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Received The controlled growth of Ce and CeO2 was investigated on Cu(111) applying low energy ion
Accepted scattering spectroscopy (LEIS) and X-ray photoelectron spectroscopy (XPS). Previous LEIS
5oL studies on metallic and oxidised cerium deposits using other metallic substrates reported serious

difficulties related to the neutralization of noble gas ions. For this reason, a special attention was
paid here to reveal possible matrix effects for the neutralization (“neutralization effects”), which
would severely hinder quantitative evaluation of the LEIS data. The adsorption of Oz on
Cu(111) induced no neutralization effects either with He* or Ne*. Similarly, no neutralization
effects were identified using He* upon the deposition of metallic Ce on Cu(111), but it arises
for the Ce peak monitored with Ne*. The initial growth of Ce is two dimensional up to
®ce~0.5 ML, while almost complete coverage of Cu(111) is achieved at ®ce=2 ML. CeO2(111)
was deposited evaporating Ce in a background of O2 at a sample temperature of 523 K. No
neutralization effects were observed either with He* or Ne*. In harmony with literature data,
the growth mode is three dimensional. Here it was demonstrated that the continuity of the
film, which could be efficiently checked by LEIS, is influenced by the applied oxygen pressure
in the range of 5x1077 - 3x10°% mbar. At po2=3x10° mbar the film was not completely closed
even at relatively large coverages (16 ML), and a significant part of copper atoms were
oxidized to Cu'*. Deposition of CeO2 at po2=5x107 mbar was characterized by a nearly perfect
wetting, with metallic copper atoms at the interface, and with slightly more reduced ceria
layer.

www.rsc.org/

Introduction

Cerium dioxide (CeOz2) is an efficient support or promoter in
many catalytic reactions, such as automotive exhaust catalysis,
water gas shift reaction (WGS), steam reforming of ethanol
(SRE), catalytic removal of SOx, electrochemical oxidation of
hydrocarbons, etc.!”” Most importantly, since it is easily
reducible to Ce203, it can act as an oxygen buffer. Apart from
this aspect, its basic character can also have a role in catalytic
transformations.

For a deeper understanding of surface processes during
complicated catalytic reactions, it is useful to construct
simplified, but well controlled experimental model systems,
using oxide single crystals or single crystalline oxide films, and
preparing nanoclusters of the active metal on top.%!> The low
conductivity of CeO:2 single crystals (e.g. compared to that of
TiO2) motivated an intense research aiming at the preparation of
ultrathin single crystalline films of CeO: using various metallic
supports, such as Ru(0001),'+!> Cu(111),'6-23 Pd(111)?* etc.
Since the interaction of oxygen and the support metal single
crystal is an important characteristic of these systems, it is useful
to briefly summarize here the related previous results, focussing
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on Cu(111), the substrate used in the present study. The
adsorption of Oz on Cu(111) was thoroughly investigated in the
pressure range of ~I1x10® mbar at both 300 K and elevated
temperatures.?>2-2% It was demonstrated by STM that oxygen is
capable of abstracting Cu from the terraces at room temperature,
starting from the step edges and vacancy sites.?” A surface oxide
forms at 300 K with a structure close to Cu20(111), though
containing many defects.?’ Extended areas of the so called “44”

structure  (vV73R5.8° X V21R —10.9°) can be produced
performing the oxidation at higher temperatures (423-

600 K).?32° This structure originates from a distorted Cu20(111)-
like layer grown epitaxially on the Cu(111) substrate. The
Cu20(111)-like “44” layer possesses the same honeycomb
structure as the Cu2O(111) surface, but with the coordinatively
under-saturated Cu atoms (cus-Cu) removed.?>»?”-30 Annealing
the “44” structure in UHV at 573-673 K led to the transformation
of the surface to the “29” structure.? The formation of the “29”
structure (V13R46.1° x 7R21.8°) was also reported after
oxidation (~7x107 mbar O2) at 700-750 K.?* In the “29” surface
oxide the hexagonal structure associated with Cu2O(111) is more
distorted; it contains 0.52 ML (monolayer) of O. Further
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oxidation of Cu(111) is not possible at p<10” mbar (up to
~2000L, 1 L=10"° Torr x 1 s).2728

CeO2(111) layers were previously prepared either depositing Ce
in Oz atmosphere (2 x 107 — 1 x10® mbar) or evaporating Ce in
ultrahigh vacuum (UHV), followed by an oxidation step. The
deposition temperature also varied (100-723 K, in some cases
but a high
temperature treatment (at T>520 K in ~5x107 mbar O2) was

applying heating ramps during deposition),

always required to obtain a well ordered film.!®23 There is
that the CeOx(111)/Cu(111)
thermodynamically follows the Volmer-Weber (3D) growth

general agreement system
mode, probably due to the weak interaction between the oxide
and the support.'®?® Investigation of the initial growth of
CeO2(111) on Cu(111) revealed that the dissociation of O2 is
facilitated by the presence of CeO2 nanoparticles, and there is a
spill-over of oxygen to the copper.?> While in some cases the
presence of extra spots in the LEED structure or the observed
periodicities in (overlapping) moiré patterns led some authors to
hypothesize oxygen induced reconstructions of the interfacial
copper layer,'®?* in other cases it was assumed that the
CeOx(111) layer replaces surface copper oxides.?’ The most
frequently applied recipe for the preparation of continuous
CeO2(111) layers consists of the deposition of Ce in an Oz
background of ~5 x 107 mbar at 523 K at a rate of 0.08-
0.15 ML/min. 1 ML of CeO2(111) layer is defined as one O-Ce-
O trilayer of the fluorite structure of bulk CeO2 (3.13 A). This
method yields a well oriented, but corrugated film with relatively
small terraces (10 nm).2%2! There is a slight scatter in the
literature regarding the minimum coverage required to obtain a
continuous film with this recipe. While in Ref '8 the 2.5 ML thick
film was found to be continuous, based on the complete
disappearance of the Cu(111) LEED pattern, in other cases!
even at 5 ML the film was still slightly incomplete (LEED,
STM). Traces of Cu (~0.002 ML) on the outermost atomic layer
were detected even for ~10 ML of CeO:2.3! For model catalytic
studies, the continuity of the film is important to avoid direct
contact of reactants with the metal single crystal substrate. In the
present study low energy ion scattering (LEIS) was used to
monitor in situ the tightness of the ceria film. Since this method
provides information almost exclusively about the outermost
atomic layer, when performed with noble gas ions,?? it is
particularly suited for this purpose.

Although the adsorption of metallic Ce on Cu(111) is also
important for a complete understanding of the preparation of
ceria nanolayers on Cu(111), related literature data is rather
scarce. The deposition of Ce metal on a Cu film at 300K led to
significant intermixing of Ce and Cu.3? The bulk solubility of Ce
in Cu and Cu in Ce is very limited, below 0.4 at.% in our
temperature range (T<900 K), but several copper-cerium
intermetallic compounds exist: CusCe, CusCe, CusCe, CuzCe,
and CuCe.** The loss of material (CeO2 average thickness)
observed during repeated annealing of CeO2(111) films on
Cu(111) up to 823 K was attributed to the diffusion Ce into the
bulk.!®

Since no systematic LEIS study appeared so far about the
deposition of Ce and CeO:2 on Cu(l11), it seemed to us
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worthwhile to investigate this system in detail, completed by X-
ray photoelectron spectroscopy (XPS). The intensity of an ion
scattering peak depends sensitively on the neutralization
probability for the impinging noble gas ions upon the collision
with the surface atoms.’? Although matrix effects for the
neutralization probability (i.e. changes in the neutralization
during scattering on the given atom as a function of its chemical
environment), sometimes simply referred to as “neutralization
effects”, are relatively rare in LEIS, these can severely hinder a
quantitative evaluation of the data, if they arise.3? For this reason
a special attention was paid in this study on neutralization effects.
Note that previous LEIS studies, devoted to the deposition of Ce
on other metal surfaces reported serious difficulties. The Ce
LEIS peak was not detectable at all with He* on Rh(111) and it
was very weak with Ne*. Moreover, significant changes in the
observed with both
projectiles.® After the deposition (and oxidation) of Ce on
Pd(111) at room temperature, the Pd LEIS peak decreased
rapidly, but no Ce peak could be observed by LEIS using He

neutralization probabilities were

ions, attributed mostly to the large neutralization probability of
He*, possibly due to quasi resonant neutralization.?* However,
with Ne* the Ce peak was easily detectable. A slight attenuation
of the neutralization probability of Ne* (on Ce) was observed due
to Oz adsorption.

Experimental

The experiments were carried out in a UHV chamber with a base
pressure of 5 x 1071 mbar. It was equipped with a Leybold
hemispherical analyser for performing LEIS, XPS, and Auger
electron spectroscopy (AES) measurements. For LEIS a constant
retardation ratio was applied, while XPS was performed with a
constant pass energy. A quadrupole mass spectrometer (QMS)
was used in this work for rest gas analysis. A SPECS IQE 12/38
ion source was used for LEIS. He" or Ne* ions with 800 eV
kinetic energy were applied at a low ion flux, ~0.03 pA/cm?. The
incident and detection angles were 50° (with respect to the
surface normal), while the scattering angle was 95°. The angle
between the “incident plane” (the plane defined by the ion source
axis and the surface normal) and the “detection plane” (the plane
defined by the surface normal and the analyzer axis) was 53°. An
Al Ko X-ray source was applied for XPS. The binding energy
scale was calibrated against the 4f72 peak of a thick Au layer
(84.0 eV) and the 2ps32 peak of the clean Cu(111) surface
(932.6 eV). The detection angle was 16° off normal. Peak fitting
of the Ce 3d XPS region and of the LEIS spectra obtained with
helium was executed with the help of XPSPEAK 4.1 using
Gauss-Lorentzian sum line shapes and Shirley baselines.*® For
LEIS and in some cases for the Ce 3d XPS region asymmetry
was also allowed applying an exponential tailing function.

The Cu(111) single crystal was a product of MaTeck (purity:
99,9999%, orientation accuracy: 0.1°). Its temperature was
measured by a chromel-alumel (K-type) thermocouple inserted
into a hole in the crystal. It was heated radiatively with a W
filament placed behind the crystal. The surface was routinely

This journal is © The Royal Society of Chemistry 2012
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cleaned applying cycles of Ar* ion sputtering (10 pA/cm?,
1.5 keV) at 300 K and vacuum annealing (5 min, 1000 K).

The purity of Oz (Linde) was 99.995 %. One monolayer of O is
defined as the surface concentration of Cu(111) (1.78 x 10"
atoms/cm?). Ce (99.9%) was deposited by a commercial 4-
pocket PVD source (Oxford Applied Research) using a Ta
crucible. One monolayer of CeO: is defined as a complete
CeO2(111) trilayer (i.e., O-Ce-O stack, 7.87 x 10 Ce
atoms/cm?) having a thickness of 3.13 A.3” The phase diagram
of metallic Ce contains three phases at moderate conditions
(T<1000 K, p<3 GPa): « (fcc), B (dhcp), and 7 (fcc).?® For
metallic Ce, here we define the one ML coverage as the surface
concentration of the close packed (0001) surface of the dhcp bulk
B phase, because it is the thermodynamically stable phase at
room temperature. In this way 1 ML of Ce ~ 8.53 x 10'cm™2.%7
Although in terms of Ce surface concentration there is a small
difference in the coverage scale for Ce and CeQO2, we choose
these definitions, because in case of layer-by-layer growth
complete coverage of the Cu(111) surface is achieved at 1 ML in
both cases. The coverage of Ce was checked by a quartz crystal
microbalance (QCM), and the evaporation rate was 0.07 ML/min
for both Ce and CeOa.

Results and discussion

Since in previous LEIS studies on the adsorption of Ce on
Rh(111) and Pd(111) neutralization effects arose,?*3> this issue
was carefully checked in the present work. The charge transfer
between surface atoms and the noble gas projectile can proceed
according to different mechanisms.??> Resonant neutralization
(RN) occurs, when an electron from the highest lying (partly)
filled valence (conduction) band of the target tunnels into an
empty excited level of the projectile. If a deeper filled band of
the solid is aligned with the 1s level of the projectile, then a
resonant electron transfer can proceed in a similar way. Since
this alignment is generally not perfect, this process is called quasi
resonant neutralization (qRN). Electrons from the high lying
conduction/valence band of the solid can be transferred to the 1s
level of the projectile, if the energy released in this step is
transferred to an Auger electron from the target. This Auger
neutralization (AN) mechanism is operative in every case,
though resonant processes typically dominate, if they arise. If the
primary ion energy exceeds a threshold, and consequently the
minimum distance between the surface nucleus and the ion is
small enough then new neutralization channels open (collision
induced neutralization, CIN). Reionization processes can play a
significant role as well, influencing both the background of the
spectrum and the single scattering peak.3?

If there are no neutralization matrix effects for the system
consisting of element A and B, then the observed intensity for A
(Ia) is a linear function of that of B (Ig), when the surface
composition is varied, if the geometrical shadowing effect of a
deposited atom does not change with coverage. The control of
this behaviour is a widely used check for the occurrence of
neutralization effects.3?3° This method was applied also in the
present study.

This journal is © The Royal Society of Chemistry 2012
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The adsorption of Oz on Cu(111)

Although the adsorption of Oz on Cu(l11) was previously
investigated in detail, as summarized in the Introduction, it
seemed to us necessary to perform some measurements on the
O/Cu(111) system focussing on possible neutralization effects. It
serves mostly for comparison with the CeO2/Cu(111) surface. Oz
was dosed for 5 min on the Cu(111) surface at 300 K, at pressures
increased stepwise. Surface oxygen was not removed in between
the adsorption steps. LEIS spectra, obtained in this measurement
with He, are displayed in Fig. 1 (a). The peak areas (using He
and Ne) and the pressure applied for the last adsorption step are
shown in Fig. 1 (b) as a function of the cumulative Oz exposure,
measured in L (1 L = 10 Torr s, 1 Torr=1.33 mbar).

The small peak observed at ~507 eV is not due to surface
contamination (the cleanliness of the Cu(l11) surface was
controlled also by XPS and AES), but can be assigned to an
instrumental artifact: the ion source produced a small quantity of
He* ions with a kinetic energy of eUs, where Ur is the potential
of the focussing electrode. These ions were also scattered on the
surface Cu atoms, resulting in a distinct peak at a position, which
scaled appropriately with the focus voltage, while keeping the
primary energy on the ion supply constant. The intensity of this
“ghost” peak was ~0.4 % of that of the main peak. This
contribution was removed via peak fitting during the quantitative
evaluation of the O peak.

In parallel with the enhancement of the O LEIS area obtained
with He (denoted O (He)) due to the accumulation of O on the
surface, the copper peaks obtained with helium (Cu (He)) and
neon (Cu (Ne)) decreased. This process reached a saturation at
~400 L (Fig. 1(b)), in accordance with a previous LEIS study on
02/Cu(111).4% Since in Ref. *° the occurrence of neutralization
effects was not addressed in detail, the linearity of the Cu — O
curve was analysed here. As displayed in Fig. 1(c), the Cu (He)
area decreased linearly with the increase of the O (He) signal.
This implies that the O coverage is proportional to the O (He)
LEIS signal, and each adsorbed oxygen atom attenuates the
Cu (He) signal on average to the same extent, allowing the
quantitative evaluation of the data. The above statement holds
for the shadowing of the copper surface by oxygen also using
neon, since the Cu (Ne) vs. O (He) curve was also linear
(Fig. 1(c)). Consequently, the Cu (Ne) vs. Cu (He) curve,
corresponding to the Oz adsorption experiment, was also linear
(Fig. 1(d)). However, this latter straight line does not pass
through the origin, or in other words, the adsorption of oxygen
attenuates the Cu (He) peak more steeply than the Cu (Ne) peak.
The shielding effect of oxygen is stronger, when helium is used.
Since LEIS spectra with He* were recorded before spectra with
Ne*, one might argue that this effect is an artifact, and the
intercept of the linear in Fig. 1(d) with the vertical axis is
influenced by the sputtering effect of Ne* ions. However, this is
not the case, since the repetition of the experiment with 5 times
higher Ne* flux gave qualitatively similar results and the slope in
Fig. 1(d) was attenuated only by 14%.

J. Name., 2012, 00, 1-3 | 3
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Fig. 1. (a): LEIS spectra obtained after exposing the Cu(111) surface at 300 K to O,
at stepwise increased pressures for 5 min each. The surface oxygen was not
removed in between the adsorption steps. The cumulative O, exposure is shown
beside each spectrum. (b): LEIS peak areas (of O and Cu using He, and of Cu using
Ne) obtained in the measurement described for (a). For each O, adsorption step
the applied pressure is also shown as a function of the cumulative oxygen
exposure (vertical scale on the right). (c): Copper LEIS peak areas obtained with He
and Ne in the measurement described for (a) displayed as a function of the O LEIS
peak area obtained with He. (d): The Cu peak area obtained with Ne as a function
of the Cu area detected with He.

For the understanding of the differences in the shielding effect of
oxygen with helium and neon, it is worth to consider that during
the scattering of He* ions on adsorbed O atoms a so called
shadow cone is formed behind the O nuclei, where the projectile
cannot penetrate.3? It is not the case for Ne ions, which are

4| J. Name., 2012, 00, 1-3

heavier than O, and can reach Cu atoms behind O. Nevertheless,
copper atoms are partly shadowed by oxygen also using neon for
two reasons: (i) there is a deviation of Ne* ions by O anyhow;
(ii) only those neon trajectories contribute to the Cu peak, which
correspond to single scattering events, i. e. when there is no
significant impact with oxygen. For double and multiple
scattering the neutralization is generally too efficient for that
event to be observed, and in case it is detectable, the peak energy
is different from the single scattering peak.>?> Note that it was
previously demonstrated that neutralization does not solely
happen in the close vicinity of the target surface atom, but also
when the noble gas ion travels by neighbouring atoms (trajectory
dependent neutralization), modifying also the intensity of the
single scattering peak, such as for O/Ni(100), O/Cu(100) and
Pb(111).41-43 This process can operate to a different extent for He
and Ne. Although this phenomenon, strictly speaking, is a
neutralization effect, it does not necessarily impede a

shell-like
neutralization region is operative around neighbouring nuclei,*

quantitative analysis. It was suggested that a
which in a certain sense can be considered a modification of the
size of the shadow cone of neighbour atoms. Although we cannot
exclude a similar effect in our case, the linear behaviour
presented in Fig. 1 (c) proves that quantitative information can
be extracted from our data. Due to the differences in the
scattering of He* and Ne* on O/Cu(111) mentioned above, it is
not expected that the diminution of the Cu LEIS peak induced by
the same amount of adsorbed O is identical for the two noble
gases.

The linear dependence of the Cu (He) area on the O (He) area
can be written as

Acy = Acu(0) —Ap/So. (1)
where Acu and Ao are the Cu (He) and O (He) areas, while Acu(0)
is the Cu (He) area of the clean copper surface. This can be
transformed to

Cecuto=1, (2)

where {cu=Acu/Acu(0), and {o=Ao/(Acu(0)xSo) are the fractions
of the surface covered by Cu and O, respectively. So is the
relative sensitivity factor for O, which can be obtained as the
reciprocal slope of the Cu (He) vs. O (He) curve. So=0.0191
under our circumstances.

The saturation O coverage was estimated also from the O 1s and
Cu 2p XPS areas obtained after exposing the Cu(111) surface to
3x10° mbar O2 for 5 min at 300 K (680 L). The application of
standard inelastic-mean-free-path (imfp) and photoelectric cross
section values yielded @o = 0.76 0.1 ML.**> Since saturation
with O attenuated the Cu (He) LEIS peak by 83%, it can be
concluded that one surface O atom shadows approximately one
Cu atom in ion scattering experiments performed with He, at our
experimental conditions.

This journal is © The Royal Society of Chemistry 2012
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The growth of Ce on Cu(111)
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Fig. 2. LEIS spectra obtained with He (a) and Ne (b) after depositing Ce on the
Cu(111) surface at 300 K. Each dose of Ce was evaporated on a clean Cu surface.
Note that the vertical scale for the low kinetic energy part of (a) is 20 times more
sensitive than the scale for the higher kinetic energy part. In addition, the Cu peak
of the clean Cu(111) surface (0 ML) in (a) is reduced by a factor of 2.

As a next step, the growth of Ce was investigated on Cu(111) at
300 K. In Fig. 2 LEIS spectra obtained with He and Ne are shown
after depositing Ce on the Cu(111) surface at 300 K. Each dose
of Ce was evaporated on the clean Cu surface. The same ghost
Cu peak was observed at ~507 eV as mentioned above about the

This journal is © The Royal Society of Chemistry 2012
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oxygen adsorption measurements. Importantly, in spite of the
well-known reactivity of metallic cerium, the O (He) peak was
very small, undetectable on the majority of spectra (Fig. 2(a)),
indicating the almost complete lack of oxygen containing
contaminants (CO, H20) during these measurements. Since the
Cu (He) peak overlaps the Ce (He) component, peak fitting was
performed. The peak areas obtained with He and Ne as a function
of Ce coverage are shown in Fig. 3 (a) and (b), respectively.
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Fig. 3. The change of Ce and Cu LEIS peak area obtained with He (a) and Ne (b)
during the deposition of Ce on Cu(111) at 300 K. Linear fits on the first three Cu
areas (up to a cerium coverage of 0.5 ML) are presented as dashed lines for both
(a) and (b). In (c) the Cu LEIS area is shown as a function of the Ce area with both
He and Ne. For the data points obtained with He a linear fit is also displayed. In (d)
the Ce (Ne) area obtained in the same experiment is plotted against the Ce (He)
area, while in the inset the Cu (Ne) area is shown as a function of the Cu (He) area.
For the latter a linear fit is also presented.

The observed Ce (He) peak was rather small even at ®@ce=8 ML,
when the Cu (He) peak was completely suppressed by the cerium
overlayer. This fact indicates that LEIS with He is much more
sensitive to Cu than to Ce. At our experimental conditions the
difference is a factor of 24. This observation is in line with
previous studies reporting the inability in detecting the Ce LEIS
peak with He, owing probably to the high neutralization
probability.?*3 Due to the fact that our scattering angle is
relatively small (95°), resulting in higher signal to noise ratios,
the Ce peak was well detectable.
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Physical Chemistry Chemical Physics

In order to check if neutralization effects arose, the Cu LEIS
areas are shown as a function of the Ce areas in Fig. 3 (c) with
both He and Ne. As apparent from the figure, the Cu (He) area
decreased linearly with the increase in Ce (He) area, implying
the absence of neutralization matrix effects for the Ce/Cu(111)
system when using helium. Consequently, the Ce (He) area and
the decrease in the Cu (He) area are proportional to the number
of cerium atoms in the topmost atomic layer, allowing
quantitative evaluation of our data. From the slope of the Cu (He)
vs. Ce (He) straight line the relative sensitivity factor for Ce was
calculated to be Sce=0.0416. On the other hand, the Cu (Ne) vs.
Ce (Ne) curve was clearly nonlinear, strongly suggesting a
change in the Ne* neutralization probability either on Cu or on
Ce as a function of cerium coverage. Here we suggest a simple
way, how to discriminate between these two cases. In Fig. 3 (d)
the Ce (Ne) area is shown as a function of the Ce (He) area. From
Fig. 3 (c¢) it was deduced that the Ce (He) area is proportional to
the fraction of the surface covered by Ce. For this reason, if an
analogue proportionality holds for the Ce (Ne) area, then the
Ce (Ne) vs. Ce (He) curve must be linear. However, a strong non-
linearity can be observed in Fig. 3 (d), leading us to conclude that
indeed a neutralization matrix effect exists for the Ce (Ne) signal.
Consequently, the Ce (Ne) area is not proportional to the number
of Ce atoms in the outermost atomic layer. On the other hand,
the Cu (Ne) vs. Cu (He) curve is linear (inset of Fig. 3 (d),
implying that the change in the Cu (Ne) signal is proportional to
the fraction of the surface covered by Ce (Ne). Consequently,
while the Cu (Ne) peak can be used for quantitative analysis of
the Ce/Cu(111) system, it is not the case for the Ce (Ne) peak.
Once we determined our limits in the quantitative applicability
of LEIS on Ce/Cu(111), we turn our attention to the growth of
Ce on Cu(111). At small Ce coverages Ce (He), Cu (He) and
Cu (Ne) areas all change linearly as a function of Ce dose, as
shown by the linear fits in Fig. 3 (a) and (b). Remarkably, the
extrapolation of the linear decrease of the Cu peaks crosses the
abscissa at ~®@ce=1 ML with both He and Ne. This observation
has two implications: (i) the growth is two-dimensional (2D) at
small coverages, up to ®ce=0.5 ML; (ii) there is no significant
diffusion of Ce into the subsurface of Cu(111) at room
temperature in this coverage range.

Increasing the Ce coverage above 0.5 ML leads to a deviation
from the linear behaviour of the Cu (He) and Cu (Ne) areas (Fig.
3 (a) and (b)). Consequently, Ce does not grow layer-by-layer on
Cu(111). The observed non-linearity can be assigned either (i) to
the onset of 3D growth already in this submonolayer coverage
range (Stranski-Krastanov growth), or (ii) to an intermixing of
Cu and Ce layers. The Cu (He) and Cu (Ne) peaks almost
completely disappeared at ®ce=2 ML (Fig. 2 and Fig. 3).

As it was mentioned in the Introduction, significant intermixing
of Ce and Cu was found on a Cu film.33 There are, however much
less defects on our Cu(111) surface compared to a film, which
may lead to stronger kinetic hindrance for inward diffusion of
Ce. Note that after an initial 2D growth, the incorporation of Rh
into the Ce overlayer was detected during the deposition of Ce

on Rh(111) at room temperature.>>
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The interaction of Oz and Ce on Cu(111)

In relation to the oxygen-cerium interaction on Cu(111), we first
investigated the effect of O2 adsorption on the Cu(111) surface
partially covered by Ce at room temperature. The comparison of
LEIS spectra collected before and after oxygen adsorption
demonstrates that the interaction with oxygen enhances the 3D
character (i.e. the average height) of Ce clusters on Cu(111):
exposure to oxygen led to an increase in the Cu peak, while the
presence of oxygen on cerium resulted in the diminution of the
Ce peak (Fig. 4). Note that the Oz exposure applied here (1 L)
induced only a slight decrease (by 10%) in the Cu (He) peak,
when oxygen was dosed on the pure Cu(111) (Fig.1).

45 4 He Cu _ 900
T=300 K ' ]
40+ 1800
35 ]
—— after Ce dep. i 700
B A
el 1 i J
225+ 17 1s00
= @ Vo |
§20- Ce J il Jaoo
=R 1ML .\ ]
n i i
= 15 i 300
- E [ ]
104 1\ | 200
1 ! 2ML L\l 1
51 : P 100
0+ ; 10
300 400 500 600 700 800

Kinetic energy (eV)

Fig. 4. LEIS spectra obtained with He after the deposition of Ce on Cu(111) at 300 K
and after subsequent adsorption of O, (~1 L) at 300 K.

In the next experiment CeO: was deposited on Cu(111)
evaporating Ce at a substrate temperature of 523 K in a
background of O2. A similar recipe was frequently applied in
yielding oriented CeO2(111) films.202!
However, in our experiment a somewhat higher oxygen pressure

previous studies,

was used (3x10° mbar instead of 51077 mbar) in order to further

improve the stoichiometry. LEIS peak areas obtained with He
are shown in Fig. 5 (a) as a function of CeO2 coverage.
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Fig. 5: Deposition of Ce on Cu(111) at T=523 K in an O, background of 3x10¢ mbar.
(a): areas of LEIS peaks obtained with He as a function of CeO, coverage. (b): the
fraction of the surface covered by Cu and O, calculated using the relative
sensitivity factor So=0.0191, displayed as a function of the Ce (He) area. Inset:
CeutCo+Cce as a function of CeO, coverage. (c): the Ce area obtained with neon as
a function of Ce area obtained with helium. (d) the normalized Cu area obtained
with neon as a function of the normalized Cu area obtained with helium. For (b),
(c) and (d) linear fits are also presented.

At the initial phase of deposition, up to a CeO: coverage of
~0.3 ML, a very steep decrease in the Cu component, and an
increase in the O peak was observed, while the Ce contribution
was still rather small. In this coverage range the adsorption of
oxygen on Cu(l11) is the dominating process. At higher Ce
doses both Cu and O areas decreased, in parallel with the gradual
enhancement of the Ce area (Fig. 5 (a)), as the fraction of the
surface covered by CeO2(111) increased. In Fig. 5 (b) the
fraction of the surface covered by Cu and O, calculated with the
relative sensitivity factor obtained above for O (So) in the Oz
adsorption measurement, is shown as a function of the Ce (He)
area. The linear behaviour indicates the absence of neutralization
effects for the Cu-O-Ce ternary system, when using He. The
applicability of the relative sensitivity factors So and Sce to the
ternary system was checked controlling the fulfilment of the
balance (inset of Fig. 5 (b)):
Ap A
ACu"'i"’?C:
ACu(O)

1=G¢cu+4o+ce = (3)

This journal is © The Royal Society of Chemistry 2012
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The agreement was reasonably good, within 10 %, in the whole
CeO2 coverage range investigated.
Interestingly, the neutralization matrix effect, observed for the
Ce peak with neon during the deposition of metallic Ce did not
arise when CeO2 was grown on the copper surface. This is
demonstrated by the linearity of the Ce (Ne) vs. Ce (He) curve
presented in Fig. 5 (c), and very probably can be attributed to the
changes in the valence of Ce. The normalized Cu (Ne) area
displayed as a function of the normalized Cu (He) area can be
well fitted with a broken line (Fig. 5 (d)). The slope (0.72) in the
region of higher copper intensities agrees well with the slope
(0.67) obtained for the Cu (Ne) vs. Cu (He) curve in the O2
adsorption measurement (Fig. 1 (d)). This coincidence can be
understood considering that in the initial phase of CeO:2
deposition the attenuation of the Cu intensities are mostly due to
the adsorption of oxygen. At later stages of the growth further
decrease in the Cu peaks are caused by the formation of 3D CeO2
particles.
During our experiments about CeO2(111) deposition, some
variation was observed in the wetting of the Cu(111) surface by
This is
system is thermodynamically of non-

the ceria layer. since the
CeO2(111)/Cu(111)

wetting nature, and slight changes in the experimental conditions

in part reasonable,

can result in measurable differences in the film morphology. For
this reason, in-situ monitoring of film continuity by LEIS proved
to be very useful. The applied oxygen partial pressure had a well
detectable impact on the tightness of the film. CeO2(111) growth
was monitored at two oxygen pressures: 5x10”7 mbar, and 3x10°
¢ mbar. Typical LEIS spectra obtained with He and Ne after the
deposition of 16 ML of CeO2 on Cu(111) are presented in Fig. 6.

T T T

| —— raw data l (al) _(bl)
i He|  INe
Cu
o i

p02=5x10'7 mbar

1 p02=5x10'7 mbar

LEIS intensity (arb. u.)
LEIS intensity (arb. u.)

1 p02=3x10'6 mbar

; ~

— | Poo=3x1 0® mbar
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Kinetic energy (eV) Kinetic energy (eV)

Fig. 6: LEIS spectra obtained with (a) He, and (b) Ne after the deposition of 16 ML
of CeO, on Cu(111) at different O, pressures.

Apparently, while at the preparation pressure of 3x10® mbar a
small Cu peak (~0.015 ML) was typically observed, the
application of the lower pressure led to the almost complete
disappearance of copper from the outermost atomic layer
(~0.003 ML detected). The observed Ce (Ne)/Ce (He) area ratios
agreed well with the slope of Fig. 5 (c).
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The better wetting achieved at the lower oxygen pressure,
however, was accompanied by a slightly worse stoichiometry, as
deduced from Ce 3d XPS spectra, shown in Fig. 7 (a). As known
from literature, the Ce 3d peak shape of CeO:z can be
approximated with six peaks, due to shake-down processes
involving the valence region, while the Ce 3d peak shape of
Ce203 can be fitted with 4 peaks.!34%47 For a more detailed
picture, which might allow a deeper understanding of the core
levels and the properties of Ce in these spectra, we refer to.*8
While at po2=3x10% mbar 2 % of cerium ions were in the 3+
oxidation state, at po2=5x10"7 mbar this value increased to 4%.
In accordance with previous results an asymmetry for the lowest
binding energy doublet for CeO2 was allowed in the fitting.*%-°
The reducing effect of the Ne* dose used for one LEIS spectrum
was also checked by XPS. The observed change in the Ce 3d
region was near to the limit of detection: the Ce3*/Cetotal ratio
increased by about 0.5-1%. A LEIS spectrum with Ne* was
collected before each spectrum of Fig. 7 (a). The applied oxygen
pressure had also a significant impact on the oxidation state of
the uncovered copper surface/the copper ceria interface as well.
It is well-known that the identification of various oxidation states
of copper is much easier if the Cu LMM Auger region of the XPS
spectrum is also considered,’! as the shift of the Cu 2p32 peak is
very small upon oxidation of metallic Cu to Cu20O.

(b)

918.4

Cu LMM

Count rate (arb. u.)
Count rate (arb. u.)

——raw data H

J——sum 6 !
ce** Po,=3x107" mbar v
] ce¥* 915.8
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Fig. 7: The Ce 3d XPS region (a) and the Cu LMM Auger region (b) after the
deposition of 16 ML of CeO, on Cu(111) at varying O, pressures. In (b) the CuLMM
region for the clean Cu(111) surface is also presented.

The Cu LMM region for the clean Cu(111) surface and for the
16 ML CeO2/Cu(111) film obtained with different oxygen
pressures is shown in Fig. 7 (b). At the lower pressure the peak
shape was very similar to the metallic one, but at po2=3x10-°
mbar a relatively strong feature appeared at 915.8 eV, which is
assigned to Cu'*. We cannot exclude that at po2=3x10" mbar a
part of copper ions are accumulated on top of the CeO: film,
possibly in the form of a mixed oxide, since Ne* sputtering led
to the disappearance of the Cu (He) and Cu (Ne) LEIS peaks and
to the attenuation of Cu 2p and Cu LMM features in the XPS
spectrum, accompanied by a more metallic character in the
Cu LMM region (not shown). Since the recipe at po2=5x10"
7 mbar is identical to the one applied in previous studies, where

8| J. Name., 2012, 00, 1-3

the of CeO2(111) on Cu(l11)
demonstrated,?*?! very probably the same (1.5x1.5) epitaxy

oriented growth was

holds also for our case.

Conclusions

The controlled growth of metallic Ce and CeO2 was studied on
Cu(111) by LEIS and XPS. A special attention was paid to the
occurrence of neutralization effects, which would significantly
hinder quantitative evaluation of LEIS data.

(i) No neutralization effects were identified related to the
adsorption of Oz on Cu(111).

(i1) As regards the interaction of metallic Ce and Cu(111), no
neutralization effects were observed when using He*, but it arose
for the Ce peak collected with Ne*. The initial growth mode of
Ce is two dimensional up to ®ce=0.5 ML, but nearly total
coverage of the copper surface is achieved only at @c.=2 ML.
(>iii) The CeO2 overlayer was prepared evaporating Ce in an Oz
background. No neutralization effects were observed either with
helium or neon. The growth mode is three dimensional. LEIS
proved to be very efficient in checking the continuity of the ceria
films, which was investigated at two different oxygen pressures..
At po2=3x10® mbar the film was not completely closed even at
relatively large coverages (16 ML), and a significant part of
copper atoms were oxidized to Cu'*. Deposition of CeQO> at
po2=5%10"7 mbar was characterized by a nearly perfect wetting,
with metallic copper atoms at the interface, but the stoichiometry
of the ceria layer was slightly more reduced.
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