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1 Introduction
Metal oxide surfaces play a key role in various industrial domains, especially in the field of
heterogeneous catalysis.1–4 In particular, CeO2 (ceria) a prototype reducible oxide is widely used
in applications such as in three-way catalytic converters for CO oxidation and NO reduction.5–8
The catalytic activity of ceria is based on the release or acceptance of oxygen under reducing,
respectively oxidizing conditions. These processes are facilitated by a transition of the rare earth
metal cations’ valencies from 3+ to 4+ and vice versa.
The catalytic properties of metal oxide surfaces are often created or can be enhanced by noble
metal particles. In case of gold grown on ceria as a substrate, these particles are relevant for the
formation of hydrogen in the water gas shift reaction and a facilitated CO oxidation.9 A high
dispersion of gold is desired, as it has been shown for other oxidic substrates such as TiO2 and
Fe2 O3 , to enhance the catalytic activity.10–12
In applications, the catalytic active metal oxide is often porous or structured which results
in a high surface area to volume ratio.13 Consequently, these surfaces exhibit a large density of
particular active sites, and it is difficult to identify the catalytic behavior of a certain type of surface site. In order to improve the efficiency and selectivity of catalytic reactions, a fundamental
understanding of the active sites is most helpful.
One approach is to prepare well-defined surfaces and investigate their properties under controlled conditions. Under ultra-high vacuum (UHV) conditions, a wide range of surface science
techniques can be employed.14, 15 A valuable instrument for investigating the morphology of
metal oxides with a high spatial resolution is the non-contact atomic force microscope (NCAFM).16, 17 The strength of this technique is to explore surfaces of crystals with a large band
gap, which are not accessible when applying other real space imaging methods such as scanning
tunneling microscopy (STM).18
In this work, the morphology of pristine and gold covered surfaces of crystals with the fluorite
structure are explored by NC-AFM. Additionally, the electric surface potential is determined by
Kelvin probe force microscopy (KPFM).19
After an introduction to the principles of NC-AFM in chapter 2, the implementation of the
KPFM technique is illustrated. This supplemental technique allows the detection of localized
surface charges and dipoles which influence chemical and physical processes at the surface.20
The preparation of oxidic samples under UHV conditions plays a crucial role for surface characterization. In this context a new design of a sample holder is developed, described in chapter 3.
The set-up21 is capable to withstand temperatures of 1300 K, which is required for the preparation of metal oxide surface structures close to the thermodynamic equilibrium.22 Furthermore,
temperatures are monitored with high precision, which is essential for post-deposition annealing
experiments.
The first studied systems are pristine crystal surfaces that have a fluorite structure.23 The
results are illustrated in chapter 4.
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CaF2 is one of these compounds with the fluorite structure and has a similar structure as
CeO2 . It is catalytic nonactive and cleaving yields well-defined surfaces with large stoichiometric terraces. These characteristics make CaF2 (111) the ideal model surface exhibiting fluorite
structure. A homogeneous electrostatic potential on terraces is found using KPFM, which proves
the absence of charged defects. Ledges have a predominant positive potential.24 The goal is to
illustrate these findings and develop a reasonable model of the particular atomic structure of
ledges in order to understand the determined electric potential (section 4.2).
Ceria and praseodymia (PrOx ) exhibit the fluorite structure as well, however, the preparation
procedure of (111) surfaces differ from the cleaving process used for CaF2 . Rare earth oxide
surfaces are cleaned by multiple argon ion sputtering and annealing cycles. The influence of the
particular preparation conditions on the surface morphology of CeO2 is analyzed (section 4.3).
We characterize the structure of step edges. Additionally, an explanation for the low density of
surface vacancies is proposed.
Because large rare earth oxide single crystals are very rare, thick CeO2 and PrOx films are
considered as adequate substitutes. Their ability as surrogate for single crystals is demonstrated
and similarities and differences of the morphology after different preparation procedures are
explored (section 4.4).
The second main topic of this work is the investigation of gold covered CeO2 (111) surfaces. In
chapter 5, different growth modes of adatoms on a substrate are briefly discussed and, thereafter,
a model of ceria supported nanoclusters is proposed.
In chapter 6, the results found for gold particles grown on ceria are depicted. Small gold
particles, which consists of as few atoms as possible are detected. A model for a strong interaction
of small gold clusters to the ceria substrate is presented and the stability of small gold particles
against sintering is explored. Additionally, nanometer-sized clusters with a monodisperse height
distribution are grown and fully characterized. The combination of NC-AFM and KPFM is
employed to determine their electric potential with respect to the substrate, their crystallinity
and epitaxial relation to the substrate. Using the Wulff-Kaischew construction, the exact shape
of clusters is determined and the adhesion energy is calculated.
In chapter 7, the main results of this thesis are summarized.
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2 Atomic force microscopy and Kelvin probe
force microscopy
Scanning probe techniques are most powerful tools for imaging surfaces in real space.18 In these
techniques, a probe scans, in close proximity to the sample, each point of the surface while
the resulting interaction is recorded. In most cases, the probe-surface gap is controlled by a
distance feedback loop responding to the interaction signal. The resulting images show contour
plots of constant interaction. This scheme is used for multiple possible interactions in which
spatial resolutions down to atomic level are possible. In the following, a method sensitive to the
force field of the surface is illustrated, namely atomic force microscopy (AFM) operated in the
frequency-modulated (FM) non-contact mode (NC-AFM).16, 17 Kelvin probe force microscopy
(KPFM) is a supplemental technique which is sensitive to electrostatic forces solely.19

2.1 Non-contact atomic force microscopy
The descriptive name atomic force microscopy can be traced back to the fact that forces on the
atomic level are detected. In an elementary realization, a sharp tip is mounted to a cantilever
that is displaced by the force field of the sample. The force F and the displacement q 0 from the
equilibrium position of the cantilever are related by Hooke’s law:
F = −k · q 0

.

(2.1)

In this equation, the spring constant k is the stiffness of the cantilever. In most experiments,
the tip is pressed on the surface with a force of several nanonewtons (nN) and the tip-surface
contact area has a size of several square-nanometers. The investigation of individual point
defects requires a better lateral resolution. Hence, the non–contact mode (NC-AFM)17 is used
exclusively in this work. In this dynamic mode the cantilever with an effective mass m∗ is excited
at its resonance frequency to oscillate with a constant amplitude A. The resonance frequency
f0 of the freely oscillating cantilever is given by
1
f0 =
2π

r

k
m∗

.

(2.2)

In close proximity to the surface, which means that the lower turning point z0 of the tip
oscillation approaches the surface down to a nanometer and below, the cantilevers resonance
frequency is lowered due to increased tip-sample interactions. A detuning or frequency shift
∆f = f − f0 results from the average force during one oscillation cycle25 (equation 2.3 and
2.4). The absolute value of ∆f strongly depends on the oscillation amplitude A. Therefore,
the normalized frequency shift γ has been introduced,26 which is a measure for the interaction
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strength independent of cantilever properties.
∆f

q0
F (z0 + A − q 0 ) p
dq 0
A2 − q 02
−A
Z A
∂F (z0 + A − q 0 ) p 2
f0
= −
A − q 02 dq 0
2
πkA −A
∂z

=

γ =

f0
πkA2

Z

A

(2.3)
(2.4)

k · A3/2
∆f
f0

(2.5)

The tip-sample interactions are usually subdivided into long-range and short-range forces, as
described in the following. Short-range forces yield a spatial contrast down to the atomic scale,
representing the positions of the surface atoms, while superimposed long-range forces provide a
background and do not contribute to the atomic contrast pattern.
An example for a long-range interaction is the London-dispersion force between the entire tip
apex and the surface and it is one type of van–der–Waals force. It is based on instantaneously
induced dipoles and is always present. A significant reduction of this type of interaction is
possible by using sharp tips with an apex radius R below 10 nm.
Electrostatic interactions are long-range forces as well, and originate from a polarized or
charged tip or sample. For metallic tips and surfaces electrically connected to each other, the
charges stem from an alignment of the respective Fermi energies. Additionally, localized charges
and dipoles contribute to the electrostatic interaction as well. In most NC-AFM measurements,
electrostatic interactions are minimized by applying a proper voltage (VDC ) between tip and
sample. This voltage is usually set to a constant value for a series of images. A detailed illustration of the origin of electrostatic interactions and their compensation is given in section 2.3.
repulsive

attractive

0.5
0
-0.5
-1.0
Fig. 2.1: The Lennard–Jones potential and corresponding force qualitatively describe the total tip-sample interaction as a function of their
distance. For this potential the frequency shift
(∆f ) is calculated using typical parameters of
A = 13 nm; f0 = 300 kHz and k = 30 N/m.
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In high resolution NC-AFM experiments, forces with short decay lengths are dominant. For
instance covalent bonds27 and short-range electrostatic interactions of an ionic tip apex with an
ionic surface28, 29 yield an atomic pattern. The atomic cluster of the tip apex easily changes by a
tip-surface contact and as a result the obtained atomic contrast pattern may be altered as well.
For a detailed interpretation of this contrast, the tip’s chemical composition and its interaction
with the surface have to be considered.30
A force with an even shorter decay length is caused by the repulsive overlap of atomic orbitals of the tip and surface atoms. Following the Pauli exclusion principle, orbitals with the
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same quantum state repel each other when they are close together. Using this force, NC-AFM
techniques are capable of high resolution imaging as well.31, 32 Unfortunately, this regime is usually not accessible for measurements performed at room temperature as the tip apex or surface
structures decompose assisted by the thermal energy.
A qualitative description on the summation of repulsive and attractive forces is given by
the Lennard–Jones Potential ELJ , which is illustrated in figure 2.1. The attractive long-range
interactions are represented by the term to the power of 6, while the short-range repulsion is
represented by the term to the power of 12.
ELJ
F

 

zbind 6  zbind 12
= −Ebind 2
−
z
z
∂E
= −
∂z

(2.6)
(2.7)

For this potential, the binding energy is Ebind , while the equilibrium distance is given by zbind .
The force F is the negative derivation of this potential and the frequency shift ∆f depending
on the cantilever oscillation amplitude A is calculated by using equation 2.4.
On macroscopic scale (100 to 1000 nm), NC-AFM and KPFM measurements are performed
with a tip-surface distance z0 of about 1 to 3 nm and, therefore, especially van–der–Waals and
electrostatic forces dominate the imaging process. Images taken with this large distance show
the terraced structure of surfaces while preventing the tip from crashing into the sample. For
atomically resolved NC-AFM images with a side length of about 10 nm, the distance has to be
decreased in such a way that it approaches the minimum of the ∆f (z) curve shown in figure 2.1.
In this regime, short-range interactions, which are required for the atomic contrast pattern,
dominate the imaging process. A more elaborated explanation of forces and force detection is
given by Giessibl.33

2.2 Non-contact atomic force microscope set-up
The microscope is a modified, commercial STM/ AFM (Omicron, Taunusstein, Germany).34, 35
Scanning probe experiments are performed in the non–contact mode. Thereby the cantilever
oscillation is detected using the light beam deflection method. A laser beam is reflected from
the back side of the cantilever and directed to a position sensitive diode (PSD) (figure 2.2).
When the cantilever is oscillating, the PSD yields a sinusoidally modulated signal (∆osc ) which
is increased by a pre-amplifier. Its frequency corresponds to the resonance frequency of the
cantilever and the amplitude in volts (AV ) is a measure for the cantilever oscillation amplitude
given in units of nanometers (Anm ). Both parameters are determined by a detection electronics
(EasyPLL from Nanosurf AG, Liestal, Switzerland). The built-in feedback loop excites the
cantilever in such a way that its oscillation amplitude A matches a predefined value (Aset ). The
energy needed to maintain the oscillation at constant amplitude is called dissipation Γ. As soon
as the tip interacts with the sample surface, the frequency of the oscillation shifts. The detuning
∆f is detected by a demodulator.
Amplitude (A), dissipation (Γ) and detuning (∆f ) are recorded, while parameters such as
relative tip-surface position (x, y and z) and bias voltage (VDC ) can be varied by a scanning
electronics (Dulcinea from Nanotec, Madrid, Spain). This results in a multitude of scanning
methods, of which the most important ones are discussed below.
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laser

PSD

D
osc.
pre-amp.

amplitude FB
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excitation

amplitude A
dissipation G
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XY
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topography FB

D
f

D
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Fig. 2.2: Schematic set-up of an NC-AFM. On the left, there is the cantilever whose oscillation
is detected by the light beam method. On the right are the feedback loops for NC-AFM. During
experiments amplitude A, dissipation Γ, detuning ∆f and topography z are recorded.

Imaging modes
NC-AFM measurements can be classified into one-dimensional spectroscopy curves, two-dimensional planes and three-dimensional volumes. Frequently used spectroscopy curves are the detuning measurement depending on the bias voltage (∆f (VDC ) as shown in figure 2.7(d)) or
depending on the tip-surface distance (∆f (z)). For these types of curves, the lateral position
(x, y) is fixed.
A three-dimensional data-set can be gained by recording the detuning for a spatial volume
above the sample (∆f (x, y, z)).
Mostly, NC-AFM measurements are two-dimensional mappings. The lateral tip-sample position (x, y) is varied in a scanning fashion. The detuning (∆f ), which is a measure for the
tip-sample interaction, is put into a distance feedback loop and, as a result, it matches the
pre-defined value ∆fset (figure 2.3(a)). The image gained by this topography mode corresponds
to contour plots of constant detuning (z(x, y)∆f =const. ). The color-code is bright for protrusions
and dark for pits.
Using the true constant-height mode, the topography feedback loop is disabled (figure 2.3(c)).
The z-position is pre-defined (zset ) and the resulting images correspond to detuning plots
(∆f (x, y)z=const. ). A protrusion results in a strong tip-surface interaction and, therefore, basically to a more negative detuning. Large negative frequency shifts are color-coded bright while a
less negative detuning is represented by a dark color. As a result, protrusions are imaged bright
in ∆f −images as well.
Most two-dimensional NC-AFM measurements are a mixture of both modes. Topography
measurements are performed with large feedback loop settings, hence, the contrast in the detuning signal is as small as possible. When measurements are performed with very small feedback
loop settings, only the tilt of the surface is compensated (figure 2.3(b)). The topography feedback loop does not respond to local height variations such as adparticles. Hence, the contrast
gained by this quasi constant-height mode is very large in the detuning signal.
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The topography mode is used for survey images of surfaces with unknown corrugation and
for height measurements. The (quasi) constant-height mode is suitable for determining lateral
dimensions of adparticles with minimized tip-surface convolution effects.36, 37

(a) z

(b) z
tip

(c) z
zset

surface

D
f

D
f

0
D
fset

0
D
fset

D
f
0

Fig. 2.3: Relative movement of the tip z and recorded detuning ∆f during NC-AFM imaging. (a)
Topography, (b) quasi constant-height and (c) true constant-height scanning mode.

Amplitude calibration
For all NC-AFM experiments, the oscillation amplitude given in units of nanometers is a critical
parameter. For discussion purpose, a magnification of the amplitude by a factor of 10 is assumed.
In order to perform measurements with the same amplitude depending interaction strength γ,
the detuning set-point ∆fset must be decreased by a factor of 103/2 = 31.6. Deviations in the
frequency shift are likewise attenuated by this factor. The distance feedback loop acts on these
deviations in the frequency shift. Hence, for an appropriate adjustment of the tip-sample gap,
the strength of the distance feedback loop has to be increased by a factor of 31.6.
The following table shows a set of fictive data. For a cantilever, which is excited to three
different oscillation amplitudes Anm , proper values of the detuning set-point ∆fset and the
feedback strength (P I) are calculated using equation 2.5.
Anm (nm)

∆fset (Hz)

P I (arb. units)

1.3
13
130

316
10.0
0.316

0.0316
1.00
31.6

Tab. 2.1: ∆fset and P I calculated for a constant
γ = 1.48 · 10−15 N·m1/2 depending on the oscillation
amplitude Anm . Stiffness k=30 N/m and resonance
frequency f0 =300 kHz.

This gedankenexperiment proves that a suitable set of parameters cannot be guessed rightly
in case of unknown amplitudes.
The amplitude signal of the pre-amplifier (AV ) is given in rather arbitrary units of volts
and has to be multiplied by a calibration factor in order to gain the corresponding value in
nanometers (Anm ). The following facts influence this factor in particular after an exchange of
the AFM tip:
P
 Laser intensity and cantilever reflectivity define the quantity of light on the PSD ( signal).
 Length of the cantilever and the position of the beam spot on the cantilever influence the
spot displacement on the PSD during one oscillation.
 The amplification of the differential signal ∆osc. is depending on the cantilevers resonance
frequency, due to the bandpass characteristics of the pre-amplifier.
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In order to determine the calibration factor, the normalized frequency shift γ is used.33 The
lower turning point of the cantilever oscillation is independent of the oscillation amplitude as
long as γ is constant and therefore ∆f ∝ A−3/2 (see equation 2.5). In the calibration process,
the sample displacement is recorded as a function of four selected amplitudes given in volts
AV,γ=const. (figure 2.4). These data points are fitted by a straight line and the calibration factor
directly corresponds to its slope. The influence of thermal drift on this calibration method is
minimized by averaging two calibration cycles: the first starts with the smallest amplitude and
ends with the largest one (up), while the second calibration is done contrariwise (down).38 To
calculate the oscillation amplitude in units of nanometers, this calibration factor is multiplied
by the amplitudes value given in units of volts (AV ).

displacement z (nm)

18

Fig. 2.4: Amplitude calibration. The displacement z is recorded as a function of oscillation amplitude given in volts. The calibration
factor corresponds to the slope of the linear fit.

16
14
12

up
down
fit

10
8

z = m AV + z0
m = 3.30 nm/V

6
2

3

4

5

amplitude AV (V)

From an experimental point of view, this calibration is very accurate when thermal drift
is minimal. This is typically the case some hours after tip or sample exchange, when the
microscope is close to its thermal equilibrium. Yet, an appropriate value for the amplitude in
units of nanometers is essential for the first image.
The following procedure has proven to give amplitudes with deviations less than 20% and the
risk of tip destruction as a result of unsuitable parameters is overcome. By using the same type
of probes, deviations in length and resonance frequency are limited and the electric signals are
similar for different tips. The cantilevers used in this work have a resonance frequency of about
300 kHz (type NCH, Nanoworld AG, Neuchâtel, Switzerland) and a length of
Pabout 120 µm. The
light spot is well-adjusted at the end of the cantilever in such way that the -signal is decreased
to 80% of its maximum value. Finally, oneP
has to consider that in our set-up the conversion
factor of Anm to AV is proportional to the -signal. This calibration enables the selection of
appropriate values for AV in the first place.

Alignment of images
In this work, the surface morphology of rare earth oxide films are investigated (section 4.4).
While the crystallographic directions of the samples are known, the imaging behavior of the
microscope has to be analyzed. Because of the complex set-up of both, the hardware of the microscope and the control electronics in combination with the corresponding software, deviations
from a precise transfer of the sample surface to the computer screen can occur. In particular,
point reflection, inversion and rotation of the gained images are considered in the following.
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(a)

computer image
sample

Xm
+Y
+X

(b)

(c)

+Xs

(d)

q +Xs

+Xs

Fig. 2.5: Investigation of the
imaging behavior: Xs calibration.
The computer screens show the results for a well-calibrated (b), a
tilted (c) and an inverted Xs scanning axis (d).

The coordination system used for the sample is X and Y, the respective one for the computer
image is Xs and Ys . For the set-up used in this work, the AFM tip is at a fixed position. A tube
piezo element moves the sample in a scanning fashion in Xs and Ys for the imaging process.
A macroscopic movement of the sample is possible in Xm direction, which is paralell to X,
using stick-slip piezo elements. One macroscopic step has a length of about 200 nm and is hardly
detected by eye. Therefore, the moving direction is determined for a multitude of such steps. A
similar movement along Ym is not possible owing to the AFMs design.
The first step is to investigate the accurate adjustment of the Xs -axis to the macroscopic
horizontal X position. Therefore two images are recorded. One before and the other after a
macroscopic movement of the sample in +Xm direction. The displacement is about 200 nm and,
as a result, a distinctive feature in the first image can be regained in the second image with a
side length of several micrometers.
The model illustrated in figure 2.5 shows the movement of a sample with a distinct feature
(black dot) along Xm and its image on the computer screen. Before moving the sample, the
feature is in the center of the screen (figure 2.5(a)). After moving the sample along Xm the
image on the screen alters and is classified into three cases. In case of an accurate adjustment
(figure 2.5(b)), the spot moves analogously on the screen. In figure 2.5(c) the result is depicted
for the case that the Xs axis is tilted to horizon by an angle θ. The third case, illustrated in
figure 2.5(d), describes the displacement of the spot on the screen in opposite direction compared
to the sample movement. This is observed for our set-up and will be considered in the following.
The second step is to determine the alignement of Ys . Unfortunately, a macroscopic movement
along Y is not possible. Therefore, we investigate a patterned surface, which is uniformly covert
by triangular structures with the same preferential alignment. Figure 2.6(a) shows the model of
a sample with an equilateral triangle. One edge is pointing to the right. The computer images
depicted in figure 2.6(a-c) are constructed with the Xs axis inverted. As a result, the triangle
in (a) points to the left. Because of its symmetry, an inversion of Ys does not change the
characteristics of the image. Next, the sample is rotated by 90◦ counter clockwise. Figure 2.6(b)
and (c) represent the computer images depending on an inversion of the Ys axis (inverted (c);
not inverted (b)). Both cases show a rotation of the triangular structure, which is clockwise
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(a)

0°

(b)

90°

(c)

90°

+Y
Fig. 2.6: Investigation of the
imaging behavior: Ys calibration.
The computer screens show the results for inverted Xs axis (a-c).
After rotating the sample, image
(b) is a result for a well-calibrated
Ys axis, while (c) corresponds to
an inversion of the Ys axis.

+X
0°
+Xs

-90°

+90°

+Ys
+Ys

for (b) and counter clockwise for (c), respectively. The latter case is observed for our set-up
(figure 2.6(c)).
In summary, we find inversions of the Xs and Ys axes, which yield a rotation of our images
by 180◦ compared to the sample. This rotation is compensated in all images with distinct
crystallographic directions in this work.

2.3 Kelvin probe force microscopy
Kelvin probe force microscopy is based on the NC-AFM method and was introduced in order
to measure the local work function with a high spatial resolution.19, 20, 39
The work function Φ of any material and, here, explicitly of a metal is defined as the energy
needed to remove one electron from the Fermi level. This work function is material specific.40
When two metals with different work functions are electrically connected, their Fermi levels
align. The contact of both metals result in an electric potential difference VCP D
VCP D =

Φ1 − Φ2
e

.

(2.8)

In this process, electrons are transferred from the material with the lower work function to the
other one. The contrarily charged parts yield an electrostatic force. By applying a bias voltage
VDC between both metals, the Fermi levels shift. In case that VDC equals VCP D , the Fermi levels
of both materials are in their natural positions, and the potential difference V = VDC − VCP D
between both parts is zero.
This model of a contact potential difference is applied to the tip-sample set-up (figure 2.7(ac)). The work function of the metallic tip is Φt , while the respective one of the metallic sample
is Φs (a). When tip and sample are electrically connected, the Fermi energies of tip and sample
align (b). Tip and sample are contrarily charged, which results in an attractive electrostatic
force Fel . By applying a proper bias voltage VDC = VCP D = (Φs − Φt )/e, the electrostatic force
is compensated.
The attractive electrostatic force derives from the electrostatic energy Eel of the capacitor C
formed by the tip and the surface:
1
Eel = − C · V 2
2
1 ∂C
Fel =
·V2
2 ∂z
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(2.9)
.

(2.10)

2.3 Kelvin probe force microscopy
The electrostatic force Fel exhibits a parabolic dependence on the voltage V = VDC −VCP D and
is depicted in a ∆f (VDC ) curve (figure 2.7(d)). At the minimum of this curve, the electrostatic
force is compensated, and VDC corresponds to the contact potential difference VCP D between
tip and sample. In case that the work function of the tip is known, the work function of the
sample is easily calculated.

(a)

(b)

(c)

(d)

Φt

D
f (Hz)

Evac
Φs

EFt
EFs

-

+
+
+
+

-5
-4
-3
-2
-1
VCPD = -0.62 V

0
tip

sample

Fel

-1.5

VDC = (Φs-Φt) / e

-1.0

-0.5

0

0.5

VDC (V)

Fig. 2.7: Fermi energies of a metallic tip and sample which are apart (a) and electrically connected
(b). The Fermi energies align by charge transfer. (c) The resulting force is compensated by an
external voltage VDC . (d) Parabolic dependence of frequency shift ∆f on the applied voltage VDC .
The contact potential difference (VCP D ) corresponds to the minimum of the parabola.

In order to calculate the electrostatic force (equation 2.10), a reasonable model for the tipsample capacitor is deployed. A metallic sphere with radius R is located in front of an infinite
metal surface.41, 42 The capacity C of this arrangement depending on the gap z is43
C = 2π0 R(2 + ln(1 + R/z))
∂C
R2
= −2π0 2
.
∂z
z + Rz

(2.11)
(2.12)

Here, one assumption is that the tip is metallic. Many NC-AFM and KPFM experiments,
however, are performed with highly doped silicon tips that exhibit a native oxide layer. In this
work, the oxide layers of silicon tips are removed by in-situ argon ion sputtering. As shown by
Zerweck, these sputtered tips yield similar results compared to metallic Pt/Ir coated tips.44
In this work, KPFM is employed to detect localized surface charges and dipoles. A model of
point charges qi inside a metallic sphere-plate capacitor has been proposed by Barth et al.41, 42
The electrostatic force is the derivation of the total electrostatic energy, which is composed of
the capacitive energy, the potential energies of the point charges caused by the capacitor and
the interaction of one point charge to other point charges
X
1
1X
Eel = − C · V 2 +
qi φi (V ) +
qi φij
2
2
i

.

(2.13)

ij

While this model is still simple, an analytic calculation is possible when one point charge is
centered under the tip. In case that the charge is not on the rotation symmetry axis, the energy
has to be calculated numerically.41, 42
A similar model of a point charge on a (insulating) surface has been proposed by Terris in
1989.45 The total electrostatic energy is composed of the capacitive energy and a Coulomb term.
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The capacitor carries a charge of Q = C · V and the sign of charge of the infinite plate (sample)
is +Q while the sphere (tip) is contrarily charged Qt = −Q. A point charge q located on the
(insulating) surface yield an image charge inside the tip. In the first approximation, the image
charge is of opposite sign and same magnitude as q.45 The total charge of the tip is given as
Qt = − (Q + q).
The total electrostatic force is composed of the capacitive term and the Coulomb term
Fel =
=

1 ∂C 2
q
V +
Qt
2 ∂z
4π0 z 2
1 ∂C
q
[C · (VDC − VCP D ) + q]
[VDC − VCP D ]2 −
2 ∂z
4π0 z 2

(2.14)
.

(2.15)

In KPFM experiments, an AC voltage ṼAC = VAC cos (2πfAC t) with a frequency fAC is
superimposed to the sample voltage VDC . This results in a modulated electrostatic force
Fel =

i2
1 ∂C h
VDC − VCP D + ṼAC
2 ∂z
h


i
q
C
·
V
−
V
+
Ṽ
+
q
−
DC
CP
D
AC
4π0 z 2

.

(2.16)

This force is decomposed into three parts: FDC is constant, FAC modulated with fAC and
F2AC with 2fAC
FDC
FAC
F2AC


2 
VAC
1 ∂C
q
2
=
(VDC − VCP D ) +
−
[q + C · (VDC − VCP D )]
2 ∂z
2
4π0 z 2


∂C
q
=
(VDC − VCP D ) −
·
C
VAC cos (2πfAC t)
∂z
4π0 z 2
1 ∂C 2
V cos (2 × 2πfAC t) .
=
4 ∂z AC

(2.17)
(2.18)
(2.19)

The KPFM feedback loop adjusts VDC in such a way, that the spectral component at fAC is
zero:
!

0 =

∂C
q
(VDC − VCP D ) −
·C
∂z
4π0 z 2

.

(2.20)

For discussion purpose, a positive point charge (+q) located on the surface is stated. The
KPFM feedback loop adjusts VDC and the gained contrast compared to a neutral surface is
+q
0
∆VDC = ∆VDC
− ∆VDC
∂C +q
∂C 0
(VDC − VCP D ) −
(V
− VCP D ) =
∂z
∂z DC
+q
0
VDC
− VDC

=

+q
·C
4π0 z 2
+q
∂C
· C/
2
4π0 z
∂z

(2.21)
.

(2.22)

For a positive elementary charge and reasonable parameters in NC-AFM (tip-surface distance
z = 2 nm, tip radius R = 10 nm), the resulting voltage ∆VDC is calculated to -3.3 V.
Additionally, equation 2.17 and 2.22 reveal two important facts of NC-AFM and KPFM imaging. First, the electrostatic interactions are only minimized and the DC term of the electrostatic
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force is not zero in the case of localized surface charges. Second, the electrostatic interactions
and, consequently, the observed KPFM contrast is depending on the tip-surface distance z.
Here, a quantitative interpretation of absolute values of VDC is not straightforward, as the
work function of the tip (Φt ) is unknown. Particularly, after a tip-surface contact, a charged
ionic cluster may be attached to the tip apex and the changed electrostatic interactions41, 42
result in a deviation of typically ±100 mV of the determined VDC .
On single crystal CeO2 (111) surfaces, measurements performed with highly doped silicon tips
yield a minimized electrostatic interaction for VDC ≈ −0.5 V. This typical value is observed for
every tip used in this work and is independent on the number of surface preparation cycles for all
ceria single crystals. Ceria samples are prepared by high-temperature (>1000 K) annealing cycles
with slow temperature ramps. Consequently, no charge agglomeration is formed neither in the
near surface region nor at the ceria-sample support interface, which would yield a homogeneous
offset added to VDC .
The preparation of CaF2 deviates from the process used for ceria. The crystal is cleaved
along the (111) plane, which is a harsh method, resulting in surface charges and probably near
surface defect structures. By gentle annealing cycles with temperatures below 500 K, surface
charges are minimized and most near surface defects presumably recover. After this process,
the measured DC voltage obtains a value in the order of ±10 V. The exact value depends on
remaining charged defects in the near surface region. By applying a voltage between tip and
counter electrode (sample support), the CaF2 crystal is polarized and charged defects have been
found to migrate within the crystal.46, 47 This results in a shift of the determined VDC and has
been observed in the daily routine of measurements on CaF2 in this work as well.
A quantitative interpretation of relative KPFM signals using equation 2.22 is not straightforward as well. For a detailed interpretation of the relative ∆VDC values, at least following aspects
have to be considered. First, the absolute value and the position of the image charge inside the
tip have to be calculated more precisely.48 Second, the tip-surface distance z is not fixed but
changes permanently as the cantilever oscillates with an amplitude of 13 nm. Therefore, one has
to integrate the electrostatic force for one oscillation cycle (compare equation 2.3) and has to
consider the oscillation amplitude while analyzing KPFM data. Third, capacitance C and its
gradient ∂C/∂z are calculated for a spherical tip and an infinite planar metallic sample (equation 2.11 and 2.12). For insulating samples, however, the cone of the tip as well as the cantilever
contribute to the electrostatic force.49
Additionally, for insulating samples, the voltage is applied to the sample support at the
backside of the sample.21 The electric field penetrates the dielectric sample, which has a thickness
of about 1 mm and the voltage drop between surface and tip is significantly lower. Recent
calculations indicate, that only about 10% of the voltage drops between tip and surface.49–51
In this work, KPFM images are interpreted as mappings of the electrostatic surface potential and not as a local map of the work function. Therefore, KPFM images (Φ) represent the
inverted value of VDC . A positive charge causes a higher potential and is illustrated by a more
positive voltage (-∆VDC ) and a brighter color. Negative surface charges are locally represented
by a negative deviation from the mean value and a darker color. In order to ensure comparability, samples (single crystals and silicon supported rare earth oxide films) are of similar size.
Additionally, measurements are performed with the same type of highly doped silicon AFM tips,
which exhibit a small apex radius of about 10 nm and were argon ion sputtered prior their use
in experiments.
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A descriptive explanation for the contrast formation by localized surface charges or dipoles
is shown in figure 2.8(a, b) and in the supporting information of section 4.2.24 In a simplified
model, a surface charge q polarizes the tip by creating an image charge with same value and
opposite sign in the metallic tip. Surface charge q and tip charge Qt define the electric field
(small arrows), which results in the Coulomb term of the electrostatic force. In order to counter
balance this field, a proper external voltage VDC is applied between tip and sample support. In
the presence of a positive surface charge, VDC is set to lower, negative values, while negative
charges are compensated by larger values of VDC .
In case of small metal clusters supported on an insulator (oxide support), charge transfer
between cluster and substrate result in the formation of localized dipoles (figure 2.8(c, d)).
These dipoles polarize the tip as well and the electrostatic force is minimized in the same way
as discussed for surface charges.

(a)

Qt

(b)

Qt

VDC

q

q

image charge

surface charge q

(d)

cluster
e-

e-

dipole

(c) metal

dipole

Fig. 2.8: Simplified models for tip polarizations by surface charges q (a, b). Charge transfer from the cluster to the metal oxide support
results in a dipole with its positive end pointing out of the surface (c). Vice-versa, charge
transfer into the cluster results in a dipole with
its negative end pointing out of the surface (d).

VDC

metal oxide support

An equivalent explanation is given by Sasahara et al.52–54 The work function Φs of the
substrate is defined as the minimum energy needed to remove one electron from the Fermi level.
This energy is dependent on the electrostatic field at the surface. In the presence of dipoles
with the positive end pointing out of the surface, the work function Φs reduces, because the
electron from the substrate is accelerated by the electric field. Therefore, the presence of an
electron donating adsorbate (figure 2.8(c)) results in a negative shift of VDC . On the other hand,
a positive shift is expected for a negatively charged adsorbate.
Recently, KPFM yield atomic contrast patterns on bulk insulators,55, 56 which have been
investigated theoretically.49, 56–58 The models suggest a metallic sample support that acts as
counter electrode. A dielectric sample with a thickness of ∼1 mm is place on top of it. Above
the sample surface at a distance of ∼1 nm is the metallic tip. The macroscopic tip is modeled
either by a sphere56, 57 or by a sphere with a cone and a plate,49 representing the tip-cantilever
system more precisely. To this macroscopic tip, an atomistic tip apex is attached.
The theoretical model consists of two parts (figure 2.9). The macroscopic description of the
capacitor consists of the macroscopic tip, the dielectric sample and the counter electrode. By
applying a voltage (VDC ) to the capacitor, an electric field E(VDC ) is formed between macroscopic tip and the surface of the dielectric. This field is depending on VDC and below the tip, it
is perpendicular to the surface.
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The microscopic part consists of the atomic tip apex and a surface having a few atomic layers
of ions. This microscopic part can be described by density functional theory, while considering
the electric field E(VDC ).49
The total force F between tip and surface is the sum of the macroscopic electric force FelM
resulting from the tip sample capacitor, the microscopic force F µ with a short decay length and
the van–der–Waals force F vdW 49
F

= FelM + F µ + F vdW

.

(2.23)

The macroscopic force FelM has a parabolic dependence on VDC (equation 2.10), while the microscopic force is linearly depending. The van–der–Waals force F vdW yield an offset that is
independent on VDC . In KPFM, the Kelvin feedback loop adjusts VDC such that the total force
F is minimized. Thereby, oscillation amplitude and tip-surface distance have to be considered.49

VDC

tip

e
sample support

tip apex

E(VDC)

atomic surface

Fig. 2.9: Mathematical model for atomic
contrast formation on dielectric surfaces by
KPFM. The macroscopic capacitor of tip, dielectric and counter electrode yield the electric
field E(VDC ). The microscopic force F µ between atomic tip apex and surface is depending
on E(VDC ).

The atomic contrast pattern observed by KPFM stems from the microscopic force F µ (VDC ).
Different surface sites yield a different voltage dependence of F µ .49 The contrast calculated for
an NaCl(001) surface explored by a tip with a silicon apex is about 100 mV for KPFM experiments performed in the frequency modulation mode and for a cantilever oscillation amplitude
of 10 nm.49

2.4 Kelvin probe force microscope set-up
KPFM is implemented in the frequency modulation mode (figure 2.10).19, 39, 59 The bias voltage
is modulated with an AC voltage VAC , which results in a modulation of the force and, consequently, of the detuning. The modulation frequency fAC = 1323 Hz is adapted to the bandwidth
of the demodulator so that its first harmonic is almost completely transmitted while the second
harmonic (2 · fAC ) is suppressed. The modulation frequency fAC is higher than the response of
the topography feedback loop. As a result, the tip-sample distance and, therefore, the measured
topography is not modulated with fAC .
The amplitude is adapted to the slope of the parabola obtained by ∆f (VDC ) curves. In case
of a steep slope, small amplitudes of VAC result in a sufficient large spectral component with
fAC of the detuning signal, which is detected by a lock-in amplifier (LIA). The value used in
this work is VAC = 0.5 Vrms . Magnitude and sign of the LIA signal (Φerror ) are dependent on
the selected VDC (see equation 2.18 in section 2.3 for comparison). The Kelvin feedback loop
adjusts VDC in such a way that the spectral component with fAC is zero.
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Fig. 2.10: Schematic illustration of the supplemented KPFM technique to the NC-AFM set-up.
The LIA error signal Φerror and the regulated DC sample voltage VDC are recorded.

For KPFM imaging, the electronics is supplemented by a two phase lock-in amplifier (SR850,
Stanford Research) with a build-in frequency generator. The addition of VAC to the sample voltage and the regulation of VDC during KPFM measurements are done by the Dulcinea (Nanotec,
Madrid, Spain).

2.5 Proof of capabilities
The capabilities of the set-up, especially of the implemented KPFM technique, are demonstrated
in this section. The goal is to prove that the KPFM contrast corresponds to the distribution
of charges and dipoles and is not an artificial effect. Possible misinformation might result
from height variations of the sample surface or a regulation error present at step edges and
are disproved in the following. Additionally, the spatial and electric potential resolution are
explored for large-scale images. For small-scale images an atomic contrast pattern of the Kelvin
signal is shown and the influence of different experimental conditions on the atomic pattern is
illustrated. Here, the capabilities of the implemented KPFM set-up are demonstrated and a
detailed investigation on the origin of the found contrast is beyond the scope of this section.
The experiments are carried out on a rough CeO2 (111) sample as it is thought of a more
challenging surface than a flat plane. Hexagonal depressed and elevated structures with a height
of several nanomters are the dominant motive of morphology22 (figure 2.11(a)). Simultaneously
to topography measurements, the electrostatic interactions are minimized by regulating the
sample voltage VDC . The representation of the surface potential Φ = −VDC is illustrated in
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figure 2.11(b). The electric potential for terraces located on hill structures (solid circle) equals
the values found for pits (dashed circle). This result proves, that the absolute height of a terrace
does not affect the mean electric potential. The Kelvin voltage deviates by 300 mV from the
mean value at some positions of step edges. Here, the pronounced bright contrast indicates
localized positive charges or dipoles with their positive end pointing out of the surface.

(a)

100nm
-8.5

(b)

z
+8.5 nm 0.75

Fig. 2.11:
Simultaneously
recorded topography (a) and
surface potential images (b)
of a rough CeO2 surface. A
polynomial background third
order is subtracted from the raw
data (a) and as a consequence
step structures are illustrated in
more detail. Measuring parameters are f0 =303 kHz, A=13 nm,
fAC =1.323 kHz, VAC =0.5 Vrms
F
and a data acquisition time of
25 min (scan speed 346nm/s).
1.15 V

Topography as well as KPFM feedback loop react on the detuning signal. While the first uses
its full range, the latter is only sensitive to the spectral component modulated at fAC . At step
edges, the tip-sample distance has to be rapidly adjusted and insufficient z-feedback parameters
may result to an artificial KPFM signal. To exclude some type of cross-talk, the KPFM contrast
is analyzed in more detail. Step edges of hexagonal structures show an alternating pronounced
positive (bright) and slight negative (dark) potential, while round ledges do not yield an deviation
of the electric potential from the mean value (figure 2.11). Therefore, the occurrence of any ledge
is not a sufficient parameter to cause the Kelvin contrast, but the particular atomic structure
of step structures is the important fact.
In more detail, the contrast of a hexagonal pit structure with a depth of 8 nm is depicted in
figure 2.12. The formation consists of several steps with heights of about 1 nm. Lower, subnanometer steps occur as well, but are hardly recognizable in the topography image because of
its large color stretching. Figure 2.12(b) shows a filtered version of the topography image and
steps as low as 0.3 nm are discernible. The distance between two step edges is below 10 nm as
indicated by black arrows.
The electric potential image shows for some type of step edges a positive potential, while
others are slightly negative (figure 2.12(c, d)). The potential of step edges with a height of
about 0.3 nm and a spacing below 10 nm is clearly resolved as indicated by the line profile (ii).
The resolution in volts is better than 0.1 V.
The observed contrast is independent on the fast scanning direction, which determines the
crossing path over the step edges. In figure 2.12(c) the tip moves from the right to the left,
while in (d) it is contrariwise. The respective line profiles (ii) and (iii) show no difference in
magnitude and polarity of the electric potential.
The implementation of Kelvin probe force microscopy used in the frequency modulation mode
allows a detailed analysis of electrostatic forces. On the macroscopic scale (>100 nm) neither
absolute heights nor large changes of height nor the crossing paths over step edges affect the
measured surface potential. Therefore charges and dipoles are supposed to be the origin of the
electric surface potential and it is not affected by some type of cross-talk.
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Charges and dipoles are discernible with a resolution better than 10 nm and 0.1 V. The particular contrast is supposed to be related to the three-fold surface symmetry the CeO2 (111)
surface. As shown by Torbrügge et al. hexagonal structures consist of two alternating types
of step edges, with an individual atomic arrangement each.22 Obviously, the particular atomic
structure of a step edge results in the alternating positive and slight negative potential. Similar
findings have been reported in literature, recently.60
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Fig. 2.12: Extract of a topography (a) and surface potential measurement (c, d). Step edges are
more pronounced in the transformed topography image (b). The step detection algorithm provided
by Gwyddion61 is capable to pronounce step edges with a height as small as one O-Ce-O triple layer,
while it is relatively insensitive to noise. Line profiles (e) show deviations in topography (i) and
surface potential (ii, iii) with the latter averaged with 10 points width. The measuring parameters
are f0 = 303 kHz, A=13 nm, fAC =1.323 kHz, VAC =0.5 Vrms and a scan speed of 390 nm/s. The fast
scanning directions are labeled by white arrows.
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After decreasing the tip-surface distance, short-range forces yield an atomic contrast pattern
visible in the topography. In the following, different observations on atomically resolved KPFM
measurements are presented.
The top-most oxygen layer of the CeO2 (111) surface is supposed to be represented by hexagonally arranged protrusions62 with an atomic corrugation of 20 pm along the [1̄1̄2] direction
(figure 2.13). Simultaneously recorded surface potential images contain an atomic contrast pattern as well. Positions of the top-most oxygen ions are reproduced dark, which corresponds to
a negative potential difference with a relative value of typically -100 mV.
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Fig. 2.13: Simultaneously recorF
ded topography (a) and surface potential (b) images with
atomic resolution on CeO2 (111).
Line profiles reveal a corrugation of 20 pm and 100 mV, respectively. Measuring parameters are f0 =233 kHz, A=13 nm,
fAC =1.323 kHz, VAC =0.5 Vrms
0
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2
3
position (nm)
and a scan speed of 7 nm/s.

In figure 2.13 a protrusion in the topography is imaged dark in the KPFM image. In order
to exclude artificial cross-talk, a structure with different contrast patterns is eligible. Water
molecules stemming from the residual gas are such candidates. Even at room temperature,
individual species are pinned to the surface and their appearance in NC-AFM is well-known:63, 64
a triangle of three oxygen ions of the top-most layer forming a hollow site position is covered.
As illustrated in figure 2.14(a), a water molecule appears as such a triangular protrusion (white
arrow). While this adsorbate is imaged bright in topography, the surface potential shows a
bright color (positive potential) as well. Hence, the atomic-scale contrast is not inverted for
water molecules.
Atomic contrast patterns in NC-AFM on insulating surfaces strongly depend on the atomic
tip apex. By changing the polarity of the apex after a slight tip surface contact, different sublattices are resolved.28, 29, 65 For cerium oxide, only one type of contrast is reported so far.62
A hexagonal lattice of round protrusions is generally assigned to the top-most anion layer. In
figure 2.14(b), the topography corresponds to this type of contrast before and after a tip-change
(dashed line), while the corrugation is decreased in the lower half of this image. Contrary to the
topography image, the contrast pattern observed by KPFM significantly changes. The upper
half exhibits a honeycomb structure (dashed circle), as described above. The lower half, on
the other hand, resembles a disk-like pattern of round protrusions. For this contrast mode, an
atomic position with a bright color in z is imaged bright in Φ as well. Here, the occurrence of a
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defect (solid circle) proves again, that topography and KPFM are not correlated by some type
of cross-talk.
The measurements shown above are done in the constant detuning mode with the tip-surface
distance varied by 20 pm depending on the position within the surface unit cell. Basically,
the contrast found in KPFM is depending on the tip-sample distance.49 Especially forces that
provide atomic contrast patterns exhibit a short decay length that is below 1 nm.
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Fig. 2.14: Simultaneously recorded topography (green) and surface potential images
(gray) with atomic resolution. (a) Water
molecules (white arrows) result in a contrast
as discussed in the text. (b) Two different
atomic contrast patterns are found as a result
of a tip change. One point defect (solid circle) is obtained in both signals. (c) Constant
height measurement with atomic resolution in
∆f and Φ.
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To prove that the contrast found in the surface potential is not an effect based on a distance
variation, constant-height measurements are performed (figure 2.14(c)). The frequency shift
(∆f ) is recorded, while the topography feedback loop is disabled. For this measurement, the
scanning plane is slightly misaligned to the terrace and, as a result, the observed frequency shift
ranges from -55 Hz (dark green) to -80 Hz (bright green). The tip-sample distance varies by
a few picometers within the frame. This has direct influence on the atomic contrast patterns
of both signals verifying the distance dependence mentioned above. For small sections with a
side length of about 1.5 nm, the variation of the distance is infinitesimal. Nonetheless different
atomic positions are discernible in both signals.
To summarize, on nanoscopic scale (≈ 10 nm), the implemented KPFM is capable to resolve
the (111) surface of insulating CeO2 single crystals atomically. Individual point defects and
small molecules can be resolved. Different tip apex terminations may yield particular atomic
contrast patterns.
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The preparation of surfaces, deposition of metal and their investigations by NC-AFM and KPFM
are performed in an ultra-high vacuum (UHV) system providing a residual gas pressure in the
low 10−10 mbar range. Under these vacuum conditions, the surfaces are free of adsorbents like
water molecules for several hours. In the following sections the recipient, the newly developed
device for sample preparation and the metal evaporation source are introduced.

3.1 Recipient
The recipient consists of the AFM section (1), the preparation section (2), which is modified in
this work, and the added load-lock system (3) as illustrated in figure 3.1. After the first installation by R. Bennewitz,47 the set-up was successively enhanced by C. Barth,66 S. Gritschneder67
and S. Torbrügge.38 The room temperature atomic force microscope (1) is a commercial system
(Omicron, Taunusstein, Germany) based on the design proposed by Howald et al.34 Its modifications by S. Torbrügge include a brilliant ex-vacuum light source and a pre-amplifier with
bandpass characteristics adjusted to the cantilevers resonance frequency. These modifications
significantly enhance the signal to noise ratio of NC-AFM data.35
b
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Fig. 3.1: Vacuum set-up consisting of microscope (1), preparation section (2) and load-lock
chamber (3). The main components are wobble stick (a), preparation adaptor (b) and magnetic manipulation arm (c) for sample transfer,
UHV valves (d-g), and turbo-molecular–, ion
getter– and titanium sublimation–pumps (h-j),
respectively.

A replacement of samples and probes formerly required venting the vacuum chamber and a
subsequent back-out.38, 47, 66, 67 To circumvent the resulting downtime of about one week per
exchange, in this thesis, the set-up has been expanded by an additional load-lock chamber (3).
Its design utilizes existing vacuum components, which results in a simple and cost efficient set-
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up. Pumping is achieved using a bypass to the turbo-molecular pump (h) of the main chamber
(1, 2). After only 1 h of evacuation, a sample transfer to the main chamber is possible. During
transfer, the pressure of the preparation section temporarily increases to 10−8 mbar. After
transfer, the base pressure is restored within 1 h and, therefore, a bake-out of the load-lock is
mostly dispensable. In case the turbo-molecular pump is used for evacuating the main chamber,
e.g. during sample preparation, its bake-out is inevitable to maintain the base pressure. Thereby,
the load-lock chamber is sealed by valves (d, e) reducing the degassed volume.
Load-lock, preparation section and AFM have a linear set-up, thus the carrier of samples is
transferred by a magnetic manipulation arm (c) to close proximity of the microscope section
(1). The carrier has four slots providing either samples or probes. Figure 3.2(a) shows the
carrier with three samples inserted. Its cross section is smaller than 28 mm, therefore, a transfer
through the DN 40-CF valve with an inner diameter of 40 mm is feasible (figure 3.2(b)). The
replacement of samples is done by a wobble stick (a) attached to the AFM chamber, so no
additional exchange equipment is needed.

(b)
(a)

10 mm

Fig. 3.2: The sample carrier with three samples inserted (a). The front view shows the spatial
conditions of the loaded carrier during transfer through a DN 40-CF flange drawn to scale (b).

3.2 Sample preparation
For the experiments performed in this work an adjustment of the preparation section (2) is
inevitable. The previous off-axis preparation adaptor (b) has been replaced since the dosage
of gold atoms by an electron beam evaporator (EFM3 from Omicron, Taunusstein, Germany)
requires a positioning of samples at the center of the preparation chamber. In this process, the
sample holder design has been upgraded by an implemented thermocouple. After calibration,
the temperature can be addressed and determined with high precision in a range from room
temperature to 1300 K. This set-up has been optimized for the preparation of rare earth oxide
films grown on silicon, which includes annealing at relatively low temperatures and for the postdeposition annealing of metal nanoparticles. The description of this design has been published
in Review of Scientific Instruments,21 the paper is reproduced in the following.
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Abstract
We present a versatile system for the preparation of oxide crystal surfaces in the ultra-high
vacuum (UHV) at temperatures up to 1300 K. Thermal treatment is accomplished by direct
current heating of a tantalum foil in contact with the oxide sample. The sample temperature
is measured by a thermocouple at a position close to the crystal and its reading is calibrated
against the surface temperature determined by a second thermocouple temporarily attached
to the surface. The design of the sample holder is based on a transferable plate originally
developed for a commercial UHV scanning probe microscope. The system is, however, also
suitable for the use with electron spectroscopy or electron diffraction based surface analytical
techniques. We present results for the high-temperature preparation of CeO2 (111) surfaces
with atomically flat terraces exhibiting perfect atomic order and cleanliness as revealed by noncontact atomic force microscopy (NC-AFM) imaging. NC-AFM imaging is, furthermore, used
to demonstrate the temperature-controlled aggregation of gold atoms on the CeO2 (111) surface
and their evaporation at high temperatures.

3.3 Metal evaporation

3.3 Metal evaporation
For the growth of gold clusters on a surface, an evaporation source is attached horizontally to
the preparation chamber. The principle of an electron beam evaporator (EFM3 from Omicron,
Taunusstein, Germany) is based on a molybdenum crucible that is heated by bombardment
with electrons emitted from a filament and accelerated by a voltage applied to the crucible
(figure 3.3(a)). To prevent a contamination of the deposited material the empty crucible is
degassed for 4 h prior to first experiments. The hereby dissipated power of 80 W exceeds the one
used later on by a factor of five. As a result further degassing of the crucible during the dosage
of gold atoms is negligible. After this procedure, the crucible is loaded with gold (99.95% from
Goodfellow GmbH, Bad Nauheim, Germany) and heated with a power up to 18 W. Gold wets
the molybdenum crucible and forms a meniscus inside as shown in figure 3.3(b). This wetting
behavior is essential to a horizontal alignment of the evaporator, as required by the current setup of the vacuum chamber. Prior to each deposition experiment, the source is again carefully
degassed. Hence, the base pressure is kept as small as 3 × 10−10 mbar during deposition.
cooling shroud

(a)

flux
monitor

ion
suppressor

filament
Mo crucible
Au
A
+600V

(b)

A

+1200V

Fig. 3.3: (a) Schematic drawing of the gold
source. A gold loaded molybdenum crucible is
heated by the impact of electrons emitted by
a filament. Two annular electrodes for ion detection and ion deflection are mounted in front
of the outlet. (b) Photograph of a gold wetted
molybdenum crucible.

Heating by electron impact causes an ionization of some of the emitted atoms. Without
precautions, gold cations are repelled from the source and have a maximum energy corresponding
to the crucible voltage.68 Ions that effuse from the source are suspected to create defects by their
impacts on the sample surface. These defects are supposed to act as nucleation centers for the
growth of metal clusters and the growth characteristics may differ compared to the deposition
of neutral atoms.69 Therefore, a high-voltage of 1200 V is applied to an annular electrode (ion
suppressor). Consequently, all gold ions are repelled. This procedure is used throughout the
experiments and neutral gold atoms are deposited onto the surface.
However, the ions are used for monitoring the gold emission. A second annular electrode
(flux monitor) mounted between crucible and ion suppressor collects and neutralizes positively
charged gold ions. As a result an ion current of about 300 nA is detected. This is directly
proportional to the number of gold atoms for a fixed set of parameters of high voltage, current
of electrons and position of crucible and filament.
To determine the amount of emitted gold atoms, the source is calibrated in a test set-up
vacuum system by using a quartz crystal micro balance in front of the outlet. The result
depicted in figure 3.4 reveals a deposition rate of 5 to 33 pm/min and an ion flux of 90 to 500 nA
for a power varied from 10 to 13 W. For regulating the heating power, the current of electrons
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to the crucible is set to 20 mA, while the high voltage applied to the crucible is varied from 500
to 650 V. The emission of gold atoms is exponentially depending on the applied power and an
appropriate deposition rate is found for a power of 12 W. A gold layer with an average thickness
in the sub-nanometer regime can be grown within minutes.
This calibration using the test set-up displays a spatial average of the deposition rate and
is only valid for a fixed sample–source alignment. In the AFM system, the calibration is not
accurate because of a different sample–source geometry. Hence, coverages are calculated from
the respective NC-AFM images.

30

(b)

40

ion flux (µA)

Fig. 3.4: Preliminary calibration
of the gold source. The rate of
deposited gold atoms (a) and the
measured ion flux (b) depending
on the heating power is illustrated.
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4 Morphology and electric potential of fluorite
structured crystals
This chapter is on the surface morphology and electric surface potential of crystals that exhibit
the fluorite structure. The (111) surfaces of CaF2 , CeO2 and silicon supported CeO2 and PrOx
films are discussed below. These compounds are structurally very similar, while they exhibit
particular defects and reduction mechanisms.

4.1 Fluorite structure
The fluorite structure is the crystal structure for various ionic compounds with a stoichiometry
of MX2 . The cations M2n+ have a charge that is twice the charge of the anions Xn− (where
n ∈ N∗ ). Cations form a face-centered cubic lattice, which is also known as cubic close–package.
All tetrahedral sites are occupied by anions.23 Therefore, the anions are four-fold coordinated,
while the cations are eight-fold coordinated by a cube of anions (figure 4.1).
A criterion for the stability of ionic compounds is that identically charged ions are not in
contact. Considering the arrangement of ions, the fluorite structure is known for a large ratio
of cation to anion radii. In a model where ions are represented by spheres with radii of rM and
rX , this criterion yields the theoretical range of 0.73 < rM /rX < 4.45. The fluorite structure
is observed for earth alkali fluorides (such as CaF2 , SrF2 , BaF2 ), rare earth oxides (i.e. CeO2 ,
PrO2 , UO2 , ThO2 , PuO2 ) and can be stabilized in other crystals, such as ZrO2 and HfO2 , by
doping.

Fig. 4.1: Unit cell of the fluorite structure
with plotted coordination polyhedrons. Cations
(gray spheres) are cubic coordinated, while anions (green spheres) are centered in tetrahedrons (a). The octahedral sites formed by
cations are unoccupied (b). Ions are not drawn
to scale.

In this work, CaF2 , CeO2 and PrOx are investigated. All three crystallize in the fluorite
structure and have a lattice constant of about 0.54 nm. The crystal radii defined by Shannon
and listed in table 4.1 consider the charge state and the coordination of ions and corresponds
closely to the physical size of ions in a solid.70
The most stable surface of the fluorite structure is the (111) plane. It is the cleavage plane for
CaF2 and the dominant facet in nanocrystalline CeO2 .73, 74 Along the [111] direction, the crystal
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lattice constant a (pm)
23

546

CeO2 71
PrO2 71, 72
cub.-PrO1.5 72

541
539
557

CaF2

Tab. 4.1: Lattice constants of investigated crystals
with fluorite-like structure and crystal radii defined
by Shannon.70

crystal radii (pm)
Ca2+
F−
Ce4+
Pr4+
Pr3+
O2−

126
117
111
110
127
124

is built up by layers with an anion-cation-anion triple-layer unit. Each individual sub-layer is
charged, while the triple-layer is electrically neutral with no dipole moment perpendicular to
the surface. Therefore, the fluorite (111) plane is a nonpolar type two surface according to
the Tasker classification.75 To form stable surfaces, the crystal is theoretically cut between two
anion layers as indicated by the dotted lines in figure 4.2(a). Step edges found on√(111) surfaces
have a height corresponding to integer numbers of the triple layer height h = a/ 3. The cubic
close–package of the cations exhibit an ABC
√ stacking along the [111] direction. Each triple-layer
is shifted to the subjacent one by x = a/ 6 along [2̄11].
The (111) surface consists of hexagonally arranged
anions in the top-most layer defining the
√
surface unit cell with a side length of as = a/ 2. Taking the subjacent layers into account,
the (111) surface has a three-fold symmetry. This becomes clear when considering different
adsorption positions as indicated in figure 4.2(b). The position on top of an anion is labeled
by t, bridging between two anions by b, and positions between three anions by either hc or ha
for a hollow site with a subjacent cation or anion, respectively. All triangular cation hollow
sites exhibit the same orientation. Anion hollow sites are rotated by 180◦ with respect to cation
hollow sites.
On CaF2 (111) the threefold symmetry is reproduced in the NC-AFM atomic contrast pattern.76, 77 Images taken with a positively terminated tip apex reveal a triangular pattern that
stems from the fluorine ions of the first and third layers. Yet, a likewise contrast interpretation is
not reported for CeO2 ,62 while the nature of hollow sites plays a crucial role in surface chemistry
as for the adsorption of water molecules.63, 64

[111]

++
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++
++
-

[112]

cation

(b)
A
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B

top
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bridge
hollow site

hc cation

hollow site

A

anion

t

ha anion

as

[110]

(a)

as surface

unit cell

[112]

Fig. 4.2: (a) Side view model reveals the ABC stacking of the X–M–X triple layer. (b) On the (111)
surface, different adsorption positions and the surface unit cell are labeled.
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4.2 Electrostatic potential of step edges on CaF2 (111)
Calcium fluoride is known for its excellent cleavage behavior along the (111) plane.46 Large
terraces of several micrometer width and the absence of charged surface defects predestine this
surface as a template for molecular self-assembly.78, 79
The dominant defect mechanism is the anti-Frenkel disorder,80 which is a shift of anions
from tetrahedral positions to octahedral sites. The maximum radius of an ion in an octahedral
position formed by cations (see figure 4.1(b) in section 4.1) is defined by neighboring cations and
anions. In case √
of CaF2 a fluorine ion perfectly fits inside, as its radius rF − = 117 pm is smaller
than 119 pm = 3aCaF2 /4. This type of neutral defect is present even at room temperature in
a small concentration because of its small formation energy.81
The stoichiometry of the crystal does not change by heating a CaF2 crystal up to 820 K.82 At
this temperature CaF2 molecules desorb from the surface and defect structures such as surface
anion vacancies are not formed. A reduction of the crystal only occurs after exposure to electron–
or UV–radiation.83–86 In these references, a reduction of Ca2+ to Ca0 yield the formation of
embedded metal clusters.
In this work, the electrostatic surface potential of cleaved CaF2 surfaces are investigated. Using the KPFM technique, deviations at ledges are found, while on large terraces the electrostatic
surface potential is uniform. The magnitude and sign of the potential is a result of the distinct
alignment of step edges, which results in a particular atomic structure. The origin of dipoles
and localized charges is discussed in the following with respect to local Frenkel-Debye boundary
layers present at step edges and has been published in Applied Physics Letters.24
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Abstract
The morphology and polarity of step edges on cleaved CaF2 (111) is investigated by non-contact
atomic force microscopy (NC-AFM) and Kelvin probe force microscopy (KPFM). Macroscopic
cleavage ledges appear with two distinctly different polarities denoted as type I and type II,
respectively. With respect to the stoichiometric terrace, the surface potential is slightly enhanced
at ledges predominately composed of type I steps, while the potential of ledges predominantly
composed of type II steps is significantly lower (typically 100 mV). This points to a net positive
charge present at type II ledges. We propose that the positive charge stems from low coordinated
Ca2+ ions inducing a dipole at step edges and confirm this by atomically resolved NC-AFM
images revealing the Ca2+ ion sub-lattice with repulsive-mode imaging contrast.

4.3 Morphology and nanostructure of CeO2 (111) surfaces

4.3 Morphology and nanostructure of CeO2 (111) surfaces
CeO2 exibits the the same fluorite structure as CaF2 . Its defect mechanisms, however, strongly
deviates.
CeO2 is known for its redox behavior which is based the Ce4+ –Ce3+ pair. A conversion
results from release (acceptance) of oxygen under reducing (oxidizing) conditions. Additionally,
its high oxygen mobility facilitates redox reactions. An anion diffusion mechanism using antiFrenkel disorder is not feasible, because
the oxygen radius rO2− = 124 pm exceeds the size of
√
the octahedral position 110 pm = 3aCeO2 /4. This is confirmed by calculated values for the
activation and recombination barrier of anti-Frenkel disorder in CeO2 .87–90 Therefore, a diffusion
mechanism relying on anion vacancies is feasible.
Because of the crucial role of oxygen vacancies in the near surface region, recent studies
investigated their formation and arrangement after heat treatment under reducing UHV conditions.91, 92 Theoretical calculations thereby showed a preferred reduction of low coordinated
surface sites (e.g. step edges), while {111} facets remain oxidized.93
The vacancy density of CeO2 can be tuned by dopants. While a substitution of cerium by other
rare earth ions enhance the vacancy formation,94 an implantation of halides result in a reduction
of the crystal without vacancy formation.95–97 In the latter case, single negatively charged
fluorine and chlorine ions replace twice negatively charged oxygen ions. In order to maintain
charge neutrality, Ce3+ species are formed. Further reduction by the release of oxygen including
the vacancy formation is suppressed. This mechanism directly affects the redox behavior and
the catalytic properties. For example, the otherwise poor conversion of ethane, the selectivity
to ethylene and the metal dispersion are enhanced.97, 98
Within this context, the morphology of CeO2 single crystals and films are investigated. For
such systems, sample preparation by cleaving is not possible. Hence, the crystals are cut,
mechanically polished and after transfer to UHV cleaned by multiple argon ion sputtering and
annealing cycles. As the crystals are very rare, all measurements shown here are performed on
less than five single crystals, which undergo repeated preparation cycles prior to each experiment.
This is in contrast to CaF2 , where each measurement is performed on a new crystal. The dark
color of the used crystals indicate a significant bulk reduction as a result of prolonged heating
under UHV conditions.38
The morphology and the electrostatic surface potential are discussed regarding the preparation
parameters. Annealing at 1100 K results in round ledges, while at 1200 K straight step edges
with a height of several triple layer occur. A fluorine contamination in the near surface region
of ceria single crystals is detected by photo-electron spectroscopy (XPS) and confirmed by time
of flight secondary ion mass spectroscopy (TOF-SIMS) measurements. Fluorine agglomerates in
the near surface region and the contamination is considered in the discussion about the absence of
anion vacancies. A more detailed description has been published in Physical Chemistry Chemical
Physics and is illustrated in the following.99
The NC-AFM measurements on silicon supported ceria films are performed by R. Olbrich
under my personal guidance. Photo-electron spectroscopy measurements are carried out by C.
Derks, while M. Zoellner is in charge of the TOF-SIMS experiments and the film growth.
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Abstract
The surface morphology of CeO2 (111) single crystals and silicon supported ceria films is investigated by non-contact atomic force microscopy (NC-AFM) and Kelvin probe force microscopy
(KPFM) for various annealing conditions. Annealing bulk samples at 1100 K results in small
terraces with rounded ledges and steps with predominantly one O-Ce-O triple layer height while
annealing at 1200 K produces well-ordered straight step edges in a hexagonal motif and step
bunching. The morphology and topographic details of films are similar, however, films are destroyed upon heating them above 1100 K. KPFM images exhibit uniform terraces on a single
crystal surface when the crystal is slowly cooled down, whereas rapid cooling results in a significant inhomogeneity of the surface potential. For films exhibiting large terraces, significant
inhomogeneity in the KPFM signal is found even for best possible preparation conditions. Applying X-ray photoelectron spectroscopy (XPS), we find a significant contamination of the bulk
ceria sample with fluorine while a possible fluorine contamination of the ceria film is below the
XPS detection threshold. Time-of-flight secondary ion mass spectroscopy (TOF-SIMS) reveals
an accumulation of fluorine within the first 5 nm below the surface of the bulk sample and a
small concentration throughout the crystal.

4.4 Morphology of silicon supported rare earth oxides

4.4 Morphology of silicon supported rare earth oxides
The goal in this section is to explore thick rare earth oxide films as a substitute to single crystals.
For rare earth oxides, single crystals are rarely produced with sufficient large dimensions. For a
thickness of about 200 nm, bulk like character of the films is expected. Therefore, a treatment
by argon ion sputtering and annealing cycles is possible in analogy to single crystalline CeO2
samples. Strategies for the preparation of large terraces are discussed below.
The silicon (111) surface is expected to be an ideal candidate as a support of the rare earth
oxide films, especially because these films exhibit a small lattice mismatch to silicon71, 100 (below
1%). Those films have been studied intensively recently because a high dielectric constant101, 102
of 30 to 50 results in possible applications of rare earth oxide films as gate materials in semiconductor technologies. Hence, their epitaxial growth on silicon is nowadays well-controlled.
High-quality CeO2 and cubic PrOx films grown on silicon (111) exhibit type B stacking,103–106
meaning the growth direction of a film is [111], while the in-plane vectors are rotated by 180◦
with respect to the substrate. This results in an alignment [112̄]film k[1̄1̄2]Si of film to substrate.
In order to improve the epitaxial order of CeO2 , these films are grown on thin Pr2 O3 buffer
layers.106 The side view model in figure 4.3 reveals the layered system with a thin hexagonal
interface. The type B stacking results in an ABC sequence of the film, while the silicon substrate
exhibits a C’B’A’ order.
In order to associate the AFM images with the crystallographic directions of the film, the
excellent cleavage behavior of silicon crystals along {111} planes is used. The (111) surface is
scribed parallel to one direction of the h1̄10i family. Subsequently, the crystal is split along the
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Fig. 4.3: Model of a rare earth oxide film supported on silicon (111) (a). The ABC stacking orders
of the fcc lattices of film and substrate are inverted. A hexagonal buffer layer is at the film-silicon
interface to improve the film growth (a). Photomicrograph of a cleaved silicon waver reveals the
(111) and (111̄) surfaces (b). The surface directions parallel to the (111) plane are determined by
the model (c).
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defined line resulting in smooth surfaces, which indicate a successful cleavage in a well-controlled
manner. The newly formed surfaces are (111̄) and (1̄1̄1) planes, which form distinct angles with
the (111) surface of 109.47◦ and 70.53◦ , respectively.
In figure 4.3(b) a photomicrograph of a cleaved silicon sample is illustrated. The viewing
direction is along [1̄10]. The (111̄) plane is identified by its angle with respect to the (111)
surface. By using straightforward a vector analysis, the surface directions are unambiguously
determined for the silicon substrate (figure 4.3(c)). As the surface directions of the rare earth
oxides are rotated by 180◦ as a result of type B stacking order, they are directly determined
from the silicon surface directions.
The NC-AFM measurements presented in the following on silicon supported rare earth oxide
films are performed by R. Olbrich, C. Brodehl and C. Lammers under my personal guidance.

Thermal stability of CeO2 films
Samples are cut from a wafer with a diameter of 100 mm, mounted onto the sample holder21
and transferred into the UHV chamber (section 3.1). The in-vacuo sample treatment involves
annealing cycles with slow temperature ramps at a slope of about 1 K/s and annealing times
of 15 to 60 min. This standard procedure ensures a homogeneous heating of the surface and
minimizes mechanical stress by thermal expansion.21
Figure 4.4 shows the evolution of a silicon supported CeO2 film after annealing at different
temperatures. The topography images of the untreated films (figure 4.4(a)) reveal a surface
homogeneously covered by pyramids with a triangular base. All pyramids exhibit the same
preferential orientation with one edge pointing to the left. The spatial dimension of these
structures are heights of about 5 nm and distances between the centers of two pyramids of
about 100 nm. This triangular motive is stable against annealing for temperatures up to 790 K.
Therefore, we refer to this morphology as the low temperature (LT) morphology.
Annealing temperatures above 930 K results in a pronounced morphological change. Step
structures and terraces are well-developed as shown in figure 4.4(c, d). The triangular pyramids
disappear, while pits and protrusions assume a more round shape. We refer to this motive as
high temperature (HT) morphology. For annealing temperatures above 1150 K, this pattern
disappears. On a nanoscopic scale, the surface is without a distinct structure. Images with
a side length of some microns reveal grains with a size of about 500 nm and a corrugation of
some ten nanometers as indicated by the color scale in figure 4.4(e). This last morphological
modification involves a change of the sample color. While the as-grown silicon supported film
is bright, annealing cycles with temperatures above 1100 K result in a matt gray color.
The pronounced alteration from LT to HT morphology is a result of a rearrangement of ions
in the surface region. To further characterize this transition, two dimensional Fourier spectra
are calculated for both structure (figure 4.5). Both images exhibit rings of higher intensity.
As guide for the eye a dashed circle is superimposed. The occurrence of such rings indicate a
lateral order of surface structures. Their radii correspond to distances of 102 nm and 91 nm in
real space. The values match the distances between two neighboring protrusions and are similar
within the experimental error.
Additionally, height histograms for both morphologies are depicted in figure 4.5(c, d). Gaussian functions are fitted to the respective distributions. The full width at half maximum
(FWHM) is 3.9 nm and 3.7 nm for the LT and HT structures, respectively. Therefore, the
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Fig. 4.4: Surface morphology of a CeO2 film after annealing cycles with different temperatures.
Images (a) to (d) show the respective topographies on two different length scales. The color range
(black to white) corresponds to height differences of 15 nm (a-d) or of 150 nm (e).
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Fig. 4.5: Images with a side length of 1.5 µm
of the LT (a) and HT morphology (b) of the
CeO2 surface. In the respective subframes
the fast-Fourier transform is illustrated revealing a ring having a real-space radius of about
100 nm. The superimposed dashed circles are
distorted along the Ys scanning direction as
a result of thermal drift. The histograms (c)
and (d) show the height distributions of figure 4.4(a) and (d) (lower images), respectively.
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spatial dimensions of both morphologies are similar. In the following, the structures of the low
and high temperature morphologies of CeO2 films are investigated and discussed in more detail.

Low temperature morphology of CeO2 films
The triangular pyramids of the LT morphology exhibit top facets, which are either extremely
small or flat plateaus in some cases (figure 4.6). The pyramids are constructed by facets with
a well-defined angle to the surface. Typical values are in the range of 5◦ to 10◦ with respect to
the (111) plane. Considering the fluorite crystal structure, these angles correspond to stepped
surfaces with terraces having widths of 1.8 to 3.6 nm as illustrated by simplified models in
figure 4.6(b, c). From this model, step heights of 315 pm corresponding to the height of one
O-Ce-O triple layer are suggested.
The projections of the facet normal vectors into the (111) plane are the [2̄11], [12̄1] and [112̄]
surface directions. Therefore the dominant step specie is of type I character, while type II step
edges are not developed.
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10°
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Fig. 4.6: Triangular structures as measured by NC-AFM (a) and illustrated by a simplified model
(b). Atomic models of the facet structures depending on their angle to the (111) surface (c).

High temperature morphology of CeO2 films
After annealing cycles with temperatures higher than 930 K, the CeO2 surface of the film forms
large terraces with dimensions of several tens of nanometers (figure 4.7(a)). Islands and pits
have heights corresponding to a O-Ce-O triple layer. The area labeled by the dashed frame
exhibit equidistant layers, which is confirmed by the histogram in figure 4.7(b).
The step edges mostly do not consist of straight sections with a length exceeding 100 nm,
but they contain a large number of kink sites. Most step edges belong to round islands and
pits. Small sections of these ledges are well-aligned with the h1̄10i family of surface directions as
indicated by solid lines. These straight steps are supposed to be thermodynamically favored22
and are distinguished as beeing either type I or type II steps. A model of an island and a
pit, which is constructed by type I and II steps, is illustrated in figure 4.7(c). Two step edges
including an angle of 120◦ are of opposite type and exhibit, therefore, a different atomic structure
as shown in a similar way for CaF2 (section 4.2).
A large-frame topography image of the CeO2 film surface after excessively heating is illustrated
in figure 4.7(d). Straight lines with a length in the micrometer regime dominate the surface
structure. These lines are parallel to the h1̄10i surface directions and form distinct angles of 60◦
and 120◦ . A magnification of these structures is depicted in figure 4.7(e). The island, which is
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Fig. 4.7: High temperature morphology of CeO2 films showing large terraces (a). Islands and pits
exhibit a height corresponding to an O-Ce-O triple layer (b). Step edges are slightly aligned with the
h1̄10i directions and exhibit type I (black lines and black arrow) and type II character (white lines and
white arrows), respectively. The atomic model (c) displays a hexagonal pit and island. Topography
images (d, e) reveal the presence of expanded stripes parallel to the h1̄10i surface directions. The
side view model (f) shows the CeO2 crystal structure along the h01̄1i viewing direction with low
index planes, marked by dashed lines.

located on both sides of this structure is cut sharply along the defect structure (dashed line).
Step edges exhibit a vertical displacement at this fault.

Preparation of PrOx films
In the following, the morphology of a thick PrOx film is investigated. At low temperatures, the
surface also exhibit triangular structures (figure 4.8(a)). The topography does not change for
annealing cycles with temperatures in the range from 300 K to 990 K. The triangles are aligned
with the h1̄10i surface directions and their facets have type I character as well. As an additional
feature, each triangle exhibits a depth in its center, that is connected to one side. Annealing at
higher temperatures (1080 K) results in the decomposition of the film and the formation of large
grains (figure 4.8(b)). Distinct step edges and terraces are not observed for any preparation
procedure involving annealing, only.
In order to prepare a well-defined surface as observed for the CeO2 films, the praseodymia film
is treated by argon ion sputtering and annealing cycles. The aim is to avoid damage and surface
roughening. Therefore, Ar+ -ions with an energy of 0.5 keV and an exposure time of 5 min are
used. The topography after eight of these preparation cycles is illustrated in figure 4.8(c) at three
different scales. The large scale image does not reveal triangular structures as described above
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and individual terraces and step edges are developed. The lateral dimensions of the terraces are
about 5 nm. The islands are of irregular shape and the step edges are decorated by adsorbents.
The high resolution image reveals a distortion of a flat terrace in form of a screw dislocation
(solid line) and a faint striped pattern (parallel to dashed lines). The rows are aligned with the
h1̄10i surface directions and exhibit a distance of 1 nm. The diameter of such ordered domains
does not exceed values of a few nanometer.
annealing 990K (c)

(a)

sputtering/annealing 850K

[211]

200nm

(b)

150nm

50nm

[011]

15nm

annealing 1080K

<110>

9nm

5nm

Fig. 4.8: Morphology of a PrOx film depending on the preparation procedure. For annealing
temperatures below 990 K, the surface exhibits triangular structures (a). Higher temperatures results
in a disintegration of the film (b). (c) Eight sputter/ annealing cycles yield step edges and terraces.

Discussion
The obtained morphologies of grown rare earth oxide films are a result of kinetically and thermodynamically controlled processes. During film growth, the substrate temperature of 900 K is
sufficient for the epitaxial growth with a high crystallinity.106 The relative fast deposition rate of
3 nm/min and a small surface diffusion length result in a high density of steps which are barely
resolved by NC-AFM. The triangular structures consists of type I steps, which is the energetic
most favorable configuration for crystals with the fluorite structure.107, 108
The investigated ceria and praseodymia films show no evolution of the morphology after
annealing at temperatures below 900 K. Heating the CeO2 film to higher temperatures results
in the formation of large terraces as observed for single crystals. Kinetic limitations of surface
diffusion processes are overcome and the obtained morphology corresponds more closely to the
thermodynamic equilibrium. As a result, islands exhibiting step edges preferentially aligned with
the h1̄10i directions are found. Type I and type II steps, which both have low step energies,
are well-developed. The morphological change does not yield a change of surface roughness or
lateral distances. This implies that the transformation is caused by a local mass transport rather
than by a far-ranging phenomenon.
Annealing praseodymia films to higher temperatures does not result in a smooth surface.
Only several argon ion sputtering and annealing cycles yield the formation of small terraces
with irregular shaped step edges. The used ion energy of 500 eV is very small, hence the film
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is disintegrated in the near surface region, only. Removing ions from step edges and kink sites
costs far less energy than from flat terraces or the bulk due to lower coordination numbers.
This fact might support a preferential etching of low coordinated surface sites. The subsequent
annealing cycle assists the reordering of the surface, resulting in the formation of terraces. The
terraces exhibit smooth parts without adsorbates. By high resolution imaging, ordered domains
are resolved with sub-nanometer resolution.
By vacuum-annealing cycles, the CeO2 film reduces.109 Therefore, a high density of surface
oxygen vacancies is expected, which act as nucleation sites for residual gas molecules. Indeed, the
terraces exhibit small agglomerates and their density rapidly increases after ending the surface
preparation. In comparison, a CeO2 single crystal exhibits almost no vacancies and the terraces
are free of adsorbates for a time span of several days.
The reducibility of praseodymium oxide is more distinct.110 Therefore, the resulting stoichiometry is close to Pr2 O3 . In this oxidation state, the structure of praseodymia still corresponds to
a fluorite structure with a high density of arranged vacancies.71
For both rare earth oxides, the maximum annealing temperature is limited to about 1050 K
and 1100 K. Close to this temperature, the CeO2 film shows elongated defect lines, which are
suspected to be the result of slip planes. Indeed, in fluorite type crystals, the {111}, {110} and
{001} planes are preferred for slipping processes.111, 112 The lines of intersection of the (111)
surface and members of the slip planes are aligned with the h1̄10i surface directions, which
corresponds to the orientation of the observed defects.
In the case that these critical temperatures are exceeded, the corrugation of the sample surfaces
increase by an order of magnitude and the nanoscale structure disappears. For this transformation, a mass transport on micrometer scale occurs. Most probable, the process includes an
interface reaction of rare earth oxide films with silicon substrates, resulting in the formation of
silicates.113
Compared to ceria single crystals, the preparation of ceria and praseodymia films by argon ion
sputtering an annealing results in well-developed terraces as well. The terraces of films exhibit
other surface properties than CeO2 single crystals and contain more defects. Therefore, atomic
resolution has not been achieved on a film, while it is routinely gained on CeO2 single crystals.
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5.1 Nucleation and growth
The growth of metal particles on oxide surfaces is controlled by kinetic and thermodynamic parameters. Given that deposited atoms cannot overcome the desorption energy, which is generally
the case at lower temperatures, the formation of islands depends on the atom deposition rate,
diffusion barriers and the presence of potential sinks, e.g. facets of islands or step edges on the
substrate. Kinetic limitations can be overcome at elevated temperatures and the morphology
then represents the thermodynamically most stable configuration.114 The growth depends on
parameters such like surface free energies of substrate γsub , adatoms γads and of the interface
γi . The latter describes the adatom substrate interaction.
The growth behavior is usually classified into three modes as illustrated in figure 5.1. For a
strong interaction between adatom and substrate, layer-by-layer (Frank-van der Merwe) growth
occurs. A complete layer is formed prior the growth of a subsequent one. In case that adatomsubstrate interactions are weak, three dimensional clusters are formed (Volmer-Weber growth
mode). Even for a coverage corresponding to several monolayers the substrate is not fully
covered. This growth mode is frequently observed for metals on insulating surfaces as the
surface free energies of metals are in general higher than those of insulator surfaces.115 The
third mode (Stranski-Krastanov) describes the formation of a few closed layers followed by the
formation of clusters.
adatoms

(a)

substrate

(b)

(c)

Fig. 5.1: Growth modes depending on adatom-substrate interaction: Frank-van der Merwe (a), Volmer-Weber (b) and
Stranski-Krastanov growth modes (c).

5.2 Equilibrium shape
In 1901, Wulff stated with his famous Wulff theorem116 that the equilibrium morphology is a
result of a minimized surface free energy for a crystal with given volume. The anisotropy of the
surface energy for different facets solely determines the shape of crystals. Following the Wulff
theorem, the favored shape is constructed by facets i, that have a distance hi to the center
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of the cluster. This distance is proportional to the surface free energy γi of the corresponding
facet (const. = hi /γi ). For metals with an fcc lattice, the close packed facets of the {111}
family exhibit the lowest energy.117 Therefore, they are closest to the center and dominate the
shape of the cluster. A cluster formed solely by {111} facets has the shape of an octahedron.
Additional facets of the {001} family exhibit a relatively small surface energy as well and result
in a truncated octahedral shape (figure 5.2(a)). Note that this model is only valid for large,
unsupported clusters for which the influence of edge atoms is neglected and at a temperature
of 0 K. For temperatures close to the melting point, the anisotropy of different facets reduces
until an isotropic surface energy as observed for liquids results in a spherical droplet. A detailed
review on the shape of clusters and the influence of kinetic effects is given by Henry.118
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Fig. 5.2: Models of a truncated octahedron (a), of a cluster formed by Wulff construction116 (b)
and of a supported cluster constructed by the Wulff-Kaischew theorem (c).

In case of clusters supported on a substrate, the cluster shape is influenced by the interaction
with the support. Following the Wulff-Kaischew construction (figure 5.2(c)), the surface free
energy of the contact area is lowered from γj by the adhesion energy γadh and the cluster is
truncated by ∆h. The adhesion energy corresponds to the energy needed to remove the cluster
from the surface and is given in units of energy per area.
const. =

hj − ∆h
hi
=
γi
γj − γadh

(5.1)

In case facets i and j belong to the same family, equation 5.1 simplifies to
hi
γi

=

∆h
γadh

.

(5.2)

The shape of clusters is directly depending on the adhesion energy γadh and can be classified
into four cases:
 γadh = 0, free clusters that are not bound to the substrate,
 0 < γadh < γi , clusters are bound to the substrate and truncated by 0 < ∆h < hi ,
 γi < γadh < 2γi , clusters are more than half truncated (hi < ∆h < 2hi ) and
 γadh ≥ 2γi , adatoms form a closed film and no clusters occur (∆h ≥ 2hi ).

Adhesion energy of gold clusters on CeO2 (111)
NC-AFM images reveal gold clusters on CeO2 with distinct facets (section 6.4). These facets
result from the anisotropic surface free energy and the crystallographic orientation of the clusters.
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Using the Wulff-Kaischew construction, the exact shape, the volume V and the adhesion energy
γadh of individual clusters can be calculated.
In the following, elaborate NC-AFM measurements will show the exact shape of a supported
cluster. The width L of the top facet along the [112̄] direction and the the cluster height H
are accessible parameters from these data and can be used to estimate the adhesion energy
γadh . A cluster with fcc structure and developed {111} and {001} facets and a (111) top facet
is a reasonable model for gold clusters on CeO2 (111). Because of a high surface free energy
of other low index planes (e.g. {110}), these facets are not developed. In the following, the
Wulff-Kaischew construction, as schematically shown in figure 5.3, is calculated.
L
P5

[110]

P3
H

P4

h111 P1

[112]

h001

[111]

P2

[001]

P0

[111]

[112]

support

Fig. 5.3: Wulff-Kaischew construction of a
cluster with fcc structure, which is grown along
the [111] direction. The main crystallographic
D
h
directions are labeled.

Point P0 is the center of the cluster and the origin of the used coordination system. The unit
vectors are defined by the crystallographic directions of the cubic lattice. Point P1 , P2 and P3
belong to the (111), (111̄) and (001) surfaces and have a distance to the center of h111 , h111 and
h001 , respectively.
P0 = (0, 0, 0) ,
√
P1 = h111 / 3 (1, 1, 1) ,
√
P2 = h111 / 3 (1, 1, −1) ,
P3 = h001 (0, 0, 1) ,
√
P4 = h111 / 3 (1.5, 1.5, 0) and
√
P5 = h111 / 3 (1.5, 1.5, 0) + h001 (−0.5, −0.5, 1) .

(5.3)
(5.4)
(5.5)
(5.6)
(5.7)
(5.8)

P4 and P5 are the intersections of the straight line x1 with y1 and y2 , respectively. The lines
are defined by the points located in the facets (P1 to P3 ) and the crystallographic in-plane
directions [112̄], [112] and [110], respectively.
x1 (λ) = P1 + λ(1, 1, −2)
y1 (µ) = P2 + µ(1, 1, 2)
0

0

y2 (µ ) = P3 + µ (1, 1, 0) .

(5.9)
(5.10)
(5.11)

The width L of the top facet along the [112̄] direction equals the distance P4 P5
L = h001

p

3/2 .

(5.12)
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The distance h001 can be expressed by h111 using the corresponding surface energies, when
considering the Wulff theorem:
γ001
γ111
p
γ001
L = h111 3/2
γ111

h001 = h111

(5.13)
.

(5.14)

The interaction of cluster and substrate results in a truncation ∆h of the contact facet, which
belongs to the {111} family, depending on the adhesion energy γadh . Here, ∆h is expressed by
the apparent height H of the cluster and the distance h111
γadh = ∆h

γ111
h111

(5.15)

H
γ111
h111
∆h = 2h111 − H .
= 2γ111 −

with

(5.16)
(5.17)

Replacing h111 with the more accessible value L by using equation 5.14 results in
γadh

H
= 2γ111 −
L

r

3
γ001
2

.

(5.18)

With this result, it is now possible to calculate the adhesion energy of gold clusters on CeO2 .
The height H and the width L are directly given from NC-AFM images and the surface free
energies of gold γ111 = 1.283 J/m2 and γ001 = 1.627J/m2 are well-known.117

Volume of gold clusters on CeO2 (111)
The volume V of supported clusters with known height H and adhesion energy γadh to the support can be calculated by the Wulff-Kaischew construction. For this construction, the alignment
of the cluster to the substrate and the degree of truncation as a function of surface free energies
γi and adhesion energy γadh have to be considered. Goniakowski et al. derived the formula for
supported fcc clusters, which is briefly illustrated in the following.119

(a)

(b)

q

h‘‘

Fig. 5.4: Model of an octahedron composed of
two pyramids (a). After removing six small
pyramids, a truncated octahedron is formed,
which is a reasonable model for a free, unsupported gold cluster (b).

First, the volume of a free, unsupported gold cluster is calculated. Its shape is a truncated
octahedron that consists of {111} and {001} facets. This form derives from an ideal octahedron
that consists of two pyramids with a square basis and a height of h00 (figure 5.4). The truncated
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shape deviated from this octahedron by the removal of six small pyramids with a height q = xh00
with119
γ001
x = 1− √
3 γ111
√
00
h =
3 h111 .

and

(5.19)
(5.20)

The volume V0 of such a free, unsupported gold cluster is
V0 =


4
1 − 3x3 h003
3

.

(5.21)

For a supported cluster, an imaginary part of it is located below the substrate surface. Therefore,
its volume is smaller than that of an unsupported cluster. For an fcc cluster with a (111) top
facet and which fulfills the criterion that its (111̄), (11̄1) and (1̄11) side facets are cut by the
support (see model in figure 6.13(d)), the volume of the cluster deviates from V0 by ∆V 119

∆V
τ

= −
=



1
2
3
6 + 3τ − τ − 2x h003
12

γadh
γ111

with

.

(5.22)
(5.23)

The volume of this truncated cluster can be expressed as a function of the cluster height H by
using the equations 5.16 and 5.20
V (H) = V0 − ∆V





1
4
1 − 3x3 −
6 + 3τ − τ 2 − 2x3
=
3
12
!3
√
3 γ111
×
· H3 ,
2γ111 − γadh

(5.24)

V (H) = a · H 3

(5.26)

.

(5.25)

As a result of the Wulff-Kaischew theorem, the aspect ratio of the cluster is independent of the
cluster volume V , which scales with the cluster height H to the power of three. The proportional
factor a = 2.66 is calculated from the surface free energies117 of γ111 = 1.283J/m2 and γ001 =
1.627J/m2 and the adhesion energy γadh = 1.13J/m2 , which is calculated in section 6.5 using
equation 5.18.
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clusters supported on a CeO2(111) surface
This chapter is about the imaging process of small gold clusters on a CeO2 (111) surface, their
growth during post-deposition annealing and the growth at elevated temperatures. The shape
and crystallinity of larger clusters is illustrated considering the Wulff-Kaischew construction.
Additionally, the electrostatic potential is investigated by KPFM. The first section 6.1 briefly
describes the experimental procedure of the cluster preparation.

6.1 Preparation of gold clusters
Gold (99.95% from Goodfellow GmbH, Bad Nauheim, Germany) is deposited from a molybdenum crucible using an electron beam evaporator (EFM3 from Omicron, Taunusstein, Germany).
The source was carefully degassed before, resulting in a base pressure below 3·10−10 mbar during
deposition. Prior to each dosage the evaporator is activated for more than 30 min resulting in
a stable emission of gold atoms. Gold ions, which are created by the electron bombardment of
the crucible68 are repelled by a built-in electrode.
The rate r of gold atoms is calculated from NC-AFM images using the formula r = V /(A · t).
Within a selected area A, clusters with a total volume V are observed with NC-AFM. In order
to circumvent an overestimation of the volume as a result of tip-cluster convolution effects, a
more precise value of an individual cluster is given by the formula V = 2.66 · H 3 , which derives
from the Wulff-Kaischew construction (section 5.2). The rate (0.3 ML/min) is similar for all
experiments, but the dosage is varied by the exposure time t to yield different coverages. One
monolayer is defined as 1.4 · 1015 atoms/cm2 , corresponding to the atom density of (111) planes
of gold bulk and clusters.
CeO2 single crystals (Commercial Crystal Laboratories, Naples, USA) are mounted to our
home-built sample holder21 and undergo some ten to hundred sputter/annealing preparation
cycles. Parameters for argon-ion sputtering are 1.5 keV ion energy and an exposure time of
5 min. For the annealing slow temperature ramps of about 0.5 to 1 K/s are used to heat and
subsequent cool-down the sample. This procedure yield terraces with lateral dimension of some
ten nanometers. On the large scale, which we define as frame sizes larger than 50 nm, terraces
are atomically flat and exhibit a homogeneous electrostatic surface potential (see section 4.3).
Anion surface vacancies, which could act as nucleation site,120 exhibit a low density and are
usually absent in atomically resolved images.
During the deposition of gold atoms, the sample is kept either at room temperature (T ≤ 315 K)
or at elevated temperatures. For post-deposition annealing experiments, the sample is successively heated for one hour. This long heating time guarantees a homogeneous warming of
the surface and allows the gold to reassemble. With each heating cycle, the temperature is
increased by about 100 K. Note that the mobility of gold exponentially depends on the temperature following an Arrhenius law and, as a result, a temperature increase of 100 K influences the
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rearrangement of gold clusters to a larger extent than the effect of previous annealing cycles. For
all experiments the temperature is set with an accuracy of ±15 K, thereby the sample holder21
enables a heating without the creation of free electrons, which could ionize gold atoms.

6.2 Imaging of small gold clusters
The single crystal CeO2 (111) surface is exposed to a dose of 0.15 ML neutral gold atoms. The
topography image (figure 6.1) reveals a terrace with small sub-nanometer clusters containing
only a few atoms. The clusters have apparent heights of 150 or 250 pm, which corresponds to
one or two atomic layers, respectively. As indicated by the line profiles A and B in figure 6.1(b)
the apparent cluster diameters are about 1 nm. Considering the volume of the smallest clusters
and the atom density of bulk gold (59 atoms/nm3 ), their maximum number of atoms is in the
order of 10.
The CeO2 substrate is atomically resolved using the topography imaging mode. The hexagonal lattice of protrusions that is highlighted by superimposed white circles (see magnification
in figure 6.1(c)), is identified as oxygen ions of the top-most layer.62 The smallest clusters
are located at on-top positions, while larger clusters occupy two ore more neighboring on-top
positions.

(a)

(c)

(b)
400

height (pm)

A

A

300
200
100

B

0

B

0
2.6nm

z

2

4

6

8 10

position (nm)

1.0nm

z

Fig. 6.1: (a) Topography image of small gold clusters revealing an atomic contrast pattern of the
ceria substrate. (b) Cluster heights correspond to one or two atomic layers. (c) Gold adsorbates
occupy on-top positions as highlighted by superimposed circles. A narrow band Fourier filter is
applied to remove spurious oscillations at integers of 50 Hz.

From an experimental point of view, the quasi constant-height mode enables a better lateral resolution of particles, because tip-cluster convolution effects are minimized.37 Figure 6.2
and figure 6.3(a) represent the frequency shift observed on a terrace with adsorbed gold. The
adparticles are imaged as a pronounced dark spot surrounded by a bright ring (figure 6.2).
This contrast has been described in detail by Rahe et al. for several different adsorbates,121
and is mainly caused by the non-monotonic tip-sample distance dependence of the detuning
(∆f ). In a simplified model, the shape of ∆f (z) curves are assumed to be identical for the CeO2
surface and gold clusters, but differ by an offset along z direction. In experiments, the detuning
set-point is chosen such that the tip is in close proximity to the surface (here -11.5 Hz). This
value is near the minimum of the ∆f (z) curve in the region of positive slope. The tip scans in
straight lines across the surface. While the tip is crossing the gold particle, the effective tipsurface distance (z) decreases. This results in a more negative detuning, that appears bright in
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the ∆f image. Upon further reduction of the gap in the center of the gold cluster, the minimum
of the ∆f (z) curve is passed. In this regime, a further decrease of the distance results in a more
positive detuning represented by a darker color. Therefore, a very small tip-cluster distance
results in the dark appearance of gold particles in their centers.

z

D
f
D
fAu -10Hz

D
f (z)

D
fset -11.5Hz

Fig. 6.2: Contrast formation of small gold adsorbates imaged in the quasi constant-height
mode. On top of a cluster, the distance z to the
tip is smaller than above a terrace, thus, the
minimum of the ∆f curve is passed. The frequency shift measured for the cluster is smaller
than the absolute value on the terrace. As a result the gold cluster is imaged dark compared
to the terrace.

Analyzing a large number of individual adsorbates in atomically resolved, quasi constantheight images reveals that only one position in the surface unit cell acts as a nucleation site.
The bright spots of the hexagonal pattern in figure 6.3(a) are highlighted by superimposed small
circles in close proximity to various adsorbates. Gold is located in a triangle of three neighboring
points, that has one edge pointing to the left (black triangle). A location in opposite triangles
(white) is not found.
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Fig. 6.3: Quasi constant-height image of gold adsorbates on CeO2 (a) recorded with atomic resolution. A magnification of the dashed square is given in (b) and (c). In the latter the color code is
inverted for discussion reasons. Possible adsorption sites are labeled in (d), with t as on-top position
and hc and ha as cation and anion hollow sites, respectively. Additionally, a model of a Ce3+ defect
is added (d). A narrow band Fourier filter is applied to remove spurious oscillations at integers of
50 Hz.

To determine the adsorption site, a detailed knowledge on the contrast formation on CeO2 is
inevitable. Presently, the theory is limited to hydroxylated tips, which strongly interact with
the oxygen ions of the top-most layer, which are represented by a bright hexagonal lattice.62
This disk-like pattern is only formed for relative large tip-sample distances.122
Yet, a detailed interpretation of the atomic contrast pattern based on different tip apex terminations and for different tip-surface gaps is not available for ceria. Figure 6.3(a) is recorded
with a rather small tip-sample distance using a sputtered silicon tip with presumably no hydroxylated tip apex. The result of such imaging conditions is a pronounced atomic contrast pattern
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of the CeO2 (111) surface with a three-fold symmetry. The surface site in the center of a triangle
formed by bright positions (figure 6.3(a)) is either pronounced dark (black triangle) or less dark
(white triangle).
Details of the atomic contrast formation are shown in magnifications (figure 6.3(b, c)) of the
dashed square of figure 6.3(a). While in image (b) a more negative detuning is represented by
a bright color, the color scale is inverted in (c) for discussion purpose reasons. Both images
show a bright hexagonal lattice, while each spot exhibits a triangular shape, as indicated by the
superimposed triangles. In addition a triangular defect consisting of three dark spots is recorded
(dashed circles in images (b, c)). The color inverted image (c) reveals this defect as three
protrusions. Here, it resembles a Ce3+ defect proposed by Torbrügge.38 In the suggested model
of Ce3+ species, three neighboring oxygen ions of the top-most layer protrude (figure 6.3(d)).
Within this model, the oxygen sublattice is imaged bright in figure 6.3(c) and color coded
dark (black triangle) in (a, b). Gold adsorbates are located at positions of black triangles and,
hence, at on-top positions (circle labeled by t), which is in accordance to the findings presented
in figure 6.1(c).
Additionally an elongated structure is illustrated in in figure 6.3(b, c) (solid circle). Considering its dimensions and the oxygen-oxygen distance of the CeO2 (111) surface of 383 pm, this
structure probably contains as less as two atoms. Therefore it is most likely that individual gold
adatoms condensed at on-top positions are imaged. The adsorption of gold atoms on CeO2 (111)
was topic of recent theoretical studies as well, supporting the potential of on-top positions as
preferred nucleation sites.120, 123

6.3 Electric potential of supported gold clusters
It is generally known that metal clusters and insulating substrates exhibit different electrostatic
interactions with AFM tips.124–126 In this section, the influence of electrostatic forces on the
apparent height of clusters is investigated. The second part reveals the influence of the cantilever
oscillation amplitude on the electrostatic potential detected by KPFM. Finally, this potential is
analyzed with respect to the cluster heights.

Correct height measurement of metal clusters
Sadewasser et al. showed that the electrostatic interaction on chemically different species is
the origin for adulteration of height measurements by NC-AFM.127, 128 This finding is surely
valid for gold clusters supported on CeO2 substrates, as will be presented in the following.
The electrostatic force can be tuned by the applied sample voltage VDC and, consequently, the
apparent cluster heights are affected. The dependency of the measured heights on the applied
sample voltage VDC is illustrated in figure 6.4.
By using the KPFM technique, the electrostatic force is minimized for clusters and substrate
by locally adjusting VDC to proper values. This results in an exact determination of cluster
heights. Both, clusters and terraces are imaged with a high resolution (figure 6.4(a)).
Using the NC-AFM without Kelvin techniques and maintaining all other settings to ensure
comparability, the electrostatic force is compensated by a fixed bias voltage VDC for a whole
image. By choosing a voltage of VDC = −200 mV (Φterrace = −VDC ), the electrostatic force is
minimized on the terraces (figure 6.4(b)). The substrate surface is imaged with a high spatial
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terraces (c) the cluster height is over- or underestimated, respectively. The corresponding
line profiles (d) show height deviations of about
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resolution and step edges are visible. On the contrary, gold clusters are enclosed by electrostatic
clouds. The superimposed electrostatic interactions result in an overall strong attractive force
between tip and cluster. Hence, the topography feedback responses as by retracting the tip.
Consequently, cluster heights are overestimated as shown by the line profile in figure 6.4(d).
In case that the sample voltage is adjusted accordingly to the potential of the clusters (VDC =
700 mV; Φcluster = −VDC ), clusters are imaged properly (figure 6.4(c)). Above a terrace, the
tip is retracted by the topography feedback loop responding to the superimposed electrostatic
forces. Therefore, details of the substrate surface such as step edges are not detected and the
cluster heights are underestimated.
The resulting deviations of cluster heights caused by electrostatic forces are up to several
nanometers. This corresponds to a relative error of about 20%. Therefore, the KPFM technique is indispensable for the high-accuracy imaging process of metal clusters supported on an
insulating substrate.

Influence of cantilever oscillation amplitude on KPFM contrast
KPFM is used in the frequency modulation mode and is, therefore, sensitive to the electrostatic
force gradient. This assumption is only valid in case that the electrostatic force gradient is
constant for one tip-oscillation cycle.49 Localized charges, however, result in a strong distance
dependence of the electrostatic interactions (see equation 2.18 in section 2.3). While the influence
of the amplitude on the measured electrostatic potential of metal clusters is usually neglected
in the interpretation of KPFM data,124, 126 here, the dependency is explicitly investigated.
To ensure comparability, the tip-surface interaction strength γ and the response of topography
and KPFM regulation loops are equal within this series. The lower turning point of the tip is
kept constant by using the normalized frequency shift33 γ ∼ ∆f · A3/2 . By increasing the

71

6 Morphology and electric potential of supported gold clusters
amplitude A by a factor c, the detuning set-point ∆f is corrected by a factor of c−3/2 . Smaller
detuning set-points result in equally reduced contrast information in the detuning signal. To
ensure that the responses of the topography and KPFM feedback loops acting on the detuning
signal are likewise for all amplitudes, their proportional and integral terms are adjusted by a
factor of c3/2 .
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Fig. 6.5: (a-c) Electrostatic potential mappings as obtained from the same surface area with different
oscillation amplitudes. (d) Dependency of the KPFM contrast ∆Φ on the amplitude.

The findings illustrated in figure 6.5 show that the KPFM contrast is depending on the
oscillation amplitude. For increasing amplitude, the KPFM contrast ∆Φ = Φcluster − Φterrace
decreases. The measured electrostatic potential of 43 clusters (Φcluster ) and of the substrate
surface (Φterrace ) are depicted in figure 6.5(d) as a function of cantilever oscillation amplitude.
The potential measured for terraces (Φterrace ≈ −0.1 V) is nearly constant, while the electrostatic
potentials obtained for clusters shifts to negative values for small amplitudes. The decrease of
the average contrast ∆Φ with larger amplitudes is qualitatively fitted by an exponential function
(black line) to guide the eye.
Every NC-AFM experiment illustrated in this thesis is performed with an oscillation amplitude
of 13 nm, which has proven to be a suitable value for high resolution images with frame sizes from
the nanometer to micrometer scale. Hence, comparability of results is given within this work.
The obtained KPFM results are depending on the amplitude and are attenuated by about 50%
compared to measurements with cantilever oscillation amplitudes close to zero. While comparing
the results presented in this work either with other experiments or with theoretical models, it
is essential to consider the used amplitude.

Height-dependence of the measured electrostatic potential of gold clusters
In the following, the KPFM contrast ∆Φ = Φcluster − Φterrace of ceria supported gold clusters is
analyzed. The electrostatic potential of the CeO2 substrate is homogeneous on the bare terraces,
while step edges exhibit a predominant positive one. For gold clusters (figure 6.6), the electric
potential is negative (∆Φ < 0). The sign of contrast is independent on the nucleation site as
shown by clusters located on stoichiometric terraces (black arrow) and clusters nucleated at step
edges (white arrows). The positive potential of step sites is not transferred into the cluster as
illustrated in figure 6.6(d).
The cluster sizes are tuned by varying either the gold dose or the substrate temperature during
growth or by including post-deposition annealing cycles (section 6.4). The electrostatic potential
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of particles containing 102 to 105 atoms are investigated. In the following, their potential ∆Φ is
given as a relative value to the substrate.
Small clusters with a height of about 0.7 nm exhibit a potential of about ∆Φ ≈ −0.2 V
(figure 6.6(a)). Larger clusters with a height of 2.5 nm (b) and 4 nm (c) yield a contrast of
∆Φ = −0.4 V and −0.6 V, respectively. This indicates a negative shift of the potential for larger
clusters.
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Fig. 6.6: Topography (z) and electrostatic potential (Φ) of gold clusters with different heights (a-c).
The color scale of the topography images has a span of 6 nm, while the potential images exhibit a
span of 1 V. A magnification of the area marked by the dashed frame in (b) is shown with different
color scales (d). The electrostatic potential of step edges is emphasized by the respective color scale
in (d). KPFM contrast ∆Φ plotted versus cluster height (e). The cantilever oscillation amplitude is
fixed at 13 nm.

In order to correlate the electrostatic potential with the respective cluster height, 1600 clusters
are analyzed (figure 6.6(e)). The clusters are subdivided into three height ranges. The first (I)
includes small clusters with a height below 3 nm. The second (II) contains about 80% of the
clusters investigated for this statistics and their heights range from 3 to 9 nm. The third range
(III) includes large clusters which consist of about 105 gold atoms.
The medium sized clusters (II) are fitted by a linear function (gray solid line) as guide to
the eye. Its slope of −72 mV/nm confirms the increase of the KPFM contrast (∆Φ) observed
for increasing cluster heights. The linear fit is extrapolated to the ranges I and III and it welldescribes the magnitude of the decreased electrostatic surface potential of large clusters. On the
other hand, small clusters of range I with a height below 2 nm significantly deviate from this
function.
To interpret this finding, one has to consider that a sharp AFM tip scans in close proximity
of cluster and substrate surfaces. Reasonable values in NC-AFM experiments are tip-surface
distances of about 2 nm and a tip radius in the range of 5 to 10 nm. This results in a lateral
resolution of about 5 nm for electrostatic potential images.39, 42 The lateral dimensions of large
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clusters clearly exceeds this value. Assuming a truncated octahedron as constructed by the
Wulff-Kaischew theorem (see section 5.2) for a cluster with a height of 8 nm, the respective
width of the top facet is 11 nm. Additionally, the cluster broadens to the base.
Considering the rather strong distance dependence of the electrostatic force gradient as shown
above and the large tip-substrate distance while scanning a cluster, the measured potential
difference is only slightly affected by averaging effects for large clusters containing 105 atoms.
Therefore, the height dependence of the electrostatic potential probably hints to a change of the
electronic structure of gold clusters containing several thousand atoms.
For clusters with heights smaller 2 nm, the measured potential deviates from the linear fit.
The lateral dimensions of these clusters are smaller than the spatial resolution of the KPFM
technique. Therefore the magnitude of the measured potential represents a mixed value for
cluster and substrate surface. Nevertheless, the negative potential is detected for small subnanometer clusters as well.
The origin of the negative electrostatic potential is a transferred charge from substrate to
clusters,52, 54, 129 which is related to the work function of clusters and the band structure of
the substrate.126 Charged defects present in terraces can yield a charge transfer as well.124
Here, gold clusters on CeO2 (111) exhibit a negative potential. Clusters with a positive electric
potential, resulting from a charge transfer into the substrate, are not found. Even clusters
located at positive step edges exhibit the negative potential.

6.4 Nucleation, growth and shape of supported gold clusters
In this section, the nucleation and growth of gold clusters on CeO2 (111) is investigated for a
post-deposition annealing series. Following, the shape and epitaxy of larger gold clusters is
discussed.

Nucleation and growth
After the preparation of a clean CeO2 (111) surface, 0.15 ML gold is deposited onto the surface at
room temperature. Clusters are randomly distributed on terraces (figure 6.7(a)) with a density
of 4.2 · 1012 cm−2 . The clusters have an apparent height of about 0.1 to 0.2 nm, and an apparent
width of about 2 nm as illustrated by the line profile A in figure 6.7. Ledges are not found to
act as preferred nucleation site. This surface is the start of the annealing series depicted in
figure 6.7.
A magnification of a terrace annealed at 520 K figure 6.7(c) is illustrated in (d). The respective
measurement is performed in the quasi constant-height mode. The ∆f image reveals very
small, individual gold adsorbates. The smallest unit i is represented as a pronounced dark spot
surrounded by a bright ring with a diameter of 0.9 nm. The diameter of the dark spot is as small
as 0.3 nm. The heights of these small structures are about 0.1 nm as shown by the line profile
A for clusters of similar size investigated in the topography mode. These spatial dimensions
resemble the size of individual gold, silver and palladium adatoms investigated by NC-AFM and
STM.130–135 Therefore, we refer to the units i as single adatoms, while we still suspect that they
are a cluster containing very few atoms each (see section 6.5).
In figure 6.7(d), seven of these identical units i are illustrated. Additionally, prolonged dimers
ii, that have twice the lateral size of a unit i and are aligned with the h1̄10i directions of
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Fig. 6.7: NC-AFM images of 0.15 ML gold deposited on CeO2 (111) in a series of annealing cycles.
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which is scanned in the quasi constant-height mode. Typical features, such as bright rings i, elongated
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the substrate, occur. Larger structures c, that contain up to ten atoms, are likewise aligned.
Their appearance differ from a homogeneous circle and they exhibit a sub-structure with lateral
dimension comparable to the oxygen-oxygen distance of the CeO2 substrate. The density of
these adsorbates is about 12.5 · 10−12 cm−2 .
The annealing series, depicted in figure 6.7(a-i), presents the thermal stability of sub-nanometer
gold clusters. With increasing temperature, the cluster heights increase as indicated by the line
profiles A to E. The density of clusters monotonously decreases (figure 6.7(j)). For this plot,
individual adatoms (i and ii units) are not counted, because they are not observable on large
scale.
Up to 640 K, the preferred nucleation site is located on terraces and the clusters have an height
below 1 nm. The transition temperature, at which the preferred nucleation site changes, is close
to 790 K. Gold predominantly decorates step edges, while a fraction remains on terraces as
indicated by white and black arrows, respectively. Further heating results in clusters exclusively
located at step edges, preferable at corner sites (white arrows in figure 6.7(g, h)) and the clusters
have a height in the nanometer regime (profile E). At 1120 K gold starts to evaporate until at
1245 K a clean CeO2 surface as described earlier22, 122, 136 is observed.

Shape and epitaxy
In order to investigate the epitaxial relation and the adhesion energy of gold clusters to the
CeO2 substrate, larger clusters with a height of several nanometer are investigated. Their
growth is realized by depositing gold at elevated substrate temperatures of 950 K to 1050 K.
This temperature interval is close to the desorption temperature of gold from the surface, as
shown above, and, as a result, kinetic limitations are overcome. At this temperature gold atoms
do not condense at sites located on terraces and exhibit a large thermal energy. They are capable
to overcome the diffusion barriers created by step edges as well. This is confirmed by a relatively
large distance between two clusters of some ten nanometers and the occurrence of cluster free
terraces. The preferred nucleation sites are locations of two coincident ledges (white arrows in
figure 6.8(a)).
The series in figure 6.8 shows ceria surfaces after with different gold doses from 0.10 to 5.1 ML
(indicated in each top-right corner). Each experiment yield monodisperse cluster sizes. The
AFM images yield uniform apparent lateral dimensions and the height distributions (plots (i) to
(v)) reveal respective cluster heights from 2 to 8 nm. Hundreds of clusters of each experiment are
the basis of this analysis providing excellent statistics. Electrostatic interactions are minimized
by using the KPFM technique, which is essential for measuring the exact height of clusters
on insulating substrates (see section 6.3). Because the clusters are exclusively located at step
edges, the heights are systematically overestimated by about 0.5 nm corresponding to typical
step heights observed on ceria (see section 4.3).
A close resemblance of shape and volume for all clusters is confirmed by the measurement
illustrated in figure 6.9(a), which is a result of the preparation shown in figure 6.8(e), before.
The exact shape of clusters is well-imaged by a very sharp and symmetric tip apex. All clusters
exhibit triangular shapes and are of similar widths and heights. The triangular shaped clusters
possess two distinct orientations, which are referred to type A and type B, respectively. Type
B clusters are rotated by 180◦ compared to A types.
In order to investigate the shape of clusters with highest precision, NC-AFM experiments are
performed in the true constant-height mode.36, 37 The result depicted in figure 6.9(b) represents
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the frequency shift mappings of an individual cluster. In this imaging mode, the tip-cluster
distance is very small, while the tip-substrate distance is significant larger (corresponding to the
cluster height). Therefore, a large frequency shift (bright) occurs only for the top facet of the
cluster, revealing its exact shape and confirming the triangular form.
Next, the orientation of the clusters to the substrate is investigated. The atomic contrast
pattern illustrated in figure 6.9(c) reflects the positions of hexagonally arranged ions of the
CeO2 (111) surface.62 The superimposed dashed lines are parallel to the h1̄10i surface directions.
After these lines are transferred to high resolution images of clusters (figure 6.9(a, b)), the
alignment of the cluster edges with the h1̄10i directions of the substrate becomes evident.

6.5 Discussion
In this section, gold is found to be highly dispersed on CeO2 (111) surfaces with clusters located
on terraces. Their density resembles the values found for gold clusters deposited with a rate of
0.05 ML/min at room temperature137 and at 100 K138 onto thin stoichiometric ceria films. The
preferred nucleation sites of gold clusters on these films are located at step edges. Terraces are
only covered in case of reduced films, where oxygen vacancies are suspected to act as nucleation
sites.137, 138
Here, small gold clusters and presumably individual adatoms are strongly bound to specific
sites located on terraces. The measurements of this work are done at room temperature and after
annealing at 520 K, these species are still located on terraces. This points to an extraordinaire
strong pinning mechanism of very small clusters or individual gold adatoms to the CeO2 (111)
surface.
In comparison, recent studies on individual adatoms were performed at low temperatures.
This temperature was necessary in order to freeze the adsorbates to the substrate and stabilize
them for the imaging process.130–135 In this context, the detection of individual adatoms at room
temperature is questionable, however, this is strongly implicated by the spatial dimensions found
for small gold species in this work.
In the experiments of this thesis, annealing of CeO2 single crystals under UHV conditions
does not result in the formation of vacancies present in terraces. Other reduction mechanism
are suspected to be more dominant for the single crystals. A reduction of low coordinated
surface sites such as step edges is possible and confirmed for CeO2 nanocrystals by theoretical
calculations.93
Additionally, the single crystalline CeO2 samples contain fluorine in the near surface layers
(see section 4.3). Single negatively charged fluorine ions are able to replace twice negatively
charged oxygen ions and, by this process, Ce3+ species are formed in order to keep charge
neutrality.95–97 This type of reduction caused by the fluorine doping, does not result in the
formation of anion vacancies located in terraces. The chemical reaction equation of the oxygen
substitution by fluorine can be written as
F0 + O2− Ce4+ O2− −→ O0 + F− Ce3+ O2−

.

(6.1)

In order to investigate the bounding of gold to the fluorine contaminated ceria sample in more
detail, KPFM experiments are performed on clean and gold covered CeO2 (111) surfaces. The
electrostatic potential image is simultaneously recorded to the topography of a clean surface
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(figure 6.10(a)). Terraces show no contrast, while some step edges exhibit a more positive
potential (see section 4.3). Figure 6.10(b) shows the CeO2 surface covered with gold cluster
(area outside dashed squares). After exposure to neutral gold atoms, the electrostatic potential
image reveals a negative potential (dark) of the surface at positions of gold clusters. This finding
indicates that local dipoles are formed by charge transfer from the substrate to the gold clusters.
Prior to this image in figure 6.10(b), measurements were done at the areas indicated by
dashed squares. A smaller tip-sample distance was chosen and, consequently, the interaction
between tip apex and clusters was stronger. As a result, clusters were removed from the surface.
The magnification of a cluster-free area illustrated in figure 6.10(c) is recorded with a lower
spatial resolution. This low contrast hints to superimposed electrostatic forces that cannot be
fully compensated by the KPFM technique (see equation 2.17 in section 2.3). The presence of
charges is confirmed by the corresponding potential image, which reveals positive potentials in
terraces, which have supported clusters, before.
This finding supports the model of the binding mechanism of gold to the fluorine doped ceria
surface, which is described in the following and illustrated in figure 6.11. It is straightforward
to suspect that Ce3+ species are formed by fluorine doping while the ceria surface remains
electrically neutral (equation 6.1). After exposure to gold atoms, Ce3+ oxidizes to Ce4+ and one
electron is transferred to a gold particle

0

+
Au0 + F− Ce3+ O2−
−→ Au− + F− Ce4+ O2−

.

(6.2)

This results in a local dipole with a negatively charged gold cluster and a positively charged
substrate. After removal of the cluster, the positive charge remains in the terrace. Using NCAFM supplemented by the KPFM technique, all steps of this model are supported: the electric
neutrality of terraces before gold dosage, the negative charge of small gold clusters, the removal
of these clusters, and the remaining positive charge in the substrate are confirmed.
Annealing of the sample eventually results in Ostwald ripening of the gold clusters, which is
indicated by a decrease of the cluster density while the average cluster heights increase. Up to a
temperature of about 790 K, the preferred nucleation site is located on terraces, while at higher
temperatures gold clusters are located at step edges. Annealing temperatures above 1050 K
result in the desorption of gold clusters.
Clusters grown at elevated temperatures close to the desorption point exhibit a height and
a width of several nanometers. The clusters are suspected to exhibit an fcc lattice and grow
along the [111] direction. This is confirmed by high resolution constant-height images revealing a
truncated triangular top facet, which is the typical appearance of {111} facets of clusters.139, 140
The distinct borders correspond to the (111̄), (11̄1) and (1̄11) facets, the short borders to the
(100), (010) and (001) facets, respectively. The clusters exhibit two distinct orientations to the
substrate: type A and type B with [1̄10]Au ||[1̄10]ceria and [1̄10]Au ||[11̄0]ceria , respectively. Both
stacking types are illustrated in figure 6.12 in a top view and a side view atomic model.
The shapes of gold clusters grown at elevated temperatures correspond to the equilibrium
state, which can be described using the Wulff-Kaischew construction (see section 5.2). The
cluster illustrated in figure 6.13 is investigated with two imaging modes, topography (a) and
true constant-height mode (b). The combination of both complementary methods yields the
exact cluster shape.
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The topography image is taken with the electrostatic interaction minimized by using the
KPFM technique, which is crucial for the height determination. The line profile (figure 6.13(c))
reveals a cluster height H of 7.3 nm. The complementary constant-height image reveals the
width of the top facet with a high spatial resolution. The width L along the [112̄] direction
equals 10.3 nm. Both values are measured with an accuracy of about 0.5 nm. Considering
the surface free energies of gold,117 the exact shape is reconstructed using the Wulff-Kaischew
theorem (figure 6.13(d)).
Additionally, the adhesion energy is determined by analyzing NC-AFM data. Recently,
Akita did similar calculations based on data gained by high resolution transmission electron
microscopy.141 In this reference, γadh is calculated to be 1.28 J/m2 using the Young-Dupré formula, which assumes an isotropic surface free energy. Modeling the results of Akita141 with
the more precise Wulff-Kaischew construction by using equation 5.18 yield γadh = 0.98 J/m2 .
In this work, for the clusters illustrated in figure 6.13 and figure 6.9(b), the adhesion energies
calculated with equation 5.18 equal to 1.10(17) J/m2 and 1.16(15) J/m2 , respectively.
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7 Summary
In this work, the atomic structure as well as the electric potential of ionic surfaces with the
fluorite structure, namely CaF2 , CeO2 and PrOx are investigated using scanning probe methods.
Here, the main findings are summarized.
In order to determine the electric surface potential simultaneously to the topography of a
sample, the existing NC-AFM set-up has been supplemented by the KPFM technique, described
in chapter 2. With this technique, charges, dipoles and differences in the local contact potential
are determined from measuring electrostatic forces. The potential resolution is better than
100 mV, while the spatial resolution is better than 10 nm. On pristine CeO2 (111), which is
used as a benchmark surface, a predominant positive potential of up to 300 mV is found at a
certain type of step edge. Additionally, it is possible on this surface to obtain atomic resolution
including point defects in the potential images, which has been rarely reported in literature.
These data will be a most helpful input for future theoretical simulations including adequate
models for tip apex and sample surface. Ultimately, it could help to identify individual atoms
and defect species of the CeO2 (111) surface.
Investigations of crystals with the fluorite structure are performed within the surface science
approach. The aim is to prepare pristine and atomically flat surfaces under ultra-high vacuum
conditions and to explore particular surface properties, as for instance, the post-deposition
annealing of supported gold particles. For this purpose, a device for sample preparation has been
developed, described in chapter 3. It possesses two main characteristics, namely the capacity to
anneal insulating samples with temperatures up to 1300 K and the possibility to determine the
surface temperature with high accuracy.
The sample holder is assembled to an Omicron base plate and is compatible to the microscope.
It can be loaded with electrically insulating or semi-conducting samples with dimensions of about
8×2×0.5 mm3 and exhibits a mechanical and thermal stability to allow for multiple annealing
cycles repeated within a short time interval. Thereby the temperature is measured with a built-in
thermocouple with an accuracy of 15 K. The annealing is done by a resistively heated tantalum
foil pressed against the backside of the sample. By using this heating method, the emission of
free electrons that could result in damaging or charging of delicate electrically insulating samples
is avoided.
In chapter 4 pristine crystal surfaces that have a fluorite structure are explored.
The first investigated sample is the CaF2 (111) surface. It exhibits a similar structure as
CeO2 , but its preparation recipe is more simple and well-established, which makes it the ideal
prototype surface. By cleaving, large terraces are formed and straight step edges with lengths of
the order of micrometers are found. The alignment of these ledges to crystallographic low-index
directions is determined by the (to some extent uncontrollable) cleaving process.
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The first important finding on CaF2 (111) is on the atomic structure of the straight ledges
(section 4.2). Atomically resolved NC-AFM images show that they are composed of alternating
type I and type II steps on the nanometer length scale. Both of these types are parallel to the
h1̄10i family of surface directions and exhibit a particular atomic structure.
KPFM imaging reveals an electric surface potential that is homogeneous for the terraces,
confirming their stoichiometry. For cleavage ledges, the electric potential strongly depends on
their crystallographic alignment. Ledges predominantly composed of type I steps exhibit a slight
negative potential, while ledges with a type II majority are positive.
Atomic models for both types of step edges are proposed, which explain the respective KPFM
contrasts. While type I steps are stoichiometric and have a compact arrangement of ions, the
slight negative potential might stem from additional fluorine ions located at kink positions. To
compensate the net negative charge of the fluorine ions, anion vacancies in the near surface
region are proposed, forming a Frenkel-Debye boundary layer.
Type II steps are proposed to be stoichiometric as well, however, they exhibit a row of exposed
calcium cations. These cations are low-coordinated and as a result their binding to the step edge
is weak. During the cleaving process, these ions can be removed. This results in the formation
of cation vacancies, whose occurrence is validated by atomically resolved NC-AFM images. The
particular atomic structure of type II steps with the exposed cations yields dipoles pointing with
their positive end out of the surface.
Next, the (111) surfaces of rare earth oxides are studied (section 4.3 and 4.4). Thereby the
focus lies on ceria single crystals. Additionally, NC-AFM and KPFM experiments on silicon
supported ceria and praseodymia films are performed for the first time. These oxide crystals
are prepared by different recipes of argon ion sputtering and annealing at temperatures above
1000 K.
The morphologies of single crystal CeO2 (111) surfaces are investigated for different preparation conditions. Heating to 1100 K, which is considered to be the lowest reasonable annealing
temperature, results in round step edges. These are not well-aligned to low-index surface directions, but their height mostly corresponds to one O-Ce-O triple layer. Annealing to 1200 K
results in well-developed step edges parallel to the h1̄10i surface directions and step bunching. The resulting morphology is considered to be closer to thermodynamic equilibrium. For
both temperatures, anion surface vacancies are basically absent in atomically resolved NC-AFM
images.
For all but one experiment, slow temperature ramps at a rate of ∼1 K/s are used. For these
slowly cooled surfaces, KPFM reveals a homogeneous electric potential of terraces. A fast cooling
results in the trapping of negative charges in the terraces.
Step edges on bulk CeO2 (111) have a predominant positive electric potential. The particular
atomic structure of type I and type II steps yield different KPFM contrasts. This finding is
similar to the observations made for CaF2 , which has the same crystal structure. However,
for a detailed interpretation, the different defect mechanisms of both compounds have to be
considered.
By means of XPS an unintended fluorine doping of CeO2 single crystals is detected and the
depth distribution of fluorine is explored by TOF-SIMS. Fluorine is enriched in a 5 nm thick surface layer. The interpretation is that fluorine replaces oxygen ions and this results in a reduction
of Ce4+ to Ce3+ . Thus, a removal of oxygen ions from these surfaces and the formation of more
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Ce3+ species is hindered. The presence of fluorine is, consequently, a reasonable explanation for
the absence of anion vacancies in atomically resolved NC-AFM images.
Rare earth oxide films with a thickness of 180 nm are considered as an adequate replacement
for single crystals. Ceria and praseodymia films grown on silicon substrates exhibit the best
available crystalline quality. NC-AFM experiments reveal ceria and praseodymia surfaces of
films with triangular structures. Their heights are found to be about 5 nm while the distance
between two structures is typically about 50-100 nm.
An analysis of crystallographic directions reveals, that the triangles are built up by type I
steps. This is not unexpected, as these steps are energetically most favored. The data suggest
that the pyramids are formed by small terraces with a width of about 1.8 to 3.6 nm. Considering
surface contamination as an additional hindrance, these terraces are close to the detection limit
of NC-AFM.
For both films, the effect of a post-growth annealing series is investigated. Up to 900 K, which
is the growth temperature of the films, the morphology does not change. Within an interval of
about of 930 to 1100 K, the ceria film forms large terraces, while the praseodymia film does not
transform.
The morphology of ceria films heated at about 1050 K is comparable to single crystals. Step
edges are rounded and exhibit a slight preferred direction along the h1̄10i family of surface
directions. Terraces, however, are found to differ by their size and their homogeneity. While
for single crystals, small and atomically well-defined terraces are found, the terrace size is one
order of magnitude larger on the film. Both, NC-AFM and KPFM, reveal an inhomogeneity on
the nanometer scale, which hints to a high defect density and, most likely, to a nucleation of
residual gas molecules on the film surface.
Forming atomically flat terraces on praseodymia is only possible after several argon ion sputtering and annealing cycles. The terraces are very small with irregular shaped step edges. Small
parts of the surface are very flat and are not covered by adsorbates. In these regions, striped
domains with a lateral dimension of about 5 nm are found. The stripes of such a domain have
a distance of 1 nm to each other and are parallel to the h1̄10i surface directions.
In the last part of this thesis, gold clusters grown on single crystal CeO2 (111) surfaces are
studied. In chapter 5 the Wulff-Kaischew construction is used to explain the structure of such
nanoclusters.
NC-AFM and KPFM experiments on gold clusters are presented and discussed in chapter 6.
The deposition of gold at room temperature results in a high dispersion. Sub-nanometer clusters
and most probable individual gold adatoms nucleate on terraces. High resolution NC-AFM
imaging, revealing an atomic contrast pattern of the substrate, shows that gold adatoms nucleate
at one particular surface site.
The binding of small gold clusters to the ceria surface is found to be surprisingly strong. This
is confirmed by two facts: gold adatoms are stable in high resolution imaging without getting
manipulated and individual adatoms are detected even after annealing to temperatures of 520 K.
On the basis of KPFM data, a charge transfer mechanism is proposed. The fluorine doping of
CeO2 single crystals results in the formation of Ce3+ species, while the crystal overall remains
electrically neutral. After the deposition of neutral gold atoms, one electron of a Ce3+ is trans-
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ferred to a small gold cluster, which is therefore negatively charged. Consequently, the ceria
surface exhibits a local net positive charge, in this model.
Next, the Ostwald ripening of ceria supported gold clusters is studied by post-deposition
annealing experiments. With increasing temperature, the cluster height increases, while the
cluster density decreases. For temperatures up to 640 K is nucleation on terraces preferred.
After annealing to temperatures in the range of 790 to 960 K, clusters are found to be located
at points of two converging step edges. At even higher temperatures the desorption of gold is
observed.
Furthermore, gold nanoclusters are grown at elevated temperatures of about 950 K. For different gold doses, surfaces are prepared with monodisperse cluster sizes in the range of about 2
to 10 nm.
KPFM reveals a more negative electric potential of clusters compared to the substrate. The
shift in negative potential is more pronounced for large clusters. Additionally, it is shown
that Kelvin compensation is a necessity for determining correct cluster heights by NC-AFM.
Electrostatic forces are minimized while scanning on clusters and substrate with different electric
potentials.
NC-AFM in combination with KPFM compensation employed in the topography mode reveals
the correct height of gold clusters. In contrast, NC-AFM imaging used in the constant-height
mode reveals the top facet of the clusters with a high lateral resolution. Their shapes are
truncated triangles as typical for (111) facets of clusters with an fcc lattice. Comparing the
orientation of the triangular top facet to the surface directions of the substrate, two distinct
epitaxial relations occur. For both types, the [111] directions of cluster and substrate are parallel,
but the in-plane directions are related by either [1̄10]Au ||[1̄10]ceria or [1̄10]Au ||[11̄0]ceria .
Using the Wulff-Kaischew theorem and the information obtained by NC-AFM, an accurate
structure model of a ceria supported gold cluster is developed. Additionally the adhesion energy
of a gold nanocluster to ceria is determined to be 1.13 J/m2 . In this way, nanoclusters grown on
CeO2 (111) surfaces are fully characterized. Size and shape, crystallinity and epitaxy, and the
adhesion energy are determined as well as the electric potential of ceria supported gold clusters.
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T. Schroeder: Stacking behavior of twin-free type-B oriented CeO2 (111) films on hexagonal Pr2 O3 (0001)/Si(111) systems.
Physical Review B 85, 035302 (2012)
[107] M. Nolan, S. Grigoleit, D. Sayle, S. Parker, G. Watson: Density functional
theory studies of the structure and electronic structure of pure and defective low index
surfaces of ceria.
Surface Science 576, 217 (2005)
[108] V. E. Puchin, A. V. Puchina, M. Huisinga, M. Reichling: Theoretical modelling
of steps on the CaF2 (111) surface.
Journal of Physics-Condensed Matter 13, 2081 (2001)
[109] V. Matolı́n, J. Libra, I. Matolı́nová, V. Nehasil, L. Sedlacek, F. Sutara:
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Zeitschrift für Krystallographie und Mineralogie 34, 449 (1901)
[117] L. Vitos, A. V. Ruban, H. L. Skriver, J. Kollar: The surface energy of metals.
Surface Science 411, 186 (1998)
[118] C. R. Henry: Morphology of supported nanoparticles.
Progress in Surface Science 80, 92 (2005)
[119] J. Goniakowski, A. Jelea, C. Mottet, G. Barcaro, A. Fortunelli, Z. Kuntova,
F. Nita, A. C. Levi, G. Rossi, R. Ferrando: Structures of metal nanoparticles
adsorbed on MgO(001). II. Pt and Pd.
Journal of Chemical Physics 130, 174703 (2009)
[120] C. J. Zhang, A. Michaelides, S. J. Jenkins: Theory of gold on ceria.
Physical Chemistry Chemical Physics 13, 22 (2011)
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