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Abstract

Zirconia is an oxide material used in many industrial applications, ranging from
dental implants and catalysis to solid oxide fuel cells. In all these �elds, surface inter-
actions play a major role for functionality. In this thesis, zirconia surfaces are studied
using the surface science approach; zirconia model systems are prepared and stud-
ied in ultrahigh vacuum using �lms with a thickness of one layer (“ultrathin”) and
several layers (“thin”). �e small thickness is necessary to achieve electronic con-
ductivity as zirconia is an insulator with a band gap of & 5 eV. �e �lms are studied
with a multi-technique approach, combining scanning tunneling microscopy, x-ray
photoelectron spectroscopy, temperature-programmed desorption, low-energy elec-
tron di�raction, and Auger electron spectroscopy.

Four methods for zirconia �lm growth are investigated in this thesis: Oxidation of
zirconium alloys, growth on metallic substrates using ultrahigh-vacuum-compatible
spu�er deposition, chemical vapor deposition of Zirconium (IV) Tert-Butoxide (ZTB),
and oxidation of Zr(0001) single crystals.

Gas adsorption and desorption studies of water, methanol, CO, CO2, O2, and Kr
were conducted on previously well-examined ultrathin zirconia �lms on Pt3Zr(0001).
�e main part focussing on water found primarily molecular adsorption; dissociative
adsorption occurs at a limited number of sites. By comparison with near-ambient
pressure measurements on powder samples, these results show the validity of ul-
trathin zirconia as a zirconia model system.

Spu�er-deposited zirconia �lms of �ve monolayer thickness were studied mainly
on Rh(111) substrates, but also on Pt(111) and Pt3Zr(0001). �ese �lms could be stabil-
ized in two phases: tetragonal and monoclinic zirconia. At low annealing temperat-
ures (< 730 ◦C), tetragonal zirconia was stable due to ≈ 2% oxygen vacancies present.
�ese lead to a shi� of the electronic levels of the material due to band bending in-
duced by positively charged oxygen vacancies. Fully transformed monoclinic �lms
were found above 850 ◦C. �e transformation was accompanied by dewe�ing, which



led to holes down to the Rh(111) substrate. �is allowed for oxygen dissociation
and full oxidation of the �lm. �e �lms could also be fully oxidized by depositing a
catalyst on top of the �lm. In both cases, the shi� of the electron levels was reverted.

�e third part of the thesis investigates the behaviour of zirconia in terms of the
strong metal-support interaction (SMSI). �is process is known from catalysis for
reducible oxides, but the existence for the hardly reducible zirconia was unclear. It
is shown that upon annealing zirconia �lms under reducing conditions, an ultrathin
�lm covered the metal support — the typical SMSI behaviour.

Finally, a proof of principle for the growth of zirconia via chemical vapor depos-
ition on Pt(111) is discussed, and the reason why the oxidation of Zr(0001) single
crystals does not lead to stable zirconia �lms.



Zusammenfassung

Das Material Zirconiumdioxid (Zirconia) kommt in verschiedensten Industriesparten
zum Einsatz. Die Anwendungsbereiche reichen von Zahnimplantaten über Kata-
lyse bis hin zu Festoxidbrennsto�zellen (solid oxide fuel cells, SOFCs), wobei Wech-
selwirkungen an Ober�ächen in jedem dieser Gebiete eine wichtige Rolle für die
Funktionalität spielen. In dieser Dissertation werden Zirconiaober�ächen mi�els
ober�ächenphysikalischer Untersuchungsmethoden studiert. Dabei werden einla-
gige (“ultradünne”) oder mehrlagige (“dünne”) Zirconia-Modellsysteme in Ultrahoch-
vakuum präperiert und mi�els mehrerer Messmethoden untersucht: Rastertunnel-
mikroskopie (STM), Röntgen-Photoelektronenspektroskopie (XPS), thermische De-
sorptionsspektroskopie (TPD), Beugung niederenergetischer Elektronen (LEED) so-
wie Augerelektronenspektroskopie. Solch dünne Schichten sind notwendig, weil Zir-
conia eine Bandlücke von & 5 eV aufweist und damit zu den Nichtleitern zählt.

In dieser Dissertation werden vier Methoden zum Wachstum dünner Schichten
untersucht: Oxidation von Zirconiumlegierungen, Wachstum auf metallischen Sub-
straten via ultrahochvakuumkompatibler Spu�erdeposition, chemische Gasphasen-
abscheidung (CVD) aus Zirconium (IV) Tert-Butoxid (ZTB) sowie Oxidation von
Zr(0001)-Einkristallen.

Gasadsorptions- und Desorptionsstudien von Wasser, Methanol, CO, CO2, O2 und
Krypton wurden auf wohlde�nierten ultradünnen Zirkoniaschichten auf Pt3Zr(0001)
durchgeführt. Wasser adsorbiert hauptsächlich molekular, dissoziative Adsorption
tri� nur auf speziellen Adsorptionsplätzen auf. Die Gültigkeit dieses Systems als
Modellsystem für reale Zirconiaanwendungen wurde durch den Vergleich mit Mes-
sungen nahe an Atmosphärendruck an Zirconiapulver überprü�.

Aufgespu�erte Zirconiaschichten mit einer Dicke von fünf Monolagen wurden
hauptsächlich mit Rh(111)-Einkristallen als Substrate durchgeführt. Messungen auf
Pt(111) und Pt3Zr(0001) werden ebenfalls präsentiert. Solche Schichten konnten in
zwei ZrO2-Phasen stabilisiert werden, tetragonal und monoklin. Bei niedrigen Heiz-



temperaturen (< 730 ◦C) ist tetragonales Zirconia durch ≈ 2% Sauersto�fehlstellen
stabilisiert. Diese führen zu einer Verschiebung der elektronischen Zustände, die von
positiv geladenen Sauersto�fehlstellen erzeugt wird. Oberhalb von 850 ◦C konnte
monoklines Zirconia stabilisiert werden. Die Phasentransformation fand zur selben
Zeit wie ein Au�rechen der Oxidschicht sta�, welches Sauersto�dissoziation auf
dem Rhodiumsubstrat und damit die vollständige Oxidation der Schicht ermöglicht.
Es wurde eine weitere Möglichkeit für die vollständige Oxidation der Oxidschicht
gefunden: Das Au�ringen eines Katalysators direkt auf dem Zirconia�lm. In beiden
Fällen wurde die Verschiebung der elektronischen Zustände aufgehoben.

Im dri�en Teil dieser Dissertation wird das Verhalten von Zirconia im Sinne der
sogenannten “strong metal-support interaction” (SMSI) untersucht. Dieser aus der
Katalyseforschung bekannte Prozess ist für reduzierbare Oxide verstanden, doch
das Verhalten von kaum reduzierbarem Zirconia war nicht eindeutig bekannt. Es
wird gezeigt, dass unter reduzierenden Bedingungen ein ultradünner Film über dem
Metallsubstrat wächst, was dem typischen SMSI-Verhalten entspricht.

Zuletzt wird das grundlegende Wachstum von Zirconia via chemischer Gaspha-
senabscheidung gezeigt, sowie die Gründe diskutiert, warum die Oxidation von Zr
(0001)-Einkristallen nicht zu stabilen Zirconiaschichten führt.
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Chapter 1

Introduction

1.1 Properties and Application

Zirconia (ZrO2, zirconium dioxide) is a ceramic material with a band gap of > 5 eV [1]
and is therefore considered a perfect insulator. By doping zirconia with various ma-
terials (e.g., MgO, La2O3, and most importantly, Y2O3), a large range of interesting
properties emerges [2]. Zirconia has a high resistance to acids and alkaline solu-
tions [3], and a high thermal stability with a melting point of 2710 ◦C [4,5] combined
with low thermal conductivity [6]. Furthermore, zirconia is known for its high tough-
ness in the form of partially stabilized zirconia (PSZ) [7], see below. �e number of
interesting technical properties o�ered by zirconia make it versatile enough to be
of interest in a broad set of industrial �elds; zirconia is used as catalyst support [8]
and catalyst [9], as a refractory ceramic [6, 10, 11], and as a dental implant material
due to its good biocompatibility [12, 13]. A large amount of zirconia, 300 t/year, was
used for diamond substitues already before the turn of the millenium [14]; an op-
tical distinction between diamond and zirconia is di�cult because of the high band
gap of zirconia, as well as similar dispersion and refractive index. (Jewelers rely on
thermal conductivity measurements.) Zirconia was also discussed as a gate dielec-
tric in semiconductors due to its high dielectric constant κ; nowadays, HfO2 (which
is very similar to ZrO2) is favored [15]. Chemically doped zirconia (mostly y�rium-
doped, then known as y�ria-stabilized zirconia, YSZ) is heavily used as solid-state
electrolyte in solid oxide fuel cells (SOFCs) [16] and gas sensors [17]. While the ma-
terial is an electronic insulator up to high temperatures, it can conduct oxygen (and,
thereby, electric charge) via vacancy di�usion, which forms the basis for using zir-
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conia as an electrolyte. As the intrinsic concentration of oxygen vacancies (VOs) in
ZrO2 is very low even at high temperatures and reducing atmosphere, additional VOs
are introduced by chemical doping with trivalent elements such as y�rium.

Natural deposits of ZrO2 (in the form of baddeleyite, see section 1.2), are not very
common. �e most abundant source for Zr is zircon (ZrSiO4), which can be found
alongside other heavy minerals such as TiO2. In nature, such heavy minerals are
split from lighter materials by sand deposition following erosion, and are therefore
found in river deltas and at beaches. Zircon is mostly mined as a side product during
Ti ore production [3]. Zirconia mining is mainly conducted in Australia and South
Africa, with an estimated yearly production of 600 t and 400 t, respectively, in the
year 2017 [18]. Worldwide production rose from about 900 t in 1997 [19] to 1600 t in
2017 [18].

1.2 The Many Forms of Zirconia

Excerpts of this chapter have been published in Ref. 24, which includes a detailed
introduction into zirconia and zirconia surface studies.

Depending on temperature or dopant concentration, zirconia exhibits three stable
bulk structures at atmospheric pressure: For pure, stoichiometric ZrO2, the cubic
structure (c-ZrO2, �uorite la�ice) can be found above 2377 ◦C. At lower temperat-
ures the tetragonal phase (t-ZrO2) is stable above 1205 ◦C, and �nally monoclinic
ZrO2 (m-ZrO2, also known as baddeleyite) is found at room temperature [4]. �ese
phases are shown in Figure 1.1a. While all these phases are related to the cubic �uor-
ite structure, pure c-ZrO2 does not exist at room temperature due to the small O–O
distance imposed by the short (strong) Zr–O bonds (dO−O ≈ 256 pm for hypothetical
room-temperature c-ZrO2 [20]). �e average O–O distance can be increased by shi�-
ing the O atoms alternatingly up or down in [001] direction, leading to the tetragonal
phase (dO−O ≈ 260 pm), which, however, is still unstable for pure, stoichiometric ZrO2
at room temperature. Upon transformation to m-ZrO2, Zr–O bonds are broken, the
coordination of Zr changes from 8 to 7, and for half of the O atoms the coordination
is reduced from fourfold (tetrahedral) to threefold (planar); the volume increases by
≈ 5%. �ese changes substantially increase the average O–O distance, while the Zr–O
bonds remain short. �e Zr-Zr distances are large for all phases and therefore do not
hinder any transformations.
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�e tetragonal and cubic phases can be stabilized at room temperature by intro-
ducing VOs, which can be achieved by doping with e.g. y�ria [4, 25–27]. Additonal
VOs increase the average dO−O, thereby stabilizing otherwise instable phases. Y2O3
concentrations above ≈ 8 mol% (corresponding to Zr0.85Y0.15O1.93) stabilize the cubic
phase (y�ria-stabilized zirconia, YSZ). At lower dopant concentrations one �nds mix-
tures of cubic and tetragonal, or cubic and monoclinic zirconia, known as partially
stabilized zirconia (PSZ) [7]. �e lower doping limit is 1.5–2 mol% Y2O3, where the
monoclinic phase remains stable [28]. �e tetragonal phase is also found in pure
nanoscale ZrO2 at room temperature; while this was initially a�ributed to its favor-
able surface energy [10], newer works rather point towards a stabilization by VOs
instead [26, 27].

Figure 1.1b shows the surface termination of c-ZrO2(111) and the corresponding
lowest-energy terminations of the other phases. Despite the distortions with respect
to c-ZrO2, all these surfaces are non-polar. �e cubic phase exhibits a hexagonal
(1 × 1) structure. �e shi�ed O columns in the tetragonal phase lead to a (2 × 1)
unit cell w.r.t. the cubic phase. As a result of the di�erent unit cell, the (111) face of
cubic ZrO2 becomes (101) in the tetragonal phase. �e monoclinic phase features a
distorted (2 × 2) surface unit cell (again, w.r.t. c-ZrO2). For this la�er phase, density
functional theory (DFT) calculations predict that the (111) surface has the lowest
surface energy [29]; in contrast to (111), it has only one (instead of two) surface O
with twofold coordination per unit cell (marked by an asterisk in Figure 1.1b).

Apart from the above-mentioned structures, several orthorhombic high-pressure
phases of zirconia exist; some of these are metastable at ambient conditions [30].
Recently, the orthorhombic phases of ZrO2 and mixed ZrO2/HfO2 have received in-
creased a�ention as candidate materials for ferroelectric memory devices [31]. Sim-
ilar to monoclinic ZrO2, these orthorhombic phases are based on distortions of the
cubic �uorite structure, again having 7-fold coordinated Zr and O with 3-fold and
4-fold coordination [32, 33]. When cut along a direction equivalent to c-ZrO2(111),
the most common orthorhombic I and II phases would exhibit a (2 × 2) or (2 × 4)
surface unit cell with respect to the cubic phase, respectively.
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1.3 Previous Experimental Studies

In spite of its technological importance, zirconia has received surprisingly li�le a�en-
tion from the surface-science community. �is is partly due to its insulating nature,
as most surface-science methods rely on electronic conductance, e.g., scanning tun-
neling microscopy (STM), low-energy electron di�raction (LEED), or x-ray photo-
electron spectroscopy (XPS). Furthermore, the phase transitions make it impossible
to grow a ZrO2 single crystal from the melt. �is second limitation does not exist
for cubic YSZ, where single crystals are readily available and inexpensive. Morrow
et al. [34] used a YSZ single crystal for high-temperature STM studies; this work was
conducted at ≈ 300 ◦C to ensure su�cient conductivity. While atomic resolution was
achieved, this approach is limited to high temperatures, and due to Y segregation the
surfaces had a rather high Y concentration [35]. In our group, measurements on YSZ
single crystals at room temperature were tried to no avail; even a�er extreme reduc-
tion treatment, a�er which XPS showed metallic Zr and the crystal turned black, tip
approaches for STM measurements failed.

Several groups have followed a di�erent approach and used monolayer- and few-
monolayer-thick �lms of pure zirconia as model systems. Meinel et al. [36–38] per-
formed STM studies on up to 10 ML-thick zirconia �lms that were deposited onto
Pt(111) via physical vapor deposition (PVD) of Zr in an O2 atmosphere. �eir work
had been built on a previous LEED study by Maurice et al. [39], but involved an-
nealing at higher temperatures. Depending on �lm thickness and annealing temper-
ature, Meinel et al. found a large number of superstructures in LEED and STM. It
must be noted that �lms as thick as 10 ML broke up upon annealing and eventually
dissolved in the Pt substrate, so it is not straightforward to decide which structures
should be assigned to the multilayer �lms and which ones to Pt-Zr or Pt-Zr-O struc-
tures. Nevertheless, it is clear that the initial structures were based on ZrO2(111),
with a ZrO2(111)-(2 × 2) LEED pa�ern w.r.t. cubic ZrO2. (In LEED, a (2 × 2) pat-
tern can also originate from three domains of a (2 × 1) pa�ern.) Also, spots inter-
preted as ZrO2(111)-(1 × 1) rotated by ± 6.6◦ w.r.t. Pt(111) a�er 3 min of annealing
at 680 ◦C can be a�ributed to the ZrO2 �lms. Submonolayer �lms exhibited (5 × 5)
and (

√
19 ×
√

19)R36.6◦ superstructures with respect to Pt(111) [40]; the la�er struc-
ture also appeared when thicker �lms were annealed at high temperatures. Possibly
those formed at areas where the thicker ZrO2 �lm had disappeared. STM indicates
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the presence of a band gap at least for �lms ≥ 2 ML and density functional theory
(DFT) indicates that bulk-like band gaps are reached at 5 ML [37].

A further approach to zirconia model systems is the growth of ultrathin zirconia
�lms by oxidation of alloy single crystals as �rst shown by Antlanger et al. [41]. Two
substrates were used: Pt3Zr(0001) [41, 42] and Pd3Zr(0001) [43]. By annealing these
crystals at 400 ◦C in O2, disordered zirconia formed, which consumed Zr from the
top layers of the alloy. In the case of Pt3Zr, Zr di�usion is slow, so the interface was
essentially pure Pt(111). For Pd3Zr, Zr di�uses from the bulk to the surface layers
and a Pd:Zr ratio of close to 3:1 is found in XPS [43]. By annealing at 900 ◦C in UHV,
the disordered zirconia transformed to an ordered monolayer corresponding to one
O–Zr–O trilayer repeat unit of ZrO2(111). For ZrO2/Pt3Zr, the �lm exhibited the
same (

√
19 ×
√

19)R23.4◦ superstructure (this rotation angle is equivalent to 36.6◦) as
found in previous studies of zirconia on Pt(111) by Meinel et al. [38, 40], con�rming
that this structure on Pt(111) likely corresponded to an ultrathin �lm. ZrO2/Pd3Zr
formed an O–Zr–O trilayer with an almost identical in-plane la�ice constant (both
0.35 nm) and a large (

√
217 ×

√
217)R10.16◦ superstructure cell. Both, STM meas-

urements and DFT calculations indicated a substantial buckling of the �lms. �ese
alloy-based, ultrathin zirconia �lms were successfully used as model systems for sur-
faces of bulk ZrO2 in metal growth [44] and water adsorption [45] studies.

�in zirconia �lms can also be grown by atomic layer deposition (ALD) using the
precursor zirconium (IV) tert-butoxide (ZTB). While this technique is typically used
in industry [46] and not in UHV studies, it was successfully applied to deposit sub-
monolayer coverages of ZrO2 on Pd(111) [47, 48] and Cu(111) [49]. However, it re-
mains to be seen whether this method can be used to grow atomically �at zirconia
�lms with a thickness of several monolayers.

1.4 Overview

In this thesis, all three of the above-mentioned model system approaches are invest-
igated, plus a new a�empt with Zr(0001) single crystals:

• ultrathin zirconia trilayers grown by oxidation of Zr-alloy single crystals
(chapter 3),

• several-ML-thick �lms grown on metallic substrates using an ultrahigh va-



Overview 7

cuum (UHV)-compatible spu�er source (chapter 4 and 5),

• ultrathin trilayers deposited on Pd(111) via chemical vapor deposition (CVD)
of zirconium(IV)-tert-butoxide (ZTB), and

• zirconia �lms grown by oxidation of a Zr(0001) single crystal (a non-fruitful
a�empt)

In chapter 2 the UHV systems used in the investigations are presented, as well as the
Zr spu�er source used for deposition of several-monolayer-thick ZrO2 �lms. Addi-
tionally, the experimental methods used in this thesis are discussed. In chapter 3,
details on adsorption on ZrO2-trilayers on Pt3Zr are discussed. �e main focus lies
on TPD and XPS measurements of adsorbed water, but additional measurements on
methanol, CO, CO2, O2, and Kr are presented. Chapter 4 presents a detailed study
of several-monolayer-thick zirconia �lms on (mainly) Rh(111), but also Pt(111) and
Pt3Zr(0001). Both, the surface structure and electronic states are investigated in de-
tail. In chapter 5, the existence of the strong metal-support interaction (SMSI) is
shown for ZrO2/Rh(111) and Pt(111): ultrathin ZrO1-x �lms grow between zirconia
islands upon annealing in UHV and are stabilized by alloyed Zr in the substrate.
Chemical vapor deposition of zirconia on Pd(111) is explored in chapter 6. Chapter 7
documents the failed a�empt of using Zr(0001) as a zirconia growth substrate. Pre-
viously found structures are a�ributed to impurities. In chapter 8, a conclusion and
outlook are given.





Chapter 2

Experimental Setup and Methods

2.1 Ultrahigh-vacuum Chambers

�e experiments presented in this work were conducted in three di�erent experi-
mental setups in the labs at TU Wien, which are presented below. �e sample pre-
paration is explained in each chapter separately.

2.1.1 Room-Temperature STM Chamber - ”RT-STM”

�e UHV system comprises two chambers, one for sample preparation and one for
analysis. �e preparation chamber (base pressure below 1 × 10−10 mbar) contains an
ion source for Ar+ spu�ering and an electron-beam heater for cleaning of the single
crystals, as well as a home-built, UHV-compatible spu�er source for deposition of
Zr [50], see chapter 2.2. (We have used 99.999% Ar for all spu�ering purposes (CAN-
gas, www.messergroup.com).) �e thermocouple for temperature measurement is
a�ached to the �xed part of the sample holder — the measured temperature can there-
fore di�er from the sample surface temperature by more than 100 ◦C atT > 800 ◦C.
�is large di�erence stems from the sample heating setup, where the electron beam
used for heating is directed through a hole in the sample plate at the back of the
sample. �e temperature di�erence for samples without a hole in the sample plate
is much lower. At temperatures above 700 ◦C, radiation in the visible spectrum is
strong enough for temperature calibration using a disappearing-�lament pyrometer.
Lower temperatures are derived from the high-temperature values by linear extra-
polation. We estimate the temperatures given in this thesis to be accurate within
±30 ◦C. Table A.1 in the appendix lists the thermocouple temperatures TTC and the
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respective estimated, real temperaturesTreal for all crystals used in the RT-STM cham-
ber. �e analysis chamber (pbase < 7× 10−11 mbar) houses an Omicron micro STM for
room-temperature tunneling microscopy (thus the name of the chamber), LEED op-
tics (VSI Er-LEED), and spectroscopy capabilities: A hemispherical electron energy
analyzer (Specs Phoibos 100, �ve channels, with iris) for XPS and ISS measurements,
as well as an AES cylindrical analyzer with built-in electron gun (Perkin Elmer 10-
155). For XPS, a non-monochromatized x-ray source is available. In this work, a Mg
Kα (hν = 1253.6 eV) anode is used (with the exception of chapter 3, see section 2.1.3).
XPS data were recorded with an angle of emission 15◦ o�-normal, in medium mag-
ni�cation mode with an iris diameter of 15 mm, Epass = 16 eV or 30 eV for detail and
overview spectra, respectively. A few spectra in this thesis were acquired with a pass
energy of 30 eV using an older hemispherical analyzer (Specs EA10 plus) previously
mounted to the same chamber. (�ese spectra are marked in the �gure caption.) �e
whole system is suspended on springs for vibration damping.

For all STM measurements in the RT- and the LT-STM chamber, etched W tips
were used, cleaned by Ar+ spu�ering and conditioned by voltage pulses on a Au(110)
crystal. All STM images showing atomic la�ices or well-ordered superla�ices were
corrected for piezo dri� as described in Ref. 43.

2.1.2 Low-Temperature STM Chamber - ”LT-STM”

�is UHV system consists, similar to the system described above, of two UHV cham-
bers that are connected via a gate valve. One chamber is meant solely for low-
temperature STM and houses an Omicron LT-STM cooled by a bath cryostat for LN2

or LHe cooling; the base pressure is below 1.5×10−11 mbar. During the measurement
the sample was cooled to 78 K (LN2 temperature) unless otherwise stated. �e second
chamber, a combined preparation and analysis chamber, contains a spu�er gun and
an electron-beam heating stage for cleaning samples, LEED optics (Specs ErLEED),
as well as a hemispherical electron analyzer (Specs Phoibos 100, 5 channel setup, no
iris) for XPS measurements. In this thesis, only the STM is used. �e base pressure
of the second chamber is 4 × 10−11 mbar.
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2.1.3 TPD Chamber

Temperature-programmed desorption (TPD) and x-ray photoelectron spectroscopy
(XPS) measurements were performed in a µ-metal UHV chamber described in all de-
tails elsewhere. [51] �is system features a LHe �ow cryostat (Janis ST-400), which
can cool the sample to≈ 20 K. �e base pressure in the chamber was below 10−10 mbar.
Typically, samples are mounted on special sample plates that are then connected
to the cryostat. For the measurements presented in chapter 3, a Pt3Zr(0001) single
crystal (6 mm diameter) was wrapped with Ta ribbons at the circumference; these
were spot-welded to thicker Ta wires leading directly to the cryostat to ensure good
thermal contact. A K-type thermocouple was spot-welded directly to the backside of
the crystal for accurate temperature measurements, and no sample plate was used.
�e chamber includes a molecular-beam setup for precise gas dosing with a sharp
top-hat pro�le in a circular area with a diameter of 3.2 mm [51]. �is allows us to
perform TPD and XPS measurements with water sticking exclusively to the center
of the crystal surface; there is no in�uence from water on the Ta ribbons or from the
edges of the crystal. Furthermore, the molecular beam provides accurate gas doses.
Since the sticking coe�cient equals unity at low temperatures, the coverage can be
given in monolayers de�ned as molecules per Zr atom in the oxide �lm. For XPS,
a monochromatised Al Kα (1486.7 eV) x-ray source was used in combination with a
SPECS Phoibos 150 hemispherical analyzer (nine channels). All XPS measurements
were done at 100 K and in normal emission, medium area mode and Epass = 20 eV.
TPD measurements were conducted using a HIDEN HAL 3F PIC quadrupole mass
spectrometer. Samples were cleaned by Ne+ spu�ering and annealing.

2.2 UHV-compatible Zirconium Spu�er Deposition

Source

�is chapter is based on a published article, Ref. 50. �e chapter, however, contains
additional data and information.
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2.2.1 Motivation

Growth of (ultra-)thin �lms for surface-science experiments in an ultrahigh-vacuum
(UHV) environment is usually performed by evaporation, using resistive heating for
low to medium temperatures and electron-beam evaporation for materials that re-
quire high temperatures for evaporation. For materials that reach a su�ciently high
vapor pressure below or at the melting point, electron-beam evaporation from a rod
is the method of choice, having the advantage that the material is not in contact with
anything that could be a source of contaminations. Other materials require temper-
atures well above the melting point for su�cient vapor pressures. When the end of a
rod gets heated to such a high temperature, a droplet would form and detach from the
rod. �us, such materials (e.g., Al, Au, Sn, Pb) are usually evaporated from crucibles.
�is requires that the material must not react with the crucible at high temperatures.
�e crucibles of large electron-beam evaporators (kilowa� range) can be cooled while
the melt is at higher temperatures, but this is not the case for the small evaporators
typically used in surface science, where the electrons impinge on the crucible, not
the melt. Zirconium is a particularly notorious material for evaporation; it has a va-
por pressure of only ≈ 4× 10−5 mbar at the melting point (≈ 1850 ◦C), corresponding
to evaporation of about two monolayers (ML) per second; the deposition rate at the
substrate is typically lower by four orders of magnitude. �us, evaporation from
rods is very slow. Zr forms eutectic alloys with the refractory metals Mo, Ru, Ta, W,
Re, and Ir, which precludes the use of metal crucibles. Zr also reacts with graphite
crucibles. Fortunately, these problems are not relevant for spu�er deposition.

In many cases, a further advantage of spu�er deposition, compared to evapora-
tion, is be�er layer-by-layer growth of the �lms. One reason for improved growth
is the higher kinetic energy of the spu�ered atoms (few eV compared to sub-eV for
evaporated atoms) and also the presence of other energetic particles during spu�er
deposition [52]. Compared to evaporation, additional advantages of spu�er depos-
ition are the possibility to grow compounds with the �lm composition being close
to that of the spu�er target, and be�er stability and reproducibility of the deposition
rate compared to most UHV evaporators.

Conventional magnetron spu�er sources using a gas discharge typically operate
at pressures between 10−3 and 10−2 mbar and deposition rates of nanometers per
second, which is hard to reconcile with UHV surface-science experiments. A way out
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Figure 2.1: Cross sections and equipotential lines (ignoring space-charge e�ects) of (a)
the original spu�er source design by Mayr et al. [53, 54] and (b) the design presented in
this work. Schematic particle trajectories are shown in (c). �e light-red shading shows
the region where the electron energy exceeds 50 eV; this is roughly the volume where
e�cient ionization of Ar is possible. Equipotential lines are drawn in 50 V intervals for
positive and 500 V intervals for negative voltages.

is using a standard UHV-type ion source for spu�ering and collecting the spu�ered
material at the substrate [52, 55, 56]. �is technique is sometimes referred to as ion-
beam spu�er deposition (IBSD) and requires a special setup of the vacuum cham-
ber. To circumvent the rather low deposition rates achieved with standard (electron-
impact ionization) UHV ion sources, high-current ion sources such as duoplasmatron
or Kaufman sources can be used [55, 56]. A much simpler approach is a dedicated
UHV-compatible spu�er deposition source, as recently designed by Mayr et al. for
deposition of Zr [53,54]. �is source was also found to be useful for oxides, e.g. ZrO2
or YSZ (y�ria-stabilized zirconia). As there is no gas discharge involved, this type of
deposition source can be operated at much lower Ar pressures than magnetrons.

�e design by Mayr et al. [53] comprises a �lament at ground potential emi�ing
electrons with a current of ≈ 150 mA and a grid at +300 V collecting the electrons.
When the vacuum chamber is back�lled with Ar, Ar+ ions created by electron-impact
ionization are accelerated onto the spu�er target biased at −2 keV. At an Ar pressure
of 10−4 mbar, an ion current of 50–100 µA at the target was obtained [53]. A closer
analysis of the design reveals, however, that the electron cloud ionizing the Ar gas
[light red in Figure 2.1a] is mainly at the front side of the grid, where the �lament
is placed, and at the periphery. �e Ar+ ions generated there bombard the shield
at the top side of the spu�er source and the surrounding vacuum chamber, which
may cause deposition of unwanted material onto the substrate and target as well
as desorption of molecules into the residual gas. �e maximum kinetic energy of
the Ar+ ions, when impinging on grounded surfaces, is given by the grid voltage
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(300 eV). At the other side of the grid, facing the target, the electrons are repelled by
the negative high voltage of the target, so ionization is possible only in a rather small
volume close to the grid. Ar+ ions created at this side of the grid near the axis are
accelerated to the target for spu�ering (the desired e�ect). It should be noted that the
number of ions impinging near the target center could be optimized by placing the
target somewhat further away from the grid than shown in Figure 2.1a; the design
in Figure 2.1a is a compromise between optimum spu�ering and su�cient heating
of the target by thermal radiation from the �lament (which is required for spu�ering
of materials that are insulating at room temperature, such as YSZ) [57].

2.2.2 Description of the Source

Two-Grid Design

�e problem of only a small fraction of the ionized Ar impinging onto the target can
be avoided by using our new design, which features two grids instead of one. �e
design is shown in Figure 2.1b; grids are thin dots in the cross section, only the grid
holder rings appear as thick dots. In the region between the two grids, the electric
�eld directs Ar+ ions in the direction towards the target, and the concentric shape
of the grids ensures good focusing onto the central area of the target. Nevertheless,
some Ar+ ions are also created at the other side of the front grid; these ions bombard
either the housing of the source or the substrate, yet only at a maximum energy set by
the front grid voltage, see Figure 2.1c. Compared to the original one-grid design [53],
the e�ciency of the two-grid source is signi�cantly be�er: With grid voltages of +300
and +200 V for the front and rear (target-side) grid, respectively, a target current of
66 µA can be achieved with an emission current of 22 + 12 mA (values at the front
and rear grid, respectively). �is is roughly a quarter of the emission current needed
for the same ion current in the one-grid design, at a much lower Ar gas pressure in
the UHV system. We used a pressure of 9 × 10−6 mbar Ar in the vacuum chamber.
As the Ar leak valve is connected to the inside of the source housing, the pressure in
the source is 27 times higher, about a factor of 2–3 above the pressure used by Mayr
et al. (≈ 10−4 mbar in the UHV chamber, equal to the pressure in the source [53]).
�e ratio of source and chamber pressures can be determined either from the ratio
between the pumping speed and conductance of the ori�ce or from comparing the
target current with Ar supplied to the source and that obtained by back�lling the
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Figure 2.2: Dependence of the spu�er current at the Zr target on the Ar pressure. Above
2.5 × 10−5 mbar, the e�ciency decreases, see ��ed lines.

chamber with Ar from a leak valve not connected to the source. �ese two values
agree very well (< 3 % di�erence).

We can also use lower grid voltages of +150 and 100 V, as shown in Figure 2.1b.
�is requires a higher �lament current (2.4 A through a 0.15 mm diameter W wire)
and yields a target current of 66 µA at 27 mA emission current (thereof 18 mA into
the front grid and 9 mA into the back grid). At these conditions, the total power
dissipated by electron impact on the grids is only 3.6 W, compared to 45 W in the
original one-grid design. We have also tried higher gas pressures and found that the
ion current is proportional to the Ar pressure up to ≈ 2.5×10−5 mbar (corresponding
to≈ 7×10−4 mbar in the source), see Figure 2.2; at higher pressures, the e�ciency (ion
current at the target per emi�ed electron and gas pressure) decreases. We could not
determine the exact reason for this behavior; possibly it is related to the space charge
of the ions, i.e. the charge of the ionized gas starts having a signi�cant in�uence on
the potential landscape.
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Design Details

�e source region is enclosed by a housing cooled with liquid nitrogen (LN2). With
deposition of reactive metals (such as Zr) on the inner walls, there is also some
pumping of reactive residual-gas molecules (similar to a titanium sublimation pump),
which helps to ensure optimum purity of the �lms deposited. For less stringent pur-
ity requirements, the source could also be cooled by water. �e housing has the
shape of a tube with 24 mm inner and 36 mm outer diameter, made of a CuCrZr alloy
(CW106C) with good thermal conductivity (Figure 2.3). At the outside, this housing
has a groove tightly ��ing a stainless steel tube with 8 mm outer diameter (OD) for
cooling [Figure 2.3a]; a concentric inner tube (3 mm OD) transports the LN2 to the
closed end of the 8 mm tube. �e source housing is pressed against the LN2-cooled
tube; this tube also serves as support rod to �x the source on the base �ange. Tests
of a similar design revealed however that the heat conduction between steel tube
and housing is not su�cient to cool the housing if a �lament is run at even higher
power. A possible solution would be to add a thin Sn foil between tube and housing,
and melt it by running the source without cooling until ≈ 200 ◦C. It would be de-
sirable to add an additional thermocouple to the spu�er source design to determine
the temperature of the housing. �e end plate of the source at the front side has a
9 mm hole (ori�ce for the spu�ered material). �e back plate contains a high-voltage
feedthrough for the target voltage and the Ar gas inlet, connected by hydraulically
formed bellows to the weld in the base �ange where the tube from the leak valve
enters.

�e �lament is a loop of 0.15 mm W wire, spot welded to the supply wires (0.8 mm
Ta); the negative terminal of the �lament supply is at ground potential. �e grids
have the shape of spherical caps, with the center of curvature roughly in the center
of the target, to focus the Ar+ ions to the target center [see the bright erosion spot in
the center of the target in Figure 2.3a]. �is yields a uniform deposition rate on the
substrate, without vigne�ing. �e grids are made from 0.175 mm W wire spot-welded
onto rings (≈ 20 mm outer diameter) made from 0.8 mm Ta wire. A previous a�empt
to make the rings from stainless steel was unsuccessful; at high power (+300 V at the
front grid), the steel ring got hot enough to so�en and deform, �nally touching the
housing of the source. �e rings of the grids are held by fork-like arms (three per
grid); these protrude through the source housing and are held by ceramic insulators
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Figure 2.3: (a, b) Photos of the spu�er source (the hydrogen cracker also seen is unre-
lated to the function of the spu�er source). (a) Front view with the top cover removed;
note the bright eroded spot in the middle of the otherwise dark target, where the Ar+
ions are focused to (visible behind the grids). (c) Cross section through the housing at
the position of one of the insulated fork arms holding a grid.
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[Figure 2.3c]. Washers protect the insulators from spu�ered material sca�ered by the
Ar gas. For mounting the grids inside the housing, the grids have to be temporarily
held in position from the open end of the source housing, then the forks are inserted
radially from the outside. Spring plates (one of them marked in Figure 2.3) prevent the
forks from sliding back. For Zr deposition, the target is a disk of Zr metal (diameter
18 mm, thickness 1 mm) with 99.9% purity (HMW Hauner, Germany). �e target was
spot welded to a support rod at its back side; the rod is held by the high-voltage
feedthrough in the back plate of the source housing.

While the spu�er source is typically maintenance-free for long periods of time,
usually many months, a few problems are known to occur. Apart from breaking �l-
aments, the two grids can get shorted – to ground, typically. �e reason for this are
�akes of spu�er-deposited Zr detaching from the housing. �ese �akes can o�en
be removed without breaking vacuum by repeatedly applying high voltages to the
grids. If this is not successful, the source has to be removed from the chamber. As
assembly and disassembly is tiresome, one can �rst try removing the �akes by mech-
anical force: A wire can be carefully inserted between grids and housing to remove
�akes. Applying high voltages in air can also help by burning away Zr �akes. It
is furthermore suggested to scratch deposited Zr o� the housing walls every time
the source is accessible to prevent said problems; the resulting �akes can then be
removed by gently knocking the spu�er source against a hard object while turned
upside down.

�e source is placed on a DN63CF base �ange (4.5” outer diameter). �e base �ange
has DN16CF (1.25” outer diameter) ports for the electrical feedthroughs, the LN2 tube
and the Ar gas. As the source is rather compact (yet too spacious for a DN40CF
�ange), there is enough space for further components on the same base �ange. We
have added a hydrogen cracker similar to Refs. 58, 59; the housing of the H cracker
is cooled together with the spu�er source. In addition, for future extensions, there is
some space for mounting further sources, e.g. tiny crucibles for evaporation, at the
sides of the spu�er source (to make space, two sides of the source housing are milled
�at, as visible in Figure 2.3a.
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Figure 2.4: STM images of a Rh(111) surface a�er deposition of 0.35 ML of Zr with
front/rear grid voltages of (a) 300 V/200 V and (b) 150 V/100 V. Vacancy islands appear
as small black patches in the images, examples are pointed out by yellow arrows. �e
spu�er damage can be reduced drastically by reducing the grid voltages.

2.2.3 Evaluation of the Source

Deposition Rate

We can calculate the deposition rate F from the source by assuming a cosine (Lamber-
tian) angular distribution of the spu�ered atoms. Assuming an incident ion current
Isp, a spu�er yield Y , and r being the distance between the target and the substrate,
we obtain

F (r ) =
IspY

r 2π |e |
=

ItY

r 2π |e |(1 + γ ) (2.1)

for emission perpendicular to the target, which is the direction to the substrate (Fig-
ure 2.1). �e charge of the ions is |e |, and the factor (1 + γ ) in the denominator of
the last term accounts for the fact that the measured target current It is higher than
that of the incident ions (Isp) due to ion-induced electron emission, with γ being
the electron yield upon ion impact. Equation (2.1) neglects the e�ects of resonant
neutralization of fast Ar+ ions by collisions with neutral Ar. �is is justi�ed when
considering the short path of the Ar+ ions (1–2 cm). With a target current of 66 µA,
r = 50 mm, Y = 1.15 (for 2 keV Ar+ → Zr, Ref. 60), and γ in the range of 0.1–0.2
(consistent with the measured electron current at the substrate, see below), Eq. (2.1)
yields a deposited �ux F between 5 and 5.5 × 1012 atoms per cm2 and second.
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Since the deposition rate determined with a quartz crystal microbalance (QCM) is
not very accurate in this case (see below), we have determined the deposition rate
by submonolayer growth of Zr on a well-de�ned single-crystal substrate, Rh(111),
and determined the area covered by Zr islands by scanning tunneling microscopy
(STM). For an example of such a depositon, see Figure 2.4. (�e choice of Rh(111) is
arbitrary – any well de�ned single crystal on which Zr grows two-dimensionally can
be used.) To determine the deposition rate from the Zr-covered area AZr, we assume
that the density of Zr atoms σZr in the islands is equal to that in the basal plane of
Zr, 1.11 × 1015 cm−2. A simple calculation of the deposition rate

F (substrate) =
AZr/ASTM × σZr

tdep,Zr
, (2.2)

with the deposition time tdep,Zr then yields 4.5 × 1012 cm−2s−1. Considering the un-
certainty of the spu�er yield and the angular distribution, the agreement with the
value of 5.5 × 1012 cm−2s−1 (calculated from Eq. 2.1) must be considered excellent.
As the quantities in Eq. 2.1 are not expected to change with time, this also indicates
that the spu�er source should have excellent stability of the deposition rate, which
perfectly agrees with our experience (provided that the spu�er target is su�ciently
clean, which is usually the case a�er several minutes of operation). �e deposition
rate was found to also remain unchanged when the source is operated at an addi-
tional oxygen partial pressure of 10−6 mbar for growing ZrO2 �lms (we monitored
the reproducibility of the deposition rate by checking for completion of the 5th ZrO2
layer with STM; this should be accurate within a few percent).

To calculate the deposition time for a certain amount of (cubic) ZrO2-monolayers,
one simply has to take the number of Zr-atoms per zirconia monolayer σZr(ZrO2) and
cm2 and divide by the deposition rate:

tdep,ZrO2 =
σZr(ZrO2)

F (substrate)
, (2.3)

with σZr(ZrO2) = 8.91 × 1014cm−2 per zirconia layer, assuming a Zr-Zr distance of
360 pm. �e typical deposition time for a 5 ML-thick zirconia �lm is ≈ 17 min.
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Figure 2.5: (a–c) XPS of a clean Rh(111) surface and a�er deposition of 2.9 ML (0.74 nm)
Zr. (a) Overview spectrum. �e C 1s region (b) was measured with high sensitivity; the
range of typical carbon impurities (adventitious carbon and species with C–O bonds)
is indicated. �e detailed spectrum of the Zr 3d range (c) shows only metallic Zr (Zr
3d5/2 at 179.4 eV) as indicated by the �t; a slight shoulder to the le�, if any, has very low
intensity. Spectra obtained a�er Zr deposition in 10−6 mbar O2 [1.0 nm Zr corresponding
to 5 ML ZrO2(111)] show (d) the absence of (oxidized) tungsten and (e) only oxidic Zr
peaks. Analyzer pass energy (a) 20 eV (b) 50 eV (for increased count rate); in all other
spectra 16 eV.
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Purity of the Films

Figure 2.5a–c shows x-ray photoelectron spectra (XPS) of a clean Rh(111) surface
and immediately a�er deposition of 2.9 ML Zr with the spu�er source taken in the
RT chamber, see section 2.1.1. We de�ne 1 ML as the areal density of Zr in the basal
plane (1.11 × 1015 cm−2). �e Rh(111) substrate was at room temperature during
deposition, as is the case for all depositions discussed in this thesis. �e only im-
purity detectable is a small amount of oxygen, probably from oxygen implanted into
the Zr target or dissolved there during many previous experiments at 10−6 mbar O2

for growing ZrO2 �lms. �e C 1s region does not show any indication of carbon-
containing impurities; the small peaks found in this range a�er Zr deposition are
due to excitation of stronger lines by satellite lines of the x-ray source, as well as
Ru, which is an impurity in our Rh substrate [Figure 2.5b]. Zooming in onto the
Zr 3d lines shows only metallic Zr peaks [Figure 2.5c]. �e Zr 3d5/2 binding energy
of 179.4 eV is slightly higher than usually reported for pure Zr bulk (178.7–178.9 eV).
We a�ribute this peak shi� partly to the surface core level shi�, which is about half
an eV to higher BE for close-packed surfaces of the early 4d transition metals. [61,62]
A further contribution will come from interaction of Zr with Rh at the interface, as
Zr 3d5/2 energies of ≈ 179.6 eV are found for Zr alloys with Pt (Pt3Zr [42]). To some
degree, the shi� may be also related to interaction with oxygen impurities. In ad-
dition, curve ��ing cannot exclude an extremely weak shoulder to the le� (Zr 3d3/2

at 184–184.5 eV, corresponding to 3d5/2 at ≈ 182 eV), possibly also related to oxygen:
Ultrathin and bulk-like ZrO2 would have the Zr 3d5/2 peaks at 180.7, see chapter 5.2.3
and [42], and between 181.6 and 183.4 eV, respectively, see chapter 4.4.

Figure 2.5d,e shows spectra obtained a�er Zr deposition on Rh(111) at an additional
oxygen partial pressure of 10−6 mbar. At these conditions, a ZrO2 �lm grows, but
without post-annealing the oxide is poorly ordered. �e main peak at 183.3 eV is from
ZrO2 (typical for slightly reduced tetragonal zirconia, see chapter 4.4). �ere is also a
minor peak at 180.4 eV, which decreases with increasing �lm thickness, thus it must
come from Zr at the interface. As this peak does not disappear upon annealing under
oxidizing conditions, we a�ribute it to ZrO2, not to a lower oxidation state of Zr, in
agreement with DFT calculations that predict a lower Zr 3d binding energy at the
ZrO2-metal interface [42]. �is assignment is con�rmed in chapter 4.4. �e spectrum
shows no metallic Zr. Mayr et al. have reported that their source, when operated
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with O2 in the background gas, can lead to tungsten and tantalum impurities in the
�lms, presumably from formation of volatile oxides on the �lament and grid materials
(W and Ta, respectively; due to the high power these grids get very hot) [53]. We
also checked for tungsten impurities coming from the �lament or grid wires (in our
source, both are W). Figure 2.5d shows no indication of any W signal at the positions
where it was observed by Mayr et al. (dashed lines in the �gure). W would show a
sharp doublet there, superimposed on the broad Rh 4p Mg Kα3 + Kα4 satellite, thus
we can exclude such a problem for our source.

Ar+ Ion and Electron Emission

Apart from spu�ered target material, two types of particles are emi�ed from the
source [Figure 2.1c]: Ar+ ions and electrons. As mentioned above, Ar gas ionized in
the region above the front grid will not be accelerated towards the target but rather
to the end plate with the ori�ce or through the ori�ce, towards the substrate. �ese
ions can spu�er material from the inside of the source housing onto the target. For-
tunately, a�er short operation of the source, all the inside of the housing is covered
with target material, so there is no contamination of the target by wall material.
Some Ar+ ions (with energies in eV up to the voltage of the front grid) also reach
the substrate; these Ar+ ions will lead to mild spu�ering of the target. Indeed, in our
calibration experiments with spu�er deposition of Zr onto well-prepared Rh(111)
single crystals, we have observed the formation of vacancy islands in the Rh surface.
�e scanning tunneling microscopy (STM) images in Figure 2.4a show the vacancy
islands as small black patches. �ese vacancy islands can be explained only by sput-
tering of the sample, which happens in addition to the deposition of spu�ered target
material (Zr). In some cases, this e�ect can be desired (ion-beam assisted depos-
ition, IBAD) [52, 63]. Impingement of particles with energies above ≈ 150 eV leads
to an increased density of nuclei, which can promote layer-by-layer growth in some
cases [64]. A disadvantage of mild spu�ering is reduced accuracy of the deposition
rate due to mass removal. When growing oxides or compound materials, preferential
spu�ering will also alter the composition of the �lm. For the experiment shown in
Figure 2.4a, the grid voltages were 300 and 200 V for the front and rear grid, respect-
ively (Ar+ energies up to 300 eV). We usually choose grid voltages of 150 and 100 V.
In this case, the spu�er yield Y at the maximum ion energy (150 eV) is su�ciently
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low to avoid these problems (e.g., Y ≈ 0.34 for 150 eV Ar+→Rh, Ref. 60). �is is also
seen in Figure 2.4b, where only very few and small vacancy islands are found.

�e spu�er deposition source also emits electrons, which are liberated by ion im-
pact at the target, see Figure 2.1c. �ese electrons are accelerated to 2 keV by the
target voltage. �anti�cation of the electron current on the substrate is not easy, be-
cause only the sum of the electron and Ar+ ion current can be measured; the emission
of secondary electrons upon 2 keV-electron impact at the substrate further complic-
ates the problem. �e substrate current is given by

Isubstr = Iion + Iel(1 − δ ) (2.4)

where δ is the secondary electron yield for electron impact at the substrate (due to the
low ion energies, ion-induced electron emission from the substrate can be neglected).
We have studied this e�ect with a Pt(111) single crystal serving as substrate. In the
initial phase of the deposition, while the substrate was essentially uncovered, we
have measured a substrate current of IPt = 2.2 µA; with increasing Zr coverage it
was found to decrease to IZr = −1.2 µA. With these two values, and δ = 1.22 (0.51)
for Pt (Zr) at 2 keV [65], we obtain an electron current of

Iel = −
IPt − IZr
δPt − δZr

≈ −4.8 µA (2.5)

and an ion current of ≈ 1.1 µA. Eq. (2.5) contains the di�erence between two second-
ary electron yield values δ , which are not known with high accuracy; the exact value
of δ may also depend on the crystallographic properties of the material and electron
sca�ering in the layers below (Pt single crystal and Zr thin �lm in our experiment vs.
δ values of polycrystalline material in the literature). �us, some uncertainty of the
electron current is to be expected. �is uncertainty has a signi�cant impact on the
ion current, which is calculated as the di�erence of two larger quantities according to
Eq. (2.4). We have also tried to determine the secondary electron yields with a 2 keV
electron source from the di�erence between the sample current with and without a
positive 30 V sample bias, yielding δPt = 1.82 and δZr = 0.68. �ese values would res-
ult in Iel = −3.0 µA, but an (non-physical) negative ion current (−0.2 µA). �us, the
ion current cannot be determined with reasonable accuracy by this method. Based
on the spu�er damage observed by STM, we estimate that the ion current is actually
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in between these two values; i.e. a few tenths of a µA.
Due to the high kinetic energy of the electrons, they dissipate a power of ≈ 10 mW

at the substrate. �is is not an issue for most substrates, but it a�ects the reading
of a quartz crystal microbalance used to determine the deposition rate. In our ex-
perience, with standard AT-cut 6 MHz quartz crystals used for thin-�lm deposition
monitors [66] and a water-cooled crystal holder, the time for equilibration (until a
stable deposition rate is displayed) is about 10–20 min for thermal evaporation, but
about an hour with the spu�er deposition source (SC-cut quartz crystals, which are
also used for spu�er yield measurements [67], are less sensitive to thermal stress and
would perform be�er). In our experience, even a�er equilibration the QCM readings
sca�er by more than 10%. We rather rely on the deposition rate determined once
(months ago) from the coverage determined by STM, see above. To ensure best re-
producibility each time, we adjust the Ar gas pressure to get the same target current.
In other words, the reproducibility of the deposition rate of the spu�er source (estim-
ated to be be�er than a few percent over several months, including several bakeout
cycles of the UHV system) is be�er than that of the QCM readings.

In case that electron or ion emission cause a substantial problem, it would be pos-
sible to add an extra electrode at the ori�ce to repel or de�ect these charged species. If
the position of the front end of the source is constrained by having to avoid collisions
with the sample holder, this would slightly increase the target-to-substrate distance
and thereby reduce the deposition rate. If the substrate can be biased, this would
provide another possibility to repel either electrons or ions (at the cost of increased
kinetic energy of the other species).

2.2.4 Parameters for ZrO2 Thin Film Growth

For ZrO2 deposition, zirconium was spu�er-deposited on the clean substrate at RT
in a mixed Ar/O2 atmosphere (pAr =8 × 10−6 mbar, pO2 = 1 × 10−6 mbar). We chose
rather gentle operating conditions with Ar+ energies below 150 eV (grid voltages of
150 V and 100 V for the front and rear grid, respectively, unless noted otherwise).
�e amount of deposited material was calibrated by deposition of metallic Zr and
measuring island areas with STM, see section 2.2.3; the coverage was reproducible
within 0.1 ML, see above. We give the thickness in ZrO2 monolayers (ML), with one
O–Zr–O repeat unit of c-ZrO2(111) de�ned as one monolayer, which corresponds to
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≈ 9 × 1018 Zr atoms/m2 or ≈ 0.3 nm thickness.
�e as-deposited �lms were not fully oxidized and were therefore post-annealed

for 10 min in O2 (pO2 = 5 × 10−7 mbar) at temperatures of at least 550 ◦C. In most
experiments the post-annealing temperatures were such that a continuous but well-
ordered �lm was obtained at the given �lm thickness; at higher temperatures and
low �lm thickness (≤ 3 ML), holes down to the Rh substrate appeared, see chapter
4.2.

2.2.5 Conclusions

We have presented a spu�er deposition source optimized for growth of clean �lms in
ultrahigh vacuum. Compared with the design by Mayr et al. [53], the source operates
at more benign values of �lament and emission current and lower Ar gas pressures
in the UHV chamber for comparable target current and deposition rate. If desired,
higher deposition rates could be achieved by increasing the gas pressure or emission
current. �e source also features excellent long-time reproducibility and the �lms
grown show very high purity. During deposition, the substrate is subject to a �ux of
both electrons and low-energy Ar+ ions. �e energy of the la�er can be controlled by
the grid voltages, so the source provides the possibility of either ion-beam-assisted
deposition or negligible spu�ering of the substrate and �lms by Ar+ ions. Apart from
materials that are di�cult to evaporate in UHV (such as Zr), due to the high purity
of the �lms grown we consider our source a good choice also for many other mater-
ials, especially when considering the advantages of spu�er deposition mentioned in
section 2.2.1.

2.3 Experimental Techniques

2.3.1 Scanning Tunneling Microsocopy

STM was developed by Binning and Rohrer [68] as a surface imaging technique with
atomic resolution. It has since revolutionized the basic understanding of surfaces and
all connected phenomena, including material growth, chemical reactions, catalysis,
and others. STM is based in its principles on the quantum tunneling e�ect. A sharp
metal tip, typically electrochemically etched from W, is mounted on a scanner for
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x-,y-, and z-movement with piezo elements. (In some setups, the sample is moved.)
�e STM setup is completed by electronics which control movement and record the
tunneling current. �e whole setup is shown in Figure 2.6. For tunneling, the tip is
approached to few Å above a conductive surface. For the beginning, let us imagine
a one-dimensional case. �e electron wave function in the vacuum between tip and
surface is given by the solution of Schrödinger’s equation

Φ(z) = Φ(0) · e−z·

κ︷            ︸︸            ︷√
2m(V − E)/~ , (2.6)

with z being the distance from the surface,V the vacuum potential, and E the electron
energy (which is assumed to be smaller thanV ). �e STM current is then proportional
to the tunneling probability P :

It ∝ P ∝ |Φ(d)|2 ∝ e−2κd (2.7)

�e tunneling current therefore depends exponentially on the tip-sample distance
d , which gives STM a pm resolution in z-direction. To measure a current, a voltage
is applied between tip and sample, and electrons tunnel between electronic states
of the tip to the sample or vice-versa, depending on the sign of the applied voltage.
�e tunneling probability, and therefore the tunneling current, thus depends on the
availability of states to tunnel into. As a result, STM probes both the tip-sample
distance (topology) and the local density of states (LDOS) at the same time. Heights
measured by STM are always “apparent” heights, combining the in�uence from both
sources. If at a certain bias no states are available for electrons to tunnel into, no
current can �ow.

For a 2D image of the surface, the tip is moved line by line over an area, typically
10×10–400×400 nm2. When moving the tip over the surface, both the tip-sample dis-
tance and the local density of states (LDOS) below the tip can change. �ere are two
measurement modes: Constant height and constant current. In the �rst case, the
height of the tip is held constant and the changes in the tunneling current are recor-
ded, giving an image. In the second case, the current is kept constant by adjusting
the height of the tip via a feedback loop. �e image is then created by plo�ing the
tip movements in z-direction, which give the apparent height. All STM images in
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Figure 2.6: Setup of a Scanning Tunneling Microscope [69]

this thesis were recorded in constant current mode. Sample voltages are given with
STM images, thus positive voltages refer to tunneling into the unoccupied states of
the surface.

2.3.2 X-ray Photoelectron Spectroscopy

In XPS, the sample is irradiated by — ideally monochromatized — x-rays. �ese lead
to ionization of the core level states; the resulting photoelectrons and Auger elec-
trons (see section 2.3.3) are then measured with an electron energy analyzer. Simply
speaking, the kinetic energy of the photoelectrons Ekin measured at the analyzer is a
function of the binding energy EB, photon energy hν , and the work function of the
analyzer Φ:

Ekin = hν − EB − Φ (2.8)

In the case of a measurement, the Fermi energies of analyzer and sample are aligned
and used as a reference for Ekin. Φ is calibrated when se�ing up the analyzer. �ere-
fore, the binding energy can be extracted directly. As EB is element-speci�c, XPS is
used for elemental analysis. �e binding energy is in�uenced by the chemical sur-
rounding of the element, e.g. chemical bonds to other atoms (a so-called chemical
shi�) or atoms located in the top-most surface layer (surface core level shi�s). Fur-
ther possible shi�s are discussed in detail in chapter 4.4.
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In reality, not the true binding energy of the core level is measured, as the ion-
ization in�uences the energy levels. �is can not only shi� the main line in the
recorded spectra, but can also lead to additional, separated lines above and below
the main line, so-called shake-up and shake-down lines. Additionally, electrons ion-
ized from other than the main x-ray line can be encountered when measureing with
non-monochromatized radiation. For Mg Kα , these are Mg KαI I I (EB - 8.4 eV), KαIV
(EB − 10.1 eV), KαV (EB − 17.6 eV), KαV I (EB − 20.6 eV), and Kβ (EB − 48.7 eV) [70]. In
our RT-STM setup, an impurity line from O Kα (EB + 728.7 eV) is also encountered.

A freed electron must travel through the material to the surface; the longer the
travelled distance, the higher the probability of an inelastic sca�ering event. All elec-
trons that lost kinetic energy before arriving at the analyzer do not contribute to the
line originating from electrons that only sca�ered inelastically — they only raise the
background. �e typical path that an electron can travel before it loses energy is the
inelastic mean free path (IMFP). �e IMFP is — nearly independent of the material —
around 5–15 Å, so roughly 5 layers of material, depending on Ekin. At normal emis-
sion, the intensity from energy loss-free electrons originating from a depth equal to
the IMFP is reduced by 1/e. Spectroscopic methods relying on electrons are therefore
inherently surface-sensitive.

Measured lines are not in�nitely sharp, but appear as peaks of certain width (meas-
ured as the full width at half of the maximum intensity, FWHM) and shape. �e
peak shape and width are in�uenced by the analyzer, the ionizing radiation, and the
electronic structure of the sample. When ��ing spectra, not all of these factors are
known, but are estimated by using a combination of Gaussian and Lorentzian curves.
Metallic systems o�en show asymmetric peak shapes due to many-electron interac-
tions between conduction band electrons and the core level hole, which can be taken
into account by exponential tails or special functions, e.g. the Doniach-Sunjic line
shape [71].

Peak Fi�ing

�e program CasaXPS was used for peak deconvolution and background subtraction.
Typically, for Zr 3d a Shirley-type background, and for O 1s a linear background was
used. �e following parameters were used for the Zr 3d doublets: ∆E = 2.4 eV, ratio
of areas 1:0.69 [72] (tested over several ZrO2 systems). �e binding energies for Zr
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given in this thesis are the Zr 3d5/2 peak positions unless otherwise mentioned. �e
line shape was set to the Gauss-Lorentzian product function “GL(60)” (60% Lorent-
zian) for all peaks except for the Zr 3d interface peaks, which behave very similar
to ultrathin �lms [42] and thus appear metallic; they are therefore ��ed additionally
with an exponentially tailed function “GL(60)T(1.8)”. For Zr0, a more pronounced tail
is needed, so “GL(60)T(1.1)” is used. For spectra that are dominated by the ultrathin
�lm peak (e.g. the preparation for the stoichiometry determination of ultrathin zir-
conia on Rh(111), see section 5.2.4), the high-EB background is not descibed well by
an exponential tail; in this case, a Doniach-Sunjic [71] term is added instead by using
the line shape “F(0.01,60,0)GL(60)”.

XPS Simulation

�e programm SESSA [73], version 2.1, was used for the simulation of XPS spectra.
In SESSA, any material can be set up in e.g. thin �lm or bulk con�guration. A large
database is provided for all necessary material parameters, which are, among others,
inelastic mean free paths, sca�ering cross sections, ionization cross sections, and
line shapes. SESSA calculates inelastic sca�ering events with an analytic theory,
while elastic sca�ering is tackled with a numerical Monte Carlo approach. As output,
SESSA gives XPS peak areas as well as a simulated spectrum including theoretical
line shapes. In this thesis, only peak areas are used for comparison with experimental
data. �e following se�ings were typically used in this thesis:

• Source: Mg Kα

• Morphology: Planar

• For thin zirconia �lms:

– Band gap: 5 eV

– �ickness: 3 Å per layer

– Density: 9.1 × 1022 atoms per cm3

• Convergence factor: 10−4

• Number of collisions: 70+

• Number of trajectories: ≈ 10.000

• Both approximations o�
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2.3.3 Auger Electron Spectroscopy

AES is based on the Auger e�ect, which describes a three-electron ionization process:
At �rst, an electron of a core shell is emi�ed when an atom is ionized by an x-ray
or electron. �e resulting hole is �lled with an electron from an upper shell. �e
energy gained is transferred to an electron of the same upper shell, which is in turn
also emi�ed. �e resulting kinetic energy of this third electron is independent of the
energy of the incoming particle. For example, the energy of an Auger electron KLILII

transition is given by:
Ekin = EK − ELI − ELII − Φ (2.9)

with the work function Φ. All energies are element speci�c; when detecting these
Auger electrons, elements can be identi�ed. However, measured Auger energies can
deviate from the above equation, since the probed atom is in an ionized state when
the Auger process happens.

In contrast to XPS, incoming particles in AES are not photons but electrons emi�ed
from an electron gun (typically 2 – 10 keV, in this thesis: 3 keV). �is has the advant-
ages of higher count rates and a far smaller irradiated area; in our setup, a diameter
< 100 µm can be reached. (In some Auger systems, the electron beam can be focussed
to less than 100 nm diameter.) Disadvantages of an electron beam are a higher de-
structive in�uence on the sample due to electron-stimulated desorption (e.g. oxygen
desorbs over time (also oxygen bound in oxides); �uorine is hardly measurable) and
cleanliness; CO, which is a background gas in all vacuum chambers, dissociates un-
der the electron beam, which leads to an increase of the C signal over time during
AES measurements.

�e high number of inelastically sca�ered electrons in this method leads to a large
background signal, thus, typically di�erentiated spectra are shown.

2.3.4 Temperature-Programmed Desorption

TPD measurements are done in two steps: Adsorption of a (de�ned) coverage of mo-
lecules is followed by a controlled desorption. �e sample temperature during de-
sorption is increased in a controlled fashion, typically following a linear ramp. While
the temperatures changes, the mass and amount of desorbing molecules is measured
by a (quadrupole) mass spectrometer. By plo�ing the intensity per mass/charge ratio
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(m/e) vs. the temperature, TPD shows at which temperatures how many molecules
desorb. Desorption peaks follow the law

dθ
dt = −ν (θ )θ

n exp(−Edes(θ )

kBT
) (2.10)

with the coverage Θ, “prefactor” ν (a�empt frequency for �rst-order desorption),
desorption energy Edes, Boltzmann constant kB and temperature T . By analyzing
spectra of varying coverage, the exponent n can be extracted. For n = 1 (1st order),
the desorption peak maximum is independent of the coverage, while for n = 2 (2nd

order) the maximum shi�s towards lower temperatures with increasing coverage.
Zero-order peaks are typical multilayer peaks, where the peak maximum shi�s to
higher temperature with increasing coverage.

�e basic principle of TPD is simple, and gaining qualitative information about
the desorption behaviour of molecules is straightforward, as long as the preparation
is controlled. With a suitable setup [51], the total adsorbed coverage is known. For
this, the sample has to be cooled to lowT , below the desorption peak of multilayers.
While dosing, the mass spectrometer is used to check whether the sticking coe�cient
is unity, i.e. whether all dosed molecules adsorb at the surface. Together with a mo-
lecular beam (as in the TPD chamber, see section 2.1.3), the exact dose of molecules
on the surface is known, making TPD a very powerful method.

To extract the desorption energy from TPD data, extra analysis is necessary. In
Eqn. 2.10, all variables are given by TPD data except for the prefactor ν . To extract
the prefactor, an inversion analysis can be used. �e details are explained in chapter
3.4.2.

2.3.5 Low-Energy Electron Di�raction

As an electron di�raction method, LEED is based on the wave character of electrons.
Following the De Broglie wavelength

λ = h/
√

2meE ≈

√
150 eV

E
[Å], (2.11)

electrons between an energy E of 20 and 500 eV have a wavelength of 0.23 and
0.05 nm, which is in the range of the typical inter-atomic distance (≈ 0.2 – 0.3 nm) or
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below.
Electrons impinging on a regular grid of atoms — a solid surface — are there-

fore sca�ered and show a di�raction pa�ern. By placing a spherical luminescent
screen above the surface, di�raction maxima are measured as bright spots. In case of
vertical impingement of electrons, a projection of the screen on a horizontal plane
corresponds to a k-space image of the surface structure. As explained in chapter
2.3.2, elastically sca�ered electrons originate only from the top layers of the sample.
LEED surface sensitivity is achieved by suppressing inelastically sca�ered electrons
(by suppression grids between sample and screen). As a result, LEED measurements
give a direct view of the surface structure and can be used to identify surface struc-
tures and moiré pa�erns.





Chapter 3

Gas Adsorption Behaviour on
Ultrathin ZrO2/Pt3Zr

In this chapter, the adsorption and desorption behaviour of gases on ultrathin zir-
conia �lms grown by oxidation of Pt3Zr(0001) single crystals is investigated using
a combination of temperature programmed desorption (TPD), x-ray photoelectron
spectroscopy (XPS), and scanning tunneling microscopy (STM). �e main focus lies
on an extensive study of water and water-induced changes of the surface layer; these
two topics are based on an article, Ref. 45, but are presented with additional data and
information. Furthermore, the water results are compared to density functional the-
ory (DFT) calculations and Fourier-transform infrared spectroscopy (FTIR) absorp-
tion measurements on monoclinic ZrO2 powder to test the validity of the ultrathin
oxide as a model system for technological zirconia surfaces.

3.1 Sample Preparation

�e Pt3Zr(0001) single crystals used for UHV studies were grown, cut and polished
by MaTecK (Germany). �e cleaning procedure was based on the recipe from Ref. 41,
with slight changes: Cycles of spu�ering (2 keV Ne+ ions in the XPS/TPD chamber,
or Ar+ in the STM chambers; 20 min, current density ≈ 4 µA cm−2) and annealing
(1175 K, 10 min). �e last spu�er cycle was applied during a linear temperature ramp
from 680 K to 380 K in 20 min to reduce the density of steps and eliminate half-steps
[41]. �e cleanliness of the sample was checked with XPS. An ultrathin zirconia
trilayer (O-Zr-O) was prepared by �rst annealing in oxygen (p = 1 × 10−7 mbar,
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680 K, 10 min) and then in UHV (1205 K, 30 min). �e �rst annealing step causes
Zr di�usion to the surface and oxidation, but results in poorly ordered structures.
In the second step, the oxide forms a well-ordered ultrathin O-Zr-O trilayer; three-
dimensional (3D) ZrO2 clusters disappear by spreading out and/or dissolving into
the bulk. In the present study, the �nal annealing temperature was set higher than in
Refs. 41 and 42 to reduce the number of ZrO2 clusters. Although both, the annealing
temperature and the annealing time were increased compared to the recipe from
Antlanger et al. [41], the �lm did not break up, as veri�ed by CO TPD, which did
not show any indications of a CO signal from adsorption on the substrate [42]. �e
resulting sample is a zirconia trilayer on a Zr-depleted Pt3Zr(0001) surface. In the
following this is shortened to “zirconia/Pt3Zr”.

�e TPD and XPS measurements reported in this chapter were performed in the
TPD chamber, see section 2.1.3. STM measurements at room temperature and LN2

temperature were conducted in the RT-STM chamber and the LT-STM chamber, re-
spectively. For the LT-STM measurements, the sample could be annealed to only
1160 K; nevertheless, STM showed large areas free of ZrO2 clusters (Figure 3.1a).

D2O (TPD and XPS measurements), H2O (STM measurements), and methanol were
puri�ed via several freeze-pump-thaw cycles. All gases were checked for cleanli-
ness with mass spectrometers. For TPD and XPS measurements, gases were dosed
using the molecular-beam doser (see chapter 2.1.3); for STM measurements, gases
were dosed by back-�lling of the chamber, making the given doses less accurate.
In this chapter, we de�ne one monolayer (ML) as one molecule per surface Zr atom
(9.5 nm−2, corresponding to 12 molecules per (

√
19×
√

19)R23.4◦ zirconia trilayer unit
cell).

3.2 Bare Ultrathin Zirconia Grown on Pt3Zr

Ultrathin zirconia �lms are prepared by oxidation of a Pt3Zr(0001) crystal [41, 44].
Compared to spu�er-desposited �lms, this approach has the advantage of a faster
preparation and a more uniform thickness. According to previous studies, which ap-
plied a combination of STM, Auger and photoelectron spectroscopy, as well as DFT,
the �lms grown by alloy oxidation consist of one trilayer (O-Zr-O), structurally equi-
valent to a trilayer of cubic ZrO2(111), but with additional distortions [41–43]. (�e
actual stoichiometry of such �lms is under debate, see section 3.4.3 and chapter 5.2.4.)
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�e oxide �lm is created by Zr di�usion to the surface when annealing in oxygen. On
a large scale, the ultrathin �lm covers the Pt3Zr substrate completely. Typically, STM
�nds large areas free from clusters, see Figure 3.1a. However, clusters can be found,
as see in Figure 3.1b. �e cluster density can be estimated using XPS, see section
3.4.2. �e atoms in the ultrathin zirconia trilayer are well ordered, with an average
in-plane distance of 350 pm, and exhibit strong vertical buckling. �ese height dif-
ferences are related to the (

√
19 ×

√
19)R23.4◦ superstructure (1.2 nm periodicity),

resulting from the di�erent la�ice constants of the oxide and the underlying Pt layer
(see section 3.3). �e unit cell of the superstructure includes 12 Zr atoms, which are
easily accessible to adsorbates due to the large distance between the O atoms in the
layer above, and the low interlayer distance between the O and Zr layers [41]. A
model of the superstructure as calculated by density functional theory (DFT), taken
from [45] can be seen in Figure 3.9 (page 53).
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Figure 3.1: Overview STM images of the zirconia/Pt3Zr surface (a) prepared in the LT-
STM system, and (b) annealed at 1200 K with a 3D oxide cluster. Line scans along the yel-
low lines are shown at the right; the bo�om one shows the 0.4 nm steps of the substrate
between equivalent terminations (a few steps of 0.2 nm height are seen with weaker con-
trast in other parts of the image). Two white arrows indicate the ends of an orientational
domain boundary of the trilayer oxide. �e noisy appearance of the cluster surface and
the tip changes (horizontal streaks) when imaging the 3D cluster are due to its insulating
nature. Both images are displayed as if illuminated from the le� for improved contrast.

3.3 Dislocation Lines

In the case of Pt3Zr, di�usion of Zr in the alloy is slow. �us, a�er oxidation, a Zr-
depleted Pt region remains below the oxide [41]. �e surface layer of Pt(111) is known
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to be close to forming a reconstruction [74]; the slightly smaller interatomic distance
of Pt (0.2775 nm) in comparison with Pt3Zr (0.281 nm) therefore leads to a contraction
of the Pt layer below the oxide �lm [41]. As a consequence, mis�t dislocations form
between the Pt layer and the alloy below. �ese subsurface dislocations are visible as
bright ridges in STM, see Figure 3.2a. To investigate the formation of the dislocation
lines, Pt was evaporated onto a clean Pt3Zr substrate. For submonolayer coverages,
the Pt layer continues the Pt3Zr periodicity (not shown). A�er depositing 1.8 ML
(calibrated by STM), and annealing at ≈ 800 ◦C, dislocation lines appear as expected,
see Figure 3.2b. In contrast to dislocation lines a�er the oxidation of Pt3Zr, these show
long-range order. �is di�erence can originate from the higher purity of deposited
Pt layers w.r.t. the Zr-depleted Pt layers below the zirconia trilayer; this may imply
that small amounts of Zr are present in the top substrate layers a�er formation of an
ultrathin oxide �lm.

�e unit cell distance of the top Pt layer can be extracted from the FFT of STM
images with atomic resolution, see Figure 3.2c and d; with a unit cell distance of
0.261 nm, it is strongly contracted by 6% (vs. 0.2775 nm on Pt(111)). A small rotation
of ≈ 2◦ is found. �e nodes forming the regular array of bright features have an
apparent height of just 20 pm. �erefore, in contrast to similar features with a height
of 200 pm found for the oxidized surface [41] (white, large features in Figure 3.2a),
they are not formed by an additional Pt layer. For the Pt layer below the zirconia
�lm, the contraction is less, as shown by the larger spacing of the dislocation lines.
Considering that in this case, the la�ice originates from Pt3Zr with a la�ice constant
(0.281 nm) larger than Pt(111), the la�ice constant of the contracted Pt layer can be
estimated to be only slightly below that of Pt(111).

3.4 Water

3.4.1 Previous Studies

Many technological applications of zirconia (pure or y�rium-doped) involve interac-
tion with water. Examples are internal steam reforming in solid oxide fuel cells [75],
catalysis [9], gas sensors [17], or applications as biocompatible material [13]. How-
ever, li�le is known about the interaction of water with ZrO2 surfaces on a funda-
mental level, which is mostly due to a lack of suitable samples. �is is quite di�er-
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Figure 3.2: (a) STM image of an ultrathin zirconia �lm grown by oxidation of Pt3Zr,
leading to a depletion of the top substrate layers from Zr. �e resulting Pt layers contract
and form dislocation lines, yet no long-range moiré pa�ern. (b) Overview image of
1.8 ML Pt deposited on a clean Pt3Zr(0001) surface, showing the long-range order of the
resulting moiré pa�ern. (c) Atomically resolved image of the preparation of (a). (d) FFT
of a larger STM image with the same resolution as (c), where the contracted Pt(111) grid
and the Pt3Zr grid are marked. �e resulting moiré spots can be seen around the (0,0)
spot and each of the Pt(111) spots. All STM images were taken at LN2 temperature.
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ent for other oxides [76–78]. Water adsorbs only weakly on many defect-free oxide
surfaces; in ultrahigh vacuum (UHV) it then desorbs below room temperature (RT),
typically at 160–250 K [79–81]. H2O can bind more strongly to surfaces with de-
fects, as shown for the prototypical example of rutile TiO2(110) [82, 83]. In these
cases, H2O dissociates into an OH group, which �lls an oxygen vacancy, and into a
hydrogen atom, which binds to surface oxygen and forms a second OH group. On
TiO2, these OH groups are stable up to '490 K [84]. On defect-free oxide surfaces,
water can bind strongly if the surface termination includes highly reactive cations.
It can then readily dissociate, e.g. on α-Cr2O3(001) [85], α-Fe2O3(012) [86], and on
oxides of the alkaline earths [87], including CaO-terminated Ca3Ru2O7(001) [88]. On
RuO2(110) [89], PdO(101) [90], and Fe3O4(001) [91], water binds to coordinatively un-
saturated cations and forms partially dissociated structures stabilized by hydrogen
bonds.

Such detailed studies are not yet available for water on ZrO2; only few reports
on H2O adsorption can be found in the literature. On powder materials, very high
adsorption enthalpies were reported for low H2O coverages (& 2 eV on monoclinic
and ≈ 1.5 eV on tetragonal ZrO2), decreasing to liquid-water like binding (0.45 eV)
at coverages around 2–4 H2O/nm2 [92, 93]. Moderate values (≈ 0.6 eV, derived from
a TPD peak at 240–250 K) were reported for H2O on oxidized, polycrystalline Zr,
i.e., a hydroxylated and, possibly, substoichiometric �lm [94]. To the best of our
knowledge, there are no studies of H2O adsorption on well-de�ned single-crystalline
ZrO2 surfaces so far. �is is related to the fact that single crystals of pure ZrO2
grown from the melt exhibit phase transformations upon cooling, thus only crystals
of doped zirconia (e.g., YSZ) are available; these retain the high-temperature cubic
phase. �e surface chemistry of YSZ is much more complex than that of pure ZrO2,
however, as shown for adsorption of H2O [95], hydrogen [96], or CO and CO2 [97].
�erefore, the investigation of pure ZrO2, which is needed as a starting point of a
well-grounded fundamental understanding, has to rely on thin �lms.

Temperature programmed desorption (TPD) studies on 7 ML-thick ZrO2 �lms on
Pt(111) show three desorption peaks (190 K, 275 K, and 370 K with adsorption ener-
gies 0.46, 0.68, and 0.92 eV, respectively) [98, 99]. �e authors suggested that water
in the low-temperature peak binds molecularly while the rest does so in dissociated
form. �e two desorption peaks at higher temperatures were assigned to defect sites.
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3.4.2 Water Adsorption and Desorption on Zirconia/Pt3Zr

Temperature Programmed Desorption

TPD measurements form the backbone of our analysis of the behavior of water on
zirconia/Pt3Zr. To reduce the in�uence of the residual gas on the TPD data, TPD
experiments were done with D2O. Figure 3.3a shows three distinct regions in the
TPD spectrum for D2O: two desorption peaks with maxima at 150 and 180 K, and
a tail extending towards high temperatures. We also checked for simultaneous de-
sorption of other species (m/e = 3, 4, 18, 19, and 28) and found no peaks apart from the
D2O cracking products. �e desorption temperature of 150 K is typical for multilayer
water [80]. When plo�ing this peak in a log(I ) vs. 1/T plot, see Figure 3.3b, the as-
cending slope (do�ed line) yields a desorption energy of 0.47 eV [100, 101], which is
slightly lower than expected for multilayer D2O ice (0.53 ± 0.02 eV [102]). �is may
be due the second-layer ice not having fully developed its crystalline order.

�e TPD peak with the maximum at 180 K exhibits �rst-order desorption behavior
and reaches saturation at a coverage of approximately 1 ML (one D2O molecule per Zr
atom in the oxide); it is therefore the monolayer peak. �e area of the monolayer peak
does not stay perfectly constant during repeated TPD measurements, see the section
on water-induced changes, below. On the high-temperature side of the monolayer
peak, starting at approximately 190 K, the desorption rate decreases more slowly than
expected for a �rst-order peak. �e signal forms a long tail and vanishes below the
detection limit at ≈ 540 K, see inset of Figure 3.3a. (Comparison with D2O TPD of
other surfaces shows that the tail is not an instrumental artifact.) �e tail may consist
of a multitude of peaks that cannot be discerned from each other. �e coverage in
the tail corresponds to approximately 0.15 ML, while the rest of the monolayer makes
up the peak at 180 K. When plo�ing the desorbed amount of water, taken from TPD,
vs. the dosed amount, the intercept of a linear �t yields a dose of 0.01 ML, see Figure
3.3d. �is shows, within the error of such an analysis, that no water was present on
the surface before dosing and no substantial amount of water remains at the surface
a�er the TPD ramp (Tmax = 550 K).

�e di�erential desorption energy Edes of water bound in the monolayer peak can
be calculated using the inversion analysis method [103, 104]: �e Polanyi-Wigner
formula (3.1), which describes the desorption rate −dθ/dt in dependence of coverage
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(c) (d)

(a) (b)

Figure 3.3: TPD of D2O on zirconia/Pt3Zr (heating rate 1 K/s; no fresh sample prepara-
tion between spectra with di�erent coverage). (a) �e TPD spectra consist of three re-
gions: �e multilayer peak (150 K), the monolayer peak (180 K) and a high-temperature
tail up to ≈ 540 K, see inset. (b) Logarithmic plot of the spectra in (a) vs. 1/T . �e
linear onset of the multilayer peak gives Edes = 0.47 eV. (c) Inversion analysis showing
the desorption barrier Edes vs. coverage using ν = 1015±1 s−1. In the 0.5–0.95 ML range,
Edes is 0.57±0.04 eV. (d) Amount of desorbed D2O (calculated from the integrated TPD
signal) as a function of gas dose. �e TPD intensities were calibrated assuming a sticking
coe�cient of one, thus 1 Langmuir (L) = 10−6 torr s corresponds to 0.48 ML. �e red line
is a linear �t.
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θ , temperature T , and time t ,

dθ
dt = −ν (θ )θ

n exp(−Edes(θ )

kBT
) (3.1)

is inverted under the assumptions of �rst-order desorption (n = 1), the prefactor ν
being independent of θ , and a constant heating rate β = dT /dt :

Edes(θ ) = −kBT ln(− β
νθ

dθ
dT ) . (3.2)

Equation (3.2) is fully de�ned by the measured TPD data except for ν . To determine
ν and Edes, we follow Ref. 105 in using equation (3.1) to simulate TPD spectra that
consist mainly of the monolayer peak. In our case of D2O on zirconia/Pt3Zr, the best
overlap between experimental and simulated curves is achieved atν = 1015±1s−1. �is
is a typical value for water desorption [79]. Figure 3.3c shows Edes as a function of θ ,
derived for an initial coverage of 1 ML. �e desorption energy stays almost constant
between 0.55 and 0.95 ML and amounts to 0.57±0.04 eV, taking the error bars of ν into
account.

At lower coverages (well inside the high-temperature tail), the results of the inver-
sion analysis in Figure 3.3c give adsorption energies of up to ≈ 1.5 eV. �ese energies
should be treated with caution; here, ν might vary considerably from the value de-
termined for the monolayer peak (e.g. due to recombinative desorption or surface
restructuring during desorption).

X-ray Photoelectron Spectroscopy

To determine whether (or to what extent) water adsorbs in molecular or dissociated
form on the zirconia/Pt3Zr surface, we have analyzed XPS O 1s data. When dosing
2 ML D2O at 100 K, four di�erent peaks are distinguished as originating from D2O,
OD, 3D ZrO2 clusters, and the zirconia trilayer, see Figure 3.4a. Figure 3.4 b and
c show the peak areas of these four di�erent O 1s components a�er various �ash-
annealing steps. �e peak at 530.1 eV originates from oxygen bound in the zirconia
trilayer and is very close to the reported value of 529.9 eV [42]. �is peak does not
change signi�cantly with coverage or temperature, except for a slight decrease when
the intensity is dampened by 2 ML D2O. Within the accuracy of the �ts, the peak at-
tributed to 3D clusters also remains constant. �e trilayer and 3D ZrO2 clusters have
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Figure 3.4: XPS of D2O on zirconia/Pt3Zr. (a) O 1s region with 2 ML D2O deposited
at 100 K, then annealed to 160 K to remove the multilayer. (b) Comparison of spectra
before and a�er D2O adsorption, and a�er additional annealing steps. All XPS spectra
were taken with monochromatized Al Kα radiation at 100 K. (c) Intensities of the spectra
in (b) for the peaks assigned to D2O, OD, 3D ZrO2 clusters, and the zirconia trilayer. (d)
TPD measurement (1.54 ML) for comparison with the XPS results in (b,c).
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distinct O 1s and Zr 3d spectra [42]; the 3D cluster/trilayer ratio is consistent for O 1s
and Zr 3d, which con�rms the correctness of our peak ��ing. An STM image of a 3D
ZrO2 cluster can be found in the Figure 3.1b. �e O 1s peak at 533.8 eV originates from
non-dissociated D2O. [77,106,107] When �ash-annealing to 160 K, which is above the
desorption temperature of the multilayer peak, yet below the desorption temperature
of the monolayer peak, this peak decreases by roughly 50%, in agreement with only
1 ML remaining on the surface, see Figure 3.4c. When annealing to 180 K (maximum
of the monolayer peak), the molecular D2O peak decreases further and nearly van-
ishes at 200 K (beyond the monolayer peak). When annealing to 550 K, the spectrum
decreases in the region 531-532 eV, i.e., between the two main peaks. �is region
contains signals from oxygen in zirconia clusters (EB = 531.0 eV, similar to [42]) and
from hydroxy groups1 (EB = 531.8 eV); a shi� of 1.7 eV between the trilayer oxide
peak and the hydroxy peak lies within the expected range [77, 106, 108, 109]. Since
zirconia clusters do not change when annealed at 550 K, the decrease stems solely
from hydroxy groups. �e TPD high-temperature tail is therefore due to dissoci-
ated water, which recombines before desorption. When comparing the O 1s signal
from OD groups and from the ultrathin �lm to XPS simulations using the SESSA pro-
gram [73], the amount of water present as hydroxy groups is estimated as 0.12 ML.
A small hydroxy component appears also on the as-prepared oxide (labelled “clean”
in Figure 3.4b,c), possibly due to adsorption from the residual gas.

D2O dissociation induced by x-ray beam damage was excluded by dosing 2 ML of
D2O at 100 K and annealing the sample directly to 200 K. �is yielded exactly the
same result as shown for 200 K in Figure 3.4b,c, showing that there is no dissociation
while taking several x-ray photoelectron spectra.

Scanning Tunneling Microscopy

Figure 3.5a shows 0.12±0.04 ML of H2O dosed at 100 K (via back-�lling of the cham-
ber) on a freshly-prepared zirconia/Pt3Zr surface. �is coverage corresponds to the
high-temperature TPD tail. During STM measurements, the sample was held at 78 K.
Both temperatures lie well below all desorption peaks of water, see above. �ree dif-
ferent regions are present in the STM image: ordered, apparently uncovered and
clustered areas. �e water species in the ordered areas are stable during imaging;

1In contrast to “hydroxyl”, the term used for an OH radical.
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they typically appear as 80–100 pm high protrusions. �e ordered areas mostly show
the same periodicity as the zirconia trilayer, i.e. (

√
19×
√

19)R23.4◦ with respect to the
Pt layer below [41]. �e clustered areas, presumably with a higher local coverage,
appear fuzzy, indicating that the water molecules are moving under the in�uence of
the tip. �is suggests that one or two adsorption sites per unit cell are more stable
than the others. Following the XPS measurements shown above, which show that
the most stable adsorption sites are occupied by hydroxy groups, we a�ribute the
ordered features to OH; this assignment is con�rmed below. Dissociation of H2O
leads to two hydroxy groups, one (OwH, also known as terminal OH) containing the
oxygen atom of the water, and the other formed by a surface oxygen atom and the
split-o� proton (OsH). �ese two OH groups should appear di�erently in STM. As we
see only one type of distinct protrusion, we have to assume that STM shows the ter-
minal OH, which is geometrically higher, while an adjacent OsH is invisible due to its
smaller apparent height. (�is is in agreement with DFT, presented in [45] and sum-
marized in section 3.4.5.) �e coverage of one dissociated H2O, i.e., two OH groups,
per (
√

19 ×
√

19)R23.4◦ unit cell was used as the input for an XPS simulation using
SESSA [73]. �e result shows that this coverage accounts for ≈ 2/3 of the hydroxy
groups seen in XPS.

When measuring H2O on the zirconia �lm at room temperature (well inside the
high-temperature tail), only a low coverage of H2O-related protrusions is found even
a�er supplying large gas doses, see Figure 3.5b. �is is in agreement with the TPD
results. Again, the protrusions appear about 80–100 pm high. �e (

√
19×
√

19)R23.4◦

ordering can still be made out locally. Water adsorbs preferentially above the sub-
surface dislocation lines. As mentioned in section 3.3, these stem from the mis�t
between the Zr-depleted Pt layer between the zirconia trilayer and the Pt3Zr sub-
strate [41]. Furthermore, water adsorbs on top of rotational domain boundaries [44]
of the oxide �lm (these are rather sparse; there is none in Figure 3.5). Figures 3.5c and
d show single water species (hydroxy groups) adsorbed on a zirconia trilayer, imaged
with a special tip that lets these species appear as dark depressions. Assuming that
the bright protrusions in the STM image correspond to Zr as suggested for “normal”
tips in Ref. 41, the red lines indicate that the adsorption site of the water species is
above a Zr atom. �is is consistent with the site expected for the terminal OwH.
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Figure 3.5: STM of small H2O coverages on zirconia/Pt3Zr. (a) 0.12±0.04 ML H2O, dosed
at 100 K, measured at 78 K. �e surface consists of stable regions with water species ar-
ranged in the (

√
19×
√

19)R23.4◦ structure (yellow dashes), regions with higher coverages
and unstable imaging (fuzzy gray patches), and apparently uncovered regions of the zir-
conia trilayer. (b)A�er dosing 15 L of H2O at RT. Water-related species, namely OwH, are
found preferentially above subsurface dislocation lines (grey areas in the image). �ey
locally show the (

√
19 ×

√
19)R23.4◦ order (yellow). (c) �e surface a�er dosing 30 L of

H2O at RT and storage in UHV for 8 hours. �e image was obtained with a special tip
that shows OH as depressions (black). Apart from the few hydroxy groups, the clean ox-
ide surface can be seen with atomic resolution. �e red lines in the zoom-in (d) indicate
that the OH are on top of Zr atoms (protrusions in the image). (b–d) adapted from [110].
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3.4.3 Stoichiometry of the Ultrathin Zirconia Film

Using the TPD chamber (see chapter 2.1.3), the water dose is calibrated [51], so the
coverage in monolayers is well de�ned. A coverage of one monolayer can be used as a
reference for the stoichiometry of the zirconia trilayer, which can be calculated using
the O 1s peak areas given in Figure 3.4a. As each ML contains one water molecule
per unit cell, and each zirconia unit cell contains two oxygens, one expects the peak
areas I to follow

IO 1s,trilayer +
1
2 IO 1s,OD

IO 1s,D2O +
1
2 IO 1s,OD

·
1

(1 − ΘZrO2 cluster )(1 − η)
!
= 2 . (3.3)

One deuterium per dissociated D2O is bound to a surface oxygen, so half of IO 1s,OD

must be added to the trilayer signal. Taking into consideration that some water is
bound to clusters (the cluster area fraction, ΘZrO2 cluster , is estimated to be . 7%) and
that the trilayer signal is slightly a�enuated by the water layer on top (by η = 8.6%,
taken from SESSA simulations [73]), one �nds a stoichiometry of the ultrathin �lm
of only ≈ZrO1.40. �is is clearly di�erent from values found in previous works [41,
42], which had led to the assumption of a ZrO2 �lm. �e new value is close to the
estimation for �lms grown on Rh(111) using the SMSI e�ect [111]: ZrO1.5, see chapter
5.2.4.

3.4.4 Water-Induced Surface Changes

While repeating D2O TPD measurements on zirconia/Pt3Zr, the ML peak changed
over the course of several cycles, see Figure 3.6a. �ere, 18 successive TPD measure-
ments were carried out, each starting with 2 ML D2O dosed at 100 K and then ramped
to 550 K (with one exception for the dose as noted below). �e monolayer peak area
decreases by 8% from the �rst to the 18th run, with the biggest decrease during the
�rst cycles. At the same time, the amount of water desorbing above 185 K increases,
such that the total amount of desorbed water remains constant (note that also the
area of the multilayer peak stays constant within the experimental accuracy). �us,
the decreasing monolayer peak height is not due to an increasing amount of water
remaining on the surface between TPD runs. Rather, these results show that, under
the in�uence of repeated water adsorption/desorption cycles, adsorption sites with
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low Edes (Tdes = 180 K) change to adsorption sites with higher Edes. Between the 8th

and the 18th run, eight TPD cycles with 2 ML and one with 15 ML were interposed
(not shown); dosing 15 ML a�ects the surface in the same way as 2 ML. �e changing
height of the 180 K peak is also visible in Figure 3.3a. (Note that the measurements in
Figure 3.3 were not done in the sequence of increasing or decreasing coverage, thus
the 180 K peak heights at coverages above 1 ML seem to sca�er randomly.) Such
changes did not appear in multiple TPD cycles with CO2, so they must be caused by
the interaction of the surface with water, not by the heating/cooling cycles alone.
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Figure 3.6: Water-induced modi�cation of the zirconia/Pt3Zr trilayer. (a) Repeated D2O
TPD runs (heating rate 2 K/s) with a starting coverage of 2 ML each. �e monolayer
peak decreases while the high-temperature tail increases. (b) CO2 TPD (initial dose ≈
1 ML, heating rate 1 K/s) before (blue curve) and a�er (red) 18 D2O TPD cycles. �e
increasing intensity in the 110–125 K range indicates an a�ractive interaction of CO2
with the water-induced defect sites. Annealing to 1205 K restores the original state of
the surface (orange, do�ed).

We have also used STM to search for water-induced surface modi�cations. A�er
one cycle of dosing 1.5 ± 0.3 ML water and annealing to 550 K, the surface appears
as shown in Figure 3.7a (STM at T = 78 K). �e (

√
19 ×

√
19)R23.4◦ superstructure

of the zirconia trilayer and the dislocation lines appear unchanged. A small number
of water-induced features (OH groups, see section 3.4.2) with an apparent height of
120–150 pm survives the 550 K annealing; their number increases with more adsorp-
tion/desorption cycles, and amounts to . 0.01 ML per adsorption cycle. �ese water
species must originate from sites from where water would desorb above 550 K; the
desorption rate measured for water in the high-T tail above 500 K is low, but not zero.
Summing such a low coverage over several 100 K can originate in 1% of a ML. (�is
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Figure 3.7: E�ect of H2O adsorption/desorption cycles on the zirconia/Pt3Zr trilayer
seen by STM (TSTM = 78 K). (a) A�er one adsorption/desorption cycle. �e water-
induced, bright species form preferentially on top of dislocation lines (gray bands) as
well as at a rotational domain boundary [between the red arrows in the margins; the
orientation of the (

√
19×
√

19)R23.4◦ unit cell on both sides of the DB is indicated by yel-
low lines]. (b) A�er �ve adsorption/desorption cycles, the coverage of the bright spots
(OwH) has increased by almost a factor of �ve. An FFT of the bright features (inset)
indicates equivalent positions on the 0.35 nm zirconia la�ice and some in�uence by the
(
√

19 ×
√

19)R23.4◦ superstructure.

coverage is too low to be noticed in the coverage analysis in Figure 3.3d.) Similar to
the OH formed at room-temperature adsorption, these features preferentially bind to
sites above the subsurface dislocation lines. A�er 5 cycles, see Figure 3.7b, some or-
dering of these water-induced features can be made out: In the Fourier transform of
the positions of these species (inset of Figure 3.7b), the strong outer spots (marked by
red circles) indicate equivalent positions with respect to the 0.35 nm zirconia la�ice.
�ere are also weaker spots corresponding to the (

√
19 ×
√

19)R23.4◦ superstructure
of the zirconia trilayer on the oxide (blue circles), indicating that some sites in the
superstructure are preferred over others. Based on the real-space images, there must
be at least two such preferred positions. �is behavior is similar to H2O dosed at RT,
see above. �is observation can not be explained by H2O or OH simply remaining
on the surface bound to very stable adsorption sites without any surface change, as
the density of water species (and therefore the density of sites) increases with the
number of cycles. Likely, there is some modi�cation (deformation) of the oxide �lm,
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leading to stronger bonding to OH. Nevertheless, the oxide la�ice remains largely
intact as demonstrated by the sharp FFT spots.

It was found that CO2 TPD is a good indicator for the water-induced surface
change, see Figure 3.6b. Before the �rst and a�er the 18th D2O TPD run, 1 ML of
CO2, corresponding to 1 CO2 per surface Zr atom, was dosed (at 50 K) and desorbed
by ramping the temperature to 300 K. CO2 TPD measurements with varying cover-
ages are shown in section 3.6.2. �e CO2 multilayer peak is at 78 K [51], and the
low-temperature (90–100 K) shoulder of the monolayer peak is a�ributed to com-
pression of the CO2 layer [112, 113]. �e monolayer peak (104 K) and the multilayer
peak have roughly the same area, thus approximately one CO2 molecule per two Zr
atoms forms the monolayer. A�er the water adsorption/desorption cycles, the CO2
monolayer peak area decreases and the high-temperature tail (105–130 K) increases
by approximately 0.05 ML (≈ 10% of a CO2 monolayer). When repeating the CO2 TPD,
there is no further change. �e TPD behavior indicates that CO2 binds more strongly
to the newly-created sites. (�e same measurements were done with krypton, but
showed only a weak reaction to water-induced surface changes, see section 3.6.3.)
�e moderate increase of the CO2 adsorption energy points to electrostatic interac-
tion between OH and the quadrupole moment of CO2, rather than chemical bonding
of CO2, e.g. as bicarbonate. (On TiO2(110), the CO2 TPD peak a�ributed to bicarbon-
ate is at ≈ 213 K, Ref. 114.) �e combined coverage of the CO2 monolayer (including
the low-T shoulder) and tail slightly decreases a�er the D2O cycles (by ≈ 5%). �is
reduction of the total amount of CO2 bound in the �rst layer seems to be mainly
related to less compression (weaker low-T shoulder). It is likely the newly created
sites with higher CO2 and D2O desorption energy pin the CO2 layer, preventing the
formation of a well-ordered compressed CO2 layer. A study by Li et al. [115] con-
�rms the interplay of H2O and CO2 of zirconia/Pt3Zr: the interaction between water
and CO2 on ultrathin zirconia �lms was studied with FTIR and near-ambient pres-
sure XPS. No reaction was found for CO2 up to a pressure of 3 × 10−2 mbar at room
temperature. However, when co-dosing H2O and CO2 at 70 ◦C, adsorption of species
containing carbon was already found at 1×10−6 mbar; di�erent carbonaceous species
were detected and identi�ed as dioxymethylene, formaldehyde, and carbon.

�e interaction with CO2 was also investigated using STM by dosing CO2 a�er
water dosing and annealing cycles. At LN2 temperature, 0.1 L CO2 were dosed a�er
5 cycles. Figure 3.8a shows water species induced by the cycles; additionally, stripes
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originating from the interaction between the STM tip and species on the surface are
found. �ese species might be weakly bound CO2. It is not surprising that CO2
is not clearly visible at 78 K, as the onset of the TPD desorption peak of CO2 is at
about 90 K, only ≈ 12K above the measurement temperature. When measuring at
LHe temperature (a�er one cycle of H2O adsorption and annealing, 0.05 L CO2), two
types of species are found, with apparent heights of 50 pm and 100 pm, see line pro�le
in Figure 3.8b. OH appeared ≈ 100 pm high in previous measurements. As the 50 pm
species appear mobile under the in�uence of the tip, they are assigned to CO2, while
water-induced species are stable and do not hop under tip in�uence. However, no
correlation between CO2 and OH adsorption positions was found in this preliminary
study. �e possibility cannot be excluded that part of the CO2 molecules are located
too close to OH to be measured.

Figure 3.8: STM images of CO2 dosed on zirconia/Pt3Zr with water-induced changes.
(a) 0.1 L CO2. At LN2 temperature, water-induced species are stable. �e tip interacts
with CO2, leading to stripes (marked in yellow). (b) 0.05 L CO2. At LHe temperature, CO2
features (darker, examples marked in yellow) interact with the tip, while water features
(brighter) appear stable.

3.4.5 DFT and FTIR Studies by Collaborators

In addition to the UHV studies presented above, our collaborators did DFT calcula-
tions and FTIR measurements. �ey are recapitulated shortly in this chapter; further
details can be found in Ref. 45.
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Figure 3.9: H2O adsorption on a trilayer ZrO2 �lm in DFT [45]: Top view of the fully-
relaxed (

√
19 ×

√
19)R23.4◦ ZrO2/Pt(111) model cell including adsorption energies (in

eV) at water adsorption sites. For selected sites, energies of dissociative adsorption are
given a�er the slash. Values in parentheses indicate that the ZrO2 �lm had moved and
changed upon adsorption, resulting in a site of di�erent character. �e yellow rhombus
indicates the unit cell, and the dashed triangle shows the group of six Zr atoms that
are located higher than the others. Twofold-coordinated oxygen atoms are marked by
yellow asterisks.

In DFT, a fully stoichiometric ZrO2 trilayer was assumed. Accounting for the Pt3Zr
alloy as the substrate would require a very large unit cell (> 500 atoms). �ere-
fore, a pure 5-layer Pt(111) slab served as the supporting structure of the ZrO2 �lm
(dPt−Pt = 277.8 pm; bo�om two Pt layers �xed). As the layers below the ZrO2 �lm are
Zr-depleted in experiment, this assumption is reasonable. Such a model was also used
by Meinel et al. [38] and for modeling the adsorption of metal [44]. Structural optim-
ization using a simulated-annealing approach led to a heavily distorted, i.e. strongly
buckled ZrO2 �lm, shown in Figure 3.9. With the occurrence of twofold coordinated
O atoms at the surface, this structure is similar to the one found by Puigdollers et

al. [116]. Probably due to the �at potential-energy landscape with a large number of
local minima, as well as the di�erent stoichiometry, the present structure does not
perfectly represent the experimental one in all details. For example, STM images as
in Figure 3.5c suggest a higher symmetry than the DFT model. �e main structural
elements should therefore be represented well enough to capture the key features for
the interaction with the water molecules. Furthermore, oxygen vacancies are prefer-
entially located in the oxygen layer closer to the substrate [116]; thus, their in�uence
on the adsorption behaviour of water should not be strong. �e group of six high-
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lying Zr atoms, marked with a dashed, white triangle in Figure 3.9, have contracted
Zr–Zr distances of 323 to 347 pm. �ey are separated by low-lying Zr (“valleys”)
with Zr–Zr distances up to 389 pm. In the high Zr triangles, interaction between
the ultrathin oxide �lm and the Pt(111) substrate is dominated by the lower oxygen
atoms of the trilayer, while in the valleys the Zr atoms bind strongly to the Pt surface
atoms. �is distortion breaks four Zr–O bonds at the surface, leading to a twofold
coordination of some of the oxygen atoms at the borders of the high triangles.

H2O molecules were found to adsorb near each of the twelve Zr atoms. �e ad-
sorbed H2O molecules did not dissociate spontaneously in any of these twelve sites.
Due to the distortions of the ZrO2 �lm, these H2O adsorption sites had substantially
di�erent local geometries, which led to a wide range of calculated adsorption ener-
gies, from 0.48 to 0.99 eV, see Figure 3.9. For isolated H2O molecules, adsorption at
the laterally compressed “high” Zr atoms is mostly on the weaker side, 0.48–0.77 eV.
Adsorption is stronger at valley sites (0.62–0.99 eV), where the ultrathin ZrO2 �lm is
stretched, making the Zr atoms more reactive and accessible. �e strongest adsorp-
tion was found where the H2O molecule can form a hydrogen bond to an underco-
ordinated (twofold) oxygen atom at the border of a “high” Zr group (marked with
energy “0.98” in Figure 3.9; the site “(0.99)” is equivalent, a�er shi�ing of the �lm).
Due to the short H bond, dissociation via proton hopping is easy (67 meV barrier in
DFT). At this site and one other (marked “0.71/0.77”; not counting sites where the
oxide �lm gets substantially shi�ed), dissociation is slightly more favored than mo-
lecular adsorption. Upon adsorption of a full monolayer, the mean adsorption energy
decreased to a value of 0.68 eV.

Furthermore, the core level binding energies of the O 1s states were calculated to
con�rm the identi�cation of the di�erent species by XPS. In the �nal-state approx-
imation, taking the average binding energy of the O 1s states of the ZrO2 �lm as
a reference, the core levels shi�ed towards higher binding energies by 1.1 eV and
3.55 eV for the dissociated and molecular adsorbates, respectively. �is agrees well
with the respective experimental values of 1.7 eV and 3.7 eV. Only small di�erences
of the core level shi�s of about 0.1 eV are predicted for the di�erent adsorption sites.

FTIR data taken on pre-sintered monoclinic powder samples showed broad bands
without discernable sharp peaks, see Figure 3.10a. To circumvent the in�uence from
water in the gas phase, which became noticable at pressures above 10−2 mbar, the
absorption was determined at wavenumbers of 3160 cm−1 [117]. From isothermal
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(at room temperature) and isobaric experiments, the adsorption energy vs. relative
coverage was extracted using thermodynamic considerations — making use of the
fact that measurements were done in equilibrium of the gas phase and adsorbed wa-
ter. �erefore, the chemical potentials of water in these two phases must be equal,
µg = µad = −Ead − TSad. For calculating the adsorption energy Ead, which can be
directly compared to the DFT and TPD results above, Sad — the entropy per molecule
in the adsorbed state — has to be estimated. Figure 3.10b shows the results of this
calculation, with two limits for Sad: As a lower limit, an entropy of 0 is chosen; the
upper limit is estimated from the entropy of ice. Again, the details can be found in
Ref. 45. Taking all considerations into account, the analysis led to an estimate for
Ead of ≈ 0.65 eV for lower coverages, decreasing close to Ead of ice at high coverages.
�is stands in remarkable agreement with 0.57 eV from TPD measurements obtained
in UHV for the ultrathin zirconia �lm, which was used as a model system for ZrO2
surfaces.

3.4.6 Discussion

Combining the data from literature and the results presented here, a simple picture
emerges for H2O at all pure zirconia surfaces: At low coverages, H2O is strongly
bound at a few sites, with adsorption energies up to 1.5 eV or more. When these sites
are saturated, experimental adsorption energies are around 0.6 eV. �e TPD value of
0.45 eV for 7 ML �lms on Pt(111) [98] is an exception, probably due to the simplistic
assumption of the prefactor being 1013 s−1: �e TPD peak in Ref. 98 is 20 K above the
multilayer peak, comparable to ours. Strongly bound water seems to be mostly dis-
sociated; the weakly bound H2O is in molecular form at least at low temperatures on
our ultrathin �lms. Both, DFT results for the ultrathin �lms and DFT calculations for
H2O on monoclinic ZrO2 from the literature [118, 119] predict dissociative adsorp-
tion at (some or all) twofold-oxygen sites, otherwise mostly molecular adsorption, in
many cases forming H-bonded structures already at low coverage. �is also nicely
�ts our XPS data as well as FTIR, where the absence of sharp peaks in FTIR spectro-
scopy (except for the negative peak from the initial coverage) can be explained only
by ensembles of H-bonded species on the monoclinic powder sample. With the H2O
molecules on top of the Zr atoms, and in-plane Zr–Zr distances of ≈ 330–400 pm, the
H2O–H2O spacing is too large for a two-dimensional ice-like network of H-bonded
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Figure 3.10: Infrared absorption of H2O on sintered monoclinic ZrO2 powder [45]. (a)
Spectra at 298 K for selected partial pressures of H2O. Spectra are shi�ed vertically for
clarity, and a few regions of dense gas-phase absorption peaks are indicated. (b) Di�er-
ential adsorption energies from the isobaric and isothermal measurements. �e vertical
lines span the results for the two extreme cases of zero (top) and maximum (ice-like,
bo�om) adsorbate entropy. Coverage values are normalized with respect to the value at
pH2O = 25 mbar, which corresponds to 2–3 H2O per surface Zr atom [95].
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species (O–O spacings in ice are 275 pm). �us, at low coverages, we should not ex-
pect extended areas of a 2D water �lm but only ensembles of very few of H-bonded
species.

�e DFT energies for water on the ultrathin �lm, see Figure 3.9, agree reasonably
well with experiment, especially when considering the overestimation of H bonding
with the functional used (optB86b [120, 121]); the calculated formation energy of
hexagonal bulk ice Ih of 0.74 eV [45] is higher than the experimental value of 0.58 eV
[122]. For bulk monoclinic ZrO2 (m-ZrO2), the experimental adsorption energies
at low coverage are very high (& 2 eV [92, 93]. �ese values are even above DFT-
calculated values for �at surfaces [118, 119]; probably they are related to defects.
However, at high coverages, all experiments (including FTIR presented in section
3.4.5) indicate values of ≈ 0.6 eV, while DFT predicts strong H2O adsorption on bulk
m-ZrO2, with typical adsorption energies in the 0.8—1.2 eV range [118, 119]. Test
calculations performed by our collaborators for a few H2O/m-ZrO2 con�gurations
show similar results. To some degree, the problem may be blamed on overestimation
of the strength of H bonds (as mentioned previously); this mainly a�ects the energies
at high coverages.

�e density of sites with high adsorption energy (“defect sites”) depends strongly
on the type of samples used. Astonishingly, it is rather high for 7 ML ZrO2/Pt(111)
�lms [98], when compared with the ≈ 15% TPD tail (12% in XPS) in our ultrathin
�lms. For the powder samples used in FTIR (Figure 3.10), it may come as a surprise
that almost no strongly-bound H2O is detected. To some degree, this may be an ex-
perimental artifact: As the reference spectrum was acquired a�er high-temperature
annealing, very strongly bound hydroxy groups or H2O readsorbed while cooling in
vacuum would be included in the reference spectrum, and would go undetected. �e
density of these species should be small, however, as indicated by the small negative
peak occurring when the preadsorbed H2O joins the H-bonded adsorbates. �e low
density of defect sites in the powder samples used in the FTIR study may be due to
the extensive high-temperature annealing (1 h at 1273 K in pure O2), which is also
responsible for the low speci�c surface area (2 m2/g) of the samples.

So what are these “defects” with high adsorption energy? Let us start this discus-
sion with the substoichiometry of the ultrathin zirconia �lms, and therefore with the
most common defect [123] of oxide surface science: oxygen vacancies. For the tet-
ragonal ZrO2(101) surface (equivalent to {111}-type surfaces of cubic or monoclinic
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ZrO2), the formation energy of oxygen vacancies at the surface is nearly as high as
in the bulk, 6.0 eV [116]. Also for m-ZrO2(1̄11), our calculations yield a high oxygen
vacancy formation energy of 7.1 eV. �is means that the concentration of oxygen va-
cancies at these surfaces will be negligible. However, calculations for the ultrathin
ZrO2 trilayer suggest much lower oxygen formation energies (2.23 eV) [116], and the
stoichiometry is estimated as ZrO1.40 by experiments. Oxygen vacancies, if present
on the surface, should be easily �lled by H2O, and the desorption barrier at these
sites should be high. Our TPD+XPS experiments exclude a signi�cant amount of
such species, however. Only ≈ 0.12–0.15 ML of the adsorbed water is strongly bound,
corresponding to 1.4 molecules/unit cell, in contrast to the expected 7.2 VOs per unit
cell. Since parts of the strongly bound species originate from other “defects”, only
a minority of the VOs seem to play a role in water adsorption. According to DFT,
the formation energy of oxygen vacancies in ultrathin zirconia �lms is lower in the
O-layer close to the substrate than at the surface [116]. �erefore, the assumption
of a negligible oxygen vacancy concentration at the surface of the trilayer zirconia
�lm is reasonable. �us, most VOs are not easily accessible, and are not expected to
interact directly with adsorbates.

DFT indicates that ultrathin �lms are strongly distorted. �is result has been ob-
tained under the assumption of a stoichiometry of ZrO2, but it should be also ex-
pected for a zirconia layer with ≈ 60% VOs at the interface. Considering the sharp
TPD peak (Figure 3.3) and the large variation of the DFT adsorption energies (Figure
3.9), we nevertheless believe that DFT overestimates the heterogeneity of the surface
(and, related, the distortions). DFT tells us that the ZrO2 �lm structure is rather un-
stable, prone to distortions, and breaking of Zr–O bonds that lead to twofold-oxygen
sites. It has to be seen whether this would be also true for a substoichiometric �lm. If
so, we consider it likely that this kind of instability is responsible for the changes in-
duced by multiple adsorption/desorption cyles, which create additional defect sites.
DFT reveals a complex potential-energy landscape of the uncovered ultrathin ZrO2
�lm, but also the variety of ZrO2 bulk structures of similar energy [124] can be seen
as the root of this instability. �e STM results indicate stronger water bonding at one
or two of the 12 Zr sites per (

√
19×
√

19)R23.4◦ unit cell, in agreement with the ≈ 12%
defect sites. At room temperature, water is stable at such sites only above subsurface
dislocations of the substrate, again showing that a minor disturbance (slight distor-
tions of the substrate) signi�cantly in�uences the ultrathin oxide. �e DFT-calculated
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Eads = 1.05 eV for the most stable site in the supercell indicates that dissociated water
should be barely stable for extended times at room temperature, which nicely �ts
these STM results, so these defect sites may be similar to the most stable site in DFT.

Furthermore, DFT suggests that twofold oxygen is the site of H2O dissociation
and provides an anchor [118,119] for further H2O by H bonding. Given that the most
stable surfaces [29] of monoclinic ZrO2 exhibit at least 1/4 twofold oxygen atoms in the
surface, and FTIR of well-annealed m-ZrO2 suggests a low defect concentration, it is
unlikely that a twofold oxygen is su�cient to qualify as a defect site. DFT (Figure 3.9)
shows substantially di�erent adsorption energies adjacent to twofold-oxygen sites,
suggesting that the details of the geometry at a twofold oxygen and the Zr atom
where H2O adsorbs (and dissociates) strongly in�uences the bonding strength. �is
implies that not all twofold oxygens provide strong bonding to H2O. On the other
hand, DFT predicts much stronger H2O adsorption on m-ZrO2 than found in many
experiments (including those presented here), which would indicate that the twofold
oxygen atoms on m-ZrO2 are not present or somehow blocked in reality.

Concerning minority sites, we should also consider that our ultrathin-�lm model
system contains 3D ZrO2 clusters [42]. �e XPS signal from the clusters (Figure
3.4a) is about 18% of that from the ultrathin �lm. Our STM images indicate that the
average cluster height is at least four trilayers. With these values, an XPS simulation
[73] indicates that clusters account for less than 7% of the surface area. �is area
is not enough to have a large impact on our XPS and TPD results; e.g., a picture
where all strongly bound or dissociated water is adsorbed on the 3D clusters would
be inconsistent with the area fraction of the clusters.

Let us now compare H2O adsorption on zirconia to structurally similar oxygen-
terminated surfaces. �e TPD peak temperature of H2O on the ultrathin zirconia
on Pt3Zr(0001) at 180 K is higher than on other oxygen-terminated oxides such as
ultrathin alumina (164–168 K) [125, 126] or a 2 ML-thick FeO �lm (H2O: 166 K, D2O:
169 K) [127]. At least for the case of alumina, the top O–Al interlayer spacing (40 pm)
[128] is less than in the present case, so the stronger bonding of H2O on zirconia
must be explained by the large in-plane O–O spacing (≈ 350 pm) on zirconia. �is
makes the metal cations more accessible than on most other oxygen-terminated ox-
ides, where O–O distances are around 300 pm. Strong H2O or OH adsorption re-
quires that the metal cations are easily accessible; for O-terminated surfaces this
means large O–O distances. Examples of structures with O-O distances similar to
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zirconia are CeO2(111) [129] with the main TPD peak at 200 K and In2O3(111) with
H2O adsorption energies of 1.2 eV (TPD peak well above room temperature) [108].

Finally, how good a model system is the ultrathin zirconia �lm for “real-world”
ZrO2 surfaces? �e ultrathin �lm is based on a trilayer of cubic ZrO2(111) with
many oxygen vacancies (at the interface), distortions, and probably some twofold-
coordinated O atoms at the surface. Apart from the VOs, geometrically it is similar to
the two energetically most favorable monoclinic ZrO2 surfaces, (1̄11) and (111) [29].
When comparing with ZrO2 powder, nanocrystalline material will also exhibit a sub-
stantial number of edge and corner sites (more than the step sites in our model sys-
tem), but for the high-temperature annealed material used for the FTIR study in Fig-
ure 3.10 we do not expect enough of these sites to play an important role. As is
generally true for ultrathin oxide �lms on metal substrates, the main restriction as
a model system applies if adsorption involves charge transfer. In such a case, one
should expect stronger bonding on the ultrathin �lm than on thick �lms or bulk ma-
terials, where charge transfer is di�cult or impossible [44, 130, 131]. For adsorption
of H2O, in molecular or dissociated form, there is no net charge transfer, so the �-
delity of the �lm as a model system is probably limited by di�erences in geometry
between the �lm and bulk structures. Unfortunately, the current DFT models, which
are only based on stoichiometric ZrO2, do not agree well enough with experimental
data for an exact comparison. Nevertheless, the good agreement of experimental H2O
adsorption energies for the ultrathin �lm and the powder material is encouraging.

3.4.7 Conclusion

We have investigated the adsorption and desorption of water on a trilayer of zirconia
grown by oxidation of a Pt3Zr(0001) single crystal. With a combined TPD, XPS, and
STM approach we could show that ≈ 88% of the water molecules in the �rst mono-
layer adsorb molecularly, with an adsorption energy of Edes = 0.57±0.04 eV over a
large range of coverages. �is agrees well with DFT, which �nds dissociative ad-
sorption in only a few sites, with the proton accepted by twofold coordinated oxy-
gen. Experiments also showed that the adsorption energies of dissociated water vary
over a wide range, depending on local details of the structure (e.g. substrate dislo-
cations below) and pretreatment (increasing number of “defect” sites a�er multiple
adsorption-desorption cycles). FTIR measurements on ZrO2 powder showed similar
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adsorption energies as our the UHV TPD study, indicating that the ultrathin (tri-
layer) zirconia �lm is a valid model system for water adsorption on well-annealed,
real-world ZrO2 surfaces.

3.5 Methanol

3.5.1 TPD

For a study of simple organic molecules, methanol (CH3OH) was chosen. A�er dos-
ing at 80 K, the strongest TPD signal was measured for a mass/charge ratio (m/e) of
31 u/e as expected, as it is the strongest dissociation fragment of methanol in e-beam
based mass spectrometry. (One hydrogen is split o�.) m/e of 32, 30, 29, 28, and 18
show the same behaviour, but at lower intensity. TPD shows a multilayer peak with
the onset at ≈ 120 K, see inset of Figure 3.11. �e highest coverage (1.56 ML) shows a
high-T shoulder above the multilayer peak. As the peak without the shoulder incor-
porates approximately 1.1 ML, this strong peak might originate from a weakly bound
disordered layer, and the shoulder is the onset of the true multilayer peak, similar to
CO/Fe3O4(111) [51]. A typical sharp monolayer peak was not found; instead, a broad
region from 160 K to 260 K containing ≈ 0.2 ML was found; it is made up by at least
two peaks with maxima at 195 K and 225 K. Furthermore, a shoulder to higher tem-
peratures with a maximum at 280 K was found. Two minor peaks can be seen at 460 K
and 560 K. Methanol TPD does not lead to changes of the surface as water TPD does,
see section 3.4.4; this was tested with CO2 TPD measurements before and a�er the
methanol measurements (not shown), which showed no change.

During methanol TPD, other masses of possible products were checked; ethanol
(m/e = 46) showed no signal at all, while hydrogen showed a small peak at 330 K,
which might originate from H desorbing from wires holding the crystal in place.

3.5.2 XPS

For XPS measurements, 0.19 ML of methanol (1.5 L) were dosed at 80 K onto the sur-
face and then �ash-annealed to various temperatures; data were always taken at 80 K.
Figure 3.12 reveals a complicated desorption behaviour. �e O 1s region a�er dosing
0.19 ML shows two peaks, see Figure 3.12a: One at 530.1 eV originating from O in the
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Figure 3.11:Methanol TPD (varying dose, heating rate 1 K/s) on ultrathin zirconia/Pt3Zr
showing an area consisting of three peaks (marked with red arrows) and two further
high-T peaks (marked with black arrows). �e inset shows the multilayer region, which
consists of two peaks.

zirconia trilayer [42], and another peak at EB = 533.7 eV. When annealing at 200 K,
this peak area is reduced by 2/3. A�er �ash-annealing to 215 K, the peak area is re-
duced further and the peak is fully removed a�er �ash-annealing to 300 K. Adsorbed
molecular water leads to an O 1s peak at 533.8 eV but would desorb fully at 200 K,
see section 3.4.2; we can therefore exclude molecular water.

Additionally, the O 1s zirconia peak exhibits a high-EB shoulder. As is known from
the water studies (section 3.4.2) and Ref. 42, the XPS signals of bulk zirconia and OH
groups are found in this region. When ��ing the spectra using CasaXPS, see Figures
3.12c and d, the region contains two peaks at 531.0 eV (identi�ed as ZrO2 clusters [42])
and 531.6 eV, respectively. �e peak at higher EB has a EB similar to OD groups (from
D2O dosing), although EB of OD groups was found to be at slightly higher binding
energy, 531.8 eV, see section 3.4.2. Upon �ash-annealing to 200 K, the peak at 531.6 eV
grows from 12.4% w.r.t. the zirconia O 1s peak to 23.1%, returns to 12% at 300 K and
then gradually decreases until nearly vanishing at 500 K. �is behaviour is similar to
the behaviour of OD groups from D2O dosing, which recombine to desorb as D2O in
a broad TPD tail up to 550 K, see Figure 3.3. However, in the case of methanol, the
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adsorbed species again recombine to methanol, see below.
�e C 1s region of the same experiment shows a single peak at 287.3 eV a�er dos-

ing, see Figure 3.12b. It continuously weakens until being nearly gone at 500 K. EB

shi�s to 286.8 eV (-0.5 eV) at 200 K, 286.7 eV (-0.6 eV) at 215 K, and 286.5 eV (-0.8 eV) at
300 K and higher temperatures.
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Figure 3.12: XPS measurements of 0.19 ML of methanol on ultrathin zirconia/Pt3Zr,
measured at 80 K. (a) O 1s region and (b) C 1s region �ash-annealed at the temperatures
given in the legend. Fi�ed O 1s spectra (c) a�er deposition and (d) a�er annealing at
200 K. 2/3 of the molecular methanol desorbs, and the OH signal increases.

3.5.3 Discussion

It might not come as a surprise to the reader that the adsorption and desorption
behaviour of an organic molecule cannot be fully understood by this preliminary TPD
and XPS study. Nevertheless, typical behaviours can be con�rmed also for CH3OH
on the ultrathin zirconia �lm: Methanol adsorbs only weakly (physisorbs) above a
coverage of ≈ 0.2 ML, i.e. for most of the adsorption sites. �is is also found for other
oxide surfaces, where chemisorption is only found on step edges and defects [132,
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133]. 0.2 ML are close to the coverage of water found to bind strongly to various
defect sites (0.12-0.15 ML). It is therefore possible to conclude that also methanol-
related species bind to the same sites. However, STM studies would be needed to
proof this point.

XPS data suggest that also below 0.2 ML, most methanol adsorbs molecularly at
80 K, with a typical C 1s EB of ≈ 287 eV [134]. A�er additional annealing, XPS shows
shi�ed binding energies in the O 1s (similar to OH) and C 1s region; the binding
energy of C 1s at ≈ 286.5 eV is assigned to chemisorbed methanol (on a (2×1) surface
oxide on Cu [134]), and to methoxy species (on CeO2(111) [135]). Ref. 134 does not
include O 1s data, yet in Ref. 135 a clear shoulder at 531.5 eV assigned to CH3O, CH2O,
or OH is reported. �e behaviour on CeO2 �ts to EB found for zirconia thin �lms,
suggesting that methanol does dissociate into methoxy species and possible terminal
OsurfH hydroxy groups on ultrathin zirconia �lms. Other C-containing species can
be excluded from C 1s, where peaks originating from CH2O and CHx would be found
at 288.4 eV and around 284 eV, respectively [134].

As the C 1s and the O 1s signals are reduced by the same amount at the same
temperature above 300 K, recombinative desorption occurs. �is also �ts to the TPD
spectra of all cracking products of methanol showing the same ratio, independent
of the desorption temperature. Since the O 1s signal at 531.6 eV (CH3O + OH) in-
creases a�er annealing at 200 K, the dissociation process is enhanced by increasing
temperatures.

3.6 Other Gases

�e sensitivity of the thermocouple used in the TPD measurements quickly approach-
es zero at low T , below ≈ 30 K. �erefore, such low temperatures are measured only
with large errors. As a further result, the actual minimal temperature that could
be reached by our setup is unclear; krypton multilayers could not be adsorbed (see
below), so a minimal temperature of ≈ 30 K can be estimated.

3.6.1 Carbon Monoxide

CO TPD measurements (m/e = 28) on zirconia on Pt3Zr with varying dosages can be
found in Figure 3.13. Apart from the multilayer peak below 30 K (no stable measure-
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ment possible, see above), the spectrum consists of three overlapping peaks at 45 K,
≈ 70 K, and ≈ 105 K. Additionally, a defect peak is found at 200 K, see inset. �e mul-
tilayer peak starts appearing at coverages & 0.8 ML, so not each Zr atom can host a
CO molecule. For m/e = 18, 32, 44, no desorption was detected.
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Figure 3.13:CO TPD (varying dose, heating rate 1 K/s) on ultrathin ZrO2/Pt3Zr, showing
three overlapping peaks forming a ML peak which contains≈ 0.8 ML CO. �e inset shows
a defect peak at 200 K.

3.6.2 Carbon Dioxide

CO2 was used as a probe molecule for water-induced surface changes, see chapter
3.4.4. Here, the interaction with the pristine surface is discussed. CO2 TPD was
conducted on ZrO2/Pt3Zr with varying coverages dosed at 50 K, see Figure 3.14 for
the measurement (mass/e 44 u/e). It shows two main peaks, the monolayer peak at
101 K (slightly di�erent than in Figure 3.6 due to di�erent temperature calibration)
and the multilayer peak with an onset around 70 K. �is assignment is con�rmed by a
measurement of 4.45 ML CO2, see inset. �e desorption energy of multilayers can be
determined via the slope of a loд(I )vs . 1/T plot, see Figure 3.15, as for water in section
3.4.2, giving ≈ 0.18 − 0.20 eV. At temperatures above the monolayer peak, a small
tail is visible; it originates from binding to defects and increases a�er water-induced
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surface changes, see section 3.4.4; CO2 was found to be the best probe molecule
for this e�ect. �e monolayer peak contains ≈ 0.5 ML of CO2, i.e. one molecule per
two unit cells. At coverages slightly above half a monolayer (e.g. 0.58 ML, dashed
dark blue curve), a small maximum is observed at ≈ 62 K — just below the multilayer
peak. �is peak vanishes at higher coverages. A similar behaviour was again found
on magnetite, yet much more pronounced [51]; there, a separate peak for the second
layer was found below the multilayer peak. On our sample, only a very small peak
containing 1.5% of a ML can be observed. In fact, this amount is so small that this
presumed 2nd layer peak could be forming only on top of 3D ZrO2 clusters or other
“defects”. Apart from the CO2 signal, no signi�cant signals were found in masses 18
and 32; desorption of CO (mass 28) followed the signature from CO2 with about 10%
of the intensity, as expected for this cracking product.
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Figure 3.14: CO2 TPD (varying dose, heating rate 1 K/s) on ultrathin ZrO2/Pt3Zr show-
ing a multilayer peak with an onset at 70 K and a monolayer peak at 101 K. �e inset
shows a coverage of 4.45 ML.

3.6.3 Krypton

Measuring the adsorption and desorption properties of noble gases is di�cult, as
they do not interact strongly with the substrate. As a result, all desorption peaks
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Figure 3.15: Logarithmic plot of the CO2 TPD on ultrathin ZrO2/Pt3Zr in Figure 3.14.
From the slope of the 1 ML and 4.45 ML curves, a multilayer desorption energy of ≈
0.18 − 0.20 eV can be extracted.

are found at very low temperatures [136]. Argon, for example, was found to desorb
from ultrathin zirconia at ≈ 30 K, a temperature which could not be easily stabilized
in our setup, see above. Krypton, on the other hand, has slightly higher desorption
temperatures and could therefore be measured, see Figure 3.16. �e spectrum con-
sists of a single peak at 51 K a�er dosing 4 L. �e multilayer peak onset would be
expected at ≈ 33 K [136]. Krypton was used as a probe molecule for water-induced
surface changes, similar to CO2, see chapter 3.4.4. As one can see in Figure 3.16, the
peak becomes slightly wider a�er 18 cycles of D2O-TPD and the resulting changes
in the surface, see section 3.4.4. In contrast to CO2, these changes are minor and no
pronounced high-T shoulder can be detected. A�er annealing at 1205 K, the original
state is recovered; the shi�ed temperature is most likely an experimental artefact.
�e desorbed amount of molecules falls by ≈ 5% a�er the 18 D2O cycles; this change
possibly originates from a unintentional, slightly di�erent dosage.
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Figure 3.16: Kr TPD (initial dose ≈ 4 L, heating rate 1 K/s) before (blue curve) and a�er
(red) 18 D2O TPD cycles. �e peak is then broadened, but shows no strong reaction
to the changed surface. Annealing to 1205 K restores the original state of the surface
(orange, do�ed); the peak shi� is a�ributed to an experimental artefact.

3.6.4 Oxygen

As a last test molecule, O2 was dosed onto the ZrO2 surface. TPD measurements of
varying dosages show that O2 only binds weakly to ZrO2 with a monolayer peak
at 34 K, see Figure 3.17. At such low temperatures, the temperature calibration is
not reliable anymore, see above. �is might explain why the multilayer O2 peak is
measured at < 10 K while it should be — according to literature [136] — at ≈ 30 K. �e
temperature scale in this measurement range is therefore inaccurate. �e monolayer
peak can nevertheless be identi�ed as such; its growth is limited and stops slightly
above 1 ML, with a shoulder at low and high temperatures. �e high temperature
shoulder is assigned to defects as for other gases. �e low temperature shoulder is
a�ributed to compression of the O2 layer; the same phenomenon is found for CO2,
see section 3.4.4 as well as Refs. 112, 113. Furthermore, the monolayer peak shi�s to
lowerT with increasing dose, which indicates a repulsive force between O2 molecules
bound to the surface. A similar peak shi� could, in principle, also occur for second-
order desorption due to dissociation and recombination upon desorption, but this
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behaviour can be excluded based on the low desorption temperatures.
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Figure 3.17: O2 TPD (varying dose, heating rate 1 K/s) with a monolayer peak at 34 K.
�e temperature scale is inaccurate; the multilayer peak is expected to be around 30 K.





Chapter 4

Thin ZrO2 Films

�is chapter presents results obtained in the RT-STM UHV chamber (see chapter
2.1.1) from zirconia �lms deposited with a UHV-compatible spu�er source [50] (see
chapter 2.2). In this way, the �lm thickness can be controlled and is not limited to
one monolayer as in systems based on alloy oxidation [41, 43], see chapter 3. Only
thicker model �lms can be used to gain insights into oxygen vacancies (VOs) and
their di�usion, and, in general, in all processes in which charge transfer is involved.
It will be shown that for thicknesses below 5 ML, the �lms are strongly in�uenced
by the underlying Rh(111) substrate; we found varying structures with increasing
�lm thickness. For thicknesses ≥ 5 ML, bulk-terminated, tetragonal or monoclinic
zirconia can be obtained, depending on the annealing temperature.

�is chapter is based on two forthcoming articles, Refs. 24 and 137. �is chapter
combines the publications and contains additional data and information.

4.1 Sample Preparation

For the main part of our research, we used Rh(111) as a substrate. Compared with
Pt(111), it has the advantage of lower solubility of Zr in the bulk, and the 4:3 ratio
of la�ice constants between ZrO2(111) and Rh favors the growth of unrotated zir-
conia �lms. Rh(111) 1 and Pt(111) were cleaned by cycles of spu�ering (2 keV Ar+,
3.6 µA/cm2, 10 min) and annealing (T = 920 ◦C, 10 min). If Zr or ZrO2was deposited
before, the �rst annealing cycle is done in oxygen (T =670 ◦C, pO2 = 1 × 10−6 mbar,
10 min) to trap dissolved Zr at the surface. �is is of high importance for Pt(111),

1diameter 9 mm, height 2 mm, from MaTecK, Germany
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where Zr easily dissolves in the bulk. �e cleaning procedure for Pt3Zr(0001) is de-
scribed in chapter 3.1. On the clean substrate, zirconia �lms were deposited using
the UHV-compatible spu�er source [50]; the details are given in chapter 2.2.4.

4.2 Surface Structures on Rh(111)

4.2.1 Zirconia Layers of Increasing Thickness

When employing ZrO2 (zirconia) �lms as a model system for the surface of bulk
ZrO2, a compromise between bulk-like properties (requiring thick �lms) and easy
imaging by STM (requiring thin �lms due to their insulating nature) must be sought.
�erefore, we have studied the structure of the �lms as a function of their thickness,
starting from 1.5 ML. A�er annealing 1.5 ML of zirconia at 550 ◦C in O2 (pO2 = 5 ×
10−8 mbar), the �lm partially de-we�ed the surface and a 2 ML-thick �lm formed
with holes to the Rh(111) substrate, see Figure 4.1a. A single monolayer was found
to be unstable under these annealing conditions. At �rst glance, the LEED pa�ern
suggests a structure with (3 × 3) oxide units per (4 × 4) Rh cells (marked by red
lines in Figure 4.1a, which would require an oxide la�ice of 358 pm. �is would
be an expected structure, as three c-ZrO2 unit cells (3 × 0.36 nm = 1.08 nm) nearly
coincide with 4 Rh unit cells (4 × 0.269 nm = 1.076 nm). However, when using the
Rh spots as a gauge to measure the true value of the oxide la�ice constant, we �nd
a value of approximately 0.34 nm – far shorter than the 358 pm required for a true
(3 × 3)/(4 × 4) structure. �e oxide structure can therefore not be explained by this
superstructure. STM shows that the �lm is not perfectly ordered, as can be seen
from the variations in the surface structure. In ordered areas, the most common
feature resembles a rose�e. �e rose�es are hexagonally ordered with a periodicity
of 1.2 nm, marked in the inset of Figure 4.1a. Usually, the domains of well-ordered
rose�es are much smaller than in the inset of Figure 4.1a, however. From comparison
with atomically resolved images of the Rh(111) surface (not shown), we �nd that
the rose�e la�ice corresponds to a (

√
21 ×

√
21)R10.9◦ superstructure with respect

to Rh(111). We can explain the ideal rose�e la�ice using the la�ice constant from
LEED if it is a (

√
13 ×
√

13)R13.9◦ superstructure w.r.t. a cubic ZrO2(111) la�ice. �is
results in an oxide la�ice constant of 341 pm and a small 3◦ rotation of the oxide
w.r.t. the Rh la�ice. �e in-plane la�ice constant of 341 pm for ZrO2 is surprisingly
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Figure 4.1: Surface structures of zirconia �lms with 2–4 ML thickness, as seen with STM
(le�) and LEED (right) . Each thickness has its own surface reconstruction: (a) Rose�es
at 2 ML, unit cell marked in pink, (b) (3×3) at 3 ML, (c) and a (3

√
3×3
√

3) superstructure
of small protrusions at 4 ML. For 4 ML, the line scan shows the height of the protrusions,
and an FFT of the protrusions shows weak spots of their superstructure. Superstructures
are given with respect to c-ZrO2 (111).
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short: For metastable tetragonal or cubic ZrO2, the corresponding value would be
about 359–362 pm [22], and even 1 ML (single-trilayer) zirconia �lms have a larger
in-plane la�ice constant of ≈350 pm [41, 43]. As decreasing the la�ice constant is
constrained by O–O repulsion (see chapter 1.2), we consider it likely that these �lms
are substantially oxygen-de�cient. Based on the LEED image, however, the rotation
of the oxide is less than 1◦ in most areas of the surface and therefore smaller than the
3◦ expected from the epitaxial relationship. �is deviation can be explained, as we
observe only small patches of well-ordered rose�es by STM, so the superstructure
measured above is only an approximation. �us, also the in-plane la�ice constant
may be slightly di�erent from the one calculated assuming a perfectly commensurate
superstructure.

We also observe LEED spots from a (2 × 1)-O structure on Rh(111) in the holes
of the �lm. �is structure is common when annealing Rh(111) in oxygen [138]; the
corresponding periodicity can be also detected by STM in the holes (not shown).

A 3 ML-thick �lm annealed at 610 ◦C appears quite di�erent in STM, see Figure
4.1b. Apart from some disordered regions in the upper half of the image, the pre-
dominant structure shows a (4 × 4) cell with respect to the substrate, which now
nicely corresponds to (3 × 3) cells of the oxide (see the LEED pa�ern). �is corres-
ponds to an in-plane la�ice constant of 358 pm, which is already close to the value
for cubic zirconia (≈362 pm, see Figure 1.1). �ere is no sign of the rose�e structure
that was found at 2 ML. It would be tempting to anneal to a higher temperature in
order to improve the ordering and eliminate the disordered patches. Unfortunately,
these thin �lms break up easily, forming thicker �lms with holes. �ese then have
the structures of the respective thicker �lms. �e 3 ML-thick �lm shown here already
has a small number of holes down to the Rh substrate, which explains the bright Rh
spots in LEED. In addition to the ZrO2 (3 × 3) superstructure, LEED shows a ZrO2
(2 × 1) structure that originates from 4 ML-high terraces (according to STM). �is
structure is discussed below.

In Figure 4.1c, a 4 ML-thick �lm is shown, with a few terraces having a total height
of 5 ML. �e LEED image again indicates a (3×3) oxide la�ice per (4×4) Rh units. �e
4 ML-thick areas are covered by isolated protrusions with a typical height of 60 pm,
see the contrast-enhanced inset and the line pro�le next to the inset. �ese protru-
sions can form a honeycomb-type short-range order with a (3

√
3 × 3
√

3)R30◦ super-
structure with respect to the oxide or (4

√
3 × 4
√

3)R30◦ with respect to Rh (hexagon
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in inset). We consider it likely that these protrusions are adatoms or molecules, but
not impurities, as these features are solely present on the 4 ML �lms. �e protrusions
nicely mark the la�ice periodicity: A fast Fourier transform (FFT) of their positions
extracted from the STM image (bo�om right of Figure 4.1c) shows the Rh and ZrO2
periodicities, as well as weaker spots for the (3

√
3 × 3

√
3)R30◦ la�ice. Note that the

circles in the FFT are exactly equidistant, marking the exact positions for a (4 × 4)
superstructure. �e oxide la�ice is rotated by ≈ 0.5◦ with respect to the Rh la�ice,
which causes slight deviations of the maxima in the FFT from the center of the circles.

Between the protrusions, rows can be made out in the STM image in Figure 4.1c
(marked by green lines in the top le� of the inset). �ese rows have the same period-
icity as the rows on the 5 ML-thick structure, see Figure 4.2a and the islands in Figure
4.1c. �e distance between the rows is ≈ 0.6 nm, which corresponds to a (2×1) struc-
ture with respect to the oxide, the expected unit cell of tetragonal zirconia (Figure
1.1). �e 4 ML-high islands on the 3 ML �lm also show these rows (Figure 4.1b), thus
the (2 × 1) already weakly appears in LEED at this coverage. �is row structure
persists also for thicker �lms, see below.

4.2.2 Tetragonal Zirconia films

Zirconia �lms with a thickness of 5 ML and annealed at temperatures of up to 730 ◦C
in 5 × 10−7 mbar of O2 are dominated by the row structure mentioned above. �is
structure has a (2 × 1) periodicity with respect to a ≈360 pm c-ZrO2(111) la�ice, see
Figure 4.2a. �is is the structure expected for a tetragonal ZrO2 �lm. As expected for
the ABC stacking of t-ZrO2(101), the rows of adjacent layers are laterally shi�ed by
1/3 of their spacing. �is can be seen in panel a1 of Figure 4.2 (green lines). Domain
sizes of ≈30 nm can be reached upon annealing at 730 ◦C in O2 (Figure 4.2a). �e
apparent corrugation of the tetragonal rows is surprisingly high (typically 30 pm; up
to 100 pm at 2.4 V sample bias). �is cannot be explained by the geometric heights
of the surface atoms in the tetragonal structure (∆z = 35 pm for the O atoms in a
bulk-terminated structure, less for a relaxed surface [29]; the Zr atoms have roughly
equal heights). �us, the high corrugation stems from either a surface reconstruction
or an electronic e�ect. As neighboring domains of the tetragonal surface appear to
blend into each other in some places, then appearing like a (2 × 2) structure (yellow
circle in Figure 4.2), we consider the la�er explanation more likely.
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Figure 4.2: Tetragonal zirconia �lms with (a) 5 ML and (b) 7.5 ML, as seen with STM
(large and zoom-in frames) and LEED (top right). Green lines mark the (2 × 1) surface
structure with respect to cubic ZrO2(111). When going from the 5th to the 6th ML, the
rows shi� by 1/3 of a unit cell as is expected for t-ZrO2, see frame (a1) . Orange lines
indicate the moiré structure visible in 5 ML �lms and some of its domain boundaries. �e
moiré superstructure cells are shown superimposed on the Fourier-�ltered STM image
in frame (a2) , and a point defect is visible in frame (a3) . �e STM images have been
processed to increase the contrast on the terraces.
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At a thickness of 5 ML, the surface structure can be atomically resolved with STM.
With increasing �lm thickness, the bias voltage has to be increased for stable ima-
ging due to the higher thickness of the insulating material between the tip and the
(conductive) substrate. �e resolution of the images decreases accordingly (see the
image of the 7.5 ML �lm in Figure 4.2b). It is di�cult to obtain stable tunneling at a
thickness of 10 ML; a minimum bias of 7.2 V is required. Nevertheless, the row struc-
ture of t-ZrO2 remains visible at 7.5 ML (frame b1 of Figure 4.2) and at 10 ML (not
shown), and the LEED pa�ern always shows a (2 × 1) pa�ern w.r.t. c-ZrO2(111).

�e structural order of thicker �lms can be tracked best by the sharpness of LEED
spots, see Figure 4.3. LEED measurements are possible at thicknesses where STM
does not give reasonable results anymore. �e tetragonal structure stays stable at
higher thicknesses (tested up to 50 ML ZrO2), yet the spots become broader when
the thickness is increased from 5 to 20 ML. An additional increase to 50 ML does not
have a measurable e�ect. Annealing a 50 ML �lm for additional 90 min increases the
spot sharpness again. Without the possibility of STM measurements, it is di�cult to
determine the reason for this decrease of overall structural order; a possibility would
be roughening of the surface, i.e. an increase in island number and height.

Although an almost perfect 4:3 la�ice match between tetragonal ZrO2 and Rh(111)
would be possible, the oxide is not exactly commensurate with the underlying Rh
substrate. Upon careful inspection of the STM images, we �nd more than the three
directions of the rows (in 120◦ increments) expected from the rotational symmetry of
the substrate: �e rows do not run exactly along the Rh⟨110⟩ directions, but deviate
from the close-packed directions of the substrate by up to ≈ 3◦. �is is accompanied
by a moiré pa�ern, which is clearly visible in the STM images of the a 5 ML-thick �lm
(orange lines in Figure 4.2a). �e moiré pa�ern becomes almost invisible in regions
with 6 ML thickness and cannot be discerned in STM images of thicker �lms. �ere
are several similar moiré pa�erns, however, and each type of moiré has six possible
orientations of the oxide (three rotational domains, plus mirror symmetry). �e dif-
ferent rotations of the zirconia �lm in di�erent domains, which lead to the di�erent
moirés, cannot be resolved in LEED; rather than split into separate spots, the dif-
fraction maxima of the hexagonal pa�ern in Figure 4.2 are only slightly elongated in
the azimuthal direction. For one of the domains with a nearly commensurate la�ice,
we could determine the moiré structure with respect to the substrate below (Figure
4.2, frame a2). �is moiré cell corresponds to a (7 × 7)R21.8◦ superstructure with
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Figure 4.3: LEED of tetragonal ZrO2 �lms of di�erent thicknesses, annealed for 10 min
at 670 ◦C in pO2 = 5 × 10−7 mbar. (a) 5 ML-thick and (b) 50 ML-thick �lm. Line pro�les
of these two preparations plus a 20 ML-thick �lm and the 50 ML-thick �lm annealed for
an extra 90 min. �e FWHM-values are given in the plot: Spots broaden with increasing
thickness, and the additional annealing time decreases the spot width again.

respect to Rh(111), which corresponds to (2
√

7× 2
√

7)R19.1◦ cells of cubic ZrO2(111),
or half that number of tetragonal cells. �is yields a rotation of 2.7◦ between the
oxide la�ice and the Rh(111) substrate; the average in-plane nearest-neighbor dis-
tance in the zirconia la�ice is calculated as 355 pm and the in-plane angles between
the nearest-neighbor directions would be multiples of exactly 60◦. �is moiré cell
is only approximate, however. �e moiré changes phase on a length scale of 10 nm;
this can be seen at the orange lines in Figure 4.2a. �e phase change probably hap-
pens because the interatomic distance of 355 pm would be too short for t-ZrO2. In
addition, this deviation from a perfectly commensurate cell also leads to a deviation
from angles of exactly 60◦ (as expected for t-ZrO2, see Figure 1b). In other parts of
the surface, we �nd roughly a 4:3 la�ice match with the substrate in one direction,
but nevertheless a moiré structure indicating a di�erent (shorter) la�ice constant in
the other directions and deviations from 60◦ angles. Our best estimate for the aver-
age in-plane interatomic distances in the t-ZrO2 �lms is around 357 pm, about 0.5%
smaller than the room-temperature values from the literature [22], see Figure 1b.
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4.2.3 Monoclinic Zirconia films

Upon annealing a 5 ML-thick ZrO2 �lm at 850 ◦C in 5× 10−7 mbar O2 , a phase trans-
formation from t-ZrO2 to m-ZrO2 occurs. (Between 730 ◦C and 850 ◦C, the �lm is
partially transformed with some domains showing the monoclinic and others the
tetragonal structure.) Figure 4.4a shows a high-resolution STM image of the surface;
the surface la�ice appears hexagonal at �rst glance and no signs of the tetragonal
row structure are visible. However, the monoclinic phase of zirconia is distorted
with respect to the cubic and tetragonal phases, see Figure 1.1. Due to this distor-
tion, in order to compare the unit cell of our �lm with the cell size of bulk m-ZrO2,
we have to compare three di�erent in-plane distances (or two distances plus one
angle); approximate values for these three distances are shown in the inset of Figure
4.4a. In contrast to t-ZrO2, the monoclinic la�ice does not have an approximate 6-
fold symmetry, which would help us correct for distortions of the STM images and
thereby make an accurate determination of the la�ice constants possible. As a way
out, we took three sets of images with the fast scanning direction aligned with each
of the ZrO2⟨110⟩ directions. We then measured the distances along the fast scanning
direction, which is almost una�ected by thermal dri� or piezo creep. For calibra-
tion, we used atomically resolved images of the Rh(111) la�ice recorded with the
same scanning angle and scan speed (a�er removal of the oxide by spu�ering). In
our experience, this procedure should be accurate within ≈1-2%. �e side lengths
of the unit cell measured by this procedure are 727, 708, and 664 pm, which com-
pares reasonably well with the values for m-ZrO2(111): 745, 733, and 678 pm [23].
�e deviations from the expected values may hint at monoclinic distortions in the
thin �lms being slightly di�erent from the bulk. For comparison, the cell side lengths
for the energetically less-favorable termination m-ZrO2(111) [29] would be 797, 745,
and 733 pm [23]. �us, we can rule out the (111) orientation, which would be the
only other symmetry-inequivalent type of m-ZrO2{111} surfaces. �e measured dis-
tances are also far from those expected for the orthorhombic structures, see chapter
1.2; their unit cells have much less distortion with respect to c-ZrO2. �us, these
�lms can be safely identi�ed as m-ZrO2(111).

In the FFT of an STM image with four di�erent domains (Figure 4.4d), spots from
the di�erent domains can be seen in each direction. In LEED, these spots are smeared
out, indicating slight variations in azimuthal orientation (Figure 4.4b). Nevertheless,
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Figure 4.4: Monoclinic zirconia �lms: Upon annealing a 5 ML-thick �lm at 850 ◦C in
5 × 10−7 mbar O2, the �lm breaks up and transforms into the thermodynamically stable
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image showing the holes down to Rh(111) and di�erent domains (a few grain boundaries
are marked by black broken lines): In the Fourier transform, these domains result in a
spli�ing of the spots. (d)
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the spli�ing of the monoclinic spots makes it easy to distinguish monoclinic and tet-
ragonal �lms by LEED. Figure 4.4b also shows the expected di�raction pa�ern from
six domains of m-ZrO2(111); these show a good agreement with experiment except
for the right edge of the LEED screen, where the experimental image is distorted.
Apart from the ZrO2 spots, only Rh(111)-(1 × 1) and (2 × 1) spots are visible; the
Rh(111)-(2× 1) again stems from the (2× 1)-O overlayer that is formed on bare Rh in
the holes upon annealing in O2 [138].

Together with the tetragonal-to-monoclinic transformation, the �lm usually breaks
up, which leads to holes down to the Rh(111) substrate, see Figure 4.4c. �e material
from the holes spreads over the remaining zirconia areas, and locally increases the
thickness (e.g., from 5 to 6 ML), see Figure 5.1 on page 111. �e formation of holes
and the phase transformation do not always go hand in hand, however: By changing
the deposition parameters, we can prepare a tetragonal �lm that breaks up at tem-
peratures below the phase transition point. In this case, we have lowered the front
grid voltage of the spu�er source from 150 V to 60 V, which reduced the energy of the
Ar+ ions that are hi�ing the surface during deposition [50]. �us, the growth condi-
tions become more comparable to thermal deposition. Such a weakly-spu�ered �lm
breaks up already at an annealing temperature of 670 ◦C, while it remains mostly in
the tetragonal structure; smaller monoclinic domains can be seen in STM images. �e
onset temperature of the tetragonal-monoclinic transition is therefore lowered. �e
phase transformation from a tetragonal to a monoclinic �lm can be reversed by an-
nealing at very high temperatures of 920 ◦C in UHV (pbase < 1×10−10 mbar), checked
by the XPS EB position, see section 4.4. (When annealing at such high temperatures
in UHV, an ultrathin �lm forms in the holes and covers the Rh substrate, see chapter
5.) �is preparation leads to a tetragonal �lm with holes down to Rh(111). Partial
reversal of the transformation can be reached with UHV-annealing at lower temper-
atures; with higher temperatures, larger parts of the structure are transformed back
towards tetragonal zirconia.

4.2.4 Discussion

�in-�lm zirconia model systems have been studied since 1990 [39], yet the relation
of these �lms to the ZrO2 bulk structures could not be determined unambiguously.
In hindsight, the LEED pa�erns originally interpreted as (2 × 2) with respect to c-
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ZrO2(111) by Maurice et al. and Meinel et al. [38,39] most likely correspond to three
domains of the tetragonal structure, i.e. the three (2 × 1) domains in Figure 4.2. On
Pt(111), these structures were not stable when annealing for more than one minute
at 680 ◦C in O2 and transformed into (

√
19×
√

19) R36.6◦ w.r.t. Pt(111) [38]; this is the
same structure as the ultrathin zirconia �lms on Pt3Zr(0001) [41]. It is possible that
this low stability is due to easy dissolution of Zr in the Pt bulk (the dissolution en-
thalpy of Zr in Pt is exceptionally high [139, 140], which was tested in chapter 5.2.3,
Figure 5.5). On the other hand, the lower stability compared to our �lms might also
be a consequence of thermal deposition in Refs. 36–38 vs. spu�er deposition with
additional ion bombardment in our case (remember that our �lms grown with so�er
ion bombardment than usual are less stable). �e gentle Ar+ ion bombardment by
the spu�er deposition source may help stabilizing the �lms by creating defects or
slight intermixing; especially reactive Zr atoms embedded in Rh at the interface may
help stabilizing the �lms by providing strong Zr–O bonds with O in the bo�om-
most oxide layer (cf. the stabilization of zirconia �lms on Pd3Zr(0001) [43]). �e
transformation of the �lms to monoclinic zirconia was not reported in literature pre-
viously. It occurs at temperatures of 850 ◦C, so the higher thermal stability of our
spu�er-deposited �lms on Rh(111) compared to �lms created by thermal deposition
on Pt(111) is certainly bene�cial.

Let us now consider the stability of the bulk phases (Figure 1a), where m-ZrO2
is stable at room temperature and t-ZrO2 is the high-temperature phase. It is then
surprising that the tetragonal phase in the thin �lms is stable at lower annealing
temperatures (T ≤ 730 ◦C) and transforms to the monoclinic phase when annealed
at 850 ◦C. Assuming a lower surface energy for t-ZrO2 than m-ZrO2, it has been
suggested that the monoclinic-to-tetragonal transition temperature decreases with
decreasing �lm thickness (below 1 µm) and should reach room temperature in the
range of 20 nm [141]. As mentioned in the introduction, see chapter 1.2, the role of the
surface energy stabilizing the tetragonal phase has to be questioned [10,26,27]. In any
case, this is not the behavior encountered in our case, as the 5 ML (1.5 nm) tetragonal
�lms can still be transformed to the monoclinic phase, which then remains stable
upon cooling to RT. �e tetragonal �lm is therefore in a metastable state, stabilized by
the interface to the Rh substrate and oxygen de�ciency (see chapter 4.4). Considering
that Zr–O bonds get broken and the la�ice gets distorted upon the tetragonal-to-
monoclinic transformation (see chapter 1.2), it is clear that a substantial activation
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energy is required to transform the �lms. �e area density changes from 8.74 to 8.99
×1018 Zr atoms/m2 per layer (based on room-temperature bulk la�ice constants [22,
23]), and the transformation also involves in-plane shear. In contrast to the expansion
of the interlayer spacing (295 to 317 pm), changing the area density and in-plane
shear clearly require thermal activation.

When comparing the tetragonal and the monoclinic �lms on Rh(111), the tetra-
gonal �lms appear rather �at, while the monoclinic �lms show long-distance mod-
ulations in their apparent height, with bright halos around both point defects and
grain boundaries (Figure 4.4c). At positive STM sample bias, such an increase of
the apparent height (increased tunneling current at constant height) is typical for
downwards band bending [142]. �ese observations are important for the use of
(chemically doped) zirconia as a solid-state electrolyte: Grain boundaries (GBs) in
YSZ impede oxygen ion transport (”grain boundary blocking”); this is a�ributed to
the positive charge at GBs [143], probably caused by oxygen vacancies at GBs. (Oxy-
gen vacancies in YSZ carry 2+ charge with respect to the undisturbed la�ice with
O2− at the respective site — VO in Kröger-Vink notation [144].) Our STM images
are consistent with this model. �e �at appearance of the tetragonal �lms points at a
�xed position of the bands. Downwards band bending cannot occur if the conduction
band minimum is already close to the Fermi level. In chapter 4.4, XPS measurements
of tetragonal thin �lms are presented that show that, indeed, oxygen vacancies are
present in tetragonal zirconia thin �lms; electrons from VOs are transferred to the
Rh(111) substrate, thereby inducing band bending. �e existence of VOs in tetra-
gonal zirconia nicely �ts the notion that VOs are responsible for the stabilization of
the tetragonal phase in nanoscale ZrO2, and also in our thin �lms.

Let us �nally discuss the �lms of lower thickness. While LEED indicates that all
of these �lms are based on c-ZrO2(111), the in�uence of the substrate does not allow
these �lms to develop the surface structures expected for bulk ZrO2. �e in-plane
la�ice constants of the 2 ML �lm are clearly below those of the thicker �lms and
the bulk phases. Again, this indicates sub-stoichiometric (oxygen-de�cient) �lms;
for example, it is possible that the rose�e structure is related to ordering of oxygen
vacancies. Starting from 3 ML, the in-plane la�ice constants are already close to the
bulk values (≈3:4 la�ice match with Rh). For 4 ML �lms, the row structure of the
tetragonal �lms is already locally visible by STM. It is unclear whether the bright
features in Figure 4.1c are topographic (e.g. adatoms, small molecules, or clusters
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on top of the t-ZrO2 surface) or electronic features. �e high corrugation of these
features (line scan in Figure 4.1c) points to a topographic feature. It is unlikely that
these features are due to impurities, as they were not observed on thicker �lms, and
no impurities were found when investigating the cleanliness of the spu�er source,
see chapter 2.2.

4.3 Conclusion

Few-layer zirconia �lms can be reliably prepared by UHV-compatible spu�er depos-
ition. �ey show layer-by layer growth and good homogeneity. Up to a thickness
of 4 ML, the surface structure of the zirconia �lms is in�uenced by the underlying
Rh(111) substrate. For each thickness below 5 ML, a di�erent superstructure is found;
apart from the 2 ML �lms, all structures are close to a commensurate la�ice with
(3× 3) c-ZrO2(111) cells on (4× 4) Rh(111) unit cells. Zirconia �lms of 5 ML or larger
thickness show the surface structures of either tetragonal or monoclinic zirconia, de-
pending on the annealing temperature. Both structures can be prepared with large,
atomically �at terraces; their surface la�ices were resolved by STM, con�rming their
crystallographic structure. Preparation of a completely monoclinic �lm needs an-
nealing at temperatures of at least 850 ◦C; at these temperatures, the �lm breaks up
and holes reaching down to the substrate appear. �us, the �lms show some instabil-
ity towards dewe�ing. Due to the insulating nature of ZrO2, imaging the surface
with STM becomes increasingly di�cult with increasing �lm thickness. �erefore,
the thinnest �lms showing the structures of the ZrO2 bulk phases (5 ML) are the best
choice for an STM-accessible ZrO2 model system. In comparison with the previous
ZrO2/Pt(111) model system, we believe that there are three reasons for the superior
�lm homogeneity and stability on Rh(111): Firstly, the lower solubility of Zr in Rh
than in Pt. Secondly, the 3:4 la�ice matching, which leads to low rotation angles
between di�erent domains, and thirdly the use of a UHV-compatible spu�er source
providing additional slight ion bombardment.
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4.4 Energy Levels of Thin ZrO2 Films

Building on the results from the previous section, a thorough XPS study of these
structurally well-de�ned 5 ML-thick zirconia �lms is presented in this section. It is
based on an upcoming publication, Ref. 137.

4.4.1 XPS of Tetragonal and Monoclinic Films

XPS measurements of both, tetragonal and monoclinic 5 ML-thick �lms are shown in
Figure 4.5. �e �lms were annealed in O2 at 670 and 810 ◦C, respectively. �e Zr 3d5/2

binding energies of tetragonal (182.9 eV) and monoclinic �lms (181.6 eV) di�er by
1.3 eV. In the O 1s region, this di�erence is 1.1 eV (530.6 eV and 529.5 eV, respectively).
A closer look at the Zr 3d signal of the tetragonal �lm, see Figure 4.5a, reveals that
the spectrum consists of a doublet with a shoulder to the low-binding-energy side.
�e spectrum can be ��ed with two doublets – the larger one at 182.9 eV, the smaller
at 180.9 eV. As the smaller signal decreases with increasing thickness, see the inset
of Figure 4.5a, we assign it to the interface layer bonded to the Rh substrate. �is
low-binding-energy feature appears in the same energy range as the Zr signal of
ultrathin zirconia �lms on Pt3Zr(0001) (180.7 eV) [42]. It was already predicted by
DFT that the interface layer of few-monolayer ZrO2 �lms would have a distinctively
di�erent binding energy from the rest of the �lm, close to the value of ultrathin
ZrO2 [42]. �e area of the interface doublet is between 8% and 10% of the main
peak, depending on the exact preparation; this is somewhat less than the expected
14% from an a�enuation simulation with the SESSA code [73]. �e Zr 3d peak of
the monoclinic �lms shows no shoulder, and can be ��ed with only one doublet.
It cannot be excluded that an interface peak also exists in this case. As the peaks
would overlap, we cannot resolve it experimentally. For the O 1s region, where the
di�erences between interface and main signal are even smaller [42], one peak was
su�cient for a good �t in both cases, tetragonal and monoclinic.

�e Zr 3d and O 1s binding energies depend on the exact preparation paramet-
ers, i.e. oxygen partial pressures during deposition and annealing, annealing tem-
perature, and �lm thickness. For monoclinic �lms, a small spread of 181.8–181.6 eV
was encountered. Tetragonal �lms show binding energies in a larger range, between
182.6 eV and 183.4 eV. �e interface peak shi�s in the opposite direction than the main
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Figure 4.5: Fi�ed XPS spectra of (a,b) tetragonal and (c,d) monoclinic ZrO2 �lms: All
spectra can be ��ed with one component, except for Zr 3dtetragonal, which features a
shoulder resulting from the interface layer of the �lm. �e main signal shows a ∆EB
between monoclinic and tetragonal of 1.3 eV in Zr 3d and 1.1 eV in O 1s. �e inset of
(a) shows the interface peak area for a 5 ML (black) and a 20 ML-thick (violet) �lm. �e
interface peak is strongly a�enuated at 20 ML thickness.
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peak; at high EB (>183 eV) of the main peak, it is a distinct peak with EB between
181.7 eV–182.0 eV. At lower EB, it is a less distinct shoulder as in Figure 4.5a, and be-
comes invisible when the main peak reaches ≈ 182.6 eV. For the main peak, higher
annealing temperatures lead to higher binding energies (Figure 4.6), as does lower
pO2 during annealing (not shown). �e pressure dependence could however not be
studied in detail over a large range of pO2 (many orders of magnitude) due to ex-
perimental limitations. Figure 4.7a shows the dependence of the binding energy on
�lm thickness; for tetragonal zirconia, a shi� of +0.1 eV occurs from 4 to 5 ML thick-
ness (both annealed at 670 ◦C). When increasing the thickness to 7.5 ML (annealed
at 550°C), a further shi� of +0.1 eV occurs. �ese values �t previous measurements
of 8.3 ML compared with 4.5 ML ZrO2 �lms on Pt; a shi� of 0.3 eV was reported (cor-
rected for the Pt 4f shi�) and explained by charging [40]. �is can be excluded in our
case, see below. For monoclinic zirconia, the binding energies are almost independ-
ent of �lm thickness, see Figure 4.7b. For a deposited amount of 4, 5, and 7 ML, EB

shi�s less than 0.1 eV. It should be noted that di�erent �lm thicknesses need di�er-
ent annealing temperatures to reach full transformation to the monoclinic structure.
�ese temperatures were 770 ◦C for 4 ML, 810 ◦C for 5 ML, and 870 ◦C for 7 ML. Above
these temperatures, no further EB shi�s occur for monoclinic zirconia, as was tested
for 5 ML. E.g., a 5 ML �lm annealed at 850 ◦C exhibits the same EB of 181.6 eV as a�er
annealing at 810 ◦C. �e same behaviour can be expected for other thicknesses.

As discussed in detail in section 4.2.3, typical monoclinic �lms contain holes reach-
ing down to the substrate, in contrast to tetragonal �lms created with the standard
preparation parameters. Using di�erent spu�er deposition parameters however [24],
we can also create tetragonal �lms that break up and form holes (exposing the Rh(111)
substrate) when annealing to 670 ◦C. �ese �lms show a lower EB than usual –
182.1 eV; the binding energy di�erence with respect to monoclinic ZrO2 is only 0.5 eV
for Zr 3d and 0.3 eV for O 1s (EB = 529.9 eV). Another preparation method for tetra-
gonal �lms with holes starts with a monoclinic �lm (containing holes). By annealing
at 920 ◦C in UHV, the �lm can be transformed back to the tetragonal structure (also
this �lm does not fully cover the substrate). We a�ribute this transformation to re-
duction of the ZrO2 �lm, i.e. the formation of oxygen vacancies, which stabilize the
tetragonal phase [26]. A�er annealing this �lm at 610 ◦C in O2, the Zr 3d level again
exhibits a binding energy of 182.1 eV. In both preparations, the Rh surface in the holes
is covered by a (2 × 1)-O superstructure as usual for Rh annealed in oxygen at these
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Figure 4.6: Dependence of the Zr 3d peak position of 5 ML-thick tetragonal �lms on the
annealing temperature (annealing in 3 × 10−6 mbar O2). �e binding energy shi�s from
182.7 eV at 550 ◦C (black) to 182.8 eV at 610 ◦C (red) and 183.0 eV at 670 ◦C (blue).

conditions [138, 145].
Apart from the peak positions, the peak width (FWHM, full width at half max-

imum) varies with preparation. In general, the main doublet of 5 ML-thick tetragonal
�lms exhibits a peak width in the range of 1.35 eV – 1.5 eV, where low FWHM val-
ues are encountered for preparations with high binding energies. �is behaviour is
reversed for 5 ML-thick monoclinic �lms, where the range is 1.33 eV (EB ≈ 181.6 eV)
– 1.41 eV (higher EB ≈ 181.8 eV).

Additionally, elemental ratios can be extracted from XPS measurements. One has
to act with caution here however, as truly quantitative XPS results are di�cult to
achieve. �e main reason for this is that the transmission function (sensitivity over
kinetic energy) of typical XPS analysers are not known in detail. �erefore, analys-
ing peak areas several 100 eV apart (as in the case of Zr 3d and O 1s) is only pos-
sible if a trustworthy reference is available. �is is not the case for zirconia; pure
bulk single crystals are not available, and the surface stoichiometry and composi-
tion of thick �lms or powders are not known. We therefore only compare tetragonal
and monoclinic �lms. To compensate for changing �lm thickness (monoclinic �lms
dewet the substrate and become thicker as a result) and the signal of O adsorbed on
the uncovered Rh substrate (if any), we resort to XPS simulations with the program
SESSA [73] (based on the morphology determined by STM). �en, the di�erent pre-
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with a di�erent analyzer (see chapter 2.1.1).
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parations can be compared with each other. All �lms show similar Zr:O ratios; the
variations lie within ±2%. �ese variations are within the error bars of our analysis.

Due to the in�uence of the Rh substrate, which is dominating the spectrum at the
Fermi edge, the band gap region of 5 ML-thick �lms cannot be measured directly.
For a 50 ML-thick �lm (annealed at 670 ◦C in pO2 = 5 × 10−7 mbar for 100 min; no
di�erence to tanneal = 10 min), however, no signal from the Rh substrate is detected
anymore. XPS data of this �lm, and the 5 ML-thick monoclinic �lm from Figure 4.5
for comparison, are shown in Figure 4.8. �e valence band edges of both preparations
were ��ed, giving valence band onsets of 4.9 eV for the thicker �lm, and 0.0 eV for
the thinner �lm, as expected for a signal dominated by metallic Rh. With a total band
gap of ≈ 5–6 eV [1], it is clear that the Fermi energy of the thicker �lm is close to the
conduction band edge. Figure 4.8b shows the Zr 3d region of both �lms, with the Zr
3d5/2 peaks at 183.7 eV and 181.6 eV, respectively. �e inset shows the O 1s region,
where the di�erence is only 1.9 eV (EB = 531.4 eV and 529.5 eV, respectively), 0.2 eV
less than for Zr 3d, as usual for a comparison between tetragonal and monoclinic
zirconia. �e high EB of the 50 ML-thick �lm follows the same trend as in Figure
4.7. ∆EB can be used to estimate the position of the bands with respect to EF for the
monoclinic �lm. �e whole electronic structure — including conduction and valence
band — is shi�ed to lower EB by 2.1 eV. �is puts the valence band onset 2.8 eV below
the Fermi level; with a band gap of ≈ 5.5–6 eV, the Fermi energy is very close to the
mid-gap position. A comparison with a fully oxidized (see below) 5 ML-thick �lm
gives a stoichiometry ZrO1.83 for the 50 ML-thick �lm.

4.4.2 Possible Reasons for Di�erences in Binding Energy

Let us focus on the large di�erence of ≈ 1.3 eV between the Zr 3d levels of the tetra-
gonal and monoclinic �lms. �is chapter presents explanations that are commonly
encountered in XPS studies, but can be excluded for this work. �en, oxygen va-
cancies in the tetragonal �lm are presented as the favoured explanation. At a �rst
glimpse, the large ∆EB is surprising, as tetragonal and monoclinic zirconia are not
vastly di�erent. In both, Zr is solely in the 4+ state. �e same can be assumed for
the majority of the Zr atoms in thin �lms, as the Zr:O ratio is nearly identical in both
�lms. �us, di�erent Zr oxidation states can be excluded as a reason for di�erences
of the �lms. However, tetragonal zirconia features eightfold-coordinated (8c) and
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Figure 4.8: XPS measurement of a 50 ML-thick tetragonal zirconia �lm, and a 5 ML-
thick monoclinic zirconia �lm for comparison. (a) Fermi edge of both �lms, with �ts.
�e valence band edge of the 50 ML �lm is at a EB of 4.9 eV, while the Fermi edge of the
5 ML �lm is at 0.0 eV, as expected, as the signal originates from the Rh support. (b) Zr 3d
region of the two �lms, which show a binding energy di�erence of 2.1 eV to each other.
(inset) �e O 1s region shows a slightly smaller di�erence, 1.9 eV. �e 50 ML data were
normalized to a matching intensity at low EB values.

fourfold-coordinated (4c) O [4], while in the monoclinic structure, Zr is 7c and O is
half 4c and half 3c, but from such a coordination di�erence no large impact on the
binding energy is expected.

A further possible di�erence is the band gap: �e band gap of tetragonal ZrO2 is
expected to be larger than the band gap of monoclinic ZrO2 by 0.5–1.0 eV according
to ab-initio calculations, with the more recent works favouring values at the lower
end of this range [1, 146]. However, in an experimental comparison of monoclinic
and Y-stabilized tetragonal zirconia, the monoclinic band gap was found to be lar-
ger by 0.05–0.5 eV [147]. �is disagreement makes a prediction for the band gap of
the thin �lms di�cult, but an upper limit of 1 eV can be used for an estimate of the
in�uence of the band gap change. Assuming the Fermi energy is in the middle of
the band gap, half of the band gap di�erence — up to 0.5 eV — could be measured
as an increase of the binding energy of XPS, see Figure 4.9b. For the Fermi level at
the conduction band edge (n-doped material), core level shi�s equal to the band-gap
di�erences would be conceivable. Only the largest values of the theoretically pre-
dicted band-gap di�erences (which we do not consider very realistic) would explain
signi�cant parts of the EB di�erence.

In a previous XPS study, charging was suggested as an explanation for XPS shi�s
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Figure 4.9: Sketch of the di�erent possibilities for changes of the core level binding
energy. (a) reference (no change), (b) larger band gap, (c) n-doping by oxygen vacancies,
and (d) change of an interlayer distance.

[40]. Although zirconia is an insulating material, the possibility of STM measure-
ments on up to 10 ML-thick �lms (see section 4.2.2 and [24]) exclude charging during
XPS measurements: If any charging would occur, it would be stronger by orders of
magnitude in an STM measurement due to the much higher current density (STM:
nA/nm2, XPS: nA/mm2), thus rendering STM impossible.

Further explanations for the EB di�erence may be based on a di�erent structure
at the interface. Measurements presented in section 4.2 and Ref. 24 indicate that the
tetragonal �lm is stabilized by slight ion bombardment during deposition. �is could
lead to intermixing between Rh and ZrO2. Assuming that this induces a structural
change with a decreased distance between the lowest Zr layer and the O layer directly
above, i.e. the second closest O layer to the interface, the resulting electrostatic po-
tential would shi� all states of the �lm in the higher layers to higher binding energies,
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see Figure 4.9d. �is e�ect would however depend on the intensity of ion bombard-
ment during the deposition. Such a dependence could not be found. Furthermore,
intermixing at the interface would not explain the increased binding energy meas-
ured when annealing tetragonal �lms at higher temperatures in O2. �e opposite
behaviour would then be expected, as Rh and ZrO2 would phase separate due to the
higher oxygen a�nity of Zr.

�e large band gap of zirconia leads to large shi�s of the levels when the Fermi level
gets pinned by gap states, or in the presence of electric �elds caused e.g. by electronic
doping, see Figure 4.9c. A careful study of the cleanliness of the �lms grown by
our spu�er source revealed no contaminations that could act as dopants [50]. �e
�lms can however be n-doped by oxygen vacancies (VOs). Strong reduction with
stoichiometry changes above ≈ 2% in the near-surface region can be excluded from
XPS measurements showing roughly the same Zr:O ratio for both monoclinic and
tetragonal ZrO2. However, a slight reduction would be enough to induce a shi� of
1–2 eV range due to the lack of shielding charges in an insulator like zirconia. A
slightly reduced tetragonal �lm compared with a fully oxidized monoclinic �lm can
therefore explain the di�erences in XPS. �e suggestion of VOs in tetragonal ZrO2
is in agreement with the literature; VOs are the main candidate for explaining the
stability of the tetragonal phase in powders [26], and in a previous work we have
also suggested that VOs could explain the observation of band bending e�ects in
STM images of monoclinic ZrO2 �lms, and the lack thereof for tetragonal zirconia
�lms, see section 4.2.4 and [24].

If the core level shi� is mainly due to reduction, tetragonal �lms with a binding
energy around 182 eV – less than usual 182.6–183.4 eV – are less reduced or not re-
duced at all. Both preparations with such a low EB share one similarity: �ey are not
continuous, but have holes reaching down to the Rh(111) substrate, which is a good
catalyst for oxygen dissociation [148]. When annealing in oxygen, the accessibility
of the catalyst will lead to oxidation of the �lm.

4.4.3 Test Experiment: Full Oxidation of Tetragonal ZrO2 by

Rh Deposition

A test experiment was designed to con�rm that slight reduction of the tetragonal
�lms is the reason for the large EB di�erence between tetragonal and monoclinic
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core levels. �e experiment is sketched in the inset of Figure 4.10b. A standard 5 ML
tetragonal �lm was prepared (Tanneal = 630 ◦C, pO2 = 5 × 10−7 mbar). Using STM and
LEED, we con�rmed that it had no holes reaching the substrate. XPS showed the Zr
3d5/2 level at 183.4 eV, see Figure 4.10a. (Here, EB is somewhat higher than usual for
tetragonal �lms, which most likely originates from a lowerpO2 during deposition, 5×
10−7 mbar.) �en, 1.6% of a monolayer of Rh (1.4×1013 cm−2) were deposited on top of
the zirconia �lm. �is yielded a small EB shi� of -0.1 eV. A�er another annealing step
at a lower temperature (T = 610 ◦C, pO2 = 5× 10−7 mbar), the Zr 3d core levels shi�ed
by 1.1 eV to 182.3 eV. �e Zr:O ratio remained constant within the error bars of ±2%.
�e structure was checked by STM and LEED and a tetragonal �lm with only few
areas transformed to the monoclinic structure was found. �is is however a minority
(according to STM, less than 7% of the surface) and therefore cannot explain the
substantial shi� of the XPS peak. �us, oxidation by O2 spill-over from Rh reduces the
EB di�erence between the tetragonal �lm and typical values for the monoclinic �lm
from 1.8 eV to 0.7 eV. �is remaining di�erence most likely originates from remaining
non-stoichiometry, and, to a lesser degree, from the di�erent band gap and di�erent
structure, as discussed in the previous section. O 1s shi�s by the same energy as Zr
3d, con�rming our model of a shi� of all bands with respect to the Fermi level. When
comparing tetragonal (reduced or not) and monoclinic �lms, we consistently �nd a
di�erence of 0.2 eV between changes of O 1s and Zr 3d. In other words, the di�erence
between the O 1s and Zr 3d core levels depends on whether we have the monoclinic
or tetragonal phase and must be due to the di�erent structure and/or di�erent band
gaps of these phases.

4.4.4 Band Bending Model

Up to now, the analysis followed the assumption that the n-doping of the tetragonal
ZrO2 �lms leads to a rigid shi� of the electronic levels. While this would be true for
very thick �lms, for 5 ML-thick �lms the interface to the metallic substrate has to be
taken into account. Assuming that the interface structure is essentially the same for
monoclinic and tetragonal �lms, the band alignment between ZrO2 and the substrate
will be the same for the n-doped tetragonal ZrO2 and the monoclinic �lms. For the
oxide layers above, we can determine the electrostatic potential by solving Poisson’s
equation, assuming a homogeneous charge density given by the density of oxygen
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(a) Zr 3d and (b) O 1s levels of a closed, tetragonal �lm before (green) and a�er (black)
deposition of 1.6% of a ML Rh, and a�er annealing in O2 at 610 ◦C (blue). By annealing
in the presence of Rh, the main peaks shi� by 1.1 eV to 182.3 eV. �e signal of a mono-
clinic �lm is shown as reference (red, dashed). �e colored areas in (a) show the energy
range of di�erent preparations. �e oxidized, tetragonal range (blue) includes broken
tetragonal �lms, see section 4.4.1. (Top inset) Sketch of the setup of the test experi-
ment. (Bo�om inset) STM image of deposited Rh (yellow circles) on tetragonal ZrO2.
27×27 nm2, Ubias = +3.7 V, I = 70 pA.
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Figure 4.11: Band bending model: (a) Electrostatic potential (re�ected in the binding
energy shi�) resulting from the solution of Poisson’s equation assuming a homogeneous
charge density. (b) Synthetic spectrum of a tetragonal zirconia �lm with the binding
energy shi�s from (a), excluding the interface layer. Monoclinic zirconia would be at
-0.2 eV due to the intrinsic di�erence between the tetragonal and monoclinic structure,
see text. �e spectrum appears only slightly broadened (FWHM 1.49 eV, compared to
1.33 eV for the individual layers).
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vacancies (charge +2e per oxygen vacancy) and a relative permi�ivity of ϵr = 22 [149].
�is leads to a parabolic potential (Figure 4.11a). �e potential di�erence can be
roughly estimated from XPS as the di�erence between a usual value for a tetragonal
�lm (183.0 eV) minus the lowest (i.e. most oxidized) EB encountered for monoclinic
�lms (181.6 eV). �e intrinsic di�erence between tetragonal and monoclinic zirconia
can be estimated with 0.2 eV, see above, giving a total potential di�erence of 1.2 eV.
As the value measured in XPS (weighted averaged over all layers, see below) will be
lower than the total potential di�erence, we choose a slightly higher value, 1.4 eV.
�is results in an XPS shi� of 1.2 eV w.r.t. a stoichiometric, tetragonal ZrO2 �lm, see
Figure 4.11b. For a 5 ML �lm we then get a charge density of 1.55×1021 e/cm3, which
corresponds to 1.3% oxygen vacancies, i.e. ZrO1.974, taking the unit cell volume of
tetragonal zirconia as 66.6 Å3 [22], i.e. 33.3 Å3 per formula unit. �e shape of the po-
tential curve depends on the charge distribution; e.g. when having the same number
of vacancies, but more concentrated near the interface, there would be less variation
of the potential in the uppermost layers. Also, the di�erence between the potential
of the surface and the interface would be lower (resulting in a lower core level shi�),
due to a shorter distance over which the electric �eld would be applied. Having the
same number of vacancies exclusively at the surface would lead to twice the potential
di�erence and a straight curve (constant electric �eld between the charged surface
and the interface as in a plate capacitor).

Using the results from the calculation, an XPS spectrum can be created by using
a weighted average of the single spectra from all layers: �e Zr 3d spectrum of each
layer is shi�ed according to the calculated electrostatic potential of this layer; the
a�enuations are simulated using the SESSA code [73]. Here, we have to exclude
the bo�ommost Zr layer (“interface peak” in Figure 4.5), due to its di�erent photo-
electron energy [42] (originating from di�erent screening in the vicinity of the metal
substrate as compared to sites inside the insulator). Each layer’s peak width (FWHM)
is set to 1.33 eV, which is the minimum value found in experiments (for monoclinic
�lms). Figure 4.11b shows this synthetic spectrum together with its contributions.
We �nd that the peak of the spectrum is shi�ed 1.2 eV — 0.2 eV less than the max-
imum potential di�erence chosen for this model. In addition, we notice a broadening
of the peak; the FWHM increases from 1.33 to 1.49 eV.

A calculation of the extreme case of a potential di�erence of 1.8 eV yields a vacancy
concentration of 1.66% with an even higher peak width of 1.59 eV. Both FWHM val-
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ues, 1.49 and 1.59 eV, are higher than typically encountered in our measurements,
where the upper end of the FWHM range measured for tetragonal �lms is 1.50 eV. A
lower FWHM value can be reached by assuming the top layer to be fully oxidized,
in agreement with DFT calculations on ZrO2 clusters indicating a higher vacancy
formation energy at the surface [150]. �e potential is then almost equal for the two
topmost Zr layers. For the potential di�erences of 1.4 eV and 1.8 eV, the FWHM is
lowered to 1.43 eV and 1.50 eV, respectively, while the vacancy concentration in the
remaining four layers increases to 2.0% (1.6% over all �ve layers) and 2.6% (2.1% over
all �ve layers), respectively.

4.4.5 Discussion

�e main reason for the XPS binding energy shi�s in 5 ML-thick zirconia �lms is
doping: Tetragonal zirconia �lms are inherently slightly reduced. Oxygen vacancies
typically lead to n-doping, i.e. �lled gap states; this shi�s all energy levels down (to-
wards higher EB). For reducible (semiconducting) oxides, oxygen-vacancy states are
close to the conduction band minimum. �is is in contrast to zirconia: �ere, the
oxygen vacancy states �lled by two electrons (F-center, V×O in Kröger-Vink notation)
are only slightly above mid-gap [151]. �is is not far from the Fermi level of the Rh
substrate, which is also slightly above a mid-gap position as indicated by XPS meas-
urements of the band gap in this chapter, and DFT calculations [41]. �us, in zirconia,
a �lled vacancy state would not lead to a substantial shi� of the bands. It has been
noted, however, that in the presence of a nearby metal, the vacancies become posit-
ively charged VO ; the electrons get transferred to the metal, leading to a substantial
decrease of the VO formation energy from≈ 6 eV to≈ 3 eV [152,153]. �en, the (unoc-
cupied) vacancy state is at the bo�om of the conduction band [148], and the positive
charge causes downward band bending, similar to gap states in reducible oxides.

Band bending — as induced by electronic doping of the metallic substrate below
the zirconia �lm — a�ects each layer of the �lm in varying strength; due to the posit-
ively charged VOs distributed over the zirconia �lm, upper layers have a more posit-
ive potential (higher EB). Such a layer-by-layer split of XPS peaks cannot be resolved
directly with a lab-based XPS setup. Furthermore, the distribution of the VOs will
lead to variations of the electrostatic potential within the layers. However, the de-
pendence of the Zr 3d5/2 binding energy on �lm thickness can be explained only
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when taking the depth-dependent potential into account. When adding more mater-
ial to a 4 ML �lm, as in Figure 4.7, additional layers are added to the side of the �lm
with the more positive potential, i.e. the high-EB side. �e average EB then shi�s to
higher values. For monoclinic zirconia, which is assumed to be stoichiometric (no
oxygen vacancies inducing an electric �eld), no such thickness dependence is found.
�e (preparation) temperature dependence of the binding energy con�rms the ex-
planation by oxygen vacancies: Higher annealing temperatures lead to more VOs (as
long as no oxidation is possible, see below) and therefore to a larger total EB.

�e simple electrostatic band bending model presented in section 4.4.4 can be used
to predict the average position of VOs. �e model, which assumes a homogeneous
distribution of VOs, leads to FWHM values that are too large. When shi�ing the
VO distribution towards the interface, i.e. a higher VO density deeper in the �lm,
the upper layers (with lower a�enuation) will have more uniform binding energy
values and the total FWHM will be reduced. (However, a higher number of VOs
would then be needed for the same total potential di�erence.) �erefore, it can be
concluded that VOs in zirconia �lms are preferentially located close to the interface.
�is is con�rmed by FWHM variations in tetragonal �lms: With higher EB, i.e. a
higher concentration of VOs — where the binding energy of the single layers is spread
over a larger energy range — the FWHM is reduced. �e opposite result would be
expected for a constant VO distribution. However, if the majority of VOs is close to
the interface, the FWHM could indeed be reduced by a increasing amount of VOs.

�e total EB shi� induced by oxygen vacancies is limited, as can be seen from the
binding energies of a 50 ML-thick zirconia �lm (Figure 4.8). Although the �lm has
a composition of ZrO1.83 according to the XPS quanti�cation, see section 4.4.1, the
Zr 3d5/2 peak was found at 183.7 eV — only +0.3 eV above the maximum found for
5 ML-thick �lms. A simple electrostatic model as in section 4.4.4 would predict an ab-
solutely unrealistic shi� of the potential at the surface of ≈ 900 eV. It can therefore be
assumed that at a certain point positive VO become less stable than neutral F-centers
V×O. Two e�ects lead to such a limit: Firstly, electrostatic repulsion becomes dominant
at high VO concentrations; ZrO1.83 corresponds to one VO per three tetragonal unit
cells. Secondly, the band bending has a natural limit when the zirconia conduction
band reaches the Fermi energy and Zr states would become �lled. However, before
that, the vacancy states close to the conduction band minimum [151] become �lled,
and these shi� down to an almost mid-gap energy. Comparing the formation of en-
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ergy of a charged VO in an unfavorable environment with a neutral VO is not trivial,
as distortions of the la�ice have to be taken into account.

Full oxidation of tetragonal �lms is only possible via oxygen spill-over from a cata-
lyst for oxygen dissociation, such as deposited catalytic metals or the Rh substrate.
�e la�er is accessible in case of a monoclinic �lm or a broken tetragonal �lm. When
annealing in oxygen, O2 molecules dissociate at the metal and spill over to the oxide.
VOs are additionally stabilized below or near metal clusters [153,154]. �us, clusters
help providing atomic oxygen and at the same time can a�ract oxygen vacancies to
the surface. As a result of oxidiation, the core levels shi� to lower EB, i.e. closer to the
monoclinic levels. �e minimum EB di�erence found between a fully oxidized mono-
clinic and an oxidized tetragonal �lm was 0.3 eV, in contrast to a maximum di�erence
of 1.8 eV. Oxidation makes tetragonal �lms very unstable; the transformation pro-
cess to monoclinic zirconia starts already at 610 ◦C, much lower than for continuous
tetragonal �lms, where the transformation begins only above 730 ◦C since oxygen
cannot dissociate. As the tetragonal–monoclinic transformation goes hand in hand
with the formation of holes in the �lm [24], and therefore the exposure of the bare
Rh substrate enabling O2 dissociation, the transformation would probably occur at
even higher temperatures if the formation of holes could be suppressed.

Let us �nally discuss the behaviour of the interface layer with its separate doublet
in XPS: �e peak area varies from preparation to preparation. It is therefore possible
that only parts of the interface layer contribute to this peak. Also, the peak shi�s
away from the main peak with rising binding energy, i.e. with reduction level. It is
likely that these changes result from a changing amount of oxygen vacancies at the
interface — ��ing to the result of VOs being preferentially situated near the interface.
DFT calculations show that Rh-Zr bonds lead to the di�erent binding energy of the
interface layer [42]. �erefore, a higher number of VOs can lead to a strong bond
between Rh and the Zr atoms surrounding the vacancy. For all Zr in the interface
layer to be a�ected directly, at least 33% of the oxygen at the interface would need to
be missing, as each interface-O has 3 Zr neighbours. �is alone would mean that 3.3%
of the total amount of oxygen in the �lm is missing – an unrealistic assumption, as
this would mean that all VOs are located in the �rst layer (the estimated total vacancy
concentrations is . 2%, and the XPS signal from the lowest layer is a�enuated by
≈ 50%), which would result in all Zr layers having the same EB. It is therefore not
surprising that only parts of the interface layer are strongly bound to Rh. When
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the �lm becomes more oxidized, the main peak shi�s to lower EB values, while the
interface peak is a�ected less by Rh and shi�s to higher EB.

4.4.6 Conclusion

An XPS study of 5 ML-thick zirconia was conducted. A binding-energy di�erence of
up to 1.8 eV between monoclinic and tetragonal �lms was found, which originates
from the di�erent reduction states of the two �lms. Tetragonal �lms are inherently
slightly reduced. �e resulting positively charged oxygen vacancies, which are pref-
erentially located near the interface, bend the whole electronic structure, i.e. both,
the O 1s and Zr 3d levels shi� by equal amounts. Tetragonal �lms, which cover the
whole Rh substrate, cannot be more oxidized due to the lack of a catalyst for O2 dis-
sociation. �e surface o�ers no catalytic sites for O2 from the gas phase to dissociate.
�e �lms only become more oxidized when an external catalyst is providing oxygen
spill-over; this can be the Rh(111) substrate or Rh (or other catalytically active metals)
deposited on top of the �lm. �e substrate is accessible for O2 in case of a broken �lm,
which is always the case for monoclinic �lms. �erefore, monoclinic �lms are inher-
ently more oxidized than tetragonal �lms, explaining the di�erent binding energies
measured in XPS.

4.5 Thin ZrO2 Films on Pt(111) and Pt3Zr(0001)

In addition to Rh(111), zirconia �lm growth was also investigated on two other sub-
strates known from studies of ultrathin zirconia �lms: Pt(111) and Pt3Zr(0001). Both
substrates turned out to give lower quality �lms, i.e. �lms of lower ordering and
smaller domain size.

4.5.1 Pt(111)

Zirconia �lms were deposited on clean Pt(111) in the same fashion as on Rh(111).
According to XPS, no metallic Zr was dissolved in Pt before deposition. To test
whether the �lm behaves similarly to that on Rh(111), it was annealed stepwise in
pO2 = 5×10−7 mbar at 540 ◦C, 650 ◦C, 800 ◦C, and then 880 ◦C. Figure 4.12 shows LEED
measurements that con�rm the tetragonal (2 × 1) structure at all temperatures. �e
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Figure 4.12: 5 ML-thick ZrO2 on a Pt(111) single crystal grown by spu�er-deposition,
measured with LEED a�er annealing at (a) 650 ◦C, (b) 800 ◦C, and (c) 880 ◦C in O2. �e
�lm stays in its tetragonal (2 × 1) structure, but breaks at 880 ◦C. �is leads to Pt spots
appearing, as well as spots from an ultrathin zirconia layer. Weak spots that cannot be
explained by the ultrathin �lm are marked with orange arrows. (d) A�er breaking of
the �lm, annealing at 600 ◦C at higher pO2 leads to the �lm structure transforming to
monoclinic — see monoclinic �lms on Rh(111), Figure 4.4.
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�lm broke at 880 ◦C, yet remained tetragonal. In addition, the signature of an ul-
trathin �lm appeared (as when oxidizing Pt3Zr(0001), see Refs. 41,42, and chapter 3),
which is rotated ± 6◦ w.r.t. the Pt substrate. Such an ultrathin �lm covers the holes
of the broken �lm, and leads to additional moiré spots of this (

√
19 ×

√
19) super-

structure. Additional, weak spots just outside the moiré spots (marked by orange
arrows) can not be explained by the ultrathin �lm and are of unknown origin. STM
measurements con�rm the creation of an ultrathin zirconia �lm in holes, see Figure
4.13. Only a�er an additional oxidation step at a higher pO2(2 × 10−6 mbar), mono-
clinic zirconia is formed, see Figure 4.12d. �e increased stability of the tetragonal
phase as compared with ZrO2/Rh(111) (on Rh(111), the tetragonal-monoclinic trans-
formation begins above 650 ◦C) was also con�rmed by STM, see Figure 4.14. Panel
(a) shows large tetragonal domains a�er annealing at 800 ◦C. On a smaller scale, see
Figure 4.14b, two types of common defects can be discerned. �e standard dark fea-
ture on a bright row (examples marked with circles) are single defects, and could be
oxygen vacancies in the surface layer; these defects are also commonly found on tet-
ZrO2/Rh(111), see Figure 4.2. Adsorbates can however not be excluded at this point.
Furthermore, dark features with three surrounding bright features on neighbouring
rows can be found (example marked with a triangle). As these three features are in
similar distance to each other, and no defect with only two bright features can be
found, we suggest a subsurface oxygen vacancy as the reason for this phenomenon.
�is second type of defect was not found on ZrO2/Rh(111).

5 ML-thick zirconia �lms were also analyzed by XPS (not shown); the ratio of Pt/Zr
increases slightly at 800 ◦C, and signi�cantly at 880 ◦C, while the Zr/O ratio stays
constant within the typical measurement accuracy. �is is expected from a �lm that
starts to dewet from its substrate. (�e ultrathin �lm appearing at 880 ◦C has a similar
EB as the interface layer of 5 ML-thick �lms, and can therefore not be discerned in
XPS.) �e binding energy of Zr 3d5/2 is 182.6 eV a�er annealing at 540 ◦C and shi�s
to 182.9 eV at 650 ◦C (the �lm becomes more reduced). At even higher annealing
temperatures, the �lm becomes more oxidized; EB shi�s to 182.8 eV at 800 ◦C, and
to 182.6 eV for 880 ◦C. A�er the transformation to m-ZrO2, EB shi�s to 181.7 eV – a
typical value for the oxidized monoclinic structure, see section 4.4.
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Figure 4.13: STM image of an ultrathin ZrO2 layer on Pt(111) located in a hole of a
5 ML-thick ZrO2 �lm. When annealing 5 ML ZrO2 on Pt(111) at 880 ◦C in O2, the �lm
breaks at 880 ◦C, which leads to the growth of the ultrathin ZrO2 layer in the holes; the
structure has a ≈ 1.2 nm periodicity, and is therefore an approximate (
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4.5.2 Pt3Zr(0001)

Pt3Zr(0001) has a major advantage compared to Rh(111) and even more so when
compared to Pt(111): Dissolution of Zr from a deposited �lm into the substrate is
impossible, as the bulk is already saturated with Zr. However, one has to keep in
mind that oxidation of uncovered areas would lead to additional ZrO2 formation.

To investigate the growth and structure of spu�er-deposited ZrO2 �lms on Pt3Zr
(0001), a 5 ML-thick ZrO2 �lm was deposited as on the other substrates and annealed
consecutively at 500 ◦C, 600 ◦C, and 700 ◦C in 5 × 10−7 mbar O2. (For ultrathin �lms
grown by oxidation of Pt3Zr, see Refs. 41, 42, 44, 45, and chapter 3.) Figures 4.15a–c
show LEED images of each of the preparations. At low temperatures, the direction
of the zirconia domains is only very weakly oriented along the Pt3Zr axes; the res-
ulting spots form a circle with weak maxima. �is behaviour is not surprising as the
unit cells of Pt3Zr (0.56 nm) is far larger than that of ZrO2. �e closest nearly com-
mensurate ratio, a 2:3 superstructure, still does not give a good coincidence (1.12 nm
vs. 1.08 nm). �e maxima become more distinct at 600 ◦C. Only a�er annealing at
700 ◦C, truly separated maxima appear. However, they are still smeared out, forming
a broken ring. Maxima appear again in the direction of the Pt3Zr-spots, and now
additionally 30◦ rotated. Additionally, Pt3Zr(0001)-(1 × 1) spots appear, so the �lms
break up atT = 700 ◦C. STM images of the same preparations were taken, showing an
increase in domain size with increasing annealing temperature. Figure 4.15d shows
an STM image taken a�er annealing at 600 ◦C; rows originating from tetragonal zir-
conia are clearly visible. However, the di�erent domains are seemingly randomly
distributed, as expected from LEED; this can be seen by the red lines, where each
marks a unique domain orientation. Additionally, very small, monoclinic domains
can be made out already a�er annealing at 600 ◦C. �e core levels of the �lms was
analyzed a�er annealing at 500 ◦C and 600 ◦C, see Figure 4.16. �e Zr 3d region, see
Figure 4.16a, shows the Zr 3d5/2 peaks at 183.2 eV and 183.5 eV, respectively. �e O
1s peaks are located at 531.0 and 531.3 eV, respectively. Compared to the EB range
of t-ZrO2 on Rh(111) (182.6 – 183.4 eV), these are high values, pointing towards a
high concentration of oxygen vacancies in the �lm. �e additional peak at low EB

originates from Zr in the substrate. Interestingly, with a binding energy of 180.1 eV,
it is shi�ed by +0.5 eV with respect to measurements of alloyed Zr in Pt3Zr [42].
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Figure 4.16: XPS on 5 ML ZrO2 on a Pt3Zr(0001) substrate, grown by spu�er-deposition
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doublet from the �lm at 183.2 or 183.5 eV, respectively, and a substrate peak at 180.1 eV.
�e area in-between originates from an interface peak. (b) O1s spectrum.

4.5.3 Discussion

Both substrates, Pt(111) and Pt3Zr(0001), give rise to less oriented ZrO2 �lms as on
Rh(111). �is problem is more pronounced on Pt3Zr, where domain orientations
do not align with each other even at high annealing temperatures. On Pt on the
other hand, STM measurements show large, well-ordered domains, yet LEED reveals
that the structural order is still inferior to Rh(111). On Pt3Zr, a further problem is
unintentional growth of additonal ZrO2; it is possible to add zirconia to the deposited
amount by oxidation of the substrate in holes in the �lm. �e growth of ultrathin
zirconia �lms in holes was also observed on Pt(111), where no Zr was dissolved in the
bulk prior to deposition; the Zr bound in the ultrathin �lm must therefore originate
from the 5 ML-thick �lm, which was reduced during annealing. �is reduction is
con�rmed by rising EB in XPS at lower annealing temperatures (before breaking of
the �lm).

With the appearance of holes to the substrate, one would expect (from the res-
ults on Rh(111), see section 4.4) the thin-�lm Zr 3d and O 1s signals to shi� strongly
towards smaller binding energies. Although holes down to the substrate form (ac-
cording to LEED and STM), the shi� is only −0.3 eV. �is is due to the substrate being
covered by an ultrathin zirconia �lm, which blocks oxygen from accessing the dis-
sociation catalyst Pt. Most likely, when annealing at higher pO2 = 2 × 10−6 mbar, the
ultrathin �lm is fully oxidized and removed. On the bare Pt(111) surface, oxygen dis-
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sociation becomes possible and the tetragonal �lm — not stabilized by VOs anymore
— transforms to the thermodynamically stable monoclinic form.

In which case could these two substrates become interesting? Pt(111) features the
possibility of annealing t-ZrO2 at signi�cantly higher temperatures than on Rh(111)
without a tetragonal-monoclinic phase transformation; high-temperature studies of
t-ZrO2 become possible. Pt3Zr(0001), on the other hand, is of interest for studies
involving UHV annealing. �e substrate cannot take up more Zr; thus, reduced Zr
would stay in the zirconia �lm. Reduction of ZrO2 is assisted by Zr dissolution in the
substrate (gain in enthalpy); it is therefore expected that ZrO2 reduction is generally
harder on Pt3Zr.





Chapter 5

SMSI of Zirconia on Rh(111) and
Pt(111)

In this chapter, the we�ing and dewe�ing of Rh(111) and Pt(111) by an ultrathin zir-
conia layer originating from zirconia islands is investigated. �e behaviour is similar
to the so-called Strong Metal-Support Interaction (SMSI) known from catalysis. �e
chapter is based on an upcoming article, Ref. 111. All measurements in this chapter
were conducted in the RT-STM chamber, see chapter 2.1.1. �e sample preparation,
including spu�er deposition of thin zirconia �lms onto Rh(111) and Pt(111), followed
the same preparation methods as described in chapter 4.1.

5.1 Introduction

Already in the late 1970es, Tauster et al. reported a strong change in reactivity a�er
annealing oxide-supported catalysts under reducing conditions [155–157]. �is in-
crease or decrease of reactivity, depending on the reaction, seemed to stem from an
interaction between metal particles and their oxide support, hence the e�ect was
named “strong metal-support interaction” (SMSI). �e e�ect is reversible; the ori-
ginal state can be recovered by reoxidation. �e SMSI e�ect was studied intensively,
as the change in reactivities can be used for tuning the selectivity of oxide-supported
catalysts towards the desired end product [158]. For the prototypical oxide support
TiO2, it was shown later that the SMSI e�ect was due to a heavily-reduced oxide
�lm (TiO1.1) encapsulating Pt clusters [159, 160]. �is explanation, which was �rst
considered by Meriaudeau et al. [161], was also applied to many other combinations
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of reducible oxides and metals, e.g. Pd/TiO2 [162], Fe/TiO2 [163], Pt/Fe3O4 [164], and
Pt, Pd, Rh/CeO2 [165]. �is mechanism is very di�erent from the original idea of
a modi�cation of the metal’s electronic structure by the oxide support, which had
led to the term “SMSI” [166]. Nevertheless, the name “SMSI” is still used for this
phenomenon. Early SMSI studies of Ir on di�erent oxide supports found that the
tendency of the system to exhibit the SMSI e�ect depends on the reducibility of the
support [156]. For materials commonly seen as hard to reduce or non-reducible, such
as HfO2 and ZrO2, no e�ect was found that went beyond cluster agglomeration. �is
is in agreement with the explanation of the SMSI e�ect as covering the metal by a
reduced oxide �lm (suboxide). It was later shown that SMSI can also be encountered
for Rh/ZrO2 [167], Pt/ZrO2 [168–170], and Au/ZrO2 [171]. In view of the fact that
ZrO2-x suboxides are unstable or at best marginally stable [5,172], this questions the
accepted mechanism of the metal being coated by a suboxide being responsible for
the SMSI e�ect.

�is work focusses on the so-called SMSI e�ect on ZrO2. Inverse model systems of
zirconia on Rh(111) or Pt(111) are used to show that reducing conditions indeed lead
to the formation of ultrathin zirconia �lms covering the metal; the ultrathin �lms can
be removed by oxidation.

5.2 Results

5.2.1 Zirconia on Rh(111)

�e preparation of an inverse model system of zirconia on a metal starts with spu�er-
deposition of a closed zirconia �lm on a clean Rh(111) single crystal. Upon annealing
in O2 (T > 750 ◦C, usually pO2 = 5 × 10−7 mbar), zirconia begins to dewet the surface,
see Figure 5.1a, b. ZrO2 migrates to the top of the �lm, increasing the total height of
the �lm by one layer (≈ 0.3 nm).

To increase the exposed Rh surface, and thereby increase the potential area where
the SMSI e�ect can be studied, only two monolayers (ML) of zirconia were deposited
on the substrate. (A study of the surface of a mildly-annealed 2 ML-thick �lm can
be found in chapter 4.2.1 and Ref. 24.) �e sample was oxidized at a pressure of
5×10−7 mbar at 870 ◦C. During this annealing step, zirconia forms islands and reveals
the substrate in-between the islands, see Figure 5.1d1. �e substrate either shows
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Figure 5.1: (a) STM image and (b) sketch showing dewe�ing of a 5 ML-thick ZrO2 �lm
on Rh(111) a�er annealing at 750 ◦C in O2. Dewe�ing leads to holes down to the Rh
substrate, and oxide creeping from the holes onto the �lm surface. (c) Sketch showing
the standard SMSI mechanism leading to metal particles being overgrown by substoi-
chiometric oxide thin �lms, as well as the mechanism on inverse model systems. (d1)
2 ML of zirconia/Rh(111) a�er annealing at 870 ◦C in O2: Zirconia dewets the substrate
and forms islands. (d2) : Rh(111)-(2 × 1)-O superstructure from cooling in oxygen. (e1)
A�er annealing at 870 ◦C in UHV, the amount of zirconia contained in islands is reduced,
and the surface is covered with an ultrathin zirconia �lm. (e2, e3) show the ultrathin
�lm with the typical zigzag moiré-pa�ern (marked in orange) in a typical resolution (e3),
and high resolution (e2). (e4) �e FFT clearly shows a 0.35 nm periodicity (blue circles).
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a Rh(111) (1 × 1) structure or a (2 × 1)-O superstructure, depending on the oxygen
pressure during cooling, see below. �e O superstructure can be seen in Figure 5.1d2.
When exposing the sample to reducing conditions by annealing at 880 ◦C in UHV
instead of oxygen, an ultrathin �lm is formed that covers the Rh surface completely,
see Figures 5.1e2,e3. �e total amount of zirconia in the islands decreases drastically.
�e remaining islands cover about 2% of the surface with an average height of about
5 ML, thus they accommodate only ≈ 5% of the material deposited. �e ultrathin
�lm between the islands can be assumed to be one layer of ZrO2(111), the remaining
Zr must be dissolved in the Rh substrate (see below). �e process is reversible; the
ultrathin zirconia �lm disappears upon annealing in oxygen and the islands grow
in size. �e total amount of zirconia on the sample decreases with each reduction-
oxidation cycle, as some Zr is lost to the bulk, see below. For the deposition of 2 ML,
10% of the total Zr is lost a�er the �rst cycle. �e reduction-oxidation cycle is depicted
in Figure 5.1c, both for inverse model systems and for real catalysts.

A closer look on the ultrathin �lm reveals a hexagonal la�ice with interatomic
distances of 0.35 nm, with only slight distortions, as is typical for ultrathin zirconia
�lms [41, 43], see the Fourier transform (FFT) in Figure 5.1e4. When comparing two
domains rotated by a multiple of ≈ 60◦, their la�ices agree within 1%, demonstrating
that the deviations from an exactly hexagonal structure are small. �e la�ice constant
of 0.35 nm is also con�rmed by LEED (not shown), when using a tetragonal zirconia
�lm and the Rh(111) la�ice as a references. STM images without atomic resolution
mainly show a moiré pa�ern, typically with a zigzag appearance (Figure 5.1e2,e3).

�is zigzag moiré pa�ern can be regular over long distances as in Figure 5.2a, or
less prominent as in Figure 5.2b and c. �e degree of long-range order correlates with
the annealing temperature, annealing time and amount of deposited material; when
the annealing temperature and/or time reaches the values necessary for a full cover-
age of the ultrathin �lm, the order of the zigzag moiré pa�ern decreases with further
annealing. �e moiré pa�ern ordered over large distances was never encountered
for a fully closed �lm — closing a �lm requires higher temperatures if less material
is available. �e STM images of Figure 5.2a and b show two regions of the same pre-
paration (1.2 ML zirconia,T = 950 ◦C, t = 10 min), yet the �rst image was taken at the
border of the crystal where slightly less material was deposited. �erefore, the same
T is su�cient in the middle of the crystal for a fully closed �lm with thin stripes of
the zigzag structure, interrupted by stripes not showing the moiré. Few, elongated
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zigzag pa�erns reach from one moiré stripe to the next, with no zigzag pa�erns in
between; an example of an elongated zigzag pa�ern is marked in orange in the inset
of Figure 5.1b. A�er annealing for another 10 min at 950 ◦C, parts of the �lm show no
zigzag pa�ern at all, see le� half of the detailed image in Figure 5.2c. In the overview
image, only small patches of ordered zigzag pa�erns can be found. �e preparation
investigated by XPS (section 5.2.3, Figure 5.4) shows a similar pa�ern. Even when
comparing areas with and without any zigzag structure, i.e. the le� and right half
of the detailed image in Figure 5.2c, the 0.35 nm zirconia la�ice parameter varies by
< 1%. �e exact atomic structure however can not be explained as of yet, as the Rh
spots cannot be clearly identi�ed in the FFT; this would be required to explain such a
complex moiré pa�ern. Furthermore, no spots of an ordered Rh-Zr alloy were found.
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Figure 5.2: STM images of ultrathin zirconia �lms in di�erent states of order. �e insets
show the structures at a smaller scale. (a) When the �lm is not fully closed, the �lm
exhibits large domains with an ordered zigzag moiré structure (orange). (b) Fully closed
�lms exhibit zigzag domains only in long stripes (imaged dark in the overview image,
bright in the inset). (c) At higher T , the �lm shows large areas without zigzag moiré.
Overview images are high-pass �ltered.

On the Rh(111) surface between the multilayer ZrO2 islands, a (2×1)-O superstruc-
ture can be formed. �is depends on the oxygen pressure pO2 (or chemical potential
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µ1/2O2) during cool-down a�er annealing the sample in O2 [138,145]. To test whether
the disappearance of the ultrathin zirconia �lm upon annealing in oxygen is driven
by oxygen adsorption on the Rh(111) surface, the same preparation was repeated
with di�erent pO2 during cooling. Firstly, pO2 was held at 5× 10−7 mbar during cool-
ing down to ≈ 300 ◦C. �is resulted in the (2×1)-O superstructure in Figure 5.1d2. In
a second experiment, the sample was cooled while keeping the chemical potential of
oxygen constant at µ1/2O2 = −2.3 eV, where the coverage of oxygen on Rh(111) should
be very low [138,145]. For this purpose, pO2 was adjusted to keep µ1/2O2 constant from
870 ◦C to ≈ 730 ◦C, where a pressure ofp < 1×10−9 mbar was reached, and no oxygen
was supplied to the chamber anymore. At this pressure, the impingement rate is low
enough to have no e�ect on the �lm formation. �e resulting surface was similar
to when cooling in O2, as zirconia islands still formed and the ultrathin �lm was re-
moved. However, between the islands, the bare Rh(111) substrate was observed (not
shown) instead of the (2 × 1)-O superstructure. Subsequent annealing in UHV led to
the formation of an ultrathin zirconia �lm.

5.2.2 Zirconia on Pt(111)

As a second inverse model system, zirconia was studied on Pt(111). A zirconia �lm
of ≈ 5 ML thickness was deposited. �e sample was annealed at 640 ◦C for 10 min
in UHV directly a�er spu�er-deposition, leading to the formation of zirconia islands
and an ultrathin zirconia �lm in between, see Figure 5.3a. �e ultrathin zirconia �lm
shows a Zr–Zr distance of 0.350 ± 0.003 nm, as also observed for Pt3Zr(0001) [41]
and Pd3Zr(0001) [43]. �e moiré pa�ern shown in the inset of Figure 5.3a exhibits the
same (

√
19×
√

19) superstructure (w.r.t. the substrate) as ultrathin �lms on Pt3Zr(0001)
[41].

�e creation of the ultrathin �lm can be reversed by annealing at 640 ◦C in 5 ×
10−7 mbar O2 for 10 min, see Figure 5.3b. �e behavior on Pt(111) does however
di�er from that on Rh(111) a�er the oxidation. When annealing at 640 ◦C for 10 min
in UHV again, no ultrathin �lm forms. Only when annealing at 750 ◦C in UHV for
10 min, ≈ 26% of the Pt(111) surface are covered with an ultrathin zirconia �lm, while
≈ 34% of the surface are still bare Pt, see Figure 5.3c. �e same �lm was annealed in
pO2 = 5 × 10−7 mbar at 640 ◦C, followed by annealing in UHV at 860 ◦C; the surface
remains covered by islands, yet the ultrathin �lm is not found, although increasing
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Figure 5.3: �e SMSI e�ect of zirconia/Pt(111): (a) Annealing at 640 ◦C in UHV a�er
deposition yields an ultrathin �lm between islands. �e inset shows an STM image of
the (
√

19 ×
√

19) moiré pa�ern of the ultra thin �lm and its FFT. (b) �e ultrathin �lm
is completely removed by annealing at 640 ◦C in O2; the inset shows the Pt(111) la�ice.
(c) A partial coverage can be formed again by annealing at 750 ◦C in UHV, (d) but is
removed when annealing at 860 ◦C in UHV.
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the temperature at constant (though negligible) O2 pressure corresponds to more
reducing conditions.

In a second preparation, an ultrathin �lm could also be produced by annealing
2 ML of ZrO2 at 640 ◦C in 5 × 10−7 mbar O2 for 10 min followed by 30 min of UHV
annealing at the same temperature (not shown). �is shows that the formation of
ultrathin �lms on Pt(111) is strongly dependent on the preparation conditions and
�lm thickness — in contrast to Rh(111). Additionally, the growth behaviour on Pt(111)
is more dependent on the crystal’s history, i.e. the amount of Zr dissolved in the bulk,
see below. �is makes reproducing STM images di�cult. A set of STM images as in
Figure 5.3 was only taken once, which explains the poor quality of some images
(double tip in 5.3a and d).

5.2.3 Photoelectron Spectroscopy

2 ML of zirconia/Rh(111) were investigated using x-ray photoelectron spectroscopy
(XPS) in both the reduced and the oxidized state, see Figure 5.4. �e oxidized system
(T = 820 ◦C, pO2 = 5 × 10−7 mbar, tanneal = 10 min) shows only one doublet in the Zr
3d region (binding energy EB of Zr 3d5/2 = 182.3 eV), which is close to fully oxidized
tetragonal zirconia, see chapter 4.4 and [137]. �is comes to no surprise as STM
shows that all zirconia is contained in islands, see Figure 5.1d1, while the Rh(111)
surface is exposed and acts as an oxygen dissociation catalyst (chapter 4.4 and [137]).
On the other hand, three doublets are found for the reduced system (T = 820 ◦C, tanneal

= 10 min). �e �rst can again be a�ributed to zirconia islands (183.4 eV), although the
signal is shi�ed by 1.1 eV towards higher EB, caused by reduction (n-type doping by
oxygen vacancies; the Fermi level is closer to the conduction band, see chapter 4.4
and [137]). �e FWHM of these doublet peaks increases from 1.47 eV to 1.84 eV;
possibly due variations of the doping level (reduction) between di�erent islands. �e
second doublet originates from ultrathin zirconia (180.5 eV), as previously observed
on Pt3Zr [42]. �e third doublet (179.0 eV) is slightly shi�ed with respect to metallic
Zr (178.9 eV [70]). �is shi� is typical when alloying occurs, in this case with the Rh
substrate, but it is less than that in the Pt3Zr intermetallic phase (179.6 eV [173]). �e
fact that ZrO2 can be reduced to its metallic state on a metallic substrate was already
shown for ZrO2/Pd [48, 174]. �e area ratio of the Zr 3d doublets strongly depends
on the preparation.
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�e peak area of the tetragonal ZrO2 islands depends on the amount of ZrO2 de-
posited. �e alloy peak area depends on the annealing conditions, i.e. how much
zirconia was already fully reduced. It can be both higher and lower than in the meas-
urement shown in Figure 5.4b; in the case of very li�le deposited ZrO2 (e.g. 1.1 ML
or 1.2 ML, as in section 5.2.4), the peak vanishes below the detection limit, which
is ≈ 0.04 ML, or 1 Zr atom every 25 zirconia unit cells. For Pt, the peak for alloyed
Zr was not resolved; however, as Zr alloyed with Pt is shi�ed signi�cantly towards
higher EB (179.6 eV (+0.6 eV w.r.t. Zr alloyed with Rh) [42]), and therefore overlap-
ping more with the ultrathin zirconia peak, only higher amounts (> 0.08 ML) could
be detected. (Additionally, Pt data were taken with an older detector, see chapter
2.1.1.)

�e O 1s region shows a single peak for both preparations, overlapping with the
tail of the Rh 3p1/2 substrate peak (EB = 521.3 eV), see Figure 5.4c, d. By subtracting
a normalized Rh 3p1/2 peak measured on a clean Rh(111) surface, the O 1s peak can
be extracted. �is procedure is however not perfect, as it cannot be excluded that
a small amount of O (below the detection limit due to overlapping peaks) was dis-
solved in clean Rh(111), leading to a slight underestimation of the amount of oxygen
in the zirconia �lms. �e O 1s peak of the oxidized preparation is found at 530.1 eV
with a FWHM value of 1.58 eV, as for oxidized tetragonal zirconia in chapter 4.4.
In the reduced preparation, a high-binding-energy shoulder appears, increasing the
total FWHM to 1.83 eV. �e peak maximum stays nearly constant at 530.2 eV. �is
is expected for a system consisting of an ultrathin zirconia �lm with a lower EB

(529.9 eV [42])) and reduced islands with a higher EB (due to reduction/n-doping,
the peak shi�s to EB ≈ 531.0 eV, see chapter 4.4). �e two shi�s nearly average out;
the resolution of our measurement setup is too poor to quantitatively deconvolute
the two O 1s signals .

5.2.4 Stoichiometry of Ultrathin Zirconia

�e area ratio of Zr 3d (excluding alloyed Zr) to O 1s can be used to calculate the stoi-
chiometry of the ultrathin �lm. A closed, fully oxidized (using Rh clusters as catalyst,
see Ref. 24) 5 ML-thick zirconia �lm was annealed at 610 ◦C (below the dewe�ing
temperature) and is then used as a reference. �e surface structure of this �lm is
known [24]. To be able to compare the ultrathin �lm to the reference and to convert
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the O:Zr ratio into a stoichiometry, we have simulated the XPS spectra of both sys-
tems using the SESSA code [73]. �is approach leads to a number of uncertainties,
which are discussed in detail below. �e method yields a stoichiometry of ZrO1.0+0.26

−0.12

for the ultrathin �lm. For the zirconia islands of the oxidized preparation, the result
was ZrO1.94±0.14; the expected value of ZrO2 lies within the range.

For determination of stoichiometries using XPS, a reference sample has to be used
due to the unknown calibration function (sensitivity over electron energy) of the
electron analyzer. Bulk zirconia cannot be used as a reference due to its insulat-
ing nature (charging), and possibly undetected hydroxylation, which would a�ect
the O:Zr ratio. Although available as single crystal, the same problems a�ect YSZ,
where y�ria segregation [35] comes as a further complication. �is leaves the possib-
ility of using a well-determined 5-ML-thick zirconia �lm as a reference. Even then,
problems remain. First and foremost, 1 ML-thick �lms cannot be compared directly
with thicker �lms due to energy-dependent a�enuation of photoelectrons. To ac-
count for that problem, we have simulated the XPS spectra of both systems using
the SESSA code [73]. Secondly, the area fraction of ultrathin zirconia (excluding the
3D islands) can only be determined locally using STM; this value might vary from
position to position (e.g., at step bunches, which are di�cult to measure by STM).
�irdly, the ZrO2 �lm used as standard is not perfectly stoichiometric. �is problem
is fortunately a minor one, since even slightly-reduced tetragonal and fully-oxidized
monoclinic �lms show the same O:Zr ratio within the error bars, see chapter 4.4, so
the tetragonal �lms used here do not signi�cantly deviate from ZrO2. Finally, pho-
toelectron di�raction (mainly forward focussing [173]) may be di�erent between ul-
trathin zirconia and ZrO2 islands; this is not taken into account by the simulation. To
estimate the extent of forward focussing e�ects on the O:Zr ratio, XPS was measured
under varying emission angle (0◦, 15◦, 35◦, 55◦ o�-normal). �e lowest O:Zr ratio was
measured for 15◦ (the standard angle); the other angles led to a maximum increase of
∆(O:Zr) = 0.18. Finally, the accuracy of the method su�ers from the unknown amount
of O dissolved in the Rh substrate. All the possible errors were estimated and included
in the error bars above.

Another method to gain information on the stoichiometry is the direct compar-
ison of the O 1s intensity of an ultrathin zirconia �lm and an O-Rh-O trilayer [175],
both prepared on the same Rh(111) single crystal. �e O-Rh-O trilayer was pre-
pared by annealing Rh(111) at T = 410 ◦C for 10 min in pO2 = 1 × 10−4 mbar (using
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Substrate Growth Method
Reference
(material)

Source
O:Zr ultra-
thin �lm

Assumptions

Rh(111) SMSI XPS RhO2 Chpt. 5 ≈ZrO1.5 Islands: ZrO2
Rh(111) SMSI XPS 5 ML ZrO2 Chpt. 5 ZrO1.0+0.26

−0.12
Islands: ZrO2*

Pt3Zr(0001) Alloy XPS 1 ML water Chpt. 3 ZrO1.4 Islands: ZrO2
Pt3Zr(0001) Alloy AES RhO2 [41] ZrO1.62 No islands

Pt3Zr(0001) Alloy
synchrotron-

based XPS
– [42] ZrO1.82 Islands: ZrO1.82

Pd3Zr(0001) Alloy AES RhO2 [43] ZrO2.19 No islands
Table 5.1: Stoichiometries of ultrathin zirconia �lms with di�erent preparation methods
and substrates. (*) �e possibility of reduced islands is included in the error bars.

an oxygen doser similar to a shower head; chamber pressure was 5 × 10−6 mbar).
In this pressure regime, the preparation is self-limiting and forms no islands. Two
ultrathin zirconia �lms were prepared with only 1.2 ML and 1.1 ML of zirconia, re-
spectively, to minimize the amount of remaining islands. �e zirconia �lms were
annealed in oxygen for 10 min at T = 550 ◦C and 670 ◦C, respectively, to gain fully
oxidized islands, then reduced for 20 min at T = 950 ◦C and 70 min at T = 860 ◦C, re-
spectively, in UHV. To compensate for possible variations of the x-ray intensity, the
x-ray-induced sample current was measured at the sample holder before inserting the
sample; the results were normalized by this value. By this direct comparison method,
inaccuracies induced by simulations and reference �lms can be avoided. However,
it has to be assumed that no oxygen was dissolved in the Rh substrate; especially
for the RhO2 �lm, this might not be true, and would lead to an underestimation of
the zirconia oxygen content. Furthermore, the area of uncovered substrate must be
estimated from (local) STM images. �e resulting O1s intensity ratios between the
zirconia-covered surface and the RhO2 �lm are 0.62 for the 1.2 ML and 0.50 for the
1.1 ML zirconia deposition. A ratio of 0.75 is expected for a fully oxidized trilayer
of ZrO2 due to the larger la�ice constant of zirconia (0.35 nm compared to 0.302 nm
for O-Rh-O [175]). �e resulting stoichiometries are therefore ZrO1.7 and ZrO1.4, re-
spectively. Comparing the photoelectron-induced OKLL Auger peaks yields ZrO1.6
and ZrO1.5, respectively. �is method has, on the one hand, a higher inaccuracy due
to a very di�erent background for ultrathin RhO2 and zirconia. On the other hand,
Auger peaks have a higher surface sensitivity, i.e. are less sensitive to O dissolved in
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the Rh bulk.
�e XPS measurements indicating a substoichiometric ultrathin �lm also imply

that other ultrathin zirconia �lms are substoichiometric, regardless of whether they
were obtained by oxidation of alloys, see chapter 3 and [41, 43–45], or deposition of
Zr and oxidation [38]. Comparison of the Auger signals between the ultrathin zir-
conia �lms and the RhO2 trilayer leads to compositions of ZrO1.62 and ZrO2.19 for the
ultrathin oxides on Pt3Zr [41] and Pd3Zr [43], respectively; the la�er value is rather
inaccurate due to O dissolved in the Pd3Zr bulk. A synchrotron-based XPS study [42]
has found ZrO1.82 for both the ultrathin oxide and 3D oxide islands on Pt3Zr. As it is
unlikely that the 3D islands are strongly non-stiochiometric, the ultrathin �lm most
likely contain less O. All stoichiometry measurements are summarized in Table 5.1.
It should however be noted that not all ultrathin zirconia �lms necessarily have the
same stoichiometry.

5.2.5 Di�usion of Alloyed Zr in Rh and Pt

�e di�usion of alloyed Zr was investigated by XPS for Rh(111) and Pt(111), see Fig-
ure 5.5. �e di�usion of Zr into Rh and Pt was measured by depositing 0.48 ML of
metallic Zr on each surface. �e samples were annealed in UHV in 110 ◦C steps for
10 min each. Due to the high reactivity of Zr, part of the deposited Zr is in oxid-
ized form (possibly due to adsorption of residual-gas species), but this signal dis-
appeared a�er annealing to 640 ◦C on Rh and 420 ◦C on Pt. On Pt(111), Zr disap-
pears into the bulk at much lower temperatures than on Rh(111), indicating that the
di�usion of Zr is faster in Pt than in Rh. Zr dissolution happens at a lower tem-
perature in Pt due to the more negative dissolution enthalpy (−4.4 to −4.9 eV vs.

−3.3 eV for Zr in Pt and Rh, respectively [139, 140]). Also, the formation energy of
Pt3Zr (−128 kJ g−1 atom−1 [176], an Engel-Brewer alloy [177]) is lower than for Rh3Zr
(−72 kJ g−1 atom−1 [178]). �e la�ice constant of Rh is smaller than for Pt (0.2687 nm
vs. 0.2775 nm, respectively), which makes dissolution of the large Zr atoms less fa-
vorable. Furthermore, Rh has a higher melting point than Pt (1964 ◦C vs. 1768 ◦C,
respectively). �us, di�usion in Rh tends to be slower than in Pt.
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Figure 5.5: XPS of di�usion of 0.48 ML Zr into (a) Rh(111) and (b) Pt(111). A�er depos-
ition, small amounts of oxidized Zr are present, but vanish soon. Metallic Zr disappears
faster into the Pt bulk compared with Rh. All spectra are normalized to the background
on the low-binding-energy side.
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5.2.6 Transfer through Air

�e ultrathin zirconia �lm can be easily reprepared, even when transferred between
vacuum chambers through air (≈ 3 h). Directly a�er transfer, a large C 1s peak is
visible, see Figure 5.6. �e Zr 3d region showed Zr 3d5/2 peaks at 181.4 and 179.0 eV.
�e low EB peak originates from metallic Zr alloyed with Rh, see above. 181.4 eV most
likely originates from 3D zirconia islands, see chapter 4.4, shi�ed from usual values
of m-ZrO2 (181.6 eV) to lower EB due to carbon contaminations. A�er annealing at
790 ◦C for 20 min in UHV, no measurable C contaminations were found in XPS, and
no obvious contaminations were found in STM (not shown). �e ultrathin �lm was
recovered; Zr 3d appears at the usual 180.6 eV.
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Figure 5.6: XPS measurements of ultrathin zirconia a�er transferring the sample from
one vacuum chamber to another. (a) �e C 1s region shows a large peak a�er trans-
fer, which is completely removed by annealing at 790 ◦C for 20 min in UHV. (b) Zr 3d
peaks shi� by −0.8 eV a�er annealing; before transfer, zirconia was present in bulk form
(181.4 eV). A�er annealing, an ultrathin �lm forms again (180.6 eV). All spectra are nor-
malized at low EB. C 1s was measured with a pass energy of 50 eV for higher count
rates.

5.3 Discussion

�e current work clearly demonstrates that metal–ZrO2 systems show a similar type
of so-called SMSI e�ects as observed for reducible oxides such as the prototypical
system Pt/TiO2 [155, 159, 160]. Upon reduction, the metal gets covered by an ul-
trathin oxide �lm, which is substoichiometric (≈ZrO1.5), though probably to a lesser
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degree than for e.g. TiO2, where the �lm exhibits a TiO1.1 stoichiometry. �e ul-
trathin zirconia �lm has essentially the same la�ice constant as the respective �lms
on Pt3Zr [41] and Pd3Zr [43], so it is likely that is has the same base structure, an
O–Zr–O trilayer. Density functional theory (DFT) calculations show that oxygen va-
cancies can form much more easily in such a metal-supported ultrathin zirconia �lm
than in the bulk; for oxygen at the interface the vacancy formation energy is about
half the bulk value [116]. �e reason is that Zr in the ultrathin �lm can remain in its
4+ state upon formation of an oxygen vacancy; the electrons are transferred to the
metal. In addition, if an interface oxygen gets removed, a strong Zr–metal bond can
form [179]. In contrast to oxides of polyvalent metals, reduction of the ultrathin zir-
conia �lms will always require transferring two electrons per missing oxygen atom
to the metal to circumvent the formation of Zr3+, thus the non-stoichiometry will be
limited by the electrostatic �eld introduced with the charge transfer.

�e calculated vacancy formation energy of 2.92 eV at the interface of the ultrathin
�lm [116] roughly agrees with the experimental conditions for forming a complete
layer of ultrathin zirconia on Rh; a chemical potential of µ1/2O2 = −2.92 eV corres-
ponds to an O2 pressure of 4× 10−12 mbar atT = 870 ◦C. It should be noted, however,
that the formation of an ultrathin zirconia �lms starts already at lower temperatures
(observed for 640 ◦C on Pt); thus, it could be facilitated by factors other than just
reduction. In this respect, it is noteworthy that the formation of an ultrathin zirconia
�lm o�en coincides with the observation of alloying, i.e. Zr dissolution in the metal.

�e absence of an ultrathin zirconia �lm a�er annealing ZrO2/Pt(111) at high tem-
peratures combined with remaining ZrO2 islands indicates that not only reduction
governs the growth of ultrathin zirconia. If that was the case, all ZrO2 islands would
be transformed �rst to ultrathin zirconia (which spreads out over the remaining sur-
face) and then be fully reduced to metallic Zr upon annealing at more and more
reducing conditions. Before the ultrathin �lm vanishes, all material contained in is-
lands would be consumed. To explain why this is not observed experimentally on
Pt(111), two hypotheses are proposed:

In the �rst hypothesis, ultrathin zirconia �lms require Zr dissolved in the metal
substrate; strong bonds between the Zr in the uppermost metal layer and the oxygen
of the ultrathin zirconia �lm help to stabilize the ultrathin zirconia – an alloying-
supported SMSI e�ect. �is stabilization mechanism was also suggested for zirconia
�lms on Pd3Zr (0001) [43]. It has been proposed previously that the so-called SMSI
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e�ect may be related to alloying [180]; here, a reason for why this might happen is
given. On Pt at high temperatures, the concentration of Zr dissolved in Pt is lower
than in Rh due to easier di�usion into the bulk, see Figure 5.5. As a result, the strong
Zr-O bonds cannot be formed, and the ultrathin �lm becomes energetically unfavor-
able. What speaks against this hypothesis? For zirconia preparations with 1.1 ML
and 1.2 ML (chapter 5.2.4), the XPS signal for alloyed Zr was found to be below the
detection limit, which is in this case 0.04 ML. �e resulting upper limit of one addi-
tional bond per 25 Zr atoms in the ultrathin zirconia �lm would give li�le energy
gain. However, without the additional in�uence of alloyed Zr, reduction of zirconia
at temperatures as low as 640 ◦C is di�cult to explain.

�e second, competing hypothesis is based on di�erent di�usion rates of ultrathin
zirconia along the surface and Zr into the substrate. For Rh, di�usion into the bulk
is slow, so the ultrathin �lm can form upon reduction, even at high temperatures.
For Pt, this is only possible at low temperatures. �e two di�usion processes would
therefore have a di�erent temperature dependence. In this hypothesis, Zr dissolved
in the substrate is “passive” — no stabilizing bonds to Zr in the substrate are required
for the ultrathin �lm. Both hypotheses include the formation of ultrathin �lms and
alloyed Zr. An experimental proof for one or the other is di�cult, as the ultrathin
�lms cannot be prepared in the absence of any (fully reduced) Zr alloyed with the
substrate. DFT calculations might give additional insights.

Similar to the reducible oxides, the “SMSI” e�ect is reversible also for metal–ZrO2
systems. We can exclude competition between the ultrathin zirconia and oxygen ad-
sorption on the metal as a driving force for disappearance of the ultrathin zirconia,
as demonstrated by cooling at conditions where adsorbed O on Rh should be un-
stable. Rather, the e�ect of oxidizing conditions must be seen in (1) the ultrathin
suboxide becoming unfavorable with respect to fully-oxidized ZrO2, and (2), in case
of hypothesis number one, oxidation of Zr in the uppermost Rh (or Pt) layer, so the
stabilization by these Zr atoms disappears. For our inverse catalysts, this reversibil-
ity is limited by Zr disappearing into the bulk, especially in case of the Pt support,
where Zr di�uses quickly. �is would not happen for “real” catalysts, i.e., metal nan-
oparticles supported by zirconia, where no semi-in�nite metal reservoir is present.
On the other hand, Zr dissolution in metal nanoparticles may lead to an increased
la�ice constant, which is not observed in our case (no indications of subsurface mis�t
dislocations). Since the metal will be covered by the ultrathin zirconia in this state,
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a modi�cation of the metal la�ice constant will not modify the surface chemistry,
however. Under oxidizing conditions, at su�ciently high temperatures, dissolved
Zr will di�use, eventually reach the surface and there be caught by oxygen and get
incorporated in the fully-oxidized (bulk-like) ZrO2 again.

Assuming that alloying is required for th stabilization of the ultrathin zirconia �lm
(following the �rst hypothesis), the SMSI e�ect should occur only on metals where
Zr-metal alloys can form. Alloying requires a high enthalpy of solution ∆H of Zr in
the metal, otherwise Zr will be more stable in oxidized form even under reducing
conditions. Calculations of ∆H [140] show that Ir should behave similar to Rh, and
Pd similar to Pt. �e formation of ultrathin zirconia layers on Pd is shown in chapter
6.

5.4 Summary

We have demonstrated the so-called SMSI e�ect for zirconia on metal substrates (Rh
and Pt). When annealed under reducing conditions, the substrate between 3D zir-
conia islands is covered by a sub-stoichiometric, ultrathin zirconia �lm similar to the
zirconia �lms previously obtained by oxidation of zirconium alloys. When anneal-
ing in oxygen, all Zr becomes fully oxidized and the ultrathin �lm disappears. Two
hypotheses that explain the in�uence of Zr di�usion in the Pt or Rh substrate on the
�lm growth were presented. Easier reduction of an oxide in contact to a metal solves
the long standing problem of the SMSI e�ect observed for oxides that are usually
non-reducible.



Chapter 6

Chemical Vapor Deposition of
Zirconia

�is chapter shows the growth of ultrathin zirconia �lms on Pd(111) using chem-
ical vapor deposition (CVD) of Zirconium (IV) Tert-Butoxide (ZTB); these �lms were
found in a study aiming to investigate an inverse model Pd/Zr catalyst. �e results
on fully reduced Zr are published in an article [48], and this chapter is meant as an
addendum. Parts of this chapter are based on said article.

6.1 Sample Preparation

Measurements were conducted in the RT-STM chamber, see chapter 2.1.1. A Pd(111)
single crystal (from MaTecK, Germany) was used and prepared by spu�er/anneal
cycles (2 keV Ar+ ions, ≈ 2 µA/cm2 current density; 10 min at T ≈ 650 ◦C). ZTB (Zir-
conium (IV) tert-butoxide, Zr(O−t−C4H9)4, for the structure see Figure 6.1, from
Sigma Aldrich, purity: 99.999%) was dosed via a leak valve. �e vapor pressure of
ZTB at room temperature is ≈8 mbar [181]. Similar to the typical approach for water,
ZTB (a liquid) was �lled into a steel cylinder and connected to the leak valve. How-
ever, ZTB has to be handled under Ar atmosphere, as it immediately forms white
powder when in contact to air moisture. Freeze-pump-thaw cycles were performed
by LN2 cooling (freezing point of ZTB is 269 K). During deposition, the Pd(111) tem-
perature was held at 450 ◦C. ZTB then decomposed at the surface, leaving ZrO2
behind [182]. Pressures between 5 × 10−8 mbar and 5 × 10−6 mbar were used; to
calculate the dosage, uncorrected ion gauge measurements in Langmuir (1 L = 1 ×
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Figure 6.1: (le�) 3D model, and (right) Na�a projection of ZTB (Zirconium (IV) tert-
butoxide). Taken from [183].

10−6 mbar torr·s) were used.

6.2 Results and Discussion

1000 L of ZTB were dosed on a cleaned Pd(111) single crystal surface. A�er post-
annealing at ≈ 450 ◦C in UHV, an ultrathin �lm formed, covering small parts of the
Pd surface. XPS showed [48] that 26% of the Zr 3d signal originating from depos-
ited Zr that was fully reduced and alloyed with the Pd substrate (EB = 179.6 eV), as
on Pt3Zr [42, 45]. Another 27% of the Zr signal originated from bulk-like ZrO2 is-
lands (EB = 183.1 – 182.3 eV), and the remaining 47% in the form of ultrathin �lms
(EB = 180.9 eV). No remaining C from the precursor was detected in the C 1s region.
Zr in the substrate possibly stabilizes the formation of ultrathin �lms on the surface
via Zr-O bonds, see chapter 5. Figure 6.2a shows an atomically resolved STM image
of an area covered by the ultrathin �lm. In the FFT, see inset, Pd(111) and ZrO2 spots
can be located; the average unit cell parameter of ZrO2 is 0.351 nm – a value which
is in line with previously reported ultrathin �lms on Pd3Zr [43], Pt3Zr, see chapter 3
and [41], and Rh(111), see chapter 5 and [111]. �e �lm is however slightly distorted,
deviating from the tetragonal structure by 2.6%.

When annealing at T = 450 ◦C for 50 min in UHV a�er deposition of 500 L ZTB,
only fully reduced Zr is le� on the surface. As discussed in chapters 5 and 4.4, the
reduction of zirconia is enhanced by zirconia-metal interfaces as well as the availab-
ility of a large bulk volume for Zr dissolution (energy gain via a rise in entropy). As
the dissolution of Zr in Pd is similarly favorable as for Pt [140], it is not surprising
that reduction is easily possible. Before dissolving in the bulk, Zr is found in the
second layer, below a top layer of pure Pd [48]. Figure 6.2b shows an STM image of
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Figure 6.2: STM images of ZTB deposited on Pd(111). �e insets show the FFT. (a)
Ultrathin zirconia �lm patches can be found a�er annealing at 450 ◦C for 10 min. 1000 L
ZTB were deposited. �e FFT shows Pd(111) spots (blue), ZrO2 spots (green) and the
resulting moiré vectors (red). (b) When annealing at 450 ◦C for 50 min a�er depositing
500 L ZTB, metallic Zr is formed. In the FFT, the inner Pd(111) spots are marked in blue,
and a ring originating from amorphous-like order of dissolved Zr can be seen.

such a structure. In the FFT (inset), the Pd spots are clearly visible, yet Zr gives rise
to a smaller ring in the FFT; this is a clear sign of amorphous-like ordering, which is
rare in surfaces and only has few known examples, such as bilayers of SiO2 [184] or
GeO2 [185] on Ru(0001).





Chapter 7

Oxidation of Zr(0001)

In this chapter, an a�empt to grow zirconium oxide structures by oxidizing a Zr(0001)
single crystal is documented. �e work was inspired by the PhD thesis of Wen Ma
from the Yildiz group at the Massachuse�s Institute of Technology [186], where such
a growth behaviour was reported. �e reported structures could however not be
created reproducibly, and are probably related to Ni impurities in the crystal and
carbon contamination.

7.1 Previous Results

Figure 7.1: Triangular moiré structure on Zr(0001) as found by Wen Ma, a�er 1 min
pO2 = 2.6× 10−8 mbar and annealing at 530 ◦C for 4 h: (a) overview STM image (b) atom-
ically resolved STM image showing a high number of dark features assigned to oxygen
vacancies. Figure taken from [186].

�e surface oxidation of Zr(0001) was studied by Wen Ma in his PhD thesis [186],
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resulting in the discovery of two structures: A�er dosing 2.6 × 10−8 mbar of oxy-
gen for 1 min and annealing in UHV at 530 ◦C for 4 h, a triangular moiré structure
formed. With further dosing and UHV annealing, more and more of this structure
was replaced by what was designated as a second layer of zirconia forming a row
structure. Figure 7.1 shows an overview of the triangular moiré structure and the
atomically-resolved, hexagonal surface la�ice. �is structure has a la�ice parameter
of 0.331 nm and forms a moiré structure with an 8.8 nm repeat unit together with the
Zr(0001) la�ice below. �e model proposed for the structure was an ultrathin zirconia
(111) trilayer on the metallic substrate, as on e.g. Pt3Zr [41]. �e dark spots visible
in 7.1b were interpreted as oxygen vacancies (45% coverage), and a stoichiometry
of ZrO1.1 was followed. �is large oxygen de�ciency is used to explain the large
di�erence between the la�ice parameter found for zirconia on Zr(0001) and bulk zir-
conia (0.36 nm [24]) or other ultrathin zirconia �lms (0.35 nm [41, 43]). From the
STM images shown in [186], an VO concentration of ≈ 20 − 30% appears to be more
realistic; the stoichiometry of ZrO1.1 seems to be based on the assumption that the
same amount of VOs is found in the O-layer close to the substrate. No further studies
were conducted to corroborate the assignment of the dark spots to oxygen vacancies.
�us, contaminations can not be ruled out as a reason for the dark species.

Figure 7.2: Square structure on Zr(0001) as found by Wen Ma: (a) �e large-scale STM
image shows the typical appearance as rows. (b) On a smaller scale, the la�ice can be
resolved (best visible in the lower third of the image). Figure taken from [186].

When dosing oxygen a�er formation of the triangular structure, a second structure
forms, see Figure 7.2. �is structure shows rows with a periodicity of 2.2 nm; on an
atomic scale, Wen Ma found a square la�ice with a la�ice constant of 0.36 nm in the
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FFT. �is was a�ributed to a ZrO2(100) bilayer as a second layer on top of the �rst
zirconia trilayer.

Both structures found by Wen Ma are astonishing. Firstly, it is surprising that
an ultrathin �lm similar to a layer of ZrO2(111) was found with a la�ice constant of
0.33 nm — much closer to the 0.3232 nm of metallic Zr(0001) [187] than to the 0.36 nm
of zirconia. As discussed in chapter 1.2, cubic and tetragonal zirconia with a la�ice
parameter around 0.36 nm are not stable at room temperature or without oxygen va-
cancies. Ultrathin �lms as on Pt3Zr(0001) (see chapter 3) or Rh(111) (see chapter 5)
can only contract to 0.35 nm due to oxygen being able to buckle out of plane to keep a
high O-O distance. �ese �lms contain about 25–30% oxygen vacancies, see chapter
5.2.4 and 3.4.3 — compared to 45% suggested by Wen Ma. Secondly, the growth of
a square structure on top of a hexagonal structure is unusual. Especially a bilayer
structure would come as a surprise, as zirconia in the (100) direction is polar with a
Zr-O2-Zr-O2 stacking (see �gure 1.1); such a Tasker type 3 structure is typically con-
sidered unstable if no compensation mechanism is present [188, 189]. �e following
studies were conducted to reproduce the zirconia structures on Zr(0001) and con�rm
the proposed models.

7.2 Sample Preparation

All measurements in this chapter were conducted in the RT-STM chamber, see chapter
2.1.1. For all studies on Zr(0001), a single crystal (10 × 5 × 2 mm, from Princton
Scienti�c Corp.) was used. It was kindly lent to us by Bilge Yildiz and was the
same crystal that was used in the original studies by Wen Ma. As metallic Zr has
a phase transition from a close-packed hexagonal to body-centered cubic la�ice at
≈ 870 ◦C [190], annealing was limited to temperatures below the transformation tem-
perature to avoid risking the destruction of the single crystal. Real temperatures in
the RT-STM chamber are typically higher than the temperatures shown by the ther-
mocouple, so withT < 700 ◦C a safe distance was kept to this transition temperature.
A range of parameters was applied during spu�er and anneal cycles: �e sample was
spu�ered with 2 keV Ar+ ions for typically 30 min, at temperatures between room
temperature and 600 ◦C. A�erwards, the sample was annealed at 600 ◦C to 640 ◦C for
30 min to 3 h. To grow zirconia �lms, oxygen was dosed at pO2 = 1 × 10−9 mbar and
1 × 10−8 mbar for 30 s to 20 min. Post-annealing was done in UHV at up to 580 ◦C
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for 30 min to 4 h. Temperatures given here are estimated as being 10% higher than
the thermocouple temperatures; no calibration with a disappearing �lament pyro-
meter was possible due to the rather low temperatures. (Our disappearing �lament
pyrometer gives reasonable accuracy above ≈ 800 ◦C.)

7.3 Results

7.3.1 Initial Reproducibility

Both structures found by Wen Ma [186] could be found during our studies, yet not
reproducibly. �e triangular structure could only be reproduced once a�er remov-
ing species adsorbed since the last cleaning cycle �ve days prior with a single sput-
ter/anneal cycle (22 cycles in total since introducing the crystal into the chamber)
directly followed by dosing oxygen for 1 min at pO2= 3 × 10−8 mbar at RT and 4.5 h
of annealing at 530 ◦C in UHV. �e STM image, see Figure 7.3, was taken on the
following day. �e triangular structure appears to be decorated with bright species,
which were aligned with the underlying la�ice an FFT of these species gives a la�ice
parameter of 331± 1 pm (as found by Wen Ma), which also coincides with the la�ice
parameter from the analysis of the moiré structure. We therefore conclude that this
is the same �lm as found in previous studies. XPS taken on the same surface showed
signals of C, O, Co, and Ni, see section 7.3.3.

In another preparation, the “square” (or “row”) structure was found a�er dosing
pO2= 5× 10−8 mbar for 5 min and annealing at 580 ◦C for 30 min, see Figure 7.4a. �e
area covered by this structure was larger than 200×200 nm2. However, taking STM
images in a di�erent region of the crystal showed an area with nearly no coverage
of the “square” structure. �erefore, contrary to Ref. 186, the structure is a local
phenomenon and not directly linked to higher oxygen doses. Again, the structures
measured by Wen Ma [186] can be con�rmed: �e structure consists of rows with
a periodicity of 2.20 nm. On the atomic scale, the la�ice was found to be sligthly
rectangular; in the FFT, see Figure 7.4b, the la�ice constant of this structure can
be determined as ≈ 0.351 nm on average (using 323.2 pm for Zr [187] as a ruler) —
slightly smaller than the 0.359 nm reported by Wen Ma. �e measured value is the
average of two directions; a systematic di�erence between the two directions was
found, so the structure is slightly rectangular by about one percent. Figure 7.4a shows
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Figure 7.3: (a) STM image of the triangular moiré structure on Zr(0001). Apart from
the moiré, bright species of unknown origin can be seen. (b) FFT of the locations of
the bright species shows the underlying atomic structure with a la�ice parameter of
331± 1 pm.

a large amount of species adsorbed on the rectangular grid, which amount to 0.2–
0.3 ML.

A large area covered by the “square” structure as discussed above was only found
once; the typical appearance was on step edges as shown in 7.4c. On the terraces,
patches of the O-(2 × 2) structure (see below) can be found. In between, the bare
Zr(0001) is found with a few adsorbates. �e structure on step edges was found both
a�er O2 dosing followed by UHV annealing and directly a�er spu�er/anneal cycles,
i.e. on a cleaned surface. �e growth behaviour of the “square” structure on top of
the triangular structure described by Wen Ma [186] was not observed during any of
our measurements.

7.3.2 Oxygen Dosing on Clean Surface

A�er prolonged cleaning, i.e. ≈ 50 cleaning cycles with varying temperatures during
spu�ering and annealing, none of the structures reported by Wen Ma [186] were
encountered anymore. Directly a�er dosing 18 L of oxygen at RT, only clusters could
be found on the surface with STM, see Figure 7.5a. In XPS, three Zr 3d doublets were
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Figure 7.4: STM images of the rectangular (“square”) structure on Zr(0001): (a) Large-
area image of the structure (found in an area > 200 × 200 nm2 only once). (b) FFT of
(a), showing the rectangular la�ice of the overlayer structure, the underlying Zr(0001)
structure and the resulting moiré vectors (black) leading to the row-like appearance. (c)
Typically, the rectangular structure appears at step edges only (yellow arrow). On the �at
terraces, patches of a mobile O-(2× 2) structure can be found (red circle). �e remaining
surface is bare Zr(0001) with few adsorbates.
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found, originating from

• metallic Zr: EB(Zr 3d5/2) = 178.9 eV,

• bulk ZrO2: EB(Zr 3d5/2) = 182.6 eV, as in chapter 4.4 and [137]), and

• ultrathin or interface zirconia: EB(Zr 3d5/2) = 180.3 eV [42].

�e O 1s signal was formed by overlapping peaks from both oxide species and was
located at EB = 531.1 eV. �e single peaks cannot be resolved with the lab-based
XPS setup used here. However, upon annealing in UHV, the O 1s signal vanished
quickly, see Figure 7.6. �ere, 10 L of O2 were dosed and annealed stepwise for 5 min
each. Already a�er annealing at 110 ◦C, no bulk ZrO2 signal could be found in the
Zr 3d region. However, two separate peaks remained in the O 1s region; compared
to the clean surface, the Zr 3d doublet appeared shi�ed to a higher EB by 50 meV.
�is is most likely due to a remaining Zr 3d doublet with a EB similar to that of
ultrathin or interface zirconia; in this case, it is most likely linked to the O-(2 ×
2) structure described below. No further change was found until 420 ◦C, pointing
towards a metastable structure between these two temperatures. Already at 520 ◦C
— the temperatures used for the creation of the triangular structure — no O2 was le�
on the surface, and Zr 3d was only showing metallic Zr.

�e only ordered structure found on the thoroughly cleaned crystal was a (2 × 2)
structure on �at terraces, covering varying areas of the surface, see Figure 7.7. It is
di�cult to predict the O-(2 × 2) coverage, as even a�er several spu�er/anneal cycles
a nearly full coverage can be present without dosing oxygen, e.g. as in Figure 7.7a.
A�er annealing this sample at 530 ◦C, the coverage was reduced from 70% to 35%. In
XPS, two peaks appear. While the high-EB (531.8 eV) peak is reduced by 25% by the
annealing, the low-EB peak (530.6 eV) is reduced by 2/3. It can therefore be assigned
to the (2 × 2) superstructure found in STM. �e origin of the high-EB peak remains
unclear — O dissolved in Zr would be an obvious candidate. Furthermore, mobile OH
species could not be resolved by STM and would be a further, yet unlikely, option, as
OH is expected to desorb below 300 C on Zr(0001) [191].

7.3.3 Cleanliness

Impurities could play a signi�cant role in the creation of superstructures on Zr(0001).
Indeed in AES measurements, several elements apart from Zr and O were found: Ni,
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and a peak typically assigned to ultrathin �lms or interface oxides.
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also start to vanish. (b) Zr 3d shows that ZrO2 clusters vanish already when annealing at
110 ◦C. All spectra are normalized to the low-energy side of the 520 ◦C curve, and shi�ed
upwards linearly for the sake of clarity.
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(30 min, 110 ◦C) and anneal (550 ◦C, 3 h) cycles, and (b) a�er annealing to 530 ◦C. In the
middle, XPS spectra are shown in orange and violet, respectively. �e low-EB peak falls
with the O-(2 × 2) coverage.

Co, and carbon were the main constituents. (A small peak at 690 eV �ts praseody-
mium, which is however an unlikely impurity.) �e intensity of these peaks varied
from preparation to preparation, see the green and red curves in Figure 7.8, with
no clear, recognizable pa�ern. �is might also be related to local variations of the
impurity density, as AES measures only in a small spot (<1 mm2).

XPS, which averages over the whole crystal, was measured a�er dosing O2 for
1 min at pO2 = 3 × 10−8 mbar at RT and 4.5 h UHV annealing, a�er the STM meas-
urements shown in Figure 7.3. �ere, Co was not detected. �is could mean that
Co was a local contamination and not enough material is present for a measurable
signal in XPS. As AES was measured near the border of the crystal (due to experi-
mental limitations), STM however in the center, Co is most likely not related to the
STM structures in question. F can only be measured by XPS, as it desorbs immediatly
under electron bombardment. C and Ni remain as major contaminations. (A small
Ta signal originates from the sample clips.)

7.4 Discussion

�e dissolution of oxygen or zirconium oxide into Zr is described in literature. Ac-
cording to the phase diagram, almost 30% oxygen is soluble in the Zr bulk [192].
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�e enthalpy of O2 dissolution in Zr (−1200 to −1300 kJ/mol [193]) is larger than the
enthalpy of ZrO2 formation (−1097 kJ/mol [194]), with dissolution being favoured
additionally by the gain in entropy. Dissolution is also not kinetically hindered at
the annealing temperatures using in the experiments; already at 500 ◦C, dissolution
happens with > 2 Å/min and 100 Å/min at 600 ◦C [195]. �e amount of oxygen in
the bulk therefore rises over time and oxygen cannot be depleted by spu�ering and
annealing. Kinetics explain why Zr is known for its corrosion resistance in reactor
applications, which comes from the formation of zirconia on the surface, although
dissolution is thermodynamically favored. �is e�ect happens at ≈ 300 ◦C where dis-
solution is still kinetically hindered. �e study of Zr corrosion is a �eld in its own
right [196].

�e favored oxygen dissolution, combined with features of the two structures re-
ported by Wen Ma [186], which are unlikely for zirconia structures (e.g. the small lat-
tice parameter, low reproducibility, structures found only locally), open the question
whether the triangular and the “square” structures found in STM are truly zirconia-
based.

Two non-oxide candidates were found that �t to the unit cell parameters observed
by STM and are based on the two most common contaminations: nickel and car-
bon. Carbon is a common impurity on Zr, as CO dissociates easily on Zr [197]. Zir-
conium carbide (ZrC1–x) exhibits the NaCl structure [198] with a la�ice parameter of
469.8 pm. �e (111) plane would therefore have a smaller la�ice parameter by a factor
of
√

2: 332.2 pm. �is gives a close �t to the la�ice constant of the triangular struc-
ture: 331± 1 pm. Additionally, in contrast to oxygen, carbon is nearly non-soluble in
Zr [199], leading to the enthalpy of C dissolution (−164 kJ/mol [200]) being higher
than the enthalpy of ZrC formation (−197 kJ/mol [194]).

A rectangular layer on a hexagonal structure is a combination that is typically
not very favorable. �is can be compensated by a very stable �lm. Carbon forms
a c(2 × 2) reconstruction with distortions on a nickel substrate, the so-called Ni2C
“clock reconstruction” [201,202] with a la�ice parameter of 352 pm, ��ing the la�ice
parameter measured for the Zr(0001)-based “square” structure (351 pm). �is recon-
struction is known for its stability, as it does not only form on Ni(100) [201,202], but
also on Ni(111) [203, 204], where the surface layer is transformed from a hexagonal
to a rectangular structure. �e “square” structure could therefore be explained by a
Ni2C �lm. Such an impurity-based structure could explain why it was found in one
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place on the crystal, while not being found at all in another.
Let us �nally discuss the single ad-species found on both the triangular and the

“square” structures. �ese could be explained by other contaminants that were found
in XPS and AES. Fluorine would be a prime candidate for such single protrusions.



Chapter 8

Conclusion and Outlook

�e reader will already have noticed that many e�ects described in this thesis are
discussed and explained in terms of oxygen vacancies (VOs). �is is a usual approach
when studying oxides. For zirconia, however, VOs are no obvious candidates, as it is
o�en considered hard to reduce. Any model of zirconia involving VOs therefore has
to include an explanation of why VOs can form in the �rst place.

5 ML-thick zirconia �lms on Rh(111) were found to be stable in the tetragonal
phase until annealing above 730 ◦C, the onset of the transformation to the monoclinic
phase. �is is contrary to the bulk behaviour, where the monoclinic phase is the
only stable phase at room temperature, and tetragonal zirconia is stable only from
1205 ◦C on. For 5 ML-thick �lms, only slight substoichiometries were found, yet with
substantial in�uence. While monoclinic �lms are (close to) fully oxidized, tetragonal
�lms contain up to≈ 2% oxygen vacancies; these lead to a shi� of the electronic states
of up to 1.8 eV towards higher binding energies. Additonally, VOs are the major factor
in the stabilization of the tetragonal structure, similar to zirconia in powder form [26].
�erefore, the transformation from tetragonal to monoclinic �lms needs oxidation;
this can be achieved either by annealing at temperatures su�cient for dewe�ing of
the �lm, i.e. revealing of the Rh substrate, or by deposition of a catalytically active
metal on top of the �lm. �e thorough research on thin zirconia �lms presented
here opens the possibility of adding another complexity level, e.g. by adding a third
element, such as y�rium, for the study of y�ria-stabilized zirconia.

�e adsorption and desorption behaviour on ultrathin �lms on Pt3Zr(0001) was
studied for water, methanol, CO2, CO, O2, and Kr. �e water study showed com-
bined (weakly bound) molecular and (strongly bound) dissociative adsorption, yet
also revealed the zirconia �lm to be substoichiometric, ≈ZrO1.40. �is did however
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not have signi�cant in�uence on the adsorption behaviour, suggesting a preferred
oxygen vacancy location in the lower oxygen layer, at the interface to the substrate.

A similar tendency was found for 5 ML-thick �lms, where VOs were located pref-
erentially near the interface, which could be extracted from an XPS study. A direct
and clear observation of VOs via STM would be a future goal, as would be the ob-
servation of VO �lling. An explanation for the existence of vacancies is given by
DFT [116,153,154], where the VO energy of formation is drastically reduced for thin
�lms due to the underlying metal substrate; the two electrons from the VO are trans-
ferred to the metallic bulk. For VOs directly at the interface, substrate atoms can
rearrange and partly compensate for the missing oxygen atom.

�e strong metal-support interaction (SMSI) chapter shows that substoichiometric
�lms alone cannot explain every phenomenon. �ere, ultrathin zirconia formed on
the bare Rh(111) and Pt(111) substrate between islands upon reduction and could be
removed by oxidation. �is showed that the SMSI e�ect does also occur for zirconia.
Ultrathin �lms showed a similar stoichiometry as on Pt3Zr, ≈ZrO1.5.

At last, two further possible growth methods are discussed in this thesis: Oxid-
ation of Zr(0001) turned out not to be useable, as oxygen quickly di�uses into the
bulk at temperatures as low as 500 ◦C. Previously reported structures were most
likely carbon-based (which does not di�use into the Zr bulk) in combination with
Ni impurities.

�e growth of zirconia by chemical vapor deposition is o�ering the potential of
a simple way of zirconia deposition without the use of a spu�er source or evapor-
ator. However, the growth of ordered �lms thicker than one monolayer has yet to be
shown.



Appendix A

Thermocouple Temperatures

Treal in ◦C TTC in ◦C for the crystal
Rh(111)c Pt(111), Rh(111) Pt3Zr(0001)

300 310
390 410
400 430
500 550** 540** 500
550 610 600
570 630
600 670 650 600
650 730
680 770
700 770 700
715 810
725 820* 800
750 860
765 870
800 920/950* 880*
850 880*
900 970

Table A.1:�ermocouple temperaturesTTC in the RT-STM chamber vs. temperatures es-
timated from disappearing �lament pyrometer measurements. When two temperatures
are given, two di�erent measurements gave slightly di�erent results. �e temperatures
that were measured with the disappearing �lament pyrometer are marked with “*”. For
calculating lower temperatures, one temperature has to be assumed, which is marked
with “**”.





Appendix B

Raw Data Locations

Figure Measurement
Date File number or name Part of group name

2.5a–c 26.4.2017 20170425 spu�ersource cleanZrmetal
clean Rh(111)c, 2 cycles,

… +2ML of Zr metal

2.5d,e 13.9.2017 20170913 … (monoclinic)+Rh
Rh(111)c clean?,

Rh(111)c 5ML ZrO2 RT
3.3 7.7.2016 923, 946-958
3.4 18.7.2016 XPS D2O4L
3.6a 27.7.2016 1037-1044,1046,1053,1054
3.6b 27.7.2016 1036,1057,1060
3.11 29.7.2016 1066,1067,1069-1073
3.12 1.8.2016 xps methanol
3.13 6.7.2016 937,938,940-944
3.14
3.15

19.7.2016 977-982,984

3.16 27.7.2016 1035,1055,1061
3.17 22.7.2016 1006,1008-1014

4.5a,b 23.1.2018 20180117 … variation 2ndtry …150V/100V … + 600C O2
4.5c,d 5.6.2018 20180604 … (monoclinic)+1ML Ni annealed at 715 C in O2

Table B.1: Raw data �le names, sorted by Figure number, part 1
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Figure Measurement
Date File number or name Part of group name

4.5inset 26.11.2018 20181126 50ML tetragonal for LT 5 ML, 20 ML
4.6 18.9.2017 20170918 … thick�lms ZrO2 500C, 550C, 600C

4.7a 4 ML 3.11.2015 xps151103s004
4.7a 5 ML 15.10.2015 xps151030s003

4.7a 7.5 ML 15.10.2015 xps151022s002
4.7b 4 ML 30.5.2018 20180529 … 0.5 ML Ni annealed at 680 C in O2
4.7b 5 ML as Figure 4.5c
4.7b 7 ML 9.8.2018 20180809 thick�lms ZrO2 annealing in O2 at 750 C
4.8 5 ML as Figure 4.5c
4.8 50 ML 27.11.2018 20181126 50ML tetragonal for LT 600C in O2 100min

4.10 tet ×3 20.2.2018 20180219 … variation 3rd
570C O2, + 0.016 ML Rh,

+ annealed 550C O2
4.10 mon as Figure 4.5c

4.16 500 ◦C 25.11.2015 xps151125s003
4.16 600 ◦C 27.11.2015 xps151127s003,5

5.4a,c 21.4.2017 20170418 ZrO2 SMSI check +720C 10min O2
5.4b,d 21.4.2017 20170418 ZrO2 SMSI check +720C 10min UHV

5.5a
22.12.2015
23.12.2015

xps151222s003,5,7
xps151223s003,5,6,11,13

5.5b
14.01.2016
15.01.2016

xps160114s011
xps160115s001,5,8,12,15

5.6 4.12.2018 20181204 … transferedfromLT
5.6clean 6.11.2018 20181031 … RhO2 ZrO2 20181106-Rh(111)

7.5 10.3.2017 20170302 Zr0001 O2 dosing 3 10/03/2017 Dosing 18L O2 at RT
7.6 14.12.2016 20161214 … O2 dosing 2nd try

7.7 8.3.2017 20170302 Zr0001 O2 dosing 3
Tann=500C, Tsput=100C

+ ann. (Tc=480C, t=30min)

7.8
25.10.2016
24.10.2016

aes161025s002
aes161024s002

Table B.2: Raw data �le names, sorted by Figure number, part 2
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[48] Köp�e N., Mayr L., Lackner P., Schmid M., Schmidmair D., Götsch
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Selloni A. and Diebold U., A multitechnique study of CO adsorption on the
TiO2 anatase (101) Surface: J. Phys. Chem. C, 119(36):21044–21052 (2015),
doi:10.1021/acs.jpcc.5b07999
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