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The structural changes of a (111) oriented géidn grown on a hex-R03(0001)/Si(111) system due to post deposition an-
nealing are investigated. X-ray photoelectron spectipgeoneasurements revealing the near surface stoichiomietry that
the film reduces continuously upon extended heat treatmigm. film is not homogeneously reduced since several coegisti
crystalline ceria phases are stabilized due to subsequeshling at different temperatures as revealed by higHutso low
energy electron diffraction and x-ray diffraction. Theatten diffraction measurements show that after annealigg@ C the
1-phase (Cg01») is formed at the surface which exhibits 7 x v/7)R19.T structure. Furthermore, a/RQ7 x v/27)R30 sur-
face structure with a stoichiometry close to,Og is stabilized after annealing at 88D which can not be attributed to any bulk
phase of ceria stable at room temperature. In addition,sihasvn that the fully reduced ceria (&2s) film exhibits a bixbyite
structure. Polycrystalline silicate (CgSy) and crystalline silicide (Ce$i7) are formed at 850 and detected at the surface
after annealing above 900.

1 Introduction electric constant® 26). In addition, recent studies reveal
the existence of room temperature ferromagnetism (RTFM)
Ceria plays a key role in the field of catalysis. For instancein doped and reduced ceria giving the opportunity of combing
ceria is used in several reactidriike the three-way automo-  future spintronic devices with the existing silicon basecht
tive exhaust catalysfsor the generation of hydrogén The  nology3-18 Oxygen vacancies have a strong influence on the
catalytic activity is strongly influenced by oxygen vaca&sci magnetic properties in reduced ceria. However, the orifjin o
especially at the surface. Hence, it is necessary to contrahis magnetism has not unambiguously been resolved up to
the density and distribution of oxygen vacancies to builiece now. The controlled generation of oxygen vacancies witkylon
based catalysts with tailored reactivity and selectiiir ob-  range order, as presented in this study, can be used to examin
taining a deep insight into the complex chemical reactions ahe role of oxygen vacancies in future studies elucidativey t
single crystalline film with (111) orientation can be usedias magnetic properties in more detail.
ceria model catalyst where the atomic structure of surfade a  For bulk materials, the cerium - oxygen phase diagram ex-
sub-surface oxygen vacancies is well kndwbising atwo di-  hibits several intermediate phad&2?! between the highest
mensional film instead of a polycrystalline three dimenalon (Ce(,) and lowest oxidation state (g@s). It is still a chal-
structure facilitates the use of variety a of surface s@gach-  |enge to stabilize intermediate phases for thin films witghhi
nigues~’ since these films exhibit a well-defined crystalline structural control. Recently, we have demonstrated thiat it
structure$ and surface morpholody possible to stabilize the surface of the carighase (Cg012)
Here, silicon with (111) orientation is a well-suited sub- on a hex-PsO3(0001)/Si(111) system due to the reduction of
strate since ceria exhibits a small lattice mismatch (%B5 a CeQ(111) film.22 However, it is not yet clear whether the
with respect to Si(112f-12 Furthermore, ultrathin ceria films entire film is reduced to the G815 structure and whether it
on Si substrates are very attractive since ceria is welkkno s possible to stabilize other intermediate phases. Toezgf
as insulating buffer layer for functional oxide integrati®  we conduct a detailed study of the structural changes of a 250
the field of micro- and nanoelectronics due to its high di-nm CeGQ(111) film grown on a hex-B©3(0001)/Si(111) sys-
tem® addressing, both, the surface and the bulk stoichiometry
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the surface. In addition, transitions of the crystal stuet (cooling rate~ 500°C/min). If annealed via filament the sam-
throughout the film are investigated with synchrotron basegle cooling takes several hours (cooling rat&°C/min) due
in-situ x-ray diffraction (XRD) measurements. to the large heat capacity of the sample holder.

The exposure of praseodymia films to an oxygen plasma
has proven to be a superior method to gain high quality
praseodymium dioxide (Pesurface$® and here we transfer
this concept to ceria films. Hence, prior to the SPA-LEED and

— XPS experiments, samples are transfered tmagitu plasma
chamber (base pressure I0nbar) and exposed to an oxygen
microwave plasma (2.45 GHz) for 15 min to clean the surface
and to reduce the number of oxygen vacancies at the surface.
The plasma parameters are 80 sccm gas flow, 0.26 mbar oxy-

XRD gen pressure and 360 W power. Due to this treatment, the
overall intensity of the XP spectra increases and the posilyo
present small carbon 1s signalg(E 284 eV) due to carbon
contaminations vanishes (data not shown). Furthermore, in

Si(111) the electron diffraction measurements the diffuse baakgio

intensity is drastically reduced and strong charging ¢ffap-

pear indicating the high quality of the film. Hence, oxygen

Fig. 1 Schematic drawing of the investigated system. XPS andplasma treatment is a suitable method for cleaning and im-

LEED are used to probe the near surface region while changes giroving the crystalline quality of Cedilms.

the entire structure are studied by XRD. For the structural characterization of the entire film, un-

treated samples are investigated withsitu x-ray diffrac-

Ceria films are grown via molecular beam epitaxy (MBE) tion (XRD) measurements carried out in a modified version
on boron doped 4Si(111) wafers ¢ = 5 - 15Qcm) which  of the high vacuum (HV) reaction chamber (base pressure
are cleaned and hydrogen terminated according to the recipgy—38 mbar) presented in R&P. The heating stage has been
described in Ref2. After loading the wafer into an ultrahigh modified to enable resistive heating and an IR pyrometer was
vacuum (UHV) chamber (base pressure fombar) and an-  added for temperature control. The HV reaction chamber
nealing at 700 C for 5 min, the Si(111)(7 7) surface re-  \as mounted on a six-circle diffractometer at beamline W1
construction is obtained. An ultrathin hexoPg(0001) buffer 5t DESY (Hamburg, Germany) facilitating diffraction stesli
layer is grown at a substrate temperature of'6@%nd a de-  with a photon energy of 10.5 keV. All measurements are per-
position rate of 3 nm/mirf* The growth is monitored via re- formed at RT.
flection high-energy electron diffraction (RHEED) andted A schematic drawing of the investigated system is shown in
position is stopped after complete coverage of the subsisat Fig, 1.
reached ( thickness 3 nm). Afterwards, a cub-CeQL11)
film (thickness~ 250 nm) is deposited using the same sub-
strate temperature and deposition rate. The £&Q) film
exhibits the fluorite crystal structure and a high crystalli
quality as confirmed bgx-situXRD (data not shown).

The surface characterization is performed in two differ-We determine the stoichiometry of the ceria surface after su
ent UHV chambers (base pressure i0mbar both). The cessive annealing cycles at different temperatures via. XPS
first chamber is equipped with a SPA-LEED system and theThe different oxidation states of ceria have extensivelgrbe
sample are annealed via resistive heating of the Si substratstudied by XPS in the pa&t3C Factor analysis studies have
XPS measurements with Alfradiation (1486.6 eV) are per- shown that the reduction process of ceria can be described by
formed in a second chamber where the surface structure ide two components of Ge and Cé+.31-33 Therefore, the
controlled with conventional LEED while the samples are an-oxidation state of the surface can be determined with high ac
nealed via filament heating. For both experimental setupsguracy using a superposition of Ce 3d spectra of botyOge
samples are successively annealed for 30 min and the terand CeQ since these spectra solely containingCand Cé*
perature is controlled with an infrared (IR) pyrometer. ekft cations, respectively. The plasma treated sample is usthe as
each PDA step the samples are cooled to room temperatu®eQ, reference spectrum while the £ reference spectrum
(RT) to perform the measurements. When resistive heating ig obtained after annealing the sample at°880with respec-
used, samples cool to room temperature almost immediateljve results shown in Fig. 2.

2 Experiment

XPS/
LEED

3 Results

3.1 XPS
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| —— Experiment Ce 3d to expected bixbyite cub-G@3 phase (cf. Fig. 6) while sili-

— Fit cide is formed at higher temperatures as further discussed i
L ce* the following. Furthermore, these reference spectra arerin
ce*’ good agreement with previously calculated spectra by Kotan

etal 3.

Fig. 2 shows a series of Ce 3d XP spectra with the cor-
responding fits after successive annealing cycles at differ
temperatures. Prior to the fitting, a Shirley backgroundiis s
TR . tracted and the area underneath the peaks is normalized to
unity. The fits are in very good agreement with the measured
spectra allowing a determination of the3¢4Ce** ratio with
an accuracy of 3%. The spin-orbit splitting in all Ce 3d spect
attributed to ceria isz 18 eV.

| 100% ce™*

| 82% Ce”’
18% Ce""

"g | 42% Cej: In thg foI_Iowing, the origin and nome_nclgture_ of the p(_eaks
o | 58%Ce appearing in the 3d spectra presented in Fig. 2 is brieflg-intr
, duced according to Kotani's theory. Valence band holes and
=2 o) 3t core holes are denoted withawd ¢ respectively. The ground

% i 2202 224 750°C state of Ce@ consists of the hybridization of the %find

[ S =

4fly configuration according to Kotani’s theory which leads
to three final states (x, y, z) in each of thesgdand 3d,,
components. The peaks labeled with x and y correspond to the
bonding and antibonding final states of the strongly hyb&di

4fly c and 4Bv2c configurations while the peak labeled with z

| 30% Ce”*
70% Ce*"

L 21% Cej+ . corresponds to the pure%ffinal state. On the contrary, the
79% Ce N\ S 610°C ground state of G#s exhibits only the pure 4fconfigura-
e A S~ - N

tion, which leads to two final states in eachsgdand 34,
component. The peaks labeled with u and v in the Ce 3d spec-
trum of CeOj3 correspond to the bonding and the antibonding
final states of the hybridized %f and 4fvc configurations,
respectively.

Fig. 3 presents the amount of ecations at the surface
near region (inelastic mean free path~ 10 A in CeQ,)34

| 14% Ce”*
86% Ce""

100% Ce

X . . of the film after the different annealing steps. The surface
B y = ! reduces continuously as shown by the increasing amount of
NI R BT R BT R Cée** cations with increasing PDA temperature. Until a PDA
930 920 910 900 890 880 temperature ofz 80C° C is reached, the & concentration

shows only a slight increase. Thereafter, the oxygen releas
at the surface is drastically increased. After PDA treatimien
Fig. 2 XP spectra of the Ce 3d region. The area underneath thavith temperatures higher than 89the peaks labeled with u
peaks is normalized to unity after a Shirley background is subtractecand v shift~ 1.2 eV andx 2.8 eV to lower binding energies,
The CeQ spectrum measured on the untreated sample consists gespectively. In addition, the intensity of the peak ladeléth
three peaks (x, y, z) in each gd and 3d,, component. All cations v is strongly reduced. This 3d spectrum appears like a netall
have the C&" valence state. The surface near region is fully reducedcerium spectrur‘?‘ﬁ'37 superimposed with a weak g@s spec-
to Ce)O3 after annealing at 89C where all cations have the &2 trym?35.
valence state. The spectrum consist of two peaks (u, v) ineagh 3d  These results are supported by Ce 4d spectra presented in
and 3@/2 component. The determination of the3céCe*t ratio of Fig. 4 that show the transition from a Ce@® a CeOs spec-
the intermediate states was done by fitting the spectra with a weighteg,m with increasing PDA temperature. The measurements of
linear combination of the Cepan_d CeO;s spectra. After annealing e untreated and at 890 annealed sample are in good agree-
a_t 1950(: the_peaks u an_o_l v shitb 12 eV andx .2'8 eV to lower ment with the spectra of 4d Ce@nd CeOj3 calculated by
binding energies due to silicide or silicate formation. . 35 . .
~ Kotani et al®®, respectively. The 4d spectra are only slightly

_ In the latter case, we assume a completely reduced f'"%eparated in a 4gb and 44, component since the spin orbit

since LEED measurements show theq{4) structure related  gpjitting is much weaker than for the 3d spectra. Furtheemor

Binding energy [eV]
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Fig. 3 Plot of the C&" concentration as determined by the analy-
sis of the Ce 3d spectra against the annealing temperature. The near
surface region is continuously reduced with increasing temperature.
After annealing at temperatures above 8DPthe C&" concentra-

tion increases drastically.

this weak splitting cannot be resolved due to the strong-over
lapping multiplet coupling of the 4d and 4f states. Similar t
the Ce 3d spectra, the intermediate spectra consist of a-supe
position of the Ce@and CeO3 spectra. The spectral weight
of the characteristic features attributed to the €d@ spec-
trum, e. g. the components located at£125.5 eV and E
=122.2 eV, decreases with increasing PDA temperature while
the spectral weight of the characteristic features atiedbuio

the CgO; 4d spectrum increases. Furthermore, a strong Si 2p
signal (B = 100.3 eV) close to the Ce 4d signals appears af-
ter annealing at 105C indicating film decomposition by the
diffusion of silicon to the surface.

Fig. 5 shows the O 1s spectra after subsequent annealing
at different temperatures. For each measurement the spectr
is normalized to the area of the Ce 3d peaks. The O 1s peak
attributed to ceria is located agE= 530.2 eV and exhibits a
very weak shoulder atge~ 532 eV. The origin of this shoul-
der is not clear. Some authors assign this shoulder to exblat
oxygen vacancies in the ceria lattiéavhile others attribute it
to surface impurities like hydroxyl group$38-3°

The intensity of the O 1s signal attributed to ceria decrease
with higher PDA temperatures which is consistent with the
increase of the C¢ signal in the Ce 3d spectra due to oxy-
gen loss during film reduction. However, the weak shoulder
is almost unchanged during the PDA treatment. Taking into
account our LEED results, which prove that ordered oxygen

vacancies emerge at the surface (cf. Sec. 3.2), we conclud®g. 4 XP spectra of the Ce 4d region normalized to the Ce 3d sig-

Intensity [arb. units]

eV to~ 2.5 eV after annealing above 8@ A possible ex-
planation for this effect is a roughening of the surface due t

r oxygen vacancies caused by the massive release of oxygen in
this temperature region (cf. Fig. 3). After annealing above

i 90C°C the intensity of the O 1s peak attributed to ceria is dras-
tically decreased which is in good agreement with the Ce 3d
spectra and point to the formation of silicide or silicastead
of oxide. Thus, large areas of the surface are transformed to
silicide or silicate and that only a small amount of cerizef$ |
at the surface.

Ce 4d
Si2p
1050°C
"M\';L
890°C

870°C

130 125 120 115 110

Binding energy [eV]

105 100 95

that surface contamination is the origin of the shoulder andhal. After annealing at 105C a strong Si 2p peak §== 100.3 eV)
not oxygen vacancies. On the contrary, the full width at-half appears.

maximum (FWHM) of the O 1s peak increases freml.6
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(V/7 x v/7T)R19.7 superstructure spots decreases with higher
L O1s annealing temperatures.

1050 °C Applying PDA temperatures in the region of 88D- 880°C
M leads to the formation of af27 x v/27)R30 structure (cf.
Fig. 6 (c)). Note, that there is no sharp transition from the

(V7 x vVT)R19.F to the (/27 x v/27)R30 structure. After
annealing at 85 a superposition of these two patterns is

F

890 °C measured but the intensity of the/T x v7)R19.F diffrac-
tion peaks is very weak. Thus, both phases coexist for
870 °C these treatments. Taking into account the XPS results, the

(V27 x v/27)R30 structure corresponds to a stoichiometry
close to CeOs with excess oxygen.

After PDA at 880C, a weak (4x 4) pattern appears (cf.
Fig. 6 (d)) that can be attributed to the bixbyite structufe o
cub-CeOjz similar to cub-PsO3(111) grown on Si(1114%

Fig. 6 (f) compares cross section of the diffraction pattern
from the (4 x 4) bixbyite structure (upper curve) and the
(V27 x v/27)R30 structure. These line scans are normalized
to the (surface) Brillouin-zone size (BZ) of Ce@11) (lateral
row distance geo, = 3.314A).

After annealing above 90C, a sharp (2 1) pattern with
weak streaks between the fundamental diffraction spots ap-
pears (cf. Fig. 6 (e)). This pattern is superimposed with
a (v/3x v/3)R30 pattern and has been assigned to different
surface phases of cerium silicithe*>. In addition, very weak
Fig. 5 XP spectra of the O 1s peakgE 530.2 eV) exhibiting a pplycrystalline rings become vi.sibl'e at sevgral electroare
weak shoulder at g~ 532 eV. The spectra are normalized to the Ce gl_es (data not shown)._ These flndanS_ are I_n good agreement
3d signal. The FWHM of the O 1s peak increases after annealindVith the XPS results since a strong Si 2p signa ¢£100.3

above 800C. The intensity of the O 1s peak is drastically reduced €V) appears when annealing at temperatures aboveCo@.
after annealing at 108C and the shoulder shifts to higher binding Fig. 4) indicating the segregation of Si to the surface.

Intensity [arb. units]

shoulder\

540 535 530 525 520
Binding energy [eV]

energies indicating Si-O bonds. A detailed spot profile analysis is performed after each an-
nealing cycle to get deeper insight of the near surface struc
3.2 SPA-LEED ture and surface morphology. In the followinkj; and K

denote the lateral and vertical components of the scagterin

Structural changes at the surface are investigated witlt ele vector with respect to the sample surface. Cross-sectiimes (
tron diffraction measurements. Fig. 6 shows diffractiotr pa scans) are measured through the (00)-spot along t#} fli1
terns of the appearing structures. A hexagonal patternavith rection. The data was fitted with two Lorentzian functions,
threefold symmetry of the intensity of the first order difra one sharp and intense component for the central diffraction
tion spots is visible for the plasma treated sample (cf. Big. spot and the other for the appearing broad and weak shoulder
(a))- This threefold intensity distribution is based on &&C due to the triangular reflex shape (cf. Fig. 7 (a)).
layer stacking sequence along tfiel1) directions of the cu- The first function has its center atjk= 0 (central peak),
bic fluorite structure of Ce® Furthermore, at several elec- while the lateral position of the shoulder changes with. K
tron energies, the shape of the main spots becomes triangul@his behavior of the shoulder is caused by facets at the film
indicating the formation of tetrahedral pyramids on theéaer surfacé*4° The FWHM of the central peak oscillates with
surface (see also RéF). K (cf. Fig. 7 (b)) indicating that flat terraces are separated b

After annealing at 66TC, a (/7 x v/7)R19.2 superstruc- atomic steps. These oscillations can be fitted by the functio
ture with two mirror domains appears (cf. Fig. 6 (b)). This
superstructure can be attributed to the surface strucfureo FWHM(K | ) — 100% BZaCeQ V223 -1 (1—coqdK,)
1-phase (Cg012) of ceria which is based on ordered oxy- (Ku)= 0 T (r)
gen vacancies along th@11) directions in the bulk fluo- Q)
rite CeQ structuré?. While the intensity of the fundamen- according to the model presented in R&f. Here,d denotes
tal diffraction spots stays almost constant, the intersiithe  the step height and™) the mean terrace width. Compared
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Fig. 6 Two dimensional SPA-LEED pattern of the appearing structures closeaggBconditions (in-phase) of Ce11). (a) The (1x

1) structure of the sample stays unchanged at low and moderate témesra(b) At a PDA temperature of 68D a (/7 x v7)R19.P
superstructure attributed to thephase (Cg015) appears. (c) In the narrow temperature region oP850870°C a (27 x v/27)R30 structure
forms. (d) A weak (4x 4) structure assigned to the bixbyite phase of@gappears at PDA temperatures of 880- 89C0°C. (e) After
annealing above 90C, a sharp (2x 1) pattern superimposed with &8 x v/3)R30 structure appears which can be assigned to cerium
silicide. (f) Cross section along the [2lidirection. The (/27 x v/27)R30 and the (4x 4) structures show two and three peaks between the
fundamental diffraction spots, respectively.

to Ref® the prefactory/22/3—1 is needed to describe the with an overall morphology closely resembling that of a (£11
isotropic exponentially decaying 2D correlation. surface of bulk cerid:*°

The spot profile analysis for PDA temperatures up to°650
yields the same results within experimental error (indepen3.3 XRD results
dent of the annealing temperature). An average step height o
of d = (3.09-+ 0.05) A close to the bulk value of CeQ111) Reciprocal space mapplngs_lmﬁsnu XRD measurements, as
crystal plane spacingeo, = 3_124A) is determined in ac- welllas, (OQ) crystal truncation rods (CTRs) _after annea_llng
cordance with recent studies by non-contact atomic foree miat different temperatures are presented in Fig. 8 and Fig. 9,
croscopy®. Furthermore, the average terrace widthi)(= respectively. The measurements gfter each anngallng 1Eep a
(6.0+0.5) nm) does not change significantly in this tempera-Performed at RT, too. In the following, the subscriftandB
ture region. These results are in good agreement with the XR§enote surface and bulk coordinates, respectively. The com
results described in the following section which also shaw n Ponent of the scattering vectér, normal to the surface is
change of the bulk structure for low annealing temperatures spaled to reciprocal lattice units (r.l.u.) of the S|I|cmbstra_1te

For PDA temperatures above 6@0 the oscillating part of Via L = 27K, /csi wherecs; = 3.136 A denotes the vertical
the FWHM curves is strongly diminished indicating the for- layer spacing of Si(111). Thus, the peaks denoteddfy )s
mation of large terraces beyond the resolution of our instrucorrespond to theLLL)g bulk Bragg peaks.
ment. The smoothening of the ceria film surface, however, Fig. 8 shows reciprocal space mappings of the specular
has also been observed in a NC-AFM study on similar fiffns  (00L)-rod close to the Si(11%)Bragg peak which is equiv-
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Fig. 7 (a) Cross section in the SPA-LEED pattern along the?[Hirection after annealing at 500 for 30 min. The central peak (blue) and
the shoulder (green) are fitted with Lorentzian functions. (b) FWHM ofciérdtral peak plotted againkt, after annealing at 50C for 30
min. The fit according to Eq. 1 is in good agreement with the experimeatal d

alent to S{001)s. For the as grown samples, a broad oxidenation of the position of the praseodymia Bragg peak is very
Bragg peak next to the sharp silicon peak is visible at digght difficult due to its weak intensity in comparison with the hig
largerL values than Si. This peak can be attributed to £eO intensity of the close Si(113)Bragg peak. An estimation can
After annealing at elevated temperatures, further Braggpe be made using a simulation within the kinematic diffraction
appear at lowek values due to intermediate ceria phases withtheory. The results of such simulations point th walue be-
reduced oxygen content or cerium silicide. Starting at’80 tween cub-PiO3(222)% (L = 0.974) and RyO11(111)% (L =
elongated features indicating a polycrystalline struetap- 0.997). Hence, we assume an oxidation of the buffer layer
pear atL = 0.8891.089,1.099 and 1128 in the reciprocal during growth in contrast to the growth of thinner ceria films
space mappings. These structures can not be unambiguousiy a hex-PsO3(0001) buffer layer reported previously.
assigned to any cerium silicate (Cg8y) or silicide (CeS)) After applying PDA temperatures of 650 and 700C, fur-
phase. ther diffraction peaks appear lat= 0.982 andL = 0.988, re-
CTR scans aK; =0 A~ of the (0QL) CTR are performed spectively. Since the intermediate phases are based omithe fl
for a detailed analysis of the appearing Bragg peaks witlorite type CeQ lattice with ordered oxygen vacancies, the sto-
results shown in Fig. 9. The untreated sample shows th&hiometry CeQ can be determined using the concept of the
CeOy(111)g Bragg peak ak = 1.005 corresponding to a ver- pseudo-cubic lattice paramefér? predicting the linear rela-
tical layer distance ofceq, = 3.120A (bulk cceo, = 3.124A)  tionship
next to the narrow Si(11g)eak L = 1). Furthermore, fringes x— 39458 1. c+14.329, 2)

of the praseodymia buffer layer are well discernible duggo i o )
very homogeneous thickness. These fringes do not change fgftween the stoichiometry paramexeand the layer distance

all PDA treatments at temperatures below or equivalent to & &S Shown in Fig. 10. Therefore, the peaks of the intermedi-
temperature of 65(. For treatments at higher temperatures, i€ Phases cai]r;?be attributed to t{€€;0:2) andd (CfllOZO)
the fringes are diminished due to a roughening of the buffePhases of cera having the layer spacings oge,o,, = 3.193

layer or a reaction between the ceria film and praseodymi4® @"d Ccei.0,,=3.174A, respectively. The larger layer dis-
buffer layer. tances of the reduced phases results from tHe Ge Ce**

The Bragg peak corresponding to the praseodymia buﬁepan_sition_ yielding a larger ion radius. Note, the pseudo-
cubic lattice parameter are based on the bulk structures-of ¢

layer is shifted to lowerL values than expected for hex- * i - ;
Pr,03(0002) peak { = 1.044) indicating an oxidation of the ria and do not consider any strain effects which may appear
buffer layer during ceria growth. In addition, no Bragg peak in thin films. For the film studied here, the intensity of the
attributed to hex-BO3(0001) atL= 0.522 and 1.566 were ob- C€7O12(111)s and C&10,0(111)s peaks increases with in-
served (not shown here). Thus, the praseodymia buffer laydf€asing PDA temperature.

has transformed to a cubic structure due to the additional ox _ Furthermore, the G®1,(111)s and C§10,0(111)s peaks

gen content supplied by the ceria film. An accurate determidisaPpear when the XRD measurements are carried out at el-

evated temperatures and reappear after the sample is cooled
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Ce,0(111),

" e
£ 3 @,\
X Y
Ce0,(111), / CeO,(111),
Si(111),
09 095 1 105 1.1 09 095 1 105 1.1
LIr.l.u.[Si(111)]] LIr.L.u.[Si(111)]]
CeOun(111),
_ Ce,0,,(111), \ _
E N ‘\ E
X / CeO,(111), X
Si(111), L ..
CeSi0,  ©&Si«(0002);  cegio
09 095 1 1.05 1.1 09 095 1 105 1.1
LIr.L.u.[Si(111)]] LIr.Lu.[Si(111)]]

Fig. 8 Reciprocal space mappings close to the Si(111) Bragg peak obtainedrfealing at different temperatures. The measurements are
performed at RT. After annealing above 880 elongated features pointing to a polycrystalline structure appear at&9=1009, 1.10.

(results not shown) while the Ce(111)g peak does not van- plane straim\a, the lateral layer distanca of the appearing
ish at these temperatures. Possible explanations foreiis t phases can be determined using the relation

perature related behavior are a high Debye-Waller factor or
an order-disorder transition due to the high mobility ofitat —
oxygen at high temperatures. The latter effect leads also to Aoulk 2V Cpulk
E)l:grgfetrheéj sirgirr]sifﬁﬁ?r?fcfnler?: gt\r@ﬁgﬂgiﬁ gggztégzequeélst derived by Hashimoto et &, wherev ~ 0.3 is the Poisson

. 52 . . . _
peak shifts to lowet values (corresponding to higher layer ratio ,Of CeQ™. The C.e Q Poisson r'atlo Is used for the C?I
distances) as expected due to thermal expansion when me ulations of all appearing phases since values of the Roisso
sured at elevated temperatures ratio for the intermediate phases are not available irditee.

The reason for the smaller layer distance of the £eO ;Lhe_ otccurrlggterrohr can be dnegl_ecie(; Emfﬁ thet_s truc;;getst_of
film in comparison to the bulk structure (cf. Fig. 11 (a)) € intermediateé pnase are dominated by the cation Swelatt

for low PDA temperatures is tensile lateral strain based o hich does not change 3|gp|f|cantly during reduction. _The
the lattice mismatch between the G£OL1) film and the results for the lateral layer distance of the three phaspeis

praseodymia buffer lay&r With increasing PDA temperature sented in Fig. 11 (b). Wi_th increasing PPA temperature, the
the CeQ(111)s peak shifts to larget values (smaller layer calculated lateral layer distance of Ce€hifts to higher val-

; ; . Hence, the tensile strain of the remaining &&0L1) film
distances) while the GO12(111)g and Cg1020(111)g peak ues o
positions do not change si(gnifi>cantly (cf. Fig.( 9 a)nd Fig. 111S increased with higher temperatures. PDA treatmentseabov

. . . . .~ . 700°C do not change the lateral layer distances of theglgge
a)). Assuming a tetragonally distorted film with biaxiat in
(@) g ¢ y and Ce10y9 phase. In comparison with the bulk values, the

Aa 1-v Ac
- ()
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"_f’“bo' - hex- Ce;O1, exhibits strain similar to the CeQphase while the
r:05(222); Pr,0,(0002), Ce110,0 phase is fully relaxed.

'strained
1030 | Ce,04(222), : _
. o : 2 : : . .
CeSii2(000 )\ v - Ce.04(222), 2 Neu ® Datal]
- o S 5 L~ —Fit
8 ~
25 s 19 N
10 x h ‘
[
»~ CeSi0, 850°C S 18 \"' l
~N
o ‘
3 »
H o 1.7t
107} N oo © %
1.6 : : * :
: 3.12 3.14 3.16 3.18 3.2 3.22
‘ 750°C Vertical layer distance c [A]

15
: : Fig. 10 Composition of the film expressed as the stoichiometry pa-
CenOx(111) 4 700°C rametersx plotted against the vertical layer distancaccording to

: ' the pseudo-cubic lattice parameters given by #et.

Intensity [arb. units]

N After a PDA treatment at 90C, the three oxide peaks de-
650°C scribed above vanish and are replaced by peaks-20.972,

L =0.959 andL = 0.944 (cf. Fig. 9). The peak at= 0.972
corresponds to a vertical layer distance gfe, = 3.226A
600°C and can be attributed to the cub-s0g(222)% Bragg peak of
the bulk bixbyite phase of G&s (bulk Gyp-ceo; = 3.222,&).
Thus, the different oxide phases are transformed into tha ce

10 /v
10 | Ce7012(1 11 )B y

Si(1113§5/' \

fringes " CeO,(111), phase of lowest oxygen content. In addition, no Bragg peaks
PrO, layer § : RT of the hexagonal G®s phase [ = 0.518, 1.036, 1.554, etc.)
o | § ; are observed. Thus, the cubic phase 0f@gis formed ex-
0 - . L . clusively.
085 09 095 1 105 11 The peak aL = 0.959 corresponds to a layer distance of
L{r.L.u[Si(111)]] Cce,04(s) = 3.270A and can be attributed to a strained cub-

Ce 03 film 19, In comparison with the bulk value of @@s,
Fig. 9Specular (0D) XRD scans close to the Si(1klBragg peak of  this vertical layer distance is 1.36% larger indicating aneo
the substrate. The samples are annealed at temperatures ug® 90Qressive lateral strain based on the lateral lattice misimat
for 30 min. After each temperature step, the samples are cooled to Rfub-CeO3(111) with respect to Si(111) (+2.70%).
and the measurements are performed. The as grown sample showsfFyrthermore, the peak &t= 0.944 can not be assigned
only the CeQ(111) peak nextto the substrate. Attemperatures abovg, any ceria phase and exhibits a larger periodiclty=(
600°C and 650C peaks attributed to G&(111) and Ce1020(111) 477 0.944, 1.416, etc. ), resulting in a layer distance of

appear, respectively. Thereafter, silicide and silicate peaks appear &_ 66424, Taking into account the surface sensitive LEED

temperatures above 80D. The observed fringes correspond to the . .
underlying praseodymia buffer layer. The Bragg peak of the bufferand XPS measurements, we attribute this peak to the hex-

layer seems shifted th values close to the cub4®s(222)s peak ~ C€SLe7(00028 Bragg peak of the hexagonal Cegi phase
rather than the expected for hexPg(0002); peak (dashed lines). Proposed by Manke et ae.

Therefore, an oxidation of the praseodymia layer during growth is

assumed.

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-12 |9



3.24 — . . . . . of the oxygen content is not detected in the surface studies,

—_ a) we assume that this phase is formed either at the interface be
% 3.221 1 tween the CgO1» and the Ce® crystallites or at the inter-
Y 35 Eelol_Z(b_UIk_) ] face region close to the silicon substrate. In the latteecas
S similar to the growth of the Cef0111) films®, oxygen has to
g 3.18Ce O, (bulk) Ce 0, be transported into the substrate resulting in the formatio
& 316! Ce O | amorphous Si@at the interface between film and substrate.
e 11720 We assume that a lower diffusion rate of oxygen into the sub-
314 _ _ _ _ _ _ _ __ _ _ Sibuk strate in comparison to the oxygen desorption at the sui$ace
£ CeO,(bulk) _ _ _ _ _ _ _ _ _ _ _ ] responsible for the formation of the G&,¢ phase at the inter-
> 3127 CeO, ] face between film and substrate. This assumption is sugporte
3.1 L— . , , : by the vanishing of the fringes due to the praseodymia buffer
600 650 700 750 800 850 layer in the XRD measurements (cf. Fig. 9).This indicates
PDA temperature [°C] an interface reaction, e.g. roughening of the praseodymia i
terface or an intermixing of the praseodymia and ceria films
" at temperatures above 6%0 In addition, the tensile strain of
= b) €201 the CeQ film increases with higher annealing t t
T a4l | _ _ gt : g temperatures.
s L _ _ =  ____ ____] Possible reasons for the increasing strain are the latdtid
8 333l Ce O ,(bulk) Ce O | mismatch between GgD»q(111) and Ce@(111) or the strong
§ 11720 thermal expansion of the Ce(111) at elevated temperatures.
3 3.36f Ce. O “(bulk) ¢ Thus, more research has to be done to elucidate the role of the
8 11720 CeO interface.
© 3341 2 1 Comparing the diffraction measurements with the XPS re-
g | Si(oulky @ ——&— 7 | sults, a temperature offset for the formation of thphase
© 832 &— % _ _ _ _ _ _ _ ___] (Cer012) is observed. This phase is formed at 860f the
5| CE0LUN | sample is heated via resistive heating as done for the XRD

and SPA-LEED experiments. On the contrary, thphase
confirmed by conventional LEED setup is formed in the XPS
experiments atz 800°C when annealed via filament heating.
We can exclude an experimental error in temperature control

Fig. 11(a) Vertical layer distance of the appearing ceria phases plotSince the Cg0s phase with the lowest oxygen content and
ted against the PDA temperature. The stoichiometry of the differenthe silicide are formed at the same temperatures in both ex-
phases was determined by their pseudo-cubic lattice constant froferimental setups. Thus, a possible explanation for treebff
Eg. 2. (b) Lateral layer distance determined from Eq. 3. The layemre the different cooling rates based on the experimertigbse
distances of the Ceand CeO, differ from the bulk value indicat- Hence, we assume that for an annealing time of 30 min used in

600 650 700 750 800 850
PDA temperature [°C]

ing strained films while the GgO1 phase is fully relaxed. our experiments, the samples were not in the thermodynamica
equilibrium. For the lower cooling rates (XPS experiments)
4 Discussion oxygen from deeper layers of the oxide film diffuses to the sur

face since the oxide films is exposed to higher temperatares f

The SPA-LEED and XRD measurements reveal that the strudonger times compared to the diffraction experiments. téenc
ture of the grown Ceg{111) film and the praseodymia buffer the formation of the superstructure received at high anneal
layer is stable up to PDA temperatures of 850In contrastto  ing temperatures is modified during the cooling process due
these results the XPS data show a slight reduction of the ne&@ re-oxidation. We conclude that the cooling rate has agtro
surface region indicating the formation of disordered atyg impact on the formation of the superstructures.

vacancies in the low temperature region. At higher tempera- The XRD measurements show that polycrystalline Q@i
tures SPA-LEED and XPS measurements show a continuousB§t CeSi phases are formed after annealing at ®0vhich
reduction of the near surface region while the bulk seresitiv can not be attributed to any known cerium silicate or sitcid
XRD measurements reveal that not the entire film is reduced his phase becomes more pronounced at'80énd is also
since the Ce@(111) Bragg peak is detected up to PDA tem- detected at the surface via SPA-LEED. In addition, a single
peratures of 85(C. In addition, a second intermediate phasecrystalline cerium silicide (Cegé7) is detected in the SPA-

(Cer1050) is formed at 700C which exhibits a higher oxygen LEED and XRD studies.
content as the earlier formed &&, phase. Since anincrease  The results from the XRD and SPA-LEED measurement

10| Journal Name, 2010, [vol], 1-12 This journal is © The Royal Society of Chemistry [year]



clearly reveal the appearing €®; phase has a bixbyite struc- 2 A. F. Diwell, R. R. Rajaram, H. A. Shaw, T. J. Treux, The rolecefia
ture (cub-Cg0s3). This is in contrast to studies of bulk single  in three-way catalysts, in Catalysis Automotive Polluticon@ol, Vol. 71
crystals where the hexagonal phase (hex@3$ is the most (Ed.: A. Crug), Elsevier, Amsterdam, 1991.

i - . 3 G. A. Deluga, J. R. Salge, L. D. Schmidt, X. E. VerykiG@sjience2004,
stabl€®354 Hence, the silicon substrate has a stabilization ef~ 303 693 9 yKesience

fect on the cub-CgD5 phase. 4 S. Torbiigge, M. Reichling, A. Ishiyama, S. Morita, and O. Custance,
Furthermore, SPA-LEED measurements showy/@7 x Phys. Rev. Lett2007,99, 056101.

V/27)R30 superstructure appearing in a very narrow region> T- CampbellSurf. Sci. RepL997,27, 1.

of PDA temperatures close to the temperature for the transg ;' :?”ry'su”' EC;' 'ief_jmgs;l' zgl'f Sei 160061 127

. _ . . . . . Baumer, an .-J. Freungyog. surt. Sci. ,0l, .

tion to cub-CeOs. lef.erent to ther phase, this _dlffrgctlon 8 M. H. Zoellner, J. Dabrowski, P. Zaumseil, A. Giussani, M.Sehubert,

pattern can not be attrlbuted_ to the surface terminatiomgpfa Lupina, H. Wilkens, J. Wollschier, M. Reichling, M. Bumer, and T.

well known bulk phase of ceria stable at room temperature and SchroederPhys. Rev. B2012,85, 035302.

Thus, we assume a film with stoichiometry close te@gis 9 H.H.Pieper, C. Derks, M. H. Zoellner, R. Olbrich, LoBer, T. Schroeder,

stabilized at the near surface region M. Neumann, and M. ReichlingPhys. Chem. Chem. Phy2012, 14,
. . ) 15361.

Moreover, it should be mentioned that the cplor of the sam+, 7,7, Flege, B. Kaemena, S. Gevers, F. Bertram, T. Wilken&rons, J.

ple changes from purple (RT) to cyan (8€) during the PDA Batjer, T. Schmidt, J. Wollschber, and J. Falt&®hys. Rev. B2011,84,

treatment. Above a PDA temperature of 90D the sample 235418.
turns mat gray due to the silicide formation (see also f8gf. 11 T.Inoue, Y. Yamamoto, S. Koyama, S. Suzuki, and Y. Uégiml. Phys.
After a few minutes at a temperature of 980parts of the Lett, 1990,56, 1332.

. . 12 J. Zarraga-Colina, R.M. Nix, and H. Wei&yrf. Sci, 2004563 L251.
sample become metallic luster while the current needed fof; Singhal, P. Kumari, A. Samariya, S. Kumar, S. C. Sharm. Y.

the resistive heating increases drastically. Xing, and E. SaitovitchAppl. Phys. Lett.2010,97, 172503.
14 R.K.Singhal, P. Kumari, S. Kumar, S. N. Dolia, Y. T. Xing, Mzamora,

. U. P. Deshpande, T. Shripathi, and E. SaitovitthPhys. D: Appl. Phys.
5 Conclusion 2011,44, 165002.

15 M. Chandra Dimri, H. Khanduri, H. Kooskora, J. Subbi, I. iteaa, A.
In this study the influence of PDA on the structure and surface Mere, J. Krustok, and R. SterRhys. Status Solidi,2012,209, 353.
stoichiometry were investigated for a thin ceria film (250)nm 16 V.Fernandes, R.J. O. Mossanek, P. Schio, J. J. Klein,A.dk Oliveira,

. W. A. Ortiz, N. Mattoso, J. Varalda, W. H. Schreiner, M. Abbaand D.
grown on a hex-R03(0001)/Si(111) system. It was shown H. Mosca Phys. Rev. B2009 80, 035202,

that several crystalline phases with long range orderedexy 17 v Q. Song, H. W. Zhang, Q. Y. Wen, Hao Zhu, and J. Q. X&a\pp!.
vacancies can be stabilized which may be used for magnetic phys, 2007,102, 043912.

and catalytic applications in the future. Furthermore, dsw 18 X.Han, J. Lee, and H. I. Yo®hys. Rev. B2009,79, 100403.
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