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It is shown that ultrathin, highly ordered, continuous films of cerium dioxide may be prepared on

silicon following substrate prepassivation using an atomic layer of chlorine. The as-deposited,

few-nanometer-thin Ce2O3 film may very effectively be converted at room temperature to almost

fully oxidized CeO2 by simple exposure to air, as demonstrated by hard X-ray photoemission

spectroscopy and X-ray diffraction. This post-oxidation process essentially results in a negligible

loss in film crystallinity and interface abruptness.VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4870585]

Rare-earth oxides (REOs) show a wealth of intriguing

physical and chemical properties, which arise from the

unfilled 4f electron shell of the metal cation and which are

suitable for various kinds of technological applications. In

addition to their use in research thrust areas like heterogene-

ous catalysis, renewable energy conversion, and storage,1

some of the REO have attracted a lot of interest in the field

of microelectronics due to their high static dielectric con-

stants k and comparatively large band gaps, making them

promising alternative materials for “high-k” gate dielectrics

replacing the traditional SiO2.
2–4 To this end, a particularly

interesting candidate is CeO2, whose dielectric constant5,6

exceeds a value of k> 26 and which exhibits a band gap7,8

of �6 eV. Furthermore, the almost perfect lattice match

between silicon and CeO2 ðDa0=a0 ¼ 0:36%Þ suggests the

possibility of realizing an epitaxial, well-ordered, and sharp

ceria-silicon interface. These gate oxide layers promise pro-

longed downscaling of field-effect transistors (FETs) by

simultaneously increasing device performance and lowering

power consumption.9 However, the interface between the sil-

icon substrate and the high-k gate oxide requires precise

engineering since the interface trap densities and the carrier

scattering need to be minimized to achieve reliable,

high-performance devices.10 Yet, achieving a well-defined

epitaxial interface has so far been considerably impeded by

Ce-promoted silicon oxidation, resulting in amorphous sili-

con oxide and cerium silicate formation.11–15

To overcome the challenges posed by the high reactivity

of the ceria-silicon interface,16 different approaches have

been employed, ranging from influencing the growth kinetics

by varying the REO growth rate and substrate temperature,

the use of oxide buffer layers as, e.g., CaF2
17 or

Pr2O3(0001),
18,19 to introducing surface active agents as,

e.g., hydrogen.6,20,21 In this respect, passivation seems very

promising since it may effectively facilitate the suppression

of in-gap states associated with oxygen defects at the

ceria-silicon interface.5 However, hydrogen limits the

growth temperature to 450 �C due to its relatively low de-

sorption temperature,22 motivating the search for other

adsorbates that would allow for higher growth temperatures

because at given interface stability higher growth tempera-

tures directly translate into an increased crystallinity of the

deposited REO film.

Recently, we have shown that the use of chlorine, which

is commonly used in semiconductor processing,23 for sub-

strate passivation enables the growth of well-ordered

Ce2O3(111) adlayers on Si(111) by reactive molecular beam

epitaxy (MBE) in ultra-high vacuum (UHV), with Cl pre-

dominantly remaining at the oxide-silicon interface.24 Here,

we apply the passivation-based approach and demonstrate

the growth of few nm thick Ce2O3(111) films and their con-

version to CeO2(111) while preserving an abrupt

REO-silicon interface.

The experiments were performed both at the University

of Bremen and at the Hamburg Synchrotron Radiation

Laboratory (HASYLAB/DESY). After preparation of the

samples under UHV conditions, X-ray diffraction (XRD)

and grazing-incidence XRD (GIXRD) were conducted at the

insertion device beamline BW2 using a primary photon

energy of 10 keV and a six-circle diffractometer in z-axis ge-

ometry. Atomic force microscopy (AFM) data were col-

lected ex situ using a commercial microscope (NT-MDT) in

tapping mode, also at HASYLAB. In addition, X-ray photo-

electron spectroscopy (XPS) data were recorded in Bremen

after exposure to air employing a dual X-ray anode com-

bined with a hemispherical analyzer and a 7-channel detector

(Omicron).

Sample preparation started from polished commercial

Si(111) wafers, which were introduced into the UHV cham-

ber and degassed at a temperature of 630 �C for at least 12 h.

Flash-annealing to 1200 �C removed the protective silicon

oxide layer and established a sharp (7� 7) reconstruction as

verified by low-energy electron diffraction (LEED). Si(111)

surfaces were passivated by exposure to molecular chlorine

at 595 �C using an electrochemical AgCl source as described

earlier.25,26 Cerium oxide deposition was achieved by evapo-

rating metallic Ce with an electron-beam evaporator in a pre-

set oxygen partial pressure of 1–5� 10�7 millibars and at a

substrate temperature of 500 �C. Typical growth rates were

in the range of 2 Å/min as determined from complementarya)Electronic mail: flege@ifp.uni-bremen.de
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X-ray reflectometry (XRR) measurements. In reference

experiments, cerium oxide films were directly deposited onto

the (7� 7) reconstructed Si(111) surface.

Typical AFM data recorded for cerium oxide films for

various growth recipes are displayed in Figs. 1(a)–1(c). In

the micrographs representing cerium oxide films (thickness

�4 nm) that have been grown on the bare (Fig. 1(a)) and the

Cl-passivated (Fig. 1(b)) surface, smooth, wide terraces are

observed. These terraces are separated by few-layer steps

(height �1–2 nm), which appear to be occasionally pinned

by contaminants. Hence, we conclude that the film is essen-

tially continuous and that its morphology remains unaffected

by Cl preadsorption. Furthermore, the oxide terraces become

even larger and smoother upon continued growth, albeit at

the cost of more prominent step bunching, whereas the num-

ber of pinning centers is decreased considerably, as shown

for an 18 nm thick film (Fig. 1(c)).

While there is no apparent difference in the surface mor-

phology of the oxide films grown with and without substrate

passivation, a significantly different behavior is noted

regarding the oxidation state of the samples after exposure to

air at room temperature, which is readily deduced from XPS

data collected of the Ce3d and O1s core level regions

(Fig. 2). Generally, the Ce3d electron configuration allows

distinguishing between Ce atoms in different environments,

i.e., between the Ce3þ (Ce2O3, Si-O-Ce silicate species) and

Ce4þ (CeO2) cationic oxidation states.27,28 Since the O1s

core level is sensitive to changes in the coordination of the

oxygen atoms, it additionally allows distinguishing between

oxygen atoms in the different cerium oxides CeO2 and

Ce2O3.
21 Here, we will use this property of the O1s level to

determine the average oxidation state, i.e., the oxide stoichi-

ometry, in the near-surface region. The uncertainties given

below represent conservative estimates based on the overall

robustness of the constrained least-square fitting procedures

applied within independent Ce3d and O1s analyses, the latter

accounting for the presence of contaminant species after air

exposure, i.e., hydroxyls, carbonates, and water.29,30

Whereas in-situ XPS clearly reveals a sample stoichiom-

etry of about CeO1.5 after growth at an oxygen partial pres-

sure of up to 5� 10�7 millibars, both oxide films show

substantial relative Ce4þ contributions after exposure to air,

as consistently documented by the increased intensity of

Ce4þ-related components in the Ce3d28 and O1s21 spectra

(Fig. 2). From the O1s data, average oxide stoichiometries of

CeO1.8860.05 in case of Cl-passivation and CeO1.6460.05 for

growth on bare Si are obtained for the near-surface region,

clearly proving a much higher conversion rate to Ce4þ for

the passivated substrates upon post-oxidation at room

temperature.

We now turn to the characterization of the crystalline

structure of the films and the effect of post-oxidation on their

structural properties using XRD. Reciprocal space will be

described using surface coordinates, i.e., in-plane lattice vec-

tors in ½11�2� and ½�12�1� direction and out-of-plane in [111]

direction with layer spacing periodicity, and the scattering

vector (HKL) will be referenced to the same coordinate

system.

Fig. 3(a) shows XRD data of cerium oxide films that

were grown at 500 �C at an O2 partial pressure of 1� 10�7

millibars and sequentially capped by an amorphous layer of

Si. Around the specular (111)bulk Bragg diffraction condition

for bulk silicon, which, in surface coordinates, is located at

(00 L)surf with L¼ 1, Bragg peaks associated with the oxide

films are found, demonstrating the crystallinity of the films

in both cases. Furthermore, pronounced lattice fringes are

clearly visible for oxide growth with and without

Cl-passivation. These periodic oscillations are a clear sign

that the films exhibit homogeneous film thicknesses of

5.9 nm (with Cl-passivation) and 5.1 nm (without passiva-

tion), respectively. From the position of the Bragg peaks

associated with the oxide film, layer periodicities in [111]

direction of 3.27 Å and 3.28 Å are deduced, which are

FIG. 1. AFM data acquired from cerium oxide films grown by reactive

MBE on (a) bare Si(111)-(7� 7) and (b), (c) Cl-passivated Si(111)-(1� 1).

The film thicknesses are (a), (b) �4 nm and (c) 18 nm.

FIG. 2. Ex-situ Ce3d (a) and O1s (b)

XPS data acquired after exposure to air

from cerium oxide films grown by re-

active MBE at identical conditions on

bare and Cl-passivated Si(111).

Constrained least-square fits (black)

employing deconvolutions into various

characteristic species are indicated

as follows: (a) Ce3þ (violet), Ce4þ

(orange); (b) CeO2 (orange), Ce2O3

(violet), and contaminants (cyan).

131604-2 Flege et al. Appl. Phys. Lett. 104, 131604 (2014)
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virtually identical within the error bar. These values are in-

compatible with the presence of a hexagonal Ce2O3(0001)

film, but they are very close to the calculated layer periodic-

ity of 3.30 Å based on elasticity theory using published

elastic constants for CeO2(111)
31 and assuming a pseudo-

morphic, cubic Ce2O3(111) oxide film, i.e., a film that has

crystallized in the bixbyite structure and which is compres-

sively strained to the substrate. Furthermore, we note that

especially in the case of Cl passivation, the thickness oscilla-

tions decay very slowly with increasing distance from the

Bragg peak, which bears clear testimony to a homogeneous

film thickness combined with a rather low surface and inter-

face roughness.

The conclusion on a sharper silicon/oxide interface for

cerium oxide growth onto the Cl-terminated Si(111) surface

from qualitative considerations is confirmed by quantitative

analysis within the framework of the kinematical theory of

X-ray diffraction taking into account the potential existence

of an amorphous interface layer between the substrate and

the oxide grown on-top, resulting in an additional, interface-

dependent phase shift of the reflected beam with respect to

the incident beam.32 The respective fits to the experimental

data [Fig. 3(a)] yield a decreased interface thickness of

0.4 nm for the Cl-passivated sample while for growth on the

bare Si substrate it is 1.7 nm thick, again corroborated by in-

dependent XRR analysis.

Although substrate passivation yields superior interfa-

cial properties, the preceding XRD analysis of the capped

samples suggests that cubic Ce2O3(111) films of reasonable

crystalline quality may even be prepared on bare Si(111).

However, a striking difference is observed when uncapped

oxide films are exposed to ambient conditions, as demon-

strated by the respective (00) crystal truncation rods (CTRs)

(Fig. 3(b)). When grown on the bare substrate, the crystalline

film thickness of the cerium oxide is severely diminished

upon post-oxidation even at room temperature, as evidenced

by a substantially broadened Bragg peak. Furthermore, the

complete absence of thickness oscillations points to substan-

tial roughening of the oxide-silicon interface since the

surface roughness is not significantly influenced by

Cl-passivation (cf. AFM data in Fig. 1). The broadened

Bragg peak is centered around L� 0.978, demonstrating that

the Ce oxidation state within the film is still relatively close

to “3þ.” In case of substrate passivation, however, the Bragg

peak has shifted to higher values closer to L� 1.0, which is

expected for a Ce oxidation state approaching “4þ” within

the oxide film. Also, the thickness fringes are preserved,

clearly underlining that the high crystallinity and low rough-

ness are maintained after exposure to air.

The quantitative XRD analysis of the (00)-CTR data of

the post-oxidized film grown on the passivated substrate

(Fig. 3(b)) reveals a film thickness of 3.5 nm and a vertical

layer spacing of 3.16 Å in the [111] direction, which is

noticeably expanded as compared to the value of 3.12 Å of

bulk CeO2(111) and considerably smaller than the respective

layer spacing of 3.22 Å found in bulk cubic Ce2O3(111).

Also, the abrupt nature of the oxide-silicon interface is

shown to be preserved, as documented by its almost vanish-

ing thickness of only 0.360.1 nm, which is the same as pre-

viously found for capped samples.

Details about the stacking sequence of the film as well

as the respective in-plane lattice constant can be determined

from grazing-incidence XRD. The (01) CTR data (Fig. 4(a))

indicate that only so-called B-type stacking is observed, i.e.,

a stacking fault is introduced at the oxide-silicon interface,

which has already been found for cerium oxide grown on

FIG. 3. XRD data (open symbols) and

theoretical fit (solid lines) obtained for

cerium oxide films on passivated and

non-passivated substrates. (a) Samples

capped with amorphous Si, (b) after

exposure to air (without capping).

FIG. 4. GIXRD data obtained for cerium oxide growth on Cl-passivated

Si(111) at 5� 10�7 millibars O2 backfilling and a substrate temperature of

500 �C and subsequent exposure to air: (a) Si(01L) CTR data and (b)

in-plane reciprocal space map recorded by cutting through the (01L) rod at

L¼ 1.33.

131604-3 Flege et al. Appl. Phys. Lett. 104, 131604 (2014)
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hydrogen-passivated silicon.33 Furthermore, the in-plane re-

ciprocal space map recorded by cutting through the (01)

CTR at L¼ 1.33 (Fig. 4(b)) demonstrates that the ceria film

is fully strained to the substrate. Moreover, the reflection

appears to be perfectly circular, ruling out the presence of

twist mosaicity.

For an 18 nm thick film grown at the same conditions

and post-oxidized in air, both XPS and GIXRD corroborate

the presence of fully oxidized ceria. From quantitative O1s

peak fitting (Fig. 5(a)) a near-surface stoichiometry of

CeO1.98 is estimated, while XPS employing hard X rays indi-

cates the presence of CeO2 in the deeper layers. The analysis

of the (01)-CTR data (Fig. 5(b)) yields a (111) layer spacing

of 3.096 0.01 Å, in very good agreement with the predicted

layer spacing of 3.11 Å based on simulations for a pseudo-

morphic CeO2 film using elasticity theory. Furthermore, the

elliptical smearing of the ð01 4
3
Þ oxide reflection clearly

points to the formation of oxide domains that are inclined by

(1.36 0.2)� with respect to the [111] direction. This tilt

mosaicity, however, is absent for ultrathin films (Fig. 4(a)).

Concluding, it was demonstrated that well-ordered, epi-

taxial cerium oxide films may be formed from well-defined

Ce2O3 films on Cl-passivated Si(111) grown by MBE.

Already at room temperature, these few-nanometer thin films

can be postoxidized close to the CeO2 stoichiometry by sim-

ple exposure to air, showcasing the high oxygen mobility

and storage capacity facilitated by the structural quality of

the oxide. During the structural transformation the abrupt na-

ture of the ceria-silicon interface is preserved, also suggest-

ing use in future FET based, chemical sensing technologies.

Portions of this research were carried out at the light

source DORIS III at DESY. DESY is a member of the

Helmholtz Association (HGF). We would like to thank
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