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The surface morphology of CeO,(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.

I. Introduction

High oxygen mobility and the oxygen storage capability of
CeO, give rise to its remarkable catalytic properties.' The
understanding of elementary catalytic processes like, for
instance, the water gas shift reaction® * and redox reactions
in the three-way catalyst® requires a basic knowledge of
ceria surface structures and defect formation on ceria
surfaces. While the appearance of oxygen vacancies and
low coordinated surface sites at step edges as well as water
adsorption on CeO,(111) have been the topic of recent
investigations,®® here we focus on the ultra-high vacuum
preparation of (111) surfaces of cerium dioxide as the
predominant facet occurring in nanocrystalline CeQ,.>!°
The issue of surface preparation is not only important for
surface chemistry but also plays an important role in the
understanding of the nucleation and dispersion of metal
nanoparticles on the CeO,(111) surface.!' ™'

The goal of the present paper is to explore preparation
conditions for CeO,(111) surfaces with a well-defined equili-
brium morphology, large atomically flat terraces and a low
density of defects. The surface topography and the detailed
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nanoscopic structure of the CeO,(111) surface are investigated
by non-contact atomic force microscopy (NC-AFM)' while
Kelvin probe force microscopy (KPFM)'® reveals features related
to surface polarization and charging.!” X-ray photoelectron
spectroscopy (XPS) and time-of-flight secondary-ion mass spectro-
scopy (TOF-SIMS) are employed to detect and quantify a fluorine
contamination present in bulk ceria samples.

Ceria single crystals with dimensions of several millimeters
or larger are very rare as they can only be prepared by intri-
cate methods like flux growth'®'® or cold crucible induction
melting.?® Therefore, we have been seeking for alternative
ceria systems exhibiting the properties of bulk ceria. There is
now a plethora of ceria thin and ultra-thin film systems grown
on metal substrates available,>' > however, their properties
exhibit significant deviations from the bulk behavior. The only
system we consider as a possibly adequate replacement for
bulk samples are thick films that can be grown in high quality
on Si(111) substrates.>® Furthermore, the growth of CeO,
on silicon is interesting for applications in semiconductor
technology as its high dielectric constant™ and a lattice
mismatch of only 0.35% to silicon®> make ceria thin films a
promising material for advanced microelectronics applications.**
Also in this context, surface morphology, nanostructure and defects
are of relevance. Here we investigate bulk ceria and ceria films
with a thickness of 180 nm grown on Si(111) and directly
compare results of similarly prepared systems.
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II. Experimental methods

Experiments are performed in an ultra-high vacuum (UHV)
system operated at a base pressure in the low 107! mbar range
and at room temperature with a commercial NC-AFM system,
which has been modified to obtain a better quality.?” Silicon
cantilevers (p-doped, 0.015 Q cm specific resistance) with an
eigenfrequency of about 300 kHz and a stiffness of about
30 N m~! (Type NCH, Nanoworld AG, Neuchatel, Switzerland)
are used for high resolution NC-AFM studies and simultaneous
KPFM measurements. Cantilevers are Ar " -sputtered prior to
their use in experiments to remove the native oxide layer and to
remove tip contamination. KPFM measurements are performed
in the frequency modulation mode,*® where the bias voltage is the
sum of a DC voltage Vpc and a sinusoidally modulated AC
voltage (0.5 V RMS-amplitude, 1323 Hz modulation frequency).
KPFM images display the inverse of the regulated value Vpc
and directly represent the distribution of charges or dipoles on
the surface of the insulating crystal.®® A positive charge is
represented by a bright shading while a negative charge is
coded dark.*

X-ray photoelectron spectroscopy (XPS) and time-of-flight
secondary ion mass spectroscopy (TOF-SIMS) experiments
are also performed at room temperature in separate vacuum
systems after transfer of the sample through the ambient atmo-
sphere. XPS spectra are recorded using a PHI 5600ci multi-
technique spectrometer (Physical Electronics, Chanhassen,
MN, USA) with monochromatic Al K, radiation (hv =
1486.6 eV) of 0.3 eV FWHM bandwidth. The pass energy
of the monochromator is set to 187.85 eV yielding a resolution
of 0.44 eV. All spectra are obtained using a 400 um diameter
analysis area. During the measurements, the pressure in
the main chamber is kept at about 10~ mbar. TOF-SIMS
measurements are performed using a TOF.SIMS 5 spectro-
meter (ION-TOF GmbH, Miinster, Germany) with different
ion beams in alternating sputtering and analyzing cycles. A
square with a side length of 300 pm is etched by cesium
sputtering (1 keV) and subsequently its center (100 um side
length) is analyzed by bismuth ions (25 keV). For calibration
purpose, a silicon supported ceria film with a thickness of
180 nm undergoes this procedure for 30 min. The steep rise in
the silicon signal by four orders of magnitude after a certain
sputtering time indicates the boundary between the ceria film
and the silicon substrate. Assuming the sputtering depth
increases linearly with time and the sputter yield is the same
for different ceria samples, this provides a depth calibration
for the TOF-SIMS measurements performed on the ceria
single crystal.

The CeO,(111) surface is usually prepared by multiple cycles
of Ar*-ion sputtering and annealing in UHV where the
obtained surface morphology strongly depends on the pre-
paration parameters.*' Recent investigations revealed a strong
dependence of the morphology on the annealing time.** In
these experiments, the time to reach the desired temperature
has been chosen to be as short as 40 s.*> We have tried several
preparation procedures, and developed a standard procedure
involving much slower heating.

To put our findings into perspective, here we provide a
description in very detail. A single crystal of ceria with

dimensions of about 8 x 2 x 0.5 mm® (Commercial Crystal
Laboratories, Naples, FL, USA) is mechanically polished by
the manufacturer and after transfer to the UHYV initially
cleaned by four sputter—annealing cycles using a preparation
system described in detail elsewhere.'* This step is repeated
after each transfer to the UHV as well as after experiments
that include the deposition of metal clusters. The NC-AFM
measurements performed at room temperature start one hour
after the end of the final cooling cycle. Large scale NC-AFM
imaging (100 nm frame size) reveals that the sample remains
clean for about one week. However, after a few days we
observe the adsorption of individual water molecules on the
sample in high resolution measurements and find that such
weak water contamination can completely be removed by one
additional sputter—annealing cycle. During their lifetime, samples
are used for numerous experiments and undergo many hundreds
of complete sputter—annealing cycles. For the first sputter
cleaning cycle, Ar"-ions with an energy of 0.5 keV and an
exposure time of 5 min are used. The aim here is to gently clean
the crystal and to avoid damage and roughening of the surface.
In later sets of experiments, the argon energy is increased to
1.5 keV, to enhance the material removal and yield a perfectly
clean surface within one cycle even after metal deposition.

The annealing cycles are done with a resistively heated
tantalum foil pressed against the back side of the sample.'*
The applied voltage is linearly ramped, resulting in a slow and
monotonic increase and decrease in the surface temperature.
This procedure yields a retarded increase in the temperature
during the first minutes but a nearly linear temperature ramp
with a slope of about 1 K s™' for a temperature interval from
450 K to 1150 K. Finally, the ramp is stopped approximately
30 K below the desired temperature T;,., and the temperature
asymptotically approaches the value T,,,«. During the follow-
ing 15 minutes, the heating power is slightly re-adjusted so that
variations in the sample temperature are limited to £15 K.
Also for cooling, the temperature is ramped down with
about the same rate as during heating. This procedure is
further on referred to as the standard procedure and grants a
homogeneous heating of the surface and the minimization of
mechanical stress by thermal expansion. For some experi-
ments, we apply a quenching procedure that deviates from
the standard procedure only by the cooling rate. The heating
power maintaining T, is not continuously decreased but
instantly switched off. This results in a temperature drop of
560 K within the first minute of cooling.

The ceria film with a thickness of 180 nm is grown on a
Si(111) wafer with a 1 nm thick hex-Pr,O3 buffer as described
in detail elsewhere.* The film thickness is determined by X-ray
reflection while its crystallinity is verified by X-ray diffraction
methods. For NC-AFM investigations, the wafer is cut into
pieces of 8 x 2 mm” dimensions and mounted on the same
sample holder as used for the ceria bulk samples'* and then
transferred to the UHV. The film is prepared in a similar
fashion to the bulk sample. The large number of samples cut
from the wafer allows a frequent exchange. For preparation
cycles the maximum temperature is limited to 1100 K as
annealing to higher temperatures results in a destruction of
the film presumably initiated by a structural transformation
of the buffer layer.
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III. Results

Fig. 1(a) and (b) show the typical morphology as revealed by
NC-AFM imaging of a bulk sample subjected to the standard
procedure with a maximum temperature of 1100 K maintained
for 15 min. For this crystal, there was a slight misorientation
between the crystal cut and the (111) plane resulting in a
vicinal surface with a large number of preferentially oriented
ledges and terraces descending from the top left to the bottom
right. The ledges appear rounded and their separation is found
to hardly exceed 20 nm. Frequently observed structures are
irregularly shaped pits with a depth of one O-Ce-O triple

1200K

1100K - ]

3 300- 1TL 00 - : 150- 1TL 1200K-
& 200} {1 @100 ||| 2TL
5 13 3TL
8100 2TL 18 sot 4TL
° 3TL 1 | 5TL]

0 1 2 1 2 3

height (nm) height (nm)

1200K

Fig. 1 Morphology and surface atomic structure of the (111) surface
of a CeO, single crystal prepared at different maximum annealing
temperatures. Rounded ledges are formed for annealing at 1100 K
(a, b) while straight ledges with structures following a hexagonal motif
are formed for annealing at 1200 K (d, e). The diagrams (c) and (f)
show the step height distributions extracted from topography images
by a procedure described in Appendix A. (g) Atomically resolved
image of CeO,(111) exhibiting patches of enhanced atomic contrast of
yet unknown origin and adsorbed water molecules but no surface or
sub-surface vacancies.’

layer (TL) marked by dashed circles and screw dislocations
showing up as step edges emerging on a terrace as the one
marked by a circular arrow. As evident from the height
distribution shown in Fig. 1(c), step heights mostly correspond
to one (64%) or two (31%) triple layers. The method of image
analysis and generation of the step height distribution is
described in detail in Appendix A. The surface shown in
Fig. 1(b) is the result of applying only one preparation
cycle after the introduction of the new sample into the
vacuum chamber. This results in clean terraces but remaining
contamination at step edges motivate the application of
further preparation cycles.

For better cleaning and the formation of larger terraces
and more regular step edges, the preparation temperature is
increased to 1200 K. The resulting morphology shown in
Fig. 1(d) and (e) is dominated by hexagonally shaped hillocks
and adjacent holes. The irregularly shaped pits on terraces
with TL depth have disappeared and we observe the formation
of straight step edges. Hexagonal structures are formed by step
bunching, while the surface roughness increases drastically.
The height distribution shown in Fig. 1(f) is much broader
than for the surface prepared at lower temperature and
exhibits a quantization of step height according to 312 pm
for the elementary TL step; only one-third of the steps have a
height of one TL. We speculate that the formation of these
structures that are closer to a thermodynamic equilibrium
state than results for lower preparation temperatures is
kinetically favored by screw dislocations that are found in
large numbers all over the surface. The magnified image of
Fig. 1(e) shows steps in more detail and demonstrates their
cleanliness and straight alignment with only very few kink.
Their alignment is parallel to the (110) family of surface
directions as reported earlier.’

For both preparation temperatures, terraces appear
atomically flat and free of contaminants. As seen in Fig. 1(g),
however, individual water molecules appear during days after
surface preparation.** The regular hexagonal array of bright
spots resolved at the atomic scale is interpreted as the anion
sublattice.® The only surface irregularities frequently observed
immediately after preparation are patches or lines of surface
atoms with a slightly enhanced contrast as also apparent in
Fig. 1(g) where the origin of this phenomenon is not yet
known. Oxygen vacancies’ or other surface defects* are only
very rarely observed under the preparation conditions described
here.

To understand the formation of surface structures and
defects resulting from different preparation procedures in
more detail, we recall that the surface structure is generally
the result of a complex interaction of thermodynamically and
kinetically controlled processes where the rate constant k of
the latter is governed by the Arrhenius equation

k = A exp(—E./ksT)

with the activation barrier E,, the Boltzmann constant kg and
the pre-exponential factor 4. This is likewise relevant for the
formation of regular or irregular step structures as for the
formation of point defects. Regarding point defects, the main
mechanism in a reducible oxide like ceria is the formation of
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bulk and surface vacancies.” By applying a slow temperature
ramp while cooling down the sample during the standard
preparation, the surface can relax and finally solidify in a
thermodynamically rather stable state and the healing of point
defects is kinetically not hindered. The result is a surface that
appears as rather perfect in its nanostructure and free of point
defects and defect agglomerates. The fact that the above
mentioned slight surface irregularities appear in patches with
a well ordered atomic structure even after applying the standard
procedure point to their nature as chemical impurities and we
speculate that they might be fluorine ions on oxygen substitu-
tional sites as fluorine is a contamination present in the crystal
as verified below.

To elucidate kinetic effects in more detail, we study the
impact of quenching the crystal at the end of the preparation
cycle on the appearance of step edges and reveal quenching-
induced near-surface defects that cannot be seen in topo-
graphy on a large scale but appear in KPFM images. Fig. 2
is a comparison of results obtained by the standard prepara-
tion and by quenching where simultaneously recorded images
for the topography (z) and the surface potential (@) are shown.
Topography images from frames (a) and (b) in their basic
structure closely resemble those from Fig. 1(d) and (e), how-
ever, KPFM reveals additional structures, namely the different
polarity of two types of step edges. In the hexagonal step
structures this appears as a pronounced alternating bright and
dark (mostly less pronounced) contrast of the edges that might
be related to electronic structure effects at step edges of
different type reported for a (111) oriented ceria thin film.*
We recently observed a similar phenomenon on cleaved
CaF,(111) surfaces,*® however, we anticipate that the origin
of the contrast is different for CaF, where anti-Frenkel
disorder with pairs of vacancies and F~ interstitials is domi-
nant while CeO, is a reducible oxide where the excess charge
left by vacancies is transferred to the cation lattice. While we
leave a detailed interpretation of KPFM contrast formation
to future studies, here we point out that terraces exhibit a
rather uniform potential without any significant local contrast
variations.

The surface morphology obtained by quenching the sample
as shown in Fig. 2(c) and (d) on first sight resembles the results
for the standard preparation. However, as a detail difference,
we observe a higher density of somewhat less regular steps and
as an additional structural element, straight lines along the
[110] direction (labeled by pairs of white arrows). These lines
are topographic features that do not show up in the surface
potential image. We further note that they cannot be regular
ledges as they cross other ledges. We regard them as two
dimensional defects like glide planes formed as a result of
mechanical stress.*”** KPFM reveals a predominant positive
potential at step edges as for the standard preparation sample
surface, however, we find patches with a relatively strong
negative potential (dark) irregularly spread over the surface.
The magnified KPFM image from Fig. 2(d) reveals that
these patches (marked by dotted circles) are located on
terraces and are not related to step edges. NC-AFM images
on this scale, however, exhibit atomically flat terraces pointing
to sub-surface polarization or charges as the origin of the
irregularities.

Fig. 2 Topography (z) and surface potential (@) for the (111) surface
of a CeO, single crystal prepared by the standard procedure involving
annealing up to 1200 K with a slow temperature ramp (a, b) and for a
preparation involving quenching the crystal (c, d). Paired arrows point
to line defects while dotted circles mark defects that are not discernible
in the surface topography but appear in the surface potential. The grey
scale of the potential images ranges from 700 mV (black) to 1200 mV
(white) for all images.

Fig. 3 is a comparison of preparation results for the crystal
and a film heated to a temperature of 1100 K for 15 min
following the standard procedure. The resulting morphology
of the film is comparable to the one observed for the single crystal.
Top terraces are decorated by hexagonal islands with straight
step edges while other ledges with an overall preferential
direction along (110) are mostly rounded with the steps having
a predominant height of one TL. The width of terraces on the
film exceeds the terrace width observed on the bulk crystal by
one order of magnitude and there is a distinct difference in the
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Fig. 3 Topography (z) and surface potential (@) for the (111) surface of a CeO, film prepared at 1100 K in comparison to respective results for a
single crystal. On a large scale (a, b), the shape of step edges resembles the one observed for the likewise prepared single crystal. The surface
potential, however, exhibits a strongly different contrast at ledges. On a smaller scale (c) terraces appear more inhomogeneous in z and @ for the
film than for the single crystal. The grey scale represents a span of 500 mV for all potential images.

local surface potential. Ledges on the film exhibit a negative
potential (dark), whereas for single crystals, there is a positive
potential (bright). The negative potential is found for all ledges
of the film regardless of their detailed structure and direction.
Further analysis reveals an inhomogeneity of terraces in both,
NC-AFM and KPFM images as the one shown in Fig. 3(b)
and (c). While the terraces of the single crystal are atomically
flat and homogeneous in their potential (see Fig. 3(d)), the
potential and topography of the film exhibits significant
variation. Furthermore, we observe that this inhomogeneity
rapidly increases as a function of time. Within a few hours,
residual gas molecules adsorb on terraces and form larger
agglomerates. This is in strong contrast to single crystals that
remain clean for much longer times.

To characterize the surface and near-surface chemical
composition of the samples, XPS measurements are performed
on both, ceria crystals and thin film samples. Survey spectra
shown in Fig. 4(a) are exemplary for the as inserted (i) and
sputter-cleaned (ii) single crystal and for the as-inserted ceria
film (iii). The spectra exhibit the expected peak structures
related to cerium, oxygen but also carbon (i and iii) due to
the transfer of the sample through ambient air. In spectrum (i),
an additional feature points to relicts of experiments involving
the deposition of gold on the crystal surface that vanish after
sputtering. Surprisingly, we find a considerable amount of
fluorine for three different ceria single crystals investigated by
XPS where the fluorine F1s peak typically has a height of 10 to
15% of the Ols peak height. Considering the lower sensitivity
for oxygen (0.66), compared to fluorine (1), this indicates a
fluorine concentration of 7 to 10% within the XPS sampling
depth. To investigate whether fluorine is a surface contamina-
tion or also present in deeper layers, a series of XPS spectra is
taken after 5 minute cycles of sputtering with 0.5 keV Ar " -ions.
After two cycles, carbon and gold contaminations are removed,
however, the concentration of fluorine is found to increase
what is explained by the removal of previously screening
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Fig. 4 (a) X-ray photoelectron spectroscopy spectra for the CeO,
single crystal before (i) and after Ar™-ion sputtering (ii) and for the
untreated CeO, film (iii). (b) The evolution of the fluorine F1s peak as
a function of the sputter time exhibiting a maximum after the removal of
surface contaminants. For better comparability, spectra are normalized
to the adjacent background.
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Fig. 5 TOF-SIMS measurements reveal fluorine as a contaminant
present in the entire CeO, single crystal and an enrichment near the
surface. The fluorine concentration for the film is negligible after
removing surface contaminants by a few sputter cycles. The inset
shows a sputter crater (Cs*, 1 keV) with a side length of 0.3 mm
including the smaller area of SIMS analysis (Bi ", 25 keV).

surface species. Following sputter cycles performed with an
increased ion energy of 1.5 keV for a faster removal of
material result in a gradual decrease of the Fls peak as shown
in Fig. 4(b). The survey spectrum (ii) in Fig. 4(a) is the one
measured after 20 min of such sputter treatment. This yields
clear evidence that fluorine is not a surface contamination but
present in near-surface layers.

To clarify whether fluorine is present also in the depth
of the crystal, XPS measurements are complemented by a
TOF-SIMS study. TOF-SIMS allows us to cover a larger
depth range and a calibration of the sputter yield that is done
here by sputtering the ceria film of known thickness down to
the silicon substrate. Fig. 5 shows profiles recorded for the
single crystal and the film. At the surface, the fluorine concen-
tration of the single crystal is about one order of magnitude
higher than that of the film. Progressing further into the
crystal bulk, the concentration decreases and is reduced by
a factor of about 20 deep in the bulk. Most of the fluorine
is concentrated in a surface layer of about 5 nm thickness.
In contrast, the fluorine concentration of the film rapidly
decreases parallel to the removal of the carbon surface
contaminations and is nearly zero in the inner of the film.
As TOF-SIMS provides a most sensitive detection of masses,
the clear conclusion to be drawn here is that the ceria crystals
contain a significant amount of fluorine throughout the
sample with a concentration gradient towards the surface
while the ceria film does not contain fluorine in any significant
concentration.

IV. Discussion

We introduce a methodology for the preparation of CeO,(111)
surfaces with large, atomically flat terraces and a very low
density of atomic size defects. This can perfectly be accom-
plished by a preparation involving sputter cleaning and
annealing to 1100 K for the surface of a ceria single crystal

where we obtain terraces with a width of typically 20 nm
and terraces that are virtually free of vacancies or other
point defects. When increasing the annealing temperature
to 1200 K, we additionally obtain equilibrium surface
structures with perfectly straight ledges well in accordance
with previous preparation results.®* The preparation of a
thick ceria film grown on Si(111) yields similar results but
terraces are larger by a factor of ten compared to terraces
on the single crystal surface. This finding might be the result of
a perfect alignment of the silicon crystal with an accuracy
of 0.5° in the industrial wafer production process in contrast
to the most difficult cutting of the small and very brittle
ceria crystal after its crystallographic orientation. We find,
however, that the film cannot be annealed to 1200 K without
its destruction and the preparation at 1100 K yields a surface
that is nominally atomically flat but essentially exhibits a
RMS-roughness of 30 pm on terraces and an inhomo-
geneous surface potential pointing to sub-surface defects.
A check of the film for surface vacancies or other point defects
is not possible as the atomic scale inhomogeneity of the surface
does not allow for atomic resolution imaging. Therefore, it
remains a speculation to propose that a different redox
behavior of crystal and film is the origin for the apparent
differences. The bulk of the single crystal may well be able to
supply oxygen for the re-oxidation of a single crystal while the
reservoir provided by the film might not be enough. Indeed,
a reduction of thin ceria films is observed after annealing in
UHV 26:31.32

Another remarkable finding is the significant content
of fluorine in the single crystals. While the precise origin of
the fluorine is unknown, our experiments yield evidence that
fluorine is distributed over the entire crystal. We suppose that
the diffusion of fluorine is activated by thermal treatment and
the surface is a trap for fluorine accumulating there. Halides
are known as oxygen substitutional impurities in rare earth
oxides®®>* and in the case of fluorine incorporated into CeO,,
the fluorite structure is maintained and the lattice is not
distorted.>® Substituting O>~ by F~ results in a reduction of
the crystal in the form of a transformation of Ce*" ions to
Ce*" jons. It has been proposed that such reduction sup-
presses the formation of anion vacancies as observed for
chlorine incorporated in CeO,.>%>7 This might be an explana-
tion that for the crystals we have been using in thousands of
experiments we hardly find any vacancy for the standard
preparation described here. We can create a measureable
number of vacancies only by a very harsh thermal treatment
of the crystal and never observed extended line vacancy defects
as reported for other crystals prepared in a similar way.>® The
significant fluorine concentration found here probably has an
impact on physical and chemical properties of the surface. For
example halides have been found to enhance the metal disper-
sion® on ceria and to influence catalytic reactions as in the
case of cerium oxychloride where the conversion of ethane and
the selectivity to ethylene is enhanced.’®* Further investi-
gations involving different types of crystals and advanced
NC-AFM imaging and spectroscopy techniques will show
whether fluorine can directly be identified as a surface
contaminant at the atomic scale and clarify its role in surface
adhesion and reactivity.
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Appendix A

To derive the distributions of step heights shown in Fig. 1(c)
and (f), we pick topography images with a frame width of
typically 120 nm as they clearly represent the step structures
and terraces with a width of about 20 nm. The quantitative
image analysis is performed with a software tool from the
Gwyddion® software package. In a first step, we compensate
for an inclination between the plane of scanning and the (111)
surface of the crystal by subtracting a plane from the raw
image data so that the height variation in terraces is a
minimum and z-positions correspond to absolute height
values. A typical result of a topography image after this
correction is shown in Fig. Al(a). For each individual terrace,
the color does not vary and further protruding terraces are of a
brighter color. In a second step, the color coding for the height
is altered to pronounce the course of step edges. The bright-
ness is now a sinusoidal function of the height where the
number of sine waves is adapted to the presumed number of
different step heights present. As a result, a certain color does
not correspond to a certain height, but step edges appear very
pronounced as they exhibit a strong color change as seen in
Fig. Al(b). In a third step of analysis, ledges are manually
covered by ellipses with a length of about 10 nm where one
half is placed on the upper and the other half on the lower
terrace. In that way, the number of ellipses placed along a
ledge corresponds to its length. For each ellipse the maximum
and minimum height value within its area is determined from
the plain-corrected topography data. The histograms in
Fig. 1(c) and (f) represent the distribution of height differences
within a grouping interval of 0.1 nm. The large number of
ellipses placed on many ledges in several images yields statis-
tical significance of the result. However, when applying this
procedure, step heights are slightly overestimated, as residual
sample misalignment and noise yields errors that always add
up when using minimum and maximum values for the analysis
within the ellipses. The quantization of step height is, however,
not affected by this error that can be assumed to be similar for
all terraces.

(a)

30nm z .‘ d
0 s 12.3nm 0w 12.3nm

Fig. A1 Topography of a vicinal CeO, surface plotted with different
color scales. (a) Each color tone corresponds to a specific height.
Terraces appear in one tone with only minor variation. (b) A modu-
lated color scale results in the visualization of fine details and a strong
enhancement of step edges allowing their easy identification. For a
statistical analysis of step height, ledges are covered by ellipses drawn
in light red to extract local height information that is analyzed for
minimum and maximum values in the selected area.
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