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A perfectly stoichiometric and flat 
CeO2(111) surface on a bulk-like 
ceria film
C. Barth1, C. Laffon1, R. Olbrich2, A. Ranguis1, Ph. Parent1 & M. Reichling2

In surface science and model catalysis, cerium oxide (ceria) is mostly grown as an ultra-thin film on a 
metal substrate in the ultra-high vacuum to understand fundamental mechanisms involved in diverse 
surface chemistry processes. However, such ultra-thin films do not have the contribution of a bulk ceria 
underneath, which is currently discussed to have a high impact on in particular surface redox processes. 
Here, we present a fully oxidized ceria thick film (180 nm) with a perfectly stoichiometric CeO2(111) 
surface exhibiting exceptionally large, atomically flat terraces. The film is well-suited for ceria model 
studies as well as a perfect substitute for CeO2 bulk material.

Cerium oxide (ceria) is a most important material in heterogeneous catalysis1 due to its high oxygen storage 
capacity (OSC) based on the oxidation and reduction of cerium ions2. It is used in the water-gas-shift reaction and 
for the oxidation of hydrocarbons2, with the most prominent application being the three-way-catalyst3,4.

To understand redox processes and related surface chemistry5 at the atomic scale, ultra-thin ceria films have 
been used as model systems in surface science and heterogeneous model catalysis. In particular, the CeO2(111)6–8 
and its reduced variant Ce2O3(111)9,10 have been studied, and both reduction as well as re-oxidation have been 
demonstrated10–14. However, such studies are not suitable for understanding surface processes on thick ceria 
material as oxygen diffusion from the bulk may strongly influence the surface reaction state2. Applications of ceria 
in catalysis, sensor technology as well as ceria catalysis model studies require materials with a well-defined surface 
and oxygen storage capacity.

Recently, a method for the growth of 150 to 250 nm thick fully oxidized ceria films on Si(111) by molecular 
beam epitaxy (MBE) has been proposed15,16, and such films were suggested as an easy-to-prepare material to 
replace bulk ceria crystals15,17,18 that are most difficult to grow19. We show that a straightforward three step pro-
cedure in ultra-high vacuum (UHV) following MBE growth of the film yields a fully oxidized CeO2(111) surface 
with exceptionally wide, clean and atomically flat terraces. This is substantiated by UHV noncontact atomic force 
microscopy (NC-AFM) and photoelectron spectroscopy (XPS) measurements. Our work demonstrates that even 
ceria surfaces that are exposed to the ambient air and transferred into the UHV can be cleaned and oxidized by 
this three step procedure.

Results
In previous work, we found that annealing the ceria film in UHV at temperatures above 1050 K yields the 
high-temperature surface morphology characterized by large atomically rough terraces18 and a strong (near-)sur-
face reduction17. Step-wise annealing the sample in air yields similar results as demonstrated by the series of AFM 
images shown in Fig. 1, representing five heating and cooling cycles performed on one sample with maximum 
temperatures of 1080 and 1100 K, respectively. For the first two annealing steps performed at 1080 K (Fig. 1(a)), 
remainders of pyramids dominating the low-temperature surface morphology are found as for films annealed in 
UHV18. After the fourth and in particular the fifth annealing cycle where the temperature is increased to 1100 K 
to accelerate the surface transformation, the surface is considerably flattened exhibiting mainly layered islands, 
some of them approaching a hexagonal shape (Fig. 1(d,e)) like on the surface of bulk crystals20.

In the images shown in Fig. 1, terraces appear as rather flat and intersected by steps with a height of integer 
multiples of the 0.315 nm triple-layer step height. However, when imaging the air-annealed film by NC-AFM in 
UHV, the terraces do not appear atomically flat, as it can be seen in the topography image of Fig. 2(a,b): apart 
from the step and terrace structure, a granular structure formed by small features with a height below 0.3 nm 
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covers the terraces (see black profile in Fig. 2(h)). This is similar to granular structures observed on other dielec-
tric crystals like CaF2(111)21 and MgO(001)22, in particular after air exposure.

To reveal the oxidation state of the ceria film and surface contaminants, we analyze the Ce3d, O1s and C1s 
peaks of XPS spectra taken after different preparation steps as shown in Fig. 3. By analyzing survey spectra (not 
shown), we make sure not to miss any contamination. Details of the quantitative spectral analysis by fitting model 
curves to spectral features are given in the Supplementary Information. To determine the relative content of Ce3+ 
in the film, we first analyze the Ce3d spectra by relating the area of the Ce3+ doublet ( ( ))+A Ce3  to the total multi-
plet area ( ( ) + ( ))+ +A ACe Ce3 4  and determine the reduction state in % by calculating the fraction 
× ( )/( ( ) + ( ))+ + +A A A100 [ Ce Ce Ce ]3 3 4 10 as shown in Fig. 3(a). The uncertainties on the fraction is estimated 

to be around ± 5% (see Supplementary Information).
Next, we analyze the O1s spectra shown in Fig. 3(b) by fitting the spectrum with 4 Gaussian functions at 

530.2 eV (peak 1), 531.4 eV (peak 2), 532.6 eV (peak 3) and 533.3 eV (peak 4). Peak 1 and 2 are assigned to oxygen 
bound to Ce4+ and Ce3+, respectively23,24 whereas peak 3 is assigned to hydroxyls and/or H2O molecules bound 
to Ce3+ 25,26. From Peaks 1 and 2, we extract the relative content of Ce3+. Note, however, that signals for the O1s 
peak originate from significantly deeper layers (~1.5 nm) than signals from the Ce3d peak (~1.0 nm) explaining 
different values for the reduction state27. Peak 4 remains constant during all thermal treatment steps and is associ-
ated to SiO2

28 originating from oxidized silicon particles contaminating the film during cutting the Si wafer. This 
interpretation is supported by the observation that a 2s and 2p peak of SiO2 at 106 eV and 156 eV, respectively, are 
observed in related survey spectra (not shown). A segregation of Si from the substrate to the surface can, however, 
be excluded as this takes place only at temperatures high enough to destroy the film29.

From the Ce3d spectrum it can be concluded that the Ce3+ concentration of the as-grown film is 26% and 
decreases to 15% during air annealing indicating that the surface of the film is significantly oxidized. This trend of 
oxidation is weaker in deeper layers since the O-Ce3+ peak becomes only slightly smaller in the O1s spectra (from 
23 to 20%). The hydroxyl peak in the O1s spectrum is, however, not affected by annealing in air. As it can be seen 
in the C1s spectrum (Fig. 3(c)), the as-grown film is, furthermore, contaminated with carbon containing species. 
However, the C1s peak decreases significantly upon annealing the film in air. We anticipate that oxygen from the 
air reacts off carbon containing species.

In an attempt to completely remove carbon and hydroxyl containing species, we anneal the sample in UHV 
for one hour at a temperature of 850 K in the XPS chamber and similarly at 925 K in the AFM chamber. After 
such annealing, the film is strongly reduced as the surface Ce3+ concentration in the Ce3d spectra increases to 
42%, accompanied by a reduction in deeper layers (30%, O1s spectrum). Surface cleaning by this step is immedi-
ately evident from the O1s spectra. The hydroxyl peak 3 disappears completely as hydroxyls and water desorb at 
temperatures higher than 400 K25,26. However, in the highly resolved NC-AFM images of Fig. 2(c,d), the granular 
structure is still visible, although, reduced to some extent. Interestingly, the C1s XPS peak increases (Fig. 3(c)) 
what we attribute to residual carbon segregating from subsurface regions to the surface.

After the reduction of the ceria film by UHV annealing, we seek for a re-oxidation and anneal the film for one 
hour at 938 K (AFM) and 923 K (XPS), in molecular oxygen ( = × −p 6 10O

6
2

 mbar). The NC-AFM topography 
images in Fig. 2(e,f) clearly show, that the granular structure disappears and that the terraces are almost atomi-
cally flat. Surface cleaning is also reflected in the carbon C1s peak almost completely disappearing already after 
the first oxygen annealing step and being reduced to zero in the second annealing step. However, annealing in 
oxygen does not only clean the surface but also strongly oxidizes the film what is reflected in the Ce3+ concentra-
tion decreasing from 42% first to 26% and then to 9% in the second oxygen annealing step at 934 K.

Based on the XPS results, we assign the topographic features seen in Fig. 2(a,b) to carbon and hydroxyl 
containing species where the hydroxyl containing species can be removed by annealing in UHV while carbon 
contaminants visible in Fig. 2(c,d) can be only removed by annealing in molecular oxygen. Already after the 
first annealing in oxygen, an almost stoichiometric and almost atomically flat CeO2(111) surface as shown in 
Fig. 2(e,f) is obtained.

The only surface contaminant that cannot be removed by heat and oxygen treatment are the SiO2 particles. 
As samples are carefully rinsed with water and wiped after cutting the wafer, we anticipate that residual SiO2 
particles are very small and fill some of the many pits left by surface preparation. To remove this contaminant, we 

Figure 1. Development of the surface morphology of a ceria film subjected to consecutive annealing cycles 
performed at 1080 (a–c) and 1100 K (d,e) as determined by tapping mode AFM measurements in air. The 
specified times denote the total time of the heating part of each annealing cycle (see Fig. S1 in the Supplemental 
Material), whereas the specified maximum temperature is kept for at least 1 h. Image size of all images: 
1.0 ×  1.0 μm2, color coded height scale: 14.0 nm (a–c), 5.0 nm (d) and 6.3 nm (e) correspond to white color.
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Figure 2. NC-AFM topography images obtained in UHV on a film annealed in air. (a,b) Surface after air-
annealing. (c,d) Surface after annealing in UHV at 925 K for 1 h. (e,f) Surface after annealing in oxygen 
( = × −p 6 10O

6
2

 mbar) at 938 K for 1 h. (g) Surface after Ar+ bombardment ( = × −p 5 10Ar
6 mbar, 1.5 keV, 

5 min) and annealing in oxygen ( = × −p 1 10O
5

2
 mbar) at 1008 K for 1 h. Image sizes: 500 ×  500 nm2 (a,c,e,g), 

100 ×  100 nm2 (b,d,f), color coded height scale: 1.5 nm (a), 1.2 nm (b), 1.5 nm (c), 1.5 nm (d), 3.1 nm (e), 3.1 nm 
(f) and 9.4 nm (g). (h) Height profiles taken along the lines in images (b,d,f,g). Line colors in NC-AFM images 
correspond to line colors of the profiles.
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Figure 3. XPS Ce3d (a), O1s (b) and C1s (c) spectra taken on a ceria film in different states of preparation. The 
sequence of preparation steps is: as-grown, annealing in air, annealing in UHV (923 K, 1 h), two times annealing 
in oxygen ( = × −p 6 10O

6
2

 mbar, 934 and 938 K, each 1 h) and sputtering ( = × −p 4 10Ar
6 mbar, 1.0 keV, 

15 min) followed by annealing in oxygen ( = × −p 6 10O
6

2
 mbar, 1040 K, 1 h). Circles denote measured points 

while the solid lines are fit curves. The Ce3+ and O-Ce3+ peaks are in blue, whereas the Ce4+ and O-Ce4+ peaks 
are in red. The assignment of peaks 1 to 4 in frame (b) is given in the main text.
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sputter-clean the film with Ar+ ions and anneal again for one hour at 1008 K in molecular oxygen. After this final 
preparation step, we obtain a surface with atomically flat terraces having an extension of up to several 100 nm, 
intersected by one to three triple-layer high steps as seen in Fig. 2(g) and line profiles compiled in Fig. 2(h). The 
step edges form angles of 60 and 120 , as expected for the growth of a high-quality CeO2(111) surface. The analysis 
of XPS spectra reveals that the SiO2 contamination can effectively be removed as evident from the extremely small 
peak 4 in the respective O1s spectrum shown in Fig. 3(b). Another remarkable result is that the surface is now 
almost completely oxidized. Note, that the final values of 6% and 7% for the Ce3+  concentration determined from 
the analysis of the Ce3d and O1s peaks are very close to each other indicating that not only the surface but also 
near surface layers are finally well oxidized.

Conclusions
In conclusion, a stoichiometric CeO2(111) surface with exceptionally wide atomically flat terraces and a reservoir 
of oxygen in near surface layers can be prepared on a thick ceria film by a combination of simple procedures com-
prising annealing in air, sputter-cleaning and annealing in UHV, and annealing in UHV back-filled with oxygen. 
The surface quality and purity of this system is better or at least equal compared to what can be expected from a 
well-prepared surface of a grown bulk crystal.

Whereas the sputtering-cleaning is a particular preparation step needed for the ceria-silicon system to remove 
residual SiO2 contaminants from the surface, the annealing in molecular oxygen is needed to fully oxidize the 
surface but also to remove contaminants like hydroxyls and carbon containing surface species if the film has been 
exposed before to the ambient air. With respect to the latter, we propose that any air-exposed ceria surface can be 
cleaned and fully oxidized by a high-temperature annealing in molecular oxygen such that ceria samples can be 
transported in air between two UHV systems.

In general, due to its simplicity of MBE growth, surface preparation and integration into silicon technology, 
the thick ceria film we present here is an ideal choice for surface science studies, catalysis research and applica-
tions where a well-prepared ceria surface with oxygen storage capacity is required.

Methods
Ceria films with a thickness of 180 nm are grown in one batch with a 3 nm thick hexagonal Pr2O3(0001) buffer 
layer on Si(111) by MBE as described earlier15, cut from the wafer into pieces of 10 ×  10 mm2 by an abrasive wire 
saw and then stored for several months under ambient laboratory conditions. To reveal the surface morphology 
and its change during preparation, tapping mode atomic force microscopy (XE 100 AFM, Park Scientific (Suwon, 
Korea) and Nanoscope Multimode III, Bruker (Billerica MA, USA)) is used for surface imaging under ambi-
ent conditions and NC-AFM is accomplished in UHV (RT-AFM/STM, Scienta Omicron GmbH (Taunusstein, 
Germany)). For studying the development of the surface stoichiometry, samples from the same batch are sub-
jected to the same thermal treatment and analyzed by XPS in a second UHV system (un-monochromatized X-ray 
source, PSP Vacuum Technology (Macclesfield, UK)). The first preparation step is always annealing the sample 
in air with a furnace providing temperatures of up to 1100 K. For annealing in UHV, a furnace mounted in the 
NC-AFM vacuum chamber is used22 while heating in the XPS system is accomplished by electron bombardment 
of the back of the sample holder plate. Further technical details of sample preparation, AFM and NC-AFM meas-
urements can be found in the Supplementary Information.
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