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Structural changes of ultra thin cub-PrO,(111)/Si(111) films due to thermally

induced oxygen desorption
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The structural changes of ultra thin PrOy(111) films grown on Si(111) due to thermal
reduction in ultra high vacuum are investigated. Therefore, praseodymia films are
treated with oxygen plasma to obtain completely oxidized PrO, films. The reduc-
tion of these films is studied with thermal desorption spectroscopy combined with
ex-situ x-ray diffraction measurements. It is shown that the distinct desorption peaks
of molecular oxygen are correlated with stabilization of several intermediate phases
of praseodymia. The most intense signal of desorbing oxygen is observed at ~ 650
K. It is coupled to the strongest impact on the crystalline structure since we ob-
serve the transition PrO,—Pr509. Further oxygen desorption leads to additional
phase transitions with laterally coexisting phases. Grazing incidence x-ray diffrac-
tion measurements reveal that the initial pinning to the lateral lattice constant of
hexagonal Pr,O3(0001) is not breached due to the plasma treatment. This hexagonal
pinning is released during the oxygen desorption so that the crystalline structure of

the praseodymia films does not only expand vertically but also laterally.
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I. INTRODUCTION

Rare earth oxides (REOs) exhibit the potential to improve several applications in dif-

ferent fields ranging from heterogeneous catalysis’? to microelectronics®?.

For instance,
on the one hand, it has been demonstrated that oxide films are suitable as buffer layers
for semiconductors as, e.g., Si®, Ge®, InP” or GaN®. On the other hand, the high oxygen
mobility of REOs and their large oxygen storage capacity gain particular interest in the
field of catalysis.” Thus, promising applications of REOs are the three-way automotive ex-
haust catalysis!®, CO oxidation!! or oxidative dehydrogenation of ethane and the oxidative

coupling of methane!?13.

The reactivity and selectivity of these reactions is strongly influenced by structural prop-
erties, since lattice oxygen directly participates in surface redox reactions based on the
Mars-van-Krevelen mechanism.'* Here, praseodymia has attracted attention due to the mo-
bility of lattice oxygen.? The structure and, thus, the chemical properties of praseodymia

15,16

can be tuned by preparation of intermediate phases or doping with other rare earth

metals.!”. Hence huge efforts were made to study redox properties of praseodymia powders

18

close to equilibrium!® as well as the oxygen desorption kinetics of praseodymia powders.!?

However, the understanding of the reaction mechanisms on an atomic scale is quite chal-
lenging and model catalysts are needed to obtain deeper insight in the physical and chemical
properties of the catalytic processes. Thus, the aim of the research presented here was to
prepare well defined systems which can be used as model catalysts. Thin film systems
give a great opportunity as model catalysts to study the questions mentioned above since,
compared to powder studies, they offer reduced complexity combined with high structural
control.?%22 Before thin film systems can be used as model catalysts, however, it has to be
proved whether these systems show similar or different redox properties compared to the
corresponding bulk structures. For instance, the structure and, thus, the redox properties
can be altered by substrate induced effects like the previously reported lateral pinning at the
interfaces of ultra thin films.?® Therfore, we combine surface sensitive techniques with tech-
niques to control the 'bulk’ structure of the praseodymia film in our study on the thermally

induced desorption kinetics of oxygen.

We focus on the relation between oxygen release and structural properties for ultrathin

praseodymia films grown on Si(111) substrates since praseodymia is characterized by the

2



highest degree of oxygen mobility of all REOs.? These films are promising candidates for
such model systems since epitaxial growth can be achieved resulting in films with high crys-
talline order.?* 2% Different oxide phases ranging from hex-Pry03(0001) and cub-PryO3(111)
to slightly reduced PrOs_a(111) can be reached by post deposition annealing in oxygen
atmosphere at different pressures.?®?7

Recently, we demonstrated that fully oxidized PrO5(111) films with clean surfaces can be
prepared by exposure to oxygen plasma.?®? Therefore, we present a study on the thermal
oxygen release from this highest oxidation state. On one hand, the oxygen release has been
controlled by thermal programmed desorption (TPD) detecting molecular oxygen. On the
other hand, the structural properties of the reduced praseodymia film has been studied

by synchrotron radiation based x-ray diffraction (SR-XRD) to elucidate the role of the

structural changes due to oxygen release at the surface.

1I. EXPERIMENT

An ultra thin hexagonal PryOj3 film with (0001) orientation is grown via MBE on a clean
Boron doped 4” Si(111) wafer (o = 5 - 15 Qcm) as described in Refs.26:3031  Afterwards,
the film is ez-situ oxidized by annealing in 1 bar oxygen atmosphere at 970 K for 30 min.
This treatment leads to the formation of a (111) oriented epitaxial cubic PrOs_a film with
fluorite structure having a small amount of oxygen vacancies.?? For these films, a thickness
of 16.5 nm is determined by x-ray reflection (XRR) and crystalline quality monitored by
x-ray diffraction (XRD) (data not shown).

The wafer is split into several pieces which are loaded into an ultra high vacuum (UHV)
chamber (base pressure 107° mbar) equipped with a RF-plasma source and TPD system.??
Each sample is plasma treated to obtain a fully oxidized cub-PrOy(111) film with a clean
surface.?®2? Subsequently, in-situ TPD measurements monitoring the mass of molecular
oxygen are performed with an annealing rate of 1 K/s as described in Ref.?®(accuracy of the
temperature measurements is + 10 K). In addition, the desorption signals of atomic oxygen,
carbon dioxide, carbon monoxide, and water are simultaneously monitored. For each sample,
the molecular oxygen desorption is stopped after a characteristic desorption peak appeared

in the spectrum and the sample is rapidly quenched to room temperature (RT) (cf. Fig 1).

Thereafter, to determine the structure of the samples ex-situ XRD and grazing incidence

3
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FIG. 1. TPD spectrum of molecular oxygen performed with an annealing rate of 1 K/s. For
different samples the desorption is stopped after a certain characteristic peak is reached (arrows)
and the sample is immediately cooled to RT to perform (GI)XRD experiments. The o/, v and §
peak are in good agreement with previous powder studies.!”

(GI)XRD experiments are carried out at beamline BW2 at DESY (Hamburg, Germany)
using a photon energy of 10 keV. The time span between sample preparation and (GI)XRD
measurements is kept a small as possible, as well as, samples have been transported under

nitrogen atmosphere to suppress any reaction with atmospheric oxygen.

A. Oxygen-TPD

The plasma treated samples show only desorption signals for molecular oxygen while
the other monitored species are not observed. Hence, the surface is free of contaminations
which was also shown by x-ray photoelectron spectroscopy (XPS).?® Fig.1 presents the TPD
spectrum of molecular oxygen for a plasma treated sample. For the different sample the
desorption is stopped after a characteristic peak is reached (arrows) and the samples are
immediately cooled to RT to perform (GI)XRD experiments. Comparing the spectrum

l'19

with the powder study of PrOy done by Takasu et al."”, a quite similar overall behavior is

observed. In accordance with the powder study three distinct peaks are visible which are
labeled o/ (=~ 650 K ), v (= 730 K ) and ¢ (=~ 790 K).

In contrast to the powder study our spectra show two additional features. Prior to the
strongest desorption signal o’ a low intense, but broad peak at ~ 450 K can be observed.
This peak may be attributed to oxygen species which are weakly bound to the surface.

Furthermore, the spectrum exhibits an additional weak peak at the high temperature wing

4
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FIG. 2. (a) CTRs near the (222)p Si Bragg peak for the different quenched samples. The oxide
peak is fitted with two Lorentzian functions representing the two major praseodymia phases. In
addition, a broad peak (dashed lines ) is observed for the non-reduced films which can be attributed
to a very thin PrgO1; interface layer (see also Ref.?). (b) In-plane scans near the (242)p Si Bragg
peak. The oxide peak is described by a Lorentzian function. A weak second peak under the
substrate peak is observed (dash-dotted line). We assume that this contribution is based on the
interface roughness of the silicon substrate resulting in a broadening of the (242)p Si Bragg peak.

of the o peak denoted by .

B. XRD

Having reached a characteristic desorption peak, the samples are rapidly quenched to
room temperature. The (GI)XRD measurements for the different quenched samples are
shown in Fig. 2. The axes are labeled with reciprocal lattice units (HKL)g corresponding
to the hexagonal Si(111) surface coordinate system, while the Bragg peaks are labeled with
(HKL) g indices corresponding to the bulk structure. In Fig. 2 (a) the specular 6-20 scans
close to the kinematically forbidden Si(222) 5 peak are analyzed: The broad diffracted inten-
sity is given by the Bragg peak due to the praseodymia film and can be used to determine
the vertical layer spacing of the oxide film. There is still a weak sharp Si(222)p peak visible

due to the non spherical electron density distribution. Therefore, the weak diffraction signal



of the silicon bulk does not significantly interfere with the diffraction signal of the oxide film
and the Si(222)p peak can be used to calibrate the measurement.

Previous XRD investigations have shown by analysis within the kinematic diffraction
theory that two laterally coexisting oxide phases are present in the praseodymia films which
can be described by a two column model.?33 We describe the oxide Bragg peaks by two
Lorentzian functions representing the two coexisting praseodymia phases. For the non-
reduced samples a third peak has to be used to describe the data. This is necessary since a
minor reduced praseodymia phase (PrgO;;) is pinned to the interface as described in detail
in Ref.?

Furthermore, in-plane scans near the Si(242)p Bragg peak are performed and the oxide
peak is also fitted with a Lorentzian function (cf. Fig. 2 (b)) to determine the lateral
layer spacing. A second weak broad in-plane peak beneath the sharp silicon Bragg peak is
observed. We assume that this feature is based on the interface roughness between the Si
substrate and the oxide film.

The vertical layer distance ¢ ([111] direction) and lateral layer distance a ([110] direction)
as determined from the peak positions are shown in Fig. 3. The amount of each species is
calculated from the intensity of the Lorentzian functions and displayed as size of the circles
around the markers. Bigger cycles represent major parts and small cycles minorities.

The two praseodymia species obtained for the plasma treated film exhibit a vertical layer
distance of 3.06 A and 3.09 A which can be attributed to PrOy and PrOs_ A, respectively.23:29
The corresponding lateral layer distance shows that the oxide film is pinned close to lateral
layer distance of bulk hex-Pr,Os. Obviously, the PrO, film is strongly distorted since the
vertical layer distance is clearly smaller than its bulk value while the lateral layer distance
is larger.

The first broad desorption peak at ~ 450 K has no impact on the structure of the
praseodymia films since the XRD data of the sample quenched from 495 K to RT does not
show any significant changes in comparison with the plasma treated sample (cf. XRD data
presented in Fig. 2).

On the contrary, the large amount of oxygen desorbing at ~ 650 K has a strong impact
on the structure of the praseodymia film. The film has homogeneous vertical structure
since only one phase is needed to model the data. The determined vertical layer distance

is in the region of PrgO; and fringes close to the oxide Bragg peak appear indicating an
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FIG. 3. (a) Vertical layer distance determined from the peak positions close to the Si(222)p peak.
The colored circles represent the intensity of the two functions. (b) Lateral layer distance obtained
from the (GI)XRD measurements.

improvement of the film homogeneity. The lateral pinning to the hex-Pr,O3 layer distance,
however, is breached due to the fact that the film has a lateral layer distance between PrgOq;

and cub-PryO3. Thus, the film has a different stoichiometry than PrgOq;.

For the following desorption peaks the previously visible fringes are diminished and the
film is split into two lateral coexisting phases again. This points to roughening of the
praseodymia films as well as of the interface (which is detected as diffuse diffraction signal
close to the Si(242)p Bragg peak). In addition, the lateral layer distances shift to larger
values. The sample quenched at 830 K shows again clear fringes close to the oxide Bragg
peak indicating a reordering of the praseodymia layer and reduced roughness. Furthermore,
the two praseodymia phases exhibit a vertical layer distance close to the value of cub-PryOs;.

On the contrary, the film has a lateral layer distance of 3.38 A which is far below the
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value of cub-PryO3. Thus, the elastic distortion of the epitaxial praseodymia film has to be
considered to clarify the phases gained due to reduction of the film.

The intermediate phases of praseodymia are all based on the same fluorite type PrO,
lattice with ordered oxygen vacancies.!%'® Therefore, they can be described by a pseudo-
cubic lattice parameter ag. Zaumseil et al. have shown that the cubic phases of praseodymia
are tetragonally distorted by compressive strain if grown on Si(111) and a Poisson ratio of
v = 0.32 has been determined.?® Using this Poisson ratio we can recalculate the pseudo-cubic
lattice parameter aq from our data obtained from the distorted film via
B V3e+ A(2v2a/V/3) 2w

A WlthAzl_V (1)

Qo

The results are presented in Fig. 4. In the low temperature region only the PrO, phase is
present. The first desorption peak (o) results in a phase transition to the PrgOq; - PrgOqg
region. The following ay values exhibit only small changes. The sample quenched at 830 K

exhibits a smaller cubic lattice constant than expected for the cub-Pr,O3 phase.

III. DISCUSSION

The (GI)XRD data of the plasma treated sample clearly shows a lateral layer distance
close to the value of hex-PryOs. This result implies that the in Ref.?* reported exclusive

lateral hexagonal pinning during growth is not breached by the plasma treatment. Further-



more, the oxygen release around a temperature of 450 K can not be related to any structural
change. We assume that the plasma treatment results in additional weakly bound adsorbed
oxygen at the surface which desorbs at low temperatures. These species are probably adsor-
bates due to the plasma treatment (e.g. molecular oxygen or recombining atomic oxygen).

Major structural changes can be attributed to the strongest desorption peak o' at =~
650 K. It is observed that the entire film exhibits only one praseodymia phase which is
accompanied by an increase of crystalline order of the film. The breach of the lateral
hexagonal pinning leads to a roughening of the substrate interface. The exact phase after the
massive oxygen release is difficult to determine within experimental error since the pseudo-
cubic lattice parameter of the PrgOq1, PrsOg and PrgO14 species lie in a very narrow region.
We observe the best agreement to the Pr;Og phase which is stabilized under these conditions
instead of the PrgOq; phase which is the most stable under ambient conditions.!63* This
results coincides with the results of the powder study reported by Takasu et. al.!® They
attribute the low stability of PrgO;; under conditions of TPD to the lower activation energy
of oxygen desorption of PrgO;; compared to the other praseodymia phases. Hence, we
assume that after the overcoming of the miscibility gap between PrOs and PrgOqq, the film
is directly further reduced to a Pr;Og species which exhibits a higher activation energy for
oxygen desorption.

Stopping the desorption process at 695 K after the shoulder o” of the o’ desorption
peak appears in the desorption spectrum, the diffraction measurements show an additional
splitting into two phases. A small amount of the PrgO14 species is formed while the majority
of the film still exhibits the Pr5Og stoichiometry.

Having increased the temperature ramp to 745 K the major part of the film exhibits a
large amount of the Pr;O;5 phase while a small amount of to the PrgO:¢ species is still
present. Hence, we assume that the v desorption signal is caused by the transition PrgOq4
—Pr;Oqs.

The sample quenched after the last desorption peak ¢ exhibits small remains of the Pr;O15
phase while the majority of the film consists of a non-stoichiometric phase. Based on Vegards
law the stoichiometry of PrOq g4 is estimated via the pseudo-cubic lattice parameter. These
result implies that the film is not fully reduced and further diffraction peaks are expected at
higher temperatures. Thus, after the desorption process characterized by the 6 TPD peak

a non-stoichiometric but metastable phase is generated. Various of these phases are also



reported for powder samples.?® Obviously the metastable phase PrO; ¢4 is quite stable since

higher desorption temperatures are necessary to form completely reduced PryO3.

This results may also be an effect of the temperature ramped in our experiment by 1 K/s.
In comparison, Gevers et al.>® showed that PrO,_, films can almost completely be reduced
to PryOj for isothermal desorption (ITD) performed for 30 min at 573 K. Note, the samples
investigated in this study are in contrast to our study not free of surface contamination
which could influence the reduction behavior. The study also reports the lateral depinning
of praseodymia films from the low temperature lateral structure close to hex-PryO3 to larger

values.

In summary, quenching the samples after every characteristic desorption peak we mostly
observe the lateral coexistence of two separate phases making it very difficult to form single
phase praseodymia films. Obviously, the thermal budget to reduce the PrO,, (zr=1.71-1.83)
phases is very similar so that the transition from one phase to another can not be completed
before a third phase starts to grow. This is a consequence of the narrow stoichiometric

window of PrO, (x= 1.71 - 1.83) exhibiting various phases with similar oxygen content.

IV. CONCLUSION

The presented study correlates the structural changes of a thin praseodymia film with the
release of molecular oxygen at the surface. The first process leading to the desorption peak
o’ in the TPD spectrum has the strongest impact regarding the structural changes and the
oxygen release at the surface. The previously reported exclusive lateral hexagonal pinning
is clearly breached during this oxygen release. Furthermore, we attribute the different des-
orption peaks to the several phase transitions. This gives the opportunity to study distinct
praseodymia phases which is a prerequisite for understanding and tuning the selectivity and
activity of the model catalyst. Our detailed Bragg peak analysis showed that mostly not
single phases are formed after characteristic desorption peaks are reached. Therefore, it
has to be taken into account that similar to the powder studies it is very difficult to pre-
pare single phase films. In future catalysis studies it has to be considered that in case of
non-equilibrium preparation phases can only stabilized in coexistences. Thus, tuning of the

catalytic reactions may be quite challenging.
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