below the tip apex which after sufficient time will
decapitate the tip [94]. This event should be visible as a drop in the FE voltage needed

for 1 pA. This method has been applied at an Argon pressure of 1.3 - 10~° mbar and
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a fixed current of 1 pA. However, the method increased the applied voltage needed
for 1 pA (e.g. from 800V to 1520 V) and no decapitation of the tip was observed. It is
possible that the tip shape of the tips used with this method was not ideal (e.g. bent).
The success of the field emission method, which allows to load a tip directly into the
STM after preparation has finished, meant that this method has not been tested with a

great number of tips.

3.3.3.4 E-beam heating

E-beam heating was used with a filament current of 3 A to produce thermally emitted
electrons above the tip. The high voltage had to be applied to the tip and therefore
the whole stage. It was set to maintain a constant current of 1 pA and reached 2-2.5kV
producing a heating power of 2-2.5 mW. The tip was characterised by the field emission
test before and after e-beam heating. The voltage needed for 1 pA decreased from 1600 V
to 1100 V.

3.3.4 Summary

In summary, it has been demonstrated that the tip conditioning stage can be used for a
variety of tip preparation methods. The characterisation of tips by the field emission test
has been very useful and time-saving. Not all preparation methods have been optimised
and applied to a great number of tips. Field emission has been used as the standard
method for tip preparation and characterisation before SPELS measurements with great
success. Tips with a stable FE voltage below 1000 V at 1 pA in the tip conditioning stage

generally show a high count rate in SPELS.

81



Chapter 3: Development of SPELS Instrument

3.4 Software Developments

At the beginning of this project, the electron analyser and optics could not be controlled
by the SPELS imaging program, which was written in LabView. Therefore the program
was updated. A new method for setting the lens voltages of the MCA was added which
is explained in the following section. The Fowler Nordheim part was extended and a
new segment for detector calibration was written. The data handling was revised to
allow high count rates with the MCA to be measured. Additionally, a data processing
software package specifically for SPELS data was written in Matlab! and in LabView.

These programs are discussed in Section 3.4.3.

3.4.1 MCA controller
3.4.1.1 Setting up Lens Voltages

The Nanonis program suite provides LabView programs for reading and setting all
available parameters including the FE-voltage, FE-current and piezo voltages but has
no access to the electron lens voltages since they are set by the proprietary LK program.
In order to control the lens voltages from the LabView SPELS program, the electronic
signals which are generated by the LK program had to be analysed. Therefore the
analogue signals generated by the program and the installed Keithley KPCI-3140 DAC-
card are monitored by a National Instrument PCI-6602 DAC-card and a LabView
program has been written to record and interpret the signal as a bit stream. The signal
was monitored in parallel by an oscilloscope to get accurate readings of the time intervals
of the signal. The diagrams of the LK electronics show that the signal is processed
by three 8-bit shift registers in series indicating a 24-bit long serial signal which is

transformed to a parallel signal in the B17 and A15 cards. This was confirmed by the

by the summer student Carl Branbury under my supervision
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Figure 3.24: Serial signals consisting of the DATA, LD and CLK signal. This signal sets
one virtual voltage.

structure of the clock (CLK) and load (LD) signal which is shown in Figure 3.24. After
24 raising edges in the CLK signal, an LD signal sends the information to the next parts
of the electronics. This signal is followed by a signal of the same length which sets the

shift register values to zero.

The LK signal sets 18 virtual lens voltages rather than the actual lens voltages. The
voltage is represented by an integer number called "DAC". The DAC value can be
calculated from the virtual voltage by a linear equation. The coefficients of the equation
for each of the virtual lens voltages are stored in the file DCAL.INI. The virtual lenses
are identified by an ID number. The range of values for DAC numbers and lens voltages,
and the IDs of the virtual lenses, as well as the coefficients of the conversion formula
are listed in appendix B. The conversion formulae for the 18 virtual voltages to the 12

actual voltages are also in the appendix.

By changing the values of different virtual lens voltages in the LK program and record-
ing the signals, the first 16 bits could be identified as the binary representation of the
DAC number starting with the least-significant bit. The last 8 bits represent the ID of a

virtual voltage and therefore determine which virtual voltage is changed.

The existing LabView SPELS program was extended by a subroutine to set the lens
voltages which is shown in Figure 3.25. This program was tested successfully and

replaced the LK program. It gives the user the possibility of quickly changing the lens
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Figure 3.25: LabView front panel for the electron lens voltage setup. Each slider repre-
sents a virtual lens voltage.

voltage settings and saving and loading DAC files which store a complete lens voltage
set-up. One disadvantage with the LK program was that the speed with which the lens
voltages could be changed was quite slow. To find the optimum parameters faster, the
new subroutine presents a slider for each virtual lens voltage which represents the full
energy range of the lens. Fine tuning can be done by adjusting the numerical values
with the arrow keys on the keyboard. For each voltage a quick store and reset function
is implemented. The "Beam" voltage also has a function which locks it to the FE-voltage
as this is the standard value. The lens voltages are stored internally in a global variable

and are therefore accessible from any other part of the LabView program.

3.4.1.2 Fowler Nordheim Plot

The Fowler Nordheim plot, as described in Section 1.3, gives a rough estimation of the
tip apex radius and is used to perform a first characterisation of the quality of the tip.
The existing subroutines for recording a Fowler Nordheim plot have been extended by
the possibility to directly calculate the estimated radius from the slope of the plot. All

values of Equation (1.22) can be set manually. The typical value used for the effective

84



Chapter 3: Development of SPELS Instrument

work function of tungsten tips is 4.5 eV which takes into account the three different work
functions for the three facets of tungsten occurring at the tip in favour of the lowest
work function as the field emission increases exponentially with the work function [87].
The image correction factor is normally set to unity. Two values can be set for the field

reduction factor which leads to an upper and lower estimation of the tip apex radius.

3.4.1.3 Detector Calibration

A new subprogram, called by the existing LabView SPELS program, uses the analyser
voltage "AN1" to calibrate the detector. The "AN1" voltage shifts the electron position at
the detector by the same amount as the analyser separates the electron trajectories (as
explained in Section 2.3). The previously calibration method using the FE-voltage is
also implemented in a subprogram, and the main program includes the front panel of
one of these subprograms in its own front panel, as shown in Figure 3.26. This allows
the SPELS program to switch between the calibration methods with a minimum of
redundancy in the code. The settings for the calibration method are the voltage shift
(either in the FE voltage or in the "AN1" voltage), the number of spectra to be taken, the
acquisition time for each spectrum, and the latency time for setting the voltage. The
spectra are sequentially displayed as a point graph and the (Vgg, Vmcp) or (Van1, Vmcp)
data points are drawn. After the last spectrum, the coefficients of the polynomial fit are
calculated. The user can decide if these values should be used by copying them into the

global variables for the coefficients which are used by the program Grid_SPELS.

Both calibration methods are applied to a measurement with a sharp tungsten tip on
an electrically contacted thick gold layer evaporated on mica. The results are shown in
Figure 3.27. The calibration "FE - 1" and "AN1 - 1" are taken before a tip change occurred
leading to a reduced effective work function for the "FE - 2", "AN1 - 2" and "AN1 - 3"

calibration.
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Figure 3.26: LabView front panel for the calibration of the detector using the "AN1"
voltage of the analyser.

3.4.2 RFA controller

The difference in the working principle between the MCA and the RFA requires a new
fork of the SPELS control software. The RFA measures the total energy of the electrons
directly by producing a known energy barrier before the detector. Therefore it is not
necessary to calibrate the RFA as it was for the MCA. However, a method to find the
best working point for the RFA had to be added. For this a remote control of the high
voltage power supply has been set up and a sweep function for this voltage has been

written (see Figure 3.4).

Spectra are recorded by sweeping the retarding voltage over the desired energy window
and then differentiating the resulting count rate plot (see also Section 3.1.1). The energy

loss range, position and step size and time can be set. The first 3eV below the tip
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Figure 3.27: Direct comparison of the polynomial conversion formula for the calibration
methods using the "AN1" or FE voltage. The coefficients of these formulae
were obtained using the new calibration method. Note that a tip change
occured between the calibrations "FE - 1", "TAN1 - 1" and the rest of the data.

potential are usually skipped as the maximum electron energy is reduced by the work
function of the tip. The software automatically calculates the differential spectrum for
each energy point. It is also possible to apply a Butterworth or Savitzky Golay filter
to the spectrum in real time. A spectrum can be saved to a text and XML file and also

copied to a separate graph in the software to analyse and compare it with other spectra.

The RFA can be operated in pulse counting mode and analogue mode which are
explained in Sections 3.1.3.1 and 3.1.3.2 respectively. The software allows to use both
modes with the same frontend by a central “CR electronic” switch. The software either
takes the signal from the analogue output signal from the ratemeter (pulse counting
mode), the RS232 interface of the picoammeter (analogue mode) or from a simulation

(for testing and presentation purposes).
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New experiments can be integrated into the software by using the SubPanel container
in LabView. This has been used to plot the count rate against time or sample movement
and the analogue mode output current against CEM high voltage, retarding field voltage
or sample movement. The plot of the signal against sample movement was used to
find structures on the sample by laterally moving the sample and looking for signal
changes due to the chemical contrast of SPELS. The movement is stopped when the FE
current exceeds a threshold value. The Omicron MSCU controller which is moving the
sample has only one remote channel. Therefore the two possible dimensions of sample

movement (lateral or approach/retract) can only be chosen manually.

The CEM is exposed to all electrons with energies higher than the retarding field
strength. To avoid reducing the lifetime of the CEM unnecessarily by a high input signal
the retarding voltage of the RFA is linked to the FE voltage of the tip and only changed
by means of changing the difference between these two voltages. Without this safety
measure the CEM might easily be exposed to high input signals when the tip voltage is

ramped up or changed between measurements.

Grid SPELS program

The SPELS images are created by the Nanonis program using a custom LabView user
program called “Grid_SPELS”. This program had to be rewritten for the RFA. The
energy window, scan step size and timings can be chosen. The program calculates the

differential spectra and saves the data using the same Nanonis sxm file framework.

3.4.3 SPELS Image Processing

One SPELS measurement produces a set of parameters such as FE current, count rate

and spectrum for each point of a two-dimensional virtual grid on the surface of the
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sample. It is not possible to provide a single representation of all of this data, but it
is instead necessary to extract different kinds of spatial maps and spectra. To reduce
the noise in images of the spatial distribution of energy loss features, the average over
an energy range around the expected loss feature for each point of the grid should be
calculated and assembled into an image. To increase the dataset for a characterisation
of a certain energy loss peak in the spectra, the sum of the spectra in a certain subarea
should be taken and presented as a spectrum. Also further data processing techniques,

such as background subtraction, are desirable.

The data generated by the Nanonis program, using a LabView subprogram called
Grid_SPELS, for a typical image of 30 by 30 pixels consists of 900 data arrays and
general information about the measurement, such as the used FE voltage and the date.
One of these data arrays stores the position of the pixel, the measured FE current, the
total count rate and the count rate for 500 energy loss ranges. The data is stored in a
proprietary binary file format called 3ds (not to be confused with the Autodesk file

format).

The Nanonis program "Binary File Inspector" opens the file and shows spatial images
for each of the 500 energy loss ranges, the current, the integrated count rate and the
topography map. It also shows the individual spectrum for each pixel. It can not
calculate averages of energies, spectra or regions. The Nanotec program WSxM, which
was used to process the AFM and STM images shown in this thesis, opens the file format
but shows only count rate maps for 60 non-user-definable energies [95, 96]. Gwyddion
cannot open the file format [97]. SPIP opens the file but shows only two images with
no information about the displayed data [98]. The lack of existing editor programs
regarding SPELS data led to the decision to start the implementation of a new program

which should satisfy the requirements mentioned above.
To improve the data processing after SPELS measurements, a Matlab program was
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. This program allows the production of spatial maps of the count rate of

written
backscattered electrons in a certain energy range. This provides spatial plasmon loss
images of higher quality because it also averages over noise in the channels included in
that energy range and therefore increases the signal to noise ratio. In turn, the spectrum
from single pixels or averaged spectra from certain areas can be taken. The spectra
can also be normalised against the maximal value in each of the spectra respectively.
Images taken from normalised spectra consider the variations of the total backscattering
probability from different materials. Also the subtraction of spectra from different
regions and image processing techniques like a Gaussian blurring are possible. The
ability to generate images of various energy ranges in seconds makes this program a
valuable tool for SPELS data processing. Before this program was developed, plasmon
images were produced by exporting the spectra for each pixel individually into Matlab

and combining the relevant information into a matrix. This time consuming task can

now be done in seconds.

With the new RFA analyser the dataset included in the 3ds files changed and the
program needed to be amended. As the main SPELS program also uses LabView,
additional LabView programs have been written to display the data contained in 3ds and
sxm data files. The 3ds viewer also produces count rate maps within a selectable energy
window, and displays all measurement parameters. The images can be normalised by
linear and polynomial fitting and exported as an image. Furthermore, programs to
display and process energy loss spectra from both the MCA and the RFA have been

written.

lwritten by Carl Banbury under my supervision as part of the summer student programme 2011 at the
University of Birmingham.
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Creation of Nanostructured Surfaces

4.0 Perspective

SPELS can provide spatial maps of EELS spectra and therefore of surface excitations
like surface plasmons. Of course, there is little gain in this compared to traditional
EELS spectra if only homogeneous samples would be used. It is necessary to have a
structured sample on the nano-scale to evaluate the performance of the instrument.
Nano-plasmonics and metamaterials are research topics of considerable interest [99,
100]. The possibility of SPELS to compare EELS maps with STM data is interesting and
can potentially add valuable information to these fields of research like the dependency

of plasmon properties on thickness and surface structure.

The first results taken with this instrument were on Ag on HOPG samples as described
in Section 2.4 with a rather random distribution of Ag islands and island sizes. The
possibilities of in situ sample preparation were limited by the lack of control of the
evaporation rate with the existing evaporator design. Therefore a new evaporator was
assembled and installed in the preparation chamber as described in Section 4.1. The new
evaporator improved control over evaporation rate and therefore sample properties.
However, it is desirable to have the ability to fabricate reproducible nanostructures for

SPELS measurements.
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It is also necessary to have these nanostructures cover a macroscopic area as the lateral
sample movement is restricted to the horizontal axis (see 2.2). The distance between two
structures should not exceed the image size but be within 1-2 pm. Therefore, electron
beam lithography (EBL) was employed to produce Ag and Au nanostructures as de-
scribed in Section 4.2. EBL utilizes a focused electron beam to chemically alter a resist,
changing the solubility of the exposed resist in a developer. The metal deposition of
the developed sample was done using the evaporator described in Section 4.1. Al-
though it is not a standard substrate for EBL, HOPG was chosen as the substrate for all

nanostructured samples, as it was used in previous studies of SPELS.

4.1 Evaporator

The EBL technique described in Section 4.2 requires precise control over the evaporation
rate of metals as not only the thickness of the resist is limited but also the morphology
of the structures depend on it [101, 102]. Therefore a new evaporator as shown in Figure
4.1 was built. The parts were manufactured by the mechanical workshop of the Physics
and Astronomy School and Scanwel Ltd!. The evaporator has been assembled and
installed in the preparation chamber. The evaporator consists of a DN40 flange with
four electrical feedthroughs, two stainless steel tube feedthroughs and a connected
stainless steel tube which holds a DN16 flange at the air side. The stainless steel tubes
support a copper cooling cylinder which is connected to ground through the tubes. The
evaporation material is placed in a tantalum crucible which is situated in the copper
cylinder below a 5 mm wide and 25 mm long aperture. Assuming a 3 mm wide crucible

5mm below the aperture then the width of the evaporation spot is

dspor(1) = 2 (18.75 + ) tan (7.5946°) (4.1)

15canwel Ltd, Llandderfel, Bala, Gwynedd, UK LL23 7HW; www.scanwel.co.uk
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Shutter

Crucible

Quartz crystall

Figure 4.1: Photographs of the new evaporator without detached nozzle (a), installed
in the preparation chamber (b) and in side view without wiring or shutter
(c). The crucible is placed inside a copper shield which is held by the
watercooling pipes. The shutter is controlled by the rotary drive.

where [ is the distance between aperture and sample in mm. The derivation of this
equation can be found in the appendix A. The sample is about 50 mm away from the
aperture. The expected diameter of the evaporated area at the sample using equation

4.1 is about 18.3 mm.

The material is evaporated by resistive heating of the crucible. The copper cylinder
also contains a window for a quartz crystal which is used to monitor the material
flux from the crucible by measuring the film thickness on the quartz crystal. The
crystal is connected to two of the four electrical feedthroughs. The copper crucible

is cooled by water which flows in the stainless steel tubes. This is necessary to have
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a stable monitoring from the quartz crystal, a reproducible crucible temperature and
to reduce outgassing of the evaporator parts. To control the evaporation rate at the
sample a shutter is placed above the aperture, which is moved by a manual rotary drive
connected to the DN16 flange. The crucible is supported by a small copper cylinder
which is connected to one of the four electrical feedthroughs and by a small copper
block which is directly attached to the inner wall of the hollow copper cylinder and

therefore connected to ground.

The evaporation rate at a current of 7 A and a voltage of 2.2V is 2 ML/min! at the
sample. This rate was determined with the method described in [103] and the help of

Dr. Lin Tang.

The spare electrical feedthrough can be used to change the heating method to e-beam
heating by installing a metallic coil. This coil produces thermal electrons by resistive
heating. A high voltage is then applied between the coil and a rod of the target material
or a crucible with the target material. The thermal electrons are accelerated towards the

target material and heat it up.

This new evaporator allows precise control of the deposition rate and the amount of
deposited material on the sample. This is not only necessary for the EBL samples but
also for the deposition through a mask such as a quantifoil grid. This could potentially
produce a regular pattern of silver islands on any substrate over a large area. The initial
attempt was done using the old evaporator described in Section 2.4. It was used to
evaporate silver through a quantifoil grid on HOPG. An AFM image of the sample
and a SEM image of the grid after evaporation are displayed in Figure 4.2. The lack of
control over the evaporation rate makes it difficult to produce samples with a regular
structure showing both substrate and metal layer using TEM grids as a mask. In this

case, the amount of evaporated silver was too high. On the other hand, the feature size

ML = monolayer

94



Chapter 4: Creation of Nanostructured Surfaces

(D AFM image of HOPG sample after Ag evaporation
, (@) SEM image of quantifoil grid

Figure 4.2: () AFM image (tapping mode) of Ag evaporated through a quantifoil grid
on HOPG by the old evaporator. The silver spreads underneath the grid
due to the high amount of evaporated material. (2) SEM image at 5keV of
the grid after evaporation. The holes in the quantifoil are still open which
allows the grid to be re-used.

has to be similar to the scan range of the STM, limiting the maximal hole size and the
maximal gap between the holes in the grid. Therefore, it is necessary to have more

control over the evaporation process in order to reduce the amount of evaporated silver.

The new evaporator was used to repeat the evaporation through a quantifoil grid. An
AFM image of the sample is shown in Figure 4.3. The sample was evaporated for 15 min
at an evaporation rate of 2 ML/min. At this evaporation rate the HOPG substrate is still

visible between the Ag islands.
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1.22 nm

0 nm

Figure 4.3: AFM image of silver islands on HOPG evaporated through a quantifoil grid
using the new evaporator. The evaporation time was 15min at a current of
7 A and a voltage of 2.2V with an expected evaporation rate at the sample
of 2 ML /min. The sample was not annealed.

4.2 Electron Beam Lithography

4.2.1 Method

There are a number of EBL resists, with or without photosensitivity, available on the
market. The positive resist SML-100 from EM Resist Ltd [104] has been used with a (1:3)
mixture of methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA) as the developer.
The substrate was HOPG and a two-step spin coating process was used. The HOPG
blocks had a size of (12x12) mm?2. SML-100 is tailored to produce a 100 nm thick layer at
a spin speed of 5000 rpm and 125 nm at 3000 rpm. Before the application of the resist a
fresh layer of graphite was exposed by using scotch tape to peel the top layers away.
After 20 pL SML-100 was applied on the surface the spin-coater program was started

with 500 rpm for 5s and then 3000 rpm for 30s. The sample was subsequently baked at
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160 °C on a pre-heated hotplate for 3 min.

After the sample has cooled down, a scratch is made from an appropriate writing area
near the middle of the sample to the lower left corner of it. This scratch has three
functions. It produces debris near the middle of the sample which can be used to
refocus the electron beam just before writing starts. Furthermore, it is an easy way to
place the structures on the sample - for example on a particular flat area. It also helps to
find flat structures later in a microscope like the atomic force microscopy (AFM), SEM

or an optical microscope.

The HOPG sample and a Si calibration sample are then loaded on a sample holder
and into the SEM. The calibration sample consists of a “chessboard” grating and
nanospheres. The sample holder has a Faraday cup integrated in its rim. The SEM was
described in Section 3.2.3.1. For lithography it is controlled with an EBL controller and
software (ELPHY Quantum) from Raith!. After the SEM chamber was pumped down
the electron beam current Ip,,,, was measured with the Faraday cup at the beam voltage
of 30kV for lithography. A typical value is 0.04nA. There is no laser alignment or
similar for the sample stage which means that there are stitching errors on the order of
several um when multiple writefields are written next to each other as shown in Figure
4.4. The bandwidth of the Raith controller is 16 bit or 65536 points for both dimensions.
A 200 um writefield has been used as a trade-off between minimal structure size with a
minimal digital step size of 3 nm and less stitching boundaries. The 200 um writefield
must be aligned using the chessboard through a standard routine in the Raith software.
Then the beam is focussed and astigmatism and beam shape are corrected using the

nanospheres mentioned above.

In the next step, the working coordinate system is aligned using the lower right and left

corner of the sample. This could in principle be used to find the middle of the sample

'Raith GmBH, http:/ /www.raith.com
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Figure 4.4: SEM image of sample HS14 showing stitching errors of 2-3 um between four
writefields. The big squares are 1 um tall but should be aligned.

for writing but the middle is not always the best position on the sample. The next step
is to trace the scratch from the corner of the sample to the end and focus the electron
beam there again. During the whole time any exposure of the sample with the electron
beam is kept to a minimum along the sample edges and the scratch. Then the array of

writefields is set to start 500 um above and to the right of the end of the scratch.

The exposure time depends on the structures, the exposure parameters (dose and step
size) and the beam current measured at the beginning. The software then calculates the
dwell time on each point. A step size of 15.3 nm was used throughout this work. The
dose varied from 125 pC/cm? for smaller structures and 300 uC/cm? for larger areas at
the beginning to 750 uC/cm? for the most recent samples. Each time the EBL pattern
has changed a dose test with the new layout was performed to choose the best dose.
The best dose is the smallest dose that reliably produces the structures. The test consists
of a series of exposures with different doses, followed by subsequent development and
assessment of the exposed areas in the SEM. Figure 4.5 shows an example of a dose test

with under and over dosed areas.

After the exposure has finished the sample is removed, put into the MIBK/IPA devel-

oper for 305, rinsed in IPA and dried in a clean nitrogen gas flow. The HOPG samples
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dose too low dose too high

750 uC/cm?

AccV Spot Magn Det WD Exp ——— 2um

5.00 kV 2.0 25000x TLD 65 0 Karl - HS16 dose 6.0

125 uC/cm? 1312.5 uC/cm?

AccV SpotMagn Det WD Exp 1 2um AccV Spot Magn Det WD Exp 2
5.00 kV 2.0 25000x TLD 65 0 Karl - HS516 dose 1 5.00kV 2.0 25000x TLD 65 0 Karl - HS516 dose 10.5

Figure 4.5: SEM dosetest with sample HS16. The structures are part of group (3) and
(@ in Figure 4.12. The lower SEM images show examples of too low a dose
(125 uC/cm?) and too high a dose (1312.5 uC/cm?).

are then fixed on standard stainless steel sample plates using two tantalum strips that

are spot-welded on the sample plate.

Silver deposition was performed in the SPELS system using the evaporator described
in Section 4.1. An external thermal evaporator from Edwards was used for gold deposi-
tion. Both evaporators use crucibles to heat the metal by direct current heating. The
directional flow of this kind of evaporators is necessary to prevent deposition onto the

hole walls which would hinder lift-off. Therefore, sputter coating was not used for EBL.

After metal deposition the samples are immersed in Acetone and held up side down as
shown in Figure 4.6. The beaker is then covered and the sample is kept overnight in
Acetone. In some cases the metal film did not come off and the samples were treated
in an ultrasonic bath. The ultrasonic bath seems to have no effect on the silver or gold

structures on HOPG. The sample holder for lift-off was made by the workshop. It was
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Sample
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L silver layer l.ift-c_)-f-f J

Figure 4.6: Lift-off of a silver film deposited on a poly(methyl methacrylate) (PMMA)
resist patterned by EBL. The individual writefields of 200 pm height are
visible as holes in the film in the right image. This sample consists of 72
writefields in 18 rows with 4 writefields in each row and with one “marker”
structure on the start and the end of the patterned area.

necessary to support the sample up side down because the metal film can float back to

the surface after the resist was dissolved as shown in Figure 4.7.

|

40000885600
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5.00 kV 2.0 25000x TLD 50 0

Figure 4.7: SEM (left) and AFM (right, tapping mode) images of the same area on
sample HS1. The barrier of the patterned area is visible in the middle of
the images and marked by the arrows. The left Ag layer has broken off and
lies displaced on the sample by more than 2 pm. The right Ag layer is also
displaced but only by 100 nm. PMMA was used as resist for HS1.
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Figure 4.8: SEM images of silver structures on sample HS1 near the border of the
displaced lift-off layer. The silver structures have a diameter of 10010 nm
with a hight of 30 nm but consist of individual or attached islands.

To find the structures on the sample more easily in the microscope additional scratches
which point to the edges of the patterned area are made. The scratches are not placed

above the patterned area to avoid blocking the electrons on their way to the detector.

Samples prepared by EBL are given names for identification starting with “HS” and an
ascending number. The first results using EBL (sample HS1) are shown in Figure 4.7
and 4.8. PMMA instead of SML was used for this sample. The EBL pattern consisted
of (50x50) nm squares in a single writefield but was overexposed and instead resulted
in circles with a diameter of 122nm. Silver was evaporated on the sample at a rate
of 2 ML/min for 25 min with the new evaporator using 7 A direct current to heat the
crucible. A film thickness of 4.4 kA was measured at the quartz crystal monitor of the
evaporator (as described in Section 4.1). The sample was not annealed prior to or during
the metal deposition. The pressure in the preparation chamber was 2.2 - 10~? mbar.
Apart from the overexposure and the failed lift-off the silver islands show an interesting
structure. They seem to consist of several smaller silver islands that may be separated.
If they are separated this would lead to several plasmonic “hot spots” within each

structure that would increase plasmon resonance [105].
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Figure 4.9: Image (1) shows an area of the sample were the Ag layer was not removed
during lift-off. Image (2) and (3) have been taken on the marked area after
developing and before Ag evaporation.

The part of sample HS1 that was imaged before the attempted lift-off is shown in Figure
4.9. The SEM images taken after the sample was in the developer are shown in (2) and
(®. After the sample was in Acetone image (1) was taken. There is a perfect match
between the images as indicated and the surrounding area was prevented from lift-off

as no displacement of the silver layer is present.

4.2.2 Reduction of structure size

After the change to the resist SML100 and with an adjusted dose of 125 uC/cm? a
structure size of 50 nm has been obtained as shown in Figure 4.10 for sample HS5. The
islands are not clustered as were the structures shown in Figure 4.8. The amount of
silver evaporated on this sample corresponds to a film thickness of 4.2 kA measured

with the quartz crystal of the evaporator.

The field of silver structures is not visible when the sample is loaded into SPELS as with
the MCA the only way to see the sample is with an optical camera from the viewport
through which the picture in Figure 2.2 was made. The tip is positioned within the area

marked by scratches which requires a large exposed area. To pattern a macroscopic
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64.9 nm)
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5.00 KV 2.0 400000x TLD 69 0 KarlB: HS5

Figure 4.10: This SEM image shows Ag islands on HOPG with a diameter of about
50 nm.

area with EBL several writefields are written next to each other with a gap between the
writefields to avoid overlapping structures due to the stitching error mentioned above.
The height of the covered area is at least 3 mm or 15 writefields. The width depends on
the time available but consists of at least 4 writefields. The pattern determines the time
needed to write one writefield. By avoiding large structures the time needed for one
writefield can be reduced. The total time required to expose one sample can take up to

10 hours.

4.2.3 EBL Pattern Layout Optimisation

To reduce patterning time the 200 pm x200 um writefield has only been partially filled
with a 200 pum x40 pm area. The writefields are placed in a chessboard pattern leaving
360 um of free area between the pattern in the horizontal while covering the whole
vertical axis as shown in Figure 4.11. The pattern consists of a 200 um high structure
on the left and a series of squares from 1 um to 50 nm. When scanning this sample in
SPELS the patterned area should be found ideally within 10 images which are separated
by 40 pm. However, as the sample movement over such a distance is not exact a smaller

step size is used in reality. Moreover, the scan range has to be at least 1 um to make sure
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Figure 4.11: () shows a photograph of a sample after lift-off. (2) illustrates the pattern
of one writefield. (3) shows 3 AFM images of the sample with a scan range
of 10 um each. The thickness of the Ag film is about 30 nm.

that an Ag area is within the image.

To avoid searching for the patterned area the 200 um high structure has been omitted
and the full writefield used for the pattern. This EBL layout is segmented in 1 um
squares which consist of a marker structure indicating the type of structure and the
structure itself. Most structures have a width of 200nm and a height of 100nm. By
limiting the structure size the time needed to write one writefield has been reduced to
13 min. The structures are squares, rectangles and triangles with varying distance and

orientation to each other. A subset of the range of structures is shown in Figure 4.12.

@ . @ 5_(3.111‘_1‘1 @ : @ - @ .
[ [ | _;| |;_ > <«
0-400nm 0-300mm | 141 nm 0-100nm 0-100nm
500 nm

Figure 4.12: These structures (green areas) present a part of the EBL layout groups
which were used to fill the writefield. The grey boxes mark 1 pm segments.

The distance between two structures in one segment is varied in 5 nm or 10 nm steps
from zero to 100 nm and more depending on the structure. The step size is smaller than
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the expected minimal hole size achievable by this instrument to ensure that a connected
structure as well as a structure with a small gap exist. It also allows to measure the
plasmon coupling dependence of the gap width. Segments within one column of the

pattern are the same to ensure that every structure can be found by SPELS.

4.2.4 Silver structures on HOPG by EBL

Figure 4.13 shows two SEM images of the same sample. The sample was prepared

@ @

AccV Spot Magn Det WD Exp 1 pm AccV Spot Magn Det WD Exp
5.00 kV 3.0 87500x TLD 55 0 Karl - H514 5.00 kV 3.0 37500x TLD 55 0 Karl - H514

1pm

Figure 4.13: These SEM images show Ag nanostructures on HOPG prepared by EBL.
The Ag film thickness was 35 nm. The 1 um square in image (1) marks the
lower left corner of a writefield. Image (2) shows the end of the structure
group (group (2) in Figure 4.12) which begins in Image (D.

using the EBL pattern as described in the previous section. The Ag film thickness in
HOPG is 35nm. The square with a side length of 1 um marks the lower left corner
of a 200 pm x 200 um writefield. The structures below this square are from a different
writefield which is shifted to the left by a stitching error of 2.4 um. The structures in
Image (D show the beginning of group (2) in Figure 4.12, starting at a gap of 0onm. The
structure itself consists of two rectangles, which are 200 nm wide and 100 nm high. The
step size for the gap between two structures for this group is 5nm. Image (2) shows the
end of this structure group with a gap of 300 nm and the beginning of the next group
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(group @ in Figure 4.12). The size of the structures is near the resolution limit of the
instrument with this resist, which is the reason why the edges of the rectangles appear

rounded.

4.2.5 Gold structures on HOPG by EBL

Figure 4.14 shows Au structures on HOPG using the pattern described in Figure 4.12.

The change in distance between the structures is visible along the direction of the

Figure 4.14: These tapping mode AFM images show Au nanostructures on HOPG
prepared by EBL. The structure height is 35 nm. The structures are part of
group (D in Figure 4.12.

diagonal from top left to bottom right. In image (D a part of the sample is covered with
a Au film after an incomplete lift-off. Image (2) shows the nanostructures in detail. The
imaged structure is part of the pattern group (1) in Figure 4.12. The lateral structure size
appears bigger due to the width of the AFM tip similar to the effect described in Figure
1.3. The height of the Au film is 35nm.
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4.3 Summary

In summary, Ag and Au nanostructures have been prepared by EBL covering an area
up to 3.4mm high on HOPG. The preparation parameters and pattern layout have
been optimised to achieve an accurate result and to maximise the covered area per hour.
The pattern layout consists of a variety of geometries for different degrees of plasmon
coupling. Groups of similar geometries can be identified by the relative position of one
to three 50 nm squares next to the structures. SPELS measurements on these samples

are discussed in Chapter 5.
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SPELS Performance and Images of

Nanostructured Surfaces

5.0 Perspective

This chapter will discuss the performance and present the results of measurements
using SPELS with the MCA and the RFA. The next section describes the behaviour of
the instrument when key measurement parameters, like FE voltage and current, are
changed. Section 5.2 describes SIMION simulations of the tip-sample junction during
a SPELS measurement and discusses the shift of the analysed area with respect to the
tip-sample separation. In Section 5.3 the performance of the two detectors used in
this project is discussed. The SPELS images described in Section 5.4 were obtained
using the MCA at a low count rate (4-21 kcps). Section 5.5 shows electron reflectivity
images obtained with the RFA at high count rates of up to 295 kcps. Preliminary results
demonstrating enhanced inelastic scattering at high FE voltages are presented in Section
5.6. The detector is situated at the lower left corner in all FE and SPELS images presented

in this thesis.
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Figure 5.1: Backscattered electron count rate versus FE current for FE voltages from
90V to 180 V. The count rate increases linear with the FE current. The
measurement was performed on Au(111) with the MCA.

5.1 Field emission performance

This section describes the behaviour of the tip in the field emission regime. The following
measurements show different influences on the count rate. They were made using a
267 pm long tungsten tip with an apex diameter of 31.8 nm on a single crystal Au(111)
sample. The count rate has a linear dependency on the FE current over a wide range,
as demonstrated in Figure 5.1. The influence of the FE voltage and therefore the tip-
sample separation on the count rate can be seen in Figure 5.2. Note that the FE current
ranges are different for different FE voltages in Figure 5.2. In this case the count rate at
100nA was smaller at 180V (4.5 kcps) than at 150V (9.2 kcps), 120V (10.0 keps) or 90V
(10.0 keps). The optimum FE voltage, regarding count rate only, is different for each tip
shape and apex size. The FE voltage has a bigger influence on the tip-sample separation

than the FE current.

Figure 5.3 demonstrates the importance of the annealing step described in Section 3.2.4.

Note that here the logarithm of the count rate is displayed and that it increased by
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Figure 5.2:
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Influence of the tip-sample separation on the count rate. Note the different
FE current ranges for different FE voltages. A higher FE voltage increases
the tip-sample-separation while it is reduced by a higher FE current. The
measurement was performed on Au(111) with the MCA.
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Figure 5.3: Backscattered electron count rate against FE current for different FE volt-

ages for a tip before and after annealing. The count rate was increased
substantially after the annealing process. The measurement was performed
on Au(111) with the MCA.
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nearly two orders of magnitude through the annealing step.

In conclusion, a high count rate can be obtained at a high FE current. The FE voltage
increases tip-sample separation. Therefore, the voltage has to be decreased in some

cases to gain sufficient lateral resolution.

5.2 SIMION simulations of SPELS

SIMION (see Section 3.1.4) has been used to shed light on electron paths within the
tip-sample gap region. The following simulation of the electron trajectories near the tip-
sample gap give a qualitative picture of the probed area during SPELS measurements.
They simulate the path of backscattered electrons from the sample around the tip
position but not the field emission of the tip. The results therefore show only an upper
boundary for the probing area which would have to be multiplied with the field emitted
electron distribution and scattering probabilities. The field emitted electron distribution
resembles a Gaussian profile with a FWHM of the order of the tip-sample separation
(see Figure 1.11 and [4]). To illustrate electron paths near the tip apex, a simulation of
electrons with initial trajectories normal to the sample surface is shown in Figure 5.4. It
can be seen that electrons originating near the tip position soon hit the sample again
and that electrons originating further away from the tip have a higher elevation when
leaving the simulation box. However, electrons further away are part of the tail section

of the field emitted electron distribution.

To calculate which electrons are detected, a linear electron trajectory outside of the simu-
lation box is assumed. This can be achieved by a co-axial tip which would neutralise the
electric field in the outer regions [44]. However, even with a non-shielded tip, electrons
that have a similar direction when they leave the simulation box will undergo a similar

deflection on their way to the detector as the field in the outer regions is much smaller

111



Chapter 5: SPELS Performance and Images of Nanostructured Surfaces

Figure 5.4: SIMION simulation for backscattered electrons along the normal to the
surface for one direction. It can be seen that backscattered electrons near the
tip position are bend back towards the sample (red lines). The tip-sample
separation is 100 nm and the voltage applied to the tip is -90 V.

than the field near the tip (see Figure 3.18).

The simulation box is 700 nm high and includes 1 pm around the tip position. The tip
voltage is -90 V while the sample is grounded. The detector entrance aperture is circular
with a diameter of 5 mm and with a 7°angle towards the surface. The detector distance
to the tip is 10 mm. The energy of the backscattered electrons is 85.5eV assuming a
4.5eV work function. The starting positions of the electrons are separated by 1 nm in
both lateral dimensions. For each position a cone with a half angle of 0.05°around the
surface normal is filled with electron trajectories. The output files have been analysed

using a custom Java program.

Figure 5.5 illustrates a top-down view on the sample. The probing area (PA) is the
area where the detected electrons originate. The change in colour illustrates the higher
electron density nearer to the tip position due to the field emitted electron distribution.
The position of the PA in respect to the tip depends on the applied voltage and the

tip-sample separation. The minimum and maximum displacement of the PA as labelled
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Figure 5.5: Backscattered electrons that reach the detector originate from the PA which
is displaced from the tip position. The grey circle marks the size of the
simulated tip with a tip apex diameter of 50nm. The position of the PA
displayed is calculated using a tip-sample separation of 50 nm and a detector
at the bottom of the image. The colour variation illustrates the field emitted
electron distribution which was not part of the simulation.
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Figure 5.6: PA displacement as a function of tip-sample separation. A description of
the minimum and maximum displacements is shown in Figure 5.5. This
effect explains the loss in backscattered electron count rate at low tip-sample-
separations as the electron beam intensity is lower at higher PA displace-
ments.

in Figure 5.5 is plotted against the tip-sample separation in Figure 5.6.

The size and position of the PA does also depend on the size and distance to the detector
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entrance which is kept constant in the present simulation. The position of the PA
shifts away from the tip position with smaller tip-sample separation. This means that
the backscattered electron image obtained with the electron detector is offset to the
height image obtained with the current feedback loop. The direction of the offset is the

direction of the detector.

Not only does this effect cause an offset in SPELS images but it will also influence the
signal intensity as the electron flux reaching the sample is smaller further away from
the tip position. Therefore fewer electrons will be reflected in a direction favourable for
detection. The tip-sample separation can be varied for a given FE voltage by changing
the set point current of the feedback loop. A higher FE current will lead to a higher signal
as more electrons reach the surface but above a tip, voltage and detector dependent
threshold the signal will decrease with increasing current as the displacement of the PA

increases.

Although the results of the present simulation can only be applied in a qualitative man-
ner, the effect described above is necessary to understand part of the results presented

in Section 5.5.

5.3 Comparison of Detectors: Energy resolution and

signal to noise

The performance of the two detectors used in this study is demonstrated in the following
two subsections. For the MCA, spectra from an Au(111) single crystal, a thick (tens
of um) Ag layer on mica and HOPG are shown. For the RFA, spectra from HOPG are

presented for different operating settings.
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5.3.1 SPELS with the MCA

The MCA analyser was originally designed for HREELS experiments and is capable of
achieving an energy resolution of a few meV [106]. The energy resolution of SPELS is
limited by the energy distribution of field emitted electrons which can be determined
by the FWHM of the elastic peak in electron energy loss spectra. It is typically 0.5eV
although the exact value is tip dependent. The main challenge of SPELS with the MCA
is to achieve high enough signal levels as the distance between the sample and the
entrance aperture of the analyser is large (about 340 mm) due to the size of the detector.

Transfer lenses are used to increase the signal level as described in Section 2.3

Electron energy loss spectra obtained from a Au(111) single crystal and a thick Ag layer

on mica are shown in Figure 5.7. Both metal surfaces have been cleaned in situ by Ar ion
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Figure 5.7: These energy loss spectra have been obtained from an Au(111) crystal and a
thick Ag film on mica using the MCA. For the Au spectrum a tip voltage of
90V at a FE current of 35nA was used while the Ag spectrum was obtained
at 150 V with 7.6 nA.

sputtering and annealing. The spectra show characteristic plasmon energies of 2.9 eV
for Au and 3.6 eV for Ag. The spectra has been obtained using the full energy window

of the MCA. The energy window can be shifted to measure surface excitations with
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energies exceeding 6 eV. This is shown in Figure 5.8 for graphite. The measurement
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Figure 5.8: Spectra taken with the MCA on HOPG using a FE voltage of 35V and a
current set point of 150 nA. The energy window was shifted by 5eV between
the spectra using the lens voltage AN1. The HOPG plasmon is visible in the
spectra with the shifted energy window.

parameters for the two spectra in Figure 5.8 have been the same apart from the AN1

voltage, which was used to shift the energy window by 5eV.

The MCA voltages have to be chosen carefully as they can alter the measured spectra
significantly. By changing the high voltages at the electron lenses while keeping all
other measurement parameters (and therefore the electron source) constant, a variety
of spectra can be produced. An example of this using a thick silver layer and a high
tip-sample separation is shown in Figure 5.9. All spectra have been obtained at a tip
voltage of 90V and a FE current of 50 nA. The blue arrow on the left side of each spectra
marks the maximum height of spectrum (2) to illustrate the change in the elastic peak
count rate. The integrated count rates of spectra (1) to (4) were 7.4 kcps, 7.8 keps, 4.0 keps
and 6.6 kcps as marked above the graphs. By choosing unsuitable lens voltages the Ag
plasmon peak intensity (compare spectrum (1) with (3)) and position (compare spectrum
@ with (3)) can be varied. Moreover, additional peaks can occur (see spectrum ®@).

The count rate alone is therefore not sufficient to tune the MCA. The spectra from
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Figure 5.9: These spectra have been obtained consecutively using the MCA with the
same tip on the same sample (a thick Ag layer on mica) position with the
same imaging parameters. The tip voltage was 90V, the FE current setpoint
was 50nA and the tip-sample separation was between 2174 nm and 2575 nm.
The maximum count rate from spectrum (2) is marked in all graphs by an
arrow.

Figure 5.9 are part of a lens setting library, that was made for different tip voltages and
current set points. To validate measured spectra an oscilloscope was used to image the
2-dimensional detector plane while tuning the analyser as shown in Figure 5.10. Each
electron impact is converted to a 2-dimensional position by the counting electronics
of the detector. Each dot on the screen of the oscilloscope represents one impact event.
The energy dispersion of the electrons is imaged along the horizontal. The count rates
are integrated along the vertical axis as they correspond to the same electron energy.

The impact position on the detector can be moved and defocused along the vertical
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Figure 5.10: This picture of an oscilloscope screen shows the place of electron impact
events on the resistive anode of the MCA detector plane.

axis. Moreover, the area can be aligned diagonally over the detector plane if the beam is
defocussed. This means that the elastic peak can be cut off by the edge of the detector

while the area representing the plasmon energy is still on the detector.

5.3.2 SPELS with the RFA

The RFA is, in contrast to the MCA, located near the sample at a distance of 20 mm to the
entrance aperture and 38 mm to the CEM. This allows up to two orders of magnitude
higher count rate. In pulse counting mode the signal level is limited by the Ratemeter to
1 Mcps. Higher count rates can be measured with the analogue mode but at the sacrifice
of additional noise due to the variance in pulse height from different electron impact

events.

The results acquired in Section 3.1.4 by SIMION simulations show an aperture with
a size of up to 3 mm should be used for the RFA. The RFA has been tested with an
aperture of 1 mm and 3 mm using the CEM in pulse counting mode. A spectrum taken
with a 3mm aperture on HOPG is shown in Figure 5.11. The graph also includes the
raw count rate, on top of which the signal is measured, and the current during the

sweep of the retarding voltage. As the signal intensity rises with lower retarding voltage
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Figure 5.11: Total count rate and derived spectra of HOPG using the RFA with a 3mm
aperture are shown in the lower graph. The current during the sweep of
the retarding voltage is shown in the upper graph. The current variations
during the measurement are compensated by dividing the count rate by
the FE current. The FE voltage was 100 V and the elastic peak maximum
is at a retarding voltage of 94.4 V. The maximum count rate is 362.8 kcps.
The FWHM of the elastic peak of 1.4 eV demonstrates the energy resolution
of the RFA. However, the signal to noise ratio after the elastic peak is too
small to measure the HOPG plasmon peak at 7 eV.

the signal-to-noise ratio drops significantly after the elastic peak. Any plasmon peak is
measured on top of the signal from the elastic peak. This noise obscures the graphite

plasmon peak which is expected at 7 eV in Figure 5.11. The current variations, caused
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Figure 5.12: Total count rate and derived spectrum of HOPG using the RFA with a 1 mm
aperture is shown in the lower graph. The current variations during the
measurement are compensated by dividing the count rate by the FE current.
The FE voltage was 85V and the elastic peak maximum is at a retarding
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voltage of 79.4 V. The maximum count rate is 34.99 kcps.

by tip changes, are compensated by taking the ratio of count rate and FE current.

A spectrum taken with a 1 mm aperture is shown in Figure 5.12. The noise after the

elastic peak is again too high to resolve the graphite plasmon peak.

While the plasmon peak is usually much smaller than the elastic peak, the secondary

electron peak is of similar intensity even though the electric field suppresses low energy
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Figure 5.13: Total count rate and derived spectrum of HOPG using the RFA with a 1 mm
aperture is shown in the lower graph. The current variations during the
measurement are compensated by dividing the count rate by the FE current
and the differentiated data is smoothed using a moving average filter with
a span of 5. The FE voltage was 85V and the elastic peak maximum is at
a retarding voltage of 79.2 V. The maximum count rate is 243.8 kcps. The
position of the secondary electron peak of HOPG at 19 eV is marked in the
spectra.

electrons. Figure 5.13 shows a full HOPG spectrum down to a retarding voltage of zero.
The spectrum has been processed by a moving average filter with a span of 5. The broad

feature at a retarding voltage of 19V (which is at 19 eV relative to the vacuum level of
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Figure 5.14: Total count rate and derived spectrum of HOPG using the RFA with a
3mm aperture in analogue mode are shown in the lower graph. The
current variations during the measurement are compensated by dividing
the count rate by the FE current. The spectrum is smoothed using a moving
average filter of span 3. The FE voltage was 130V and the elastic peak
maximum is at a retarding voltage of 125.2 V. The maximum current at the

CEM collector is 902 nA.

the sample) corresponds to literature values of HOPG [107].

The spectra so far have been obtained using the CEM in pulse counting mode, which

limits the count rate to 1 Mcps. Figure 5.14 shows a spectrum obtained in analogue mode

using an aperture size of 3 mm. This spectrum has been obtained after the ratemeter

saturated in pulse counting mode at 120V with a FE current between 61.7nA and
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80.4nA. The tip and sample position was kept constant between these measurements.
The higher FE voltage and current of 130V and 133 nA to 174nA in analogue mode
should lead to a total count rate exceeding 1 MHz, but the signal-to-noise ratio is still
insufficient to identify plasmon peaks. The differential spectrum in Figure 5.14 has been

smoothed using a moving average filter with a span of 3.

5.4 Energy loss images due to plasmon excitation

The first measurements with the MCA from heterogeneous samples have been obtained
from annealed HOPG samples with thermally evaporated silver. This leads to a few
hundred nm high silver islands randomly positioned on the graphite surface. Figure
5.15 shows a sample prepared by annealing for 15 min at 460 °C, sputtering for 30s
with 500 eV Argon ions and silver deposition for 10 min with the old evaporator using a
current of 11.05 A. The sample was subsequently annealed for 15 min at 477 °C. It shows
up to 500 nm high silver islands on HOPG in the left image in Figure 5.15. The right
image shows the electron reflectivity image taken on the same sample position on the
next day. A small drift to the top right is visible. This electron reflectivity image was
taken directly before the SPELS image shown in Figure 5.16. Image (1) in Figure 5.16
shows the height variations during the SPELS image without any image processing.
Therefore, the upper left corner appears lower than in Figure 5.15 as the sample tilt
is not compensated. The count rate of elastically backscattered electrons as shown in
image (2) is higher on graphite than on silver. Image (3) shows the count rate per FE
current for energy losses between 3eV and 4.5eV which includes the silver surface
plasmon energy. The count rate from the silver islands increased slightly but the overall
reflectivity change overcompensates this. The signal at the Ag plasmon energy over

regions of graphite can be caused by the tail of the elastic peak or a Ag layer on the tip.
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Figure 5.15: The left image shows an STM image of a 500 nm high Ag island on HOPG
taken at a tunnelling voltage of 0.6 V and a current of 1 nA. Ag was evap-
orated on HOPG at a sample temperature of 477 °C. A plane fit using the
flat area right of the silver island has been applied to compensate for the
sample tilt. The right image shows the count rate during a constant current
electron reflectivity image using a FE voltage of 60 V at a setpoint of 10nA
of the same area but on the next day. A drift to the right of the image is
visible. The scan range is 2.7 pm.

Therefore the spectra from each point have to be normalised individually with respect
to the elastic peak. This results in image (4) which maps the relative probability for an
electron to lose energy to a silver surface plasmon on the sample. The plasmon intensity

(between 3 eV to 4.5eV) varies between 6.7 % and 14.7 % of the elastic peak maximum.

Figure 5.17 shows normalised and raw data spectra from high signal (@) and low
signal (B)) regions in the normalised image for energy losses of 3eV to 4.5eV as well
as the integrated count rate over all spectra taken during the measurement. The zero
energy loss position on the detector of the MCA is assigned at the beginning of a SPELS
image and this energy axis is then used for all points of the image. If the tip changes
during the image, the work function and therefore the energy of the elastic peak can

shift. This is visible in the integrated count rate spectra.

The raw data spectra in Figure 5.17 have the same axis range. You can see that the
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Figure 5.16: This SPELS image was taken on the same area as the right image in Figure
5.15. The FE voltage is 150V, the current set point is 500 nA and the scan
range is 2.7 um. The dwell time per point is 3s and the scan grid contains
50x50 points. Image (1) shows the height variations during the scan at
a constant FE current of 500nA and image (2) shows the count rate per
current around the elastic peak obtained over each point. Image (3) and
(4 show the count rate per current in the range from 3 eV to 4.5eV. Image
(@ is normalised against the maximum count rate per current in the elastic
peak for each point (see Figure 5.17 for examples).

absolute change between a low signal and a high signal point for the whole spectra can

be significant. Point @ has a total count rate of 7.04 kcps while point (B) has 12.97 kcps.

Both have roughly the same signal intensity around the plasmon energy.
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Figure 5.17: These energy loss spectra have been obtained during the SPELS image

described in Figure 5.16. See text for details.
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The normalised spectra show the different plasmon intensities in relation to the local
electron reflectivity. High relative plasmon intensities occur at the position of the regions
of low electron reflectivity or Ag islands. However, the contrast to the surrounding
HOPG surface is not very defined along the island edges and not all of the silver
structures appear bright in the normalised plasmon image. This is partly because of a
tip change which occurred during the scan and partly because of the low signal to noise
ratio of the individual spectra. The image consists of 50 x50 points and needed over
2hours to complete. The scan direction was bottom to top and forward. After about
one fifth of the image (line 12 from the bottom of the image) the normalised plasmon
intensity decreased from one line to the next and regained the former level after another
9 lines. This band is marked with arrows in image (4) in Figure 5.16. Please note that
both points of the spectra in Figure 5.17 are outside of this band. This band is also
visible in the Z image (image (1)) as an about 30 nm higher region. This changes the
electric field between tip and sample so that the relative plasmon intensity within the
band is not comparable with the rest of the image. This is mainly a problem of signal to

noise ratio as tip changes during hours of FE at 500 nA are inevitable.

Another difficulty in analysing this kind of measurement on thermally evaporated
silver on a graphite surface is that the silver can go anywhere on the surface and will
migrate to stable positions like graphite step edges. As SPELS is a technique utilizing
low electron energies it is highly surface sensitive (see Figure 1.13) and might detect a
signal from small silver islands that are not visible in the large area scan STM image
shown in Figure 5.15 due to the limited resolution of the image. Therefore, small silver
nanowires at HOPG step edges were made by using a small evaporation rate at elevated
sample temperatures similar to the technique described in [102]. This was possible due
to the new evaporator described in Section 4.1 which is facing the heatable sample stage

in the preparation chamber. By concentrating on the small silver agglomeration at the
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Figure 5.18: These STM images show Ag accumulated at HOPG step edges. The height
of the silver structures is 1nm to 3nm. Both images were taken with
a tunnelling voltage of -3V and a current of 300 pA. SPELS images of
these structures show no contrast in the plasmon peak but only in electron
reflectivity.

step edges the HOPG terraces are free of silver. This is also a test of the lateral resolution
limit of the instrument and its detection limit for smaller structures with decreasing
plasmon intensity. Figure 5.18 shows such a sample which was prepared by evaporation
of 1.65 A of silver at a deposition rate of 0.33 A /s and a sample temperature of 159 °C.
The height of the silver structures at the step edges is 1nm to 3nm. Although they
show a smaller electron reflectivity they showed no plasmon peak in SPELS images.
The signal to noise level with the MCA has been too small to detect the small plasmon

intensity of these structures.

To control silver structure sizes while keeping HOPG areas free of silver, EBL was used
to prepare samples as described in Chapter 4. Figure 5.19 shows an FE height image and
an electron reflectivity image of 200 nm silver squares on HOPG which are separated
by 200 nm. The height of the silver field was measured by STM to be 40 nm. The lower
reflectivity of Ag is visible in the electron reflectivity image and in a subsequent SPELS
image but there is no contrast in the energy region of the silver plasmon. The count rate

intensity drops by (-18.6+4.8) % at the position of the Ag islands. Samples with thicker
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Figure 5.19: These electron reflectivity images show the height and count rate variations
during the same measurement. The FE voltage and current were 60 V and
1 pA. The pattern of 200 nm big Ag squares is visible in the count rate image
through their lower reflectivity. The thickness of the silver film is 40 nm.

Ag layers have only been measured using the RFA.

It is clear from the spectra shown in Section 5.3.2 that the signal-to-noise of the retarding
field analyser after the elastic peak is not high enough to enable measurements of
plasmon excitations with an intensity as low as in Figure 5.17. However, it allows to
cut-off inelastically scattered and secondary electrons and thus permits measurements

of elastically backscattered electrons.

5.5 Imaging via the electron reflectivity contrast

The reflectivity contrast in SPELS is caused by the surface morphology (e.g. electron
blocking), an elemental contrast due to a change in the backscattered electron coefficient
for different elements and due to changes of measurement parameters. Surface features
with both a reduced electron reflectivity (negative contrast) and an increased reflectivity
(positive contrast) to the substrate HOPG have been found and are presented in the

following sections.
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Figure 5.20: (1) SEM image of the sample displaying the type of structure shown in
() and Figure 5.21. (2) FE height and electron reflectivity images using a
FE voltage of 60V, a current of 10nA and a retarding voltage of 20 V. The
tip-sample separation was 100 nm. The position of the electron reflectivity
image in Figure 5.21 is marked.

5.5.1 Negative reflectivity contrast

Figure 5.20 shows the field emission and backscattered electron image of silver nanos-
tructures on HOPG ((2)). The type of structure that has been imaged in (2) is marked
in the SEM image (1), which was taken from the same sample. While the tilted square
represents the scan range and orientation of the electron reflectivity image, the SEM
image does not necessary show the position of the electron reflectivity image. The
horizontal shift of the structure size in image () is due to a stitching error during EBL.

The structure type with four markers (dots with a diameter of 50 nm) consists of squares
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with a side length of 100 nm to 350 nm. The step size between the structures is 50 nm.
The SEM image shows a protrusion on the upper left corner of each square. This feature
is also visible in the electron reflectivity image (rotated by 135°). The four markers
appear to be connected in the electron reflectivity image which is also visible in some
of the structures shown in the SEM image (D). The highlighted area in the electron
reflectivity image is shown in Figure 5.21. The detector is situated in the lower left
corner of the image, which was taken in the forward scan direction. The count rate drop
in the middle of the Ag island in Figure 5.21 is (-12.6+1.4) % while the drop at the right
edge of the island, which is caused by electron blocking, is (-25.3£1.0) %. These values
and errors have been calculated using linear fits to the count rate on the substrate and
Ag island. Electron blocking is also visible at the protrusion at the lower side of the
square. The count rate increased at the opposite (bottom and left side) edge of the island
while the FE current remains constant. This effect is due to the surface being locally
tilted towards the detector and is described in Section 1.4. The lateral resolution of this

electron reflectivity image is 25 nm.

The lower reflectivity for elastically backscattered electrons for Ag compared with
HOPG is measured consistently at varying FE voltages and currents. This effect is
surprising as silver has a higher atomic number (Z = 47) compared to carbon (Z = 6)

and is discussed in Chapter 6.

Figure 5.22 shows the field emission and backscattered electron image of a different
sample. The two marker structures of 50 nm diameter are clearly visible in the CR
image. They represent the dimer triangle structure illustrated as group (5) in Figure
4.12. The triangles in Figure 5.22 appear to be connected. The change in count rate per
FE current is (-33.3£2.1) % for the island in the centre of the image. This drop is likely a
superposition of a geometrical contrast due to electron blocking at the island and the

lower reflectivity of Ag.
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Figure 5.21: This electron reflectivity image was taken at a voltage of 55V, a set point
current of 30nA and a tip-sample separation of 40 nm with the RFA. The
retarding voltage was 15 V. The image position is marked in Figure 5.20.
All image lines are offset by their line fit. The count rate scale bar values
have been offset by the minimum raw count rate on the image before the
line fit. The line profile shows raw data. The plateau at lower count rate at
the centre of the island is due to the change in the backscattered electron
coefficient for the island while the tip at the right is caused by electron
blocking. The lateral resolution of the electron reflectivity image is 25 nm.
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Figure 5.22: The left image shows the Z variation during a constant current measure-
ment using a FE voltage of 60V at a setpoint of 200nA. The tip-sample
separation is 245 nm. The right image shows the corresponding count rate
(RFA in pulse counting mode). The scan range is 1 um and a line fit filter
has been applied to both images. The sample has been prepared by EBL
on HOPG and a deposition of a 30 nm thick Ag layer. Both markers with a
pattern size of (50 x50) nm? are visible next to the structure.

5.5.2 Positive reflectivity contrast

To be able to distinguish the geometrical contrast from the backscattered electron
contrast, electron reflectivity images from non-silver islands on HOPG are shown below.
The following images have been obtained from another sample prepared by EBL and
Ag deposition. The surface features do not resemble the EBL pattern and have an
increased electron reflectivity compared to HOPG. The imaging parameters are similar
to previous measurements were Ag showed a reduced electrons reflectivity. Likely
material candidates are residues of the resist (SML-100) or contaminations due to the

contact to air (dust).

Figure 5.23 shows an STM height and a FE count rate image of the same area. The
pattern of the Ag structures is not visible in the image. The island in the lower left part
of the image is 165 nm high which was measured by a linear fit of the averaged areas on

the island and of the substrate right of the island. The detector is situated at the lower
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Figure 5.23: The left image shows an STM image taken at a tunnelling voltage of -
3V and a current of 300 pA using a linear line fit filter. The sample was
prepared by EBL on graphite and the deposition of a 30 nm high Ag layer.
The Ag pattern is not visible in the image. The right image shows the
electron reflectivity image of the same are for a FE voltage of 60V at a
setpoint of 10nA and a retarding voltage of 40 V. The tip-sample separation
between the images is 470 nm. The scan range is 1.3 um. The line profiles
of the black lines are shown in Figure 5.25.

left corner of the image. The blocking of electrons is visible in the count rate image as
a dip in the signal near the right and top edges of the island. The same is true for the
backward scan of the same images as shown in Figure 5.24. The black line in the images
in Figure 5.23 indicates the position of a line profile taken from both images. The line
profiles are shown in Figure 5.25. The line profiles for the backward scan in Figure 5.24
are shown in Figure 5.26. While the images have been filtered by a linear line fit, the
profiles show the raw data. The top two graphs show the height profile of the STM and
electron reflectivity image followed by the count rate, count rate per current and current
profile. The height profile of the STM image is also shown in the other line profiles for
comparison. Note that the FE and STM height profiles are shifted to positive Z values.
The tip-sample separation, which is the difference between Zgsr)s and Zrg is 470 nm.

The electron beam width reduces the lateral resolution and therefore broadens the steep
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Figure 5.24: These are backward scan images from the same measurements as shown in
Figure 5.23. The line profiles of the black lines is shown in Figure 5.26. The
shift in the island position is caused by the non-linearity of the piezos of
the STM at this large scan range of 1.3 um.

edge of the island as expected.

The level of count rate per FE current from the island rises by (19.6+0.4) % compared
with the surrounding substrate. The count rate difference has been calculated by
comparison of the linear fits from the left and right side of the island edge from an

profile averaged over 25 lines.

The minimum of the dip in the count rate roughly corresponds to the flank of the island
but the count rate starts to drop before the edge of the island is reached. The lateral
displacement between the onset of the signal drop and the edge of the island is different
for the forward and backward scan. A Gaussian fit of the dip in the forward scan has a
standard deviation of 20.8 nm and is shifted by 25.4 nm towards the right of the island
edge. The corresponding fit for the backward scan has a standard deviation of 30.8 nm
and is shifted by 10.6 nm towards the left of the island edge. This is likely due to a
shift of the probing area while the tip undershoots during the approach to the island as

explained in the following paragraphs.
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Figure 5.25: These profiles have been taken from the black lines marked in Figure 5.23.
The blue line in the lower graphs is Zgr) from the first scan. The gaussian
fit has its center at 556 nm and a standard deviation of 20.8 nm.
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Figure 5.26: These profiles have been taken from the black lines marked in Figure 5.24
similar to the profiles in Figure 5.25. The gaussian fit has its center at 328 nm
and a standard deviation of 30.8 nm.
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First the forward scan, where the tip moves from the top of the island down to the
substrate, will be discussed (Figure 5.25). When the tip reaches the edge of the island,
the tip-sample separation will increase and weaken the electric field at the tip. Therefore,
the emission current drops. This is compensated by the feedback loop which decreases
Z but with a finite slew rate. This explains the behaviour of Irg and Zrg but not the
count rate per FE current which already compensates for the loss in current. On the
other hand, when the tip is still above the island, a part of the electron beam can already
reach the substrate when the distance to the edge is smaller than the beam width.
Backscattered electrons from this part of the beam would be blocked by the island.
However, the area from which backscattered electrons can reach the detector, which
was referred to as probing area (PA) in Section 5.2, is located between the tip and the
detector and therefore not at this part of the beam. This explains the right shift (by
25.4nm) of the count rate per current drop which is marked by the Gaussian fit in Figure

5.25.

In the backward scan in Figure 5.26, the FE current increases as the tip starts from
the substrate and approaches the island which decreases tip-sample separation and
therefore the field intensity at the tip increases. As mentioned earlier, the high island
can block electrons and therefore decrease the signal intensity at the edges which do
not face the detector direction. However, as the PA is again shifted to the lower left of
the image, electrons are not blocked any more once the tip passed the edge of the island.
Moreover, the increase in current should lead to higher count rates but the opposite is

being measured.

One result from the simulations in Section 5.2 has been that the PA shifts away from
the tip position with decreasing tip-sample separation. The FE current is an indicator
for the tip-sample separation. In the case of the forward scan the current drops and

therefore the tip-sample separation increases while in the backward scan the current
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increases leading to a temporarily shorter tip-sample separation. This means that in the
backward scan the PA moves away from the tip position where less electrons reach the
sample. This is the reason for the offset of the drop in count rate in the backward scan

in Figure 5.26.

Another influence in STM measurements is the non-linearity of the piezo movement.
The difference in the absolute position of the island edge is due to piezo effects (nonlinear
extension and creeping) which are noticeable in this large scan range. As the island is
on the left side of the image it appears compressed horizontally in the backward scan
while it appears stretched in the forward scan. Therefore, the distance between the drop
in count rate and the edge of the island is bigger in the forward scan and smaller in the
backward scan. However, the change in the relative position of the drop from right to

left of the island edge cannot be explained by piezo effects.

To emphasize this effect, an electron reflectivity image from another sample is shown
in Figure 5.27, which was taken using the MCA. The sample was prepared by EBL on
HOPG with Ag evaporation. No EBL pattern is visible in the image. The island in the
lower part of the electron reflectivity image is 190 nm high and the image was taken
during a forward scan. An averaged line profile @ over the 4 lines marked in the
image is also displayed in Figure 5.27. As the tip approaches the island, the FE current
increases and the tip starts to retract. However, the count rate per current decreases
while the FE current is high which is marked by (B) in the image. This behaviour can
again be described by a shift of the PA towards lower intensities of the electron beam
distribution. The backscattered electron signal on top of the island is slightly increased
(less than 10 %) which allows to measure this effect. The right side of the island shows

the expected geometry contrast, blocking the backscattered electrons.
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Figure 5.27: This electron reflectivity image was taken with the MCA at a voltage of
45V and a current setpoint of 1 uA. The scan range is 1.5 pm. The line

profiles from @ show the FE voltage and current as well as the count rate
per current. (B) indicates the count rate dip due to the shift of the PA.
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5.6 Nonlinear Field Effects

In August 2014 C. K. Xu et al. published their work regarding field enhanced inelastic
scattering at Ag nanoparticles [108]. They use a toroidal analyser around an STM to
capture electrons over a wide angle from the sides of an STM (see (1) in Figure 5.28).

They report a nonlinear increase in the intensity of the Ag plasmon loss peak at high

@
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Figure 5.28: (1) shows the setup using the toroidal analyser. (2) shows the FE voltage

effect on the intensity of the plasmon loss peak. Both images were taken
from [108].

FE voltages up to 60 % of the elastic peak, but no spatial plasmon maps have been
presented. Their results were reported from a sample consisting of a 10nm thick Ag
layer on HOPG, which resulted in clustered Ag islands. They could not measure the
effect on thicker Ag layers and argued that a high amount of “hot spots”, the small gaps
between Ag nanoparticles, are only present in the thinner Ag layers and are necessary

to observe this effect.

Such an increase in the loss peak would also be visible with the RFA. Therefore,
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SPELS with the RFA (3 mm aperture) was used on a sample prepared by EBL, a sample
consisting of a thick Ag layer on mica and a sample consisting of a 10nm high Ag
layer on HOPG. Only the 10nm thick Ag film sample has shown a dependence on
the voltage as shown in Figure 5.29. A broad energy loss peak, centred around 2.5eV,
appears with increasing FE voltage from 210V to 240 V. As the tip position was held
constant, the FE current and the count rate increased with higher voltage, but the count
rate per current decreased. The energy of the loss peak differs from the position of
the Ag plasmon peak at 3.8 eV, which has been measured before. As the RFA does not
need to be calibrated there is no risk in distorting data as with the MCA (see Figure 5.9).
However, more experiments need to be conducted to confirm their findings and to get

meaningful statistics about this effect and its dependence on the Ag film structure.
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Figure 5.29: These spectra have been obtained in succession at the same tip position
using the RFA. The FE voltage, count rate and current for each spectra are
displayed in the graphs. The current variations during the measurements
are compensated by dividing the count rate by the FE current and the

differentiated data is smoothed using a moving average filter with a span
of 3.
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5.7 Summary

In summary, the RFA allows one to work regularly at 1 to 2 orders of magnitudes higher
signal intensity compared with the MCA. However, this does not fully compensate for
the loss in signal to noise due to the retarding field design e.g. the analyser being a
high pass filter rather than a band pass filter. This prevents the mapping of plasmon
loss features but still allows the detection of backscattered and secondary electrons.
The measurement of the local contrast in electron reflectivity helps to identify surface
features. The RFA is much easier to set up than the MCA as there are no electron optics
that have to be tuned. Imaging in FE mode means that the tip is safe from surface
impacts even at the largest scan range at a high scan speed where STM images would
break the tip. It is therefore useful as a tool to find bigger structures on a sample if the
sample is resistant to the low energy electron beam. However, to achieve high resolution
EELS spectra for SPELS a band pass filter analyser, such as the MCA, is necessary. This
is due to the low intensity of the plasmon peak compared with the elastic peak at higher
absolute energy. With the MCA, plasmon loss features of Ag, Au and graphite as well as
spatial plasmon maps have been measured. The shift of the PA as simulated in Section

5.2 has been observed experimentally with both detectors.

Chun Kai Xu et al. reported recently enhanced plasmon loss peaks of up to 60 % of
the elastic peak at high electric fields between a tip in field emission mode and Ag
nanostructures [108]. First attempts to verify their work have shown an increase in the
intensity of a loss peak at 2.5eV, but further experiments are necessary to verify these

results.
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Summary and Outlook

6.1 Summary

In this study of scanning probe energy loss spectroscopy (SPELS) of structured surfaces,
the capabilities of the instrument were developed and investigated. This technique
requires the optimisation of the field between tip and sample by controlling the tip shape
and scanning conditions to improve the signal intensity of backscattered electrons. High
tip stability under field emission is necessary for a successful measurement. The best
resolution of 25 nm is achieved for close proximity between the tip and sample of below
300 nm. The energy of the probing electrons is defined by the FE voltage that is applied
to the tip subtracted by the work function of the tungsten tip of 4.5 eV. The maximum
FE voltage is limited by the FE current the tip can withstand without becoming unstable
or blunt. To achieve sub 100 nm resolution it is necessary to work with FE voltages of
less than 100 V. Higher energy levels are possible but this sacrifices lateral resolution.
The energy resolution of the instrument in the current state is limited by the energy
distribution of the field emitted electrons which is 0.3 eV. Surface plasmons of Ag and
Au have energies of about 3.6eV and 4.8eV and are therefore accessible by SPELS.
Electron reflectivity images of nanostructures with controlled sizes down to 50 nm have

been routinely acquired for the first time.
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In this chapter the work that has been presented in the previous chapters is summarised

and desirable future studies are discussed.

Development of SPELS Instrument

The configuration of the instrument as well as tip and sample preparation methods have
been revised and extended as explained in Chapter 3. A new electron detector based on
the retarding field principle, and using a CEM, has been built as a replacement for the
MCA. The compact design of the analyser means that the distance between sample and
the CEM can be reduced to 38 mm. Both pulse counting mode and analogue mode for
the CEM have been implemented and used for SPELS. SIMION was used to simulate
electron trajectories in the RFA and to assess the dependence of the energy resolution on
the size of the entry aperture. With the RFA, count rates up to the limit of the ratemeter
of 1 MHz are routinely observed in pulse counting mode. The analogue mode allows

an even higher count rate, but at a higher noise level.

Important imaging parameters, like energy distribution and tip-sample separation at a
given FE voltage and current, depend on the tip condition. Tips, that have been prepared
and characterised by SEM during this study, were used for a quantitative statistic about
the success rate of various etching parameters. These measurements show that etching
voltages above 4V are preferable for gaining suitably sharp tips for SPELS. The addition
of the tip conditioning stage to the vacuum system allows for in situ tip preparation
with a variety of methods. Field emission at high current as a preparation method has
been used as standard procedure to prepare tips. Additionally, field-surface-melting,
self-sputtering and e-beam heating have been tested. Furthermore, the addition of this
stage allows the field emission stability of the tips to be tested before they are loaded

into SPELS. A LabView program has been written to control the high voltage power
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supply used in these methods and to log and automatise the experiments. Tips that emit
a FE current of 1 pA at a stable FE voltage of 1000 V or below show a good backscattered

electron signal in SPELS at much lower currents.

During this study a large amount of measurements have been performed which would
not have been possible without custom control software. Software has been written to
control SPELS with the MCA, with the RFA, to perform custom experiments, to analyse

SPELS data and to control tip and sample preparation.

Creation of Nanostructured Surfaces

In Chapter 4, the sample preparation of silver and gold nanostructures on HOPG has
been discussed. EBL proved to be the most reliable and versatile preparation method.
The ability to control the film thickness during metal evaporation was necessary for
samples prepared by EBL, due to the limited resist thickness. A home-built evaporator,
with water cooling, shutter and integrated quartz crystal monitor providing a high
degree of control over metal deposition, has been added and used to prepare samples

in situ and for EBL samples.

For EBL, a positive resist together with a lift-off process have been used to create Ag
and Au structures on HOPG down to a size of 50 nm. The limitation in lateral sample
movement to the horizontal axis in SPELS requires a macroscopic sample (several mm?)
area to be patterned. Only then is it feasible to find nanostructures on the sample. The
EBL pattern layout has been optimised to increase the area covered with nanostructures.
The geometries of nanostructures include a variety of sizes and distances between

dimers and trimers to generate different degrees of plasmon coupling.
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SPELS Performance and Images of Nanostructured Surfaces

In Chapter 5, the performance of SPELS has been described in dependence of various
measurement parameters. SIMION simulations of the tip-sample junction in SPELS
have also been performed with the intention to determine how the probing area, only
from which backscattered electrons reach the detector, changes with the tip-sample
separation. It has been found that the tip-sample separation is inversely proportional to
the offset of the probing area from the tip position. As every tip has a different shape

this result has only a qualitative character but demonstrates an underlying mechanism.

Spatial maps of backscattered electrons have been presented and analysed. Spatial
plasmon mapping has been achieved in case of the MCA on a large (around 500 nm
high) island of Ag on HOPG. For spatial plasmon maps, the count rate per FE current
has to be normalised against the local reflectivity. The normalised count rate around the

Ag plasmon peak (3eV to 4.5eV) is correlated to the highest Ag islands.

The total backscattering rate, e.g. the elastic peak height, appears to be lower on Ag
than on HOPG, which has been measured with both the MCA and the RFA on several
samples. This is counter intuitive as the backscattered electron coefficient is higher for
heavier elements like Ag (Z = 47) compared to carbon (Z = 6). HOPG has a higher
atomic density per surface area (factor 3.18) and per volume (factor 1.94) compared
to a Ag crystal. But the theoretically difference for the backscattering coefficient is by
a factor of 6.02 higher for Ag compared to carbon® [109]. However, this calculation
is based on measurements using electron energies of several keV. Assa’d and Gomati
measured the backscattering coefficient for electron energies as low as 500eV [110].
They found that the coefficient decreases for materials with Z > 20 and samples that

have not been cleaned in situ as shown in Figure 6.1. A reduced backscatter coefficient

lusing Eg =100 eV
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@

Figure 6.1: The backscattered electron coefficient was measured for materials with
different atomic numbers and at various electron energies. (1) for samples
that have been cleaned in situ by Ar ion sputtering. (2) for samples that have
been used as inserted in the vacuum chamber. The coefficient decreases at
lower electron energies (500 V) for species with higher (>20) atomic numbers.
(taken from [110])

for lower electron energies could explain the contrast visible in SPELS images.

Measurements with the MCA on small silver islands at HOPG step edges and nano-
structures prepared by EBL have been presented. However, the signal level of smaller

Ag islands was insufficient to generate spatial plasmon maps but showed contrast in
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electron reflectivity between Ag islands and graphite. The ability of the MCA to cover
a wide range of electron energies in parallel has attendant risk of distortion of data
by wrong detector calibration. This issue has been addressed and an experimental

procedure to avoid these problems has been discussed.

The RFA showed insufficient signal to noise levels to show plasmon peaks as their signal
is measured on top of the high signal from the elastic peak. However, the overall count
rate is up to two magnitudes higher compared with the MCA. Electron reflectivity
maps that show a contrast between Ag and HOPG have been obtained with the RFA.
The reflectivity from Ag has consistently been lower than that from HOPG. The change
in reflectivity allows to distinguish between Ag islands and other surface features
on the sample. Experimental evidence has been found for the results from SIMION
simulations for the position of the probing area adding to our understanding of the

contrast mechanism in SPELS images.

The increase in intensity of a loss feature at 2.5 eV with higher FE voltage demonstrates
that the RFA can be used to measure loss features with high intensity. However, further

experiments need to be carried out to verify the results of C. K. Xu (see et al. [108]).

6.2 Outlook

This study of SPELS has shown interesting possibilities but also limitations of the tech-
nique regarding spatially resolved images. Higher electron energy has to be traded
against spatial resolution, which limits accessible surface excitations. Surface plasmons
of nanostructures are an interesting subject to study. The contrast in reflectivity demon-
strates that the lateral resolution of the instrument is sufficient but the signal to noise

ratio has to be increased to achieve reliable spatial plasmon mapping.
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The electron reflectivity contrast should be investigated for materials with different
atomic numbers than silver (e.g. copper and gold) and for various electron energies.
The dependence of the backscattered electron signal on the electron mean free path in
the sample could be investigated by thin film bi- or tri-layers. This could also investigate
the surface sensitivity of SPELS in dependence of the electron energy. At higher electron
energies, the measurement of loss signals from sub-surface layers should in principle be

possible.

More experiments on the 10 nm thick Ag layer at high FE voltages should be conducted
to investigate if the increase in the intensity of the loss peak can be assigned to the
nonlinear field effect as proposed in [108]. It would also be interesting to investigate

whether this effect can be seen with other materials like Au.

6.2.1 Towards next generation SPELS

The RFA had an insufficient signal to noise ratio at the plasmon energies but a high
overall signal intensity, while the MCA had superior energy resolution but at a low
signal. As the maximum energy resolution of the MCA of 2meV is not needed for
SPELS, a smaller cylindrical sector or other band pass filter type analyser could be used.
A compact analyser of this type could be placed nearly as near to the sample as the RFA,
although the distance to the detector (e.g. CEM) would be larger. The LK1000, a smaller
brother of the analyser (ELS5000) used at the beginning of this work, could be used for
this purpose. It has a radius of 35 mm and would fit between the support columns of
the Omicron STM-1, this has been shown by a CAD drawing. Together with the already
established tip and sample preparation methods, this could lead to spatial resolution

plasmon maps with a high signal.
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Appendix A

Derivation of the Spot Size of the

Evaporator

The dimensions of the aperture of the evaporator and the assumed position of the

crucible below the aperture is shown in Figure A.1. The diameter of the evaporation

X 25
CNTES
R I

Figure A.1: Schematic of the aperture of the evaporator. All dimensions in mm.

source is approximately 3mm and the source is centred 5mm below the aperture.
The angle « is the tangent from the distance between the crucible and the end of the
evaporator and the distance from one end of the crucible to the alignment of inner wall
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of the aperture:

tana = ? (A1)

If 1 is the distance from crosspoint X in the image to the upper end of the aperture then

tana is

30 — I
tanw = ——— A2
an x 15 ( )

and with B = 90° —« the spot diameter S at distance d is

S(d)=2-(h+d) -tanp=2-(—15-tana + 30 + d) tan B. (A.3)
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Set up of Electron Lens Voltages

The ID’s of the virtual lens voltages as well as their DAC and voltage ranges were listed

in Table B.1.

Table B.1: Range of DAC values and lens voltages. Note that the length of the binary
representation is different for different voltages.

maximum values | minimum values
ID Lens | DAC  Voltage | DAC  Voltage
24  Window | 65000 1,646 0 0,000
25 ANT1 | 65000 26,308 0 0,001
26 B4 | 65000 21,018 0 -5,302
27 E1 | 65000 88,442 0 0,000
32 B3 | 65000 127,822 0 -6,783
33 EO | 65000 82,801 0 -14,781
34  ExitGrid | 65000 4,955 0 -5,321
40 "B4 | 4080 2,636 0 -2,651
41 "E1 0 2,404 | 4080 -2,500
54 Offset | 4080 2,641 0 -2,659
55 “"AN1 | 4080 25,393 0 0,001
57 E2 | 4080 9,867 0 -9,981
61 "E2 0 2,474 | 4080 -2,596
52 Elramp | 4080 1,984 0 0,000
42 B3 ramp | 4080 1,689 0 0,000
51 B4ramp | 4080 1,980 0 0,000
56 Beam 0 16,267 | 4080  -244,991
53 Win-mult | 4080 31,875 0 0,000
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The conversion formula for the transition from a DAC value to a virtual lens voltage V
is

V =V +slope - (DAC — DACy). (B.1)
The coefficients DAC( and V) are listed in Table B.2. The conversion formulae from the

Table B.2: Coefficients of the conversion formula between DAC values and virtual lens

voltages.

Coefficients of the conversion formula
Lens | DACy Vo slope
Window | 39623 1,0036215000  2,5329265830E-05
AN1 | 7432 3,0106650000 4,0469060960E-04
B4 | 50056 14,9670600000 4,0491894767E-04
E1 | 4434 6,0333930000 1,3606422423E-03
B3 | 12987 20,1113100000 2,0708344973E-03
EO | 16540 10,0499151000 1,5012509110E-03
ExitGrid | 30481 -0,5020620000 1,5808014960E-04
"B4 | 2046 0,0000587527  1,2958908997E-03
"E1 | 2000 0,0000551789 -1,2020574759E-03
Offset | 2820 1,0041150000 1,2989844760E-03
~"AN1 777  4,8367200000 6,2236081080E-03
E2 | 3087 5,0359500000 4,8646869959E-03
"E2 | 1991 -0,0001143648 -1,2425259674E-03
Elramp | 2056 1,0000000000 4,8638132300E-04
B3 ramp | 2415 1,0000000000 4,1407867500E-04
B4 ramp | 2061 1,0000000000  4,8520135900E-04
Beam 567 -20,0400000000 -6,4033865800E-02
Win-mult 128 1,0000000000 7,8125000000E-03

virtual lens voltages to the actual lens voltages are

Beam = Beam

1
E2RT = [Beam| + E2 + 7 - E2

1
E2LT = [Beam| + E2 — - - 'E2

1
E1UP =E1+ 5 “E1 + E1 ramp - (Window - Win-mult + Offset)
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Appendix B: Set up of Electron Lens Voltages

E1DN =E1 - % -"E1 4 E1 ramp - (Window - Win-mult + Offset)
EO0 = E1 4 E0 + E1 ramp - (Window - Win-mult + Offset)
B3 = B3 + B3 ramp - (Window - Win-mult + Offset)
B4UP = B4 + % -"B4 4 B4 ramp - (Window - Win-mult + Offset)
B4DN = B4 — % -"B4 4 B4 ramp - (Window - Win-mult + Offset)

1
AN1IN = AN1 + 5 “AN1 + Window - Win-mult + Offset

AN1OUT = AN1 — % -~AN1 4+ Window - Win-mult + Offset

EXIT GRID = ExitGrid + AN1 + Window - Win-mult + Offset
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Appendix C

Characterisation of Tips and Samples:

AFM and SEM

The following techniques were used to characterize samples and tips before they are

introduced into the UHV chamber of the SPELS instrument.

C.1 AFM

AFM allows the imaging of the topography of an insulating or conducting surface by a
probe tip. This technique was used to characterize samples. The schematic of the setup

is displayed in Figure C.1.

The AFM tip is fabricated on a small flexible bar which is called a cantilever. The
movement of the cantilever is realised with piezo crystals. As the tip is pressed gently
on the surface, the displacement of the cantilever is measured with a laser beam which
is reflected from the back side of the cantilever and detected by a 4-part photodiode.
The difference in current generated by the four independent parts of the photodiode

provides an accurate measurement of the laser spot position.

The cantilever can scan the sample in three different modes. These are the "contact

mode", the "non-contact mode" and the "tapping mode". The force with respect to the
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‘ Laser

Photodiode

Cantilever

sampe] o
N

Figure C.1: Schematic of the principle of an atomic force microscope (taken from [111]).

tip-sample separation is displayed in Figure C.2. During the contact mode the tip is
pressed on the surface with a repulsive force, which is marked in Figure C.2 by the
red area. As the tip follows the surface topography, so does the displacement of the
cantilever which is detected as the deflection of the laser beam. A feedback loop reacts
to these changes by adjusting height of the cantilever so that the force on the sample is
constant. The variations in Z provide an image of the surface topography. Alternatively,
the height of the tip is held constant while the displacement of the cantilever together
with its spring constant provides a measurement of the forces on the tip. With an
electrically conductive tip working in the contact mode the local conductivity of the
sample can be measured parallel to the topography. This method is called "conductive
AFM". The contact mode has the disadvantage that sensitive samples could be damaged
or manipulated by the force applied by the tip. In the case of thin films, the tip could lift

the film which would result in the distortion effect described in Figure C.3.

This can be avoided using the non-contact mode. This mode utilises the attractive van
der Waals forces. These forces are too small to be measured directly by a displacement of

the cantilever. So the tip is forced to oscillate with a frequency right next to the resonant
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Figure C.2:

Figure C.3:

- — Lennard-Jones potential
— attractive part
— repulsive part

i contact mode
N non-contact mode
| | J
1 1.5 2 2.5 3
r (a.u.)

Example of the Lennard-Jones potential. The displayed equation is:
((1/x)'2) — (2- (1/x)®). The red area indicates the range of the contact
mode, where the force on the tip is repulsive. The blue area marks the range
of the non-contact mode, where the force on the tip is attractive.

ﬁntilever

Thin film
]

AFM-Proﬁle;/\—

Schematic of distortion effect of AFM tip induced force on thin films on a
surface.

frequency of the cantilever by the Z piezo crystal. When the tip approaches the sample,

the resonant frequency of the cantilever decreases due to attractive van der Waals forces

between the sample and tip. This changes the gap between the resonant frequency and
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the operating frequency and therefore the amplitude of the oscillation changes. This
signal is high enough to be measurable. In contrast to the contact mode, the tip does not
apply any lateral force on the sample. A limitation of this measurement mode is that
the natural liquid film on a sample measured in air can be higher than the range of the

van der Waals forces so that the actual topography of the sample can not be resolved.

The tapping mode is an approach to combine the advantages of both measurement
modes described above. In this mode the tip is forced to oscillate with a frequency near
the resonant frequency. This leads to oscillation amplitudes up to 20 nm. The tip-sample
separation is then reduced so far that a repulsive force appears on the tip at the lower
reversal point of the oscillation which reduces the amplitude. The height is then varied
to keep that amplitude constant during a scan. Recording the z-position of the tip then

leads to an image of the topography.

The AFM has the same limitations as STM in imaging features with a high aspect ratio
due to the tip size as described in Chapter 1.2. The AFM was used in non-contact mode

in this work.
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C.2 SEM

SEM scans the surface with an electron beam whilst measuring the emitted secondary
electrons to reveal a topographic image of a surface. This technique does not perform
an energy resolved measurement of the secondary electrons but the wide range of mag-
nifications from the millimetre down to the nanometre regime was used to characterize

STM tips for SPELS and samples.

The images are typically in gray scale with brighter

aperture areas corresponding to higher electron count rates.

The contrast mechanism is due to the fact that the
number of electrons reaching the detector is depen-
dent on the surface orientation, structure and mate-
rial. Secondary electrons with a high normal velocity
component are more likely to leave the sample [112].
Hence, if the normal of a surface is facing the detec-
tor it appears brighter while a surface with a small

Figure C.4: Schematic of the elec-
tron beam with big (red) and angle to the detector appears darker. Sharp edges

small (blue) aperture.

have a higher local surface and allow more electrons
to leave the sample and appear therefore bright in SEM images. The depth of focus can
be influenced by the aperture size of the SEM and by the working distance between the
electron lens system and the sample. A bigger aperture will lead to a higher current
and therefore a higher signal to noise ratio, but it will also decrease the depth of focus

as it is displayed in Figure C.4. A bigger working distance increases the depth of focus

but decreases resolution.

If the rate of charge dissipation in the surface is low the electron beam will charge the

sample locally, which is visible in subsequent images. A feature is always measured by
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starting with a low magnification to avoid this effect. Also, calibration steps are taken

far away from interesting sites on the sample.

The SEM has also the capability to produce structures on surfaces. This is either done
by electron beam lithography or by maskless electron beam induced deposition (EBID)

[113]. With these methods structures in the nanometre regime can be produced.

The SEM instrument used in this work is described in Section 3.2.3.1.
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