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Chapter 1

Introduction

1.1 General introduction

A fundamental and comprehensive understanding of the axidéghaviour of metal and
alloy surfaces is of great importance in a varietyitieécent fields of research, development
and application, such as heterogeneous catalysis [Int@fjrated circuits [3], passivation of
metals [4], or gas sensors [5]. Since the functiongbgntees of the developing oxide films
depend crucially on their microstructure (e.g. thickness;phology, chemical composition,
defect structure and oxide phase constitution), it is mangdab have a comprehensive and
in-depth understanding of the various processes that ondutha changes that take place at
the substrate surface, in the developing oxide film, artieasubstrate/oxide and oxide/gas
interfaces during the initial and subsequent stages dedim growth. In particular for the
low temperature oxidation of alloy surfaces, as consdlén this study, such knowledge of
the relationships between the mechanism(s) that gakeroxide-film growth kinetics and the
developing oxide-film microstructure as a function of thédation conditions (e.g. alloying
content, partial oxygen pressure, oxidation time and ¢eatpre) lacks.
This study presents an investigation on the initial stajesxide-film growth on

bare, polycrystalline Mg-based MgAIl alloys at room terapge as investigated by a
combined approach of angle-resolved X-ray photoelectroctrggeopy (AR-XPS) and real-
time in-situ spectroscopic ellipsometry (RISE). It adskess in particular, the effects of the
oxidation time, the bulk Al content, the partial oxygensptee pO,) and the sputter-cleaning
treatment (performed prior to each oxidation to remdwerative oxide) on the oxide-film
growth kinetics and the developing oxide-film microstructdige complications that arise in
the quantitative analysis of grown oxide films developing onary alloy surfaces (as
compared to the single-phase oxide film grown on a pure reatédce) by AR-XPS and
RISE have been dealt with by the development of nowelurate procedures for spectral
evaluation and quantification.

Bare polycrystalline Mg-based MgAIl substrates of varibulk Al alloying contents
(i.e. 2.63, 5.78 and 7.31 at.%) were exposed at 304 K to pure ogggan thegO, range of
10°-10* Pa. An UHV reaction chamber, which is directly couptledhe instrument for AR-

XPS analysis, has been specially designed and constrimtehese controlled oxidation
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experiments. The coupled UHV chambers are equipped wjtlan(ion-gun to clean the
substrate surface prior to oxidation) @ unit for the controlled admission of oxygeii,) (a
guadrupole mass spectrometer to monitor the residual géent@md control thpO, during
growth, and i¢/) the instrument for AR-XPS analysis of the bare axidiped substrates and
(v) an in-situ spectroscopic ellipsometer for dynamic lyaia of the oxidizing alloy
substrates. The microstructure of the grown oxide filnssbdeen determined using AR-XPS
while RISE was applied to determine the oxide-film grotitietics and the evolution of the
oxide-film constitution (as evidenced from the variatiohthe optical constants of the

growing oxide film).

1.2 Thermal oxidation of alloys at low temperatures

As for the thermal oxidation of pure metals, oxidatidradoarealloy surface proceeds via a
series of steps, such as transport of oxygen molecudes thhe gas phase to the substrate
surface, physisorption of Omolecules onto the surface, (dissociative) cherpigmr, oxide
nucleation and growth. After the formation of a closedde film covering the substrate
surface, further oxide-film growth requires transport afafged) species (possibly, cations,
anions, electrons, holes and vacancies) through theogwvgloxide film towards the oxide-
gas interface and/or the metal-oxide interface. If partsof one of the charged species occurs
intrinsically at a relatively faster rate, then dacerostatic field develops within the growing
oxide film, such that the transport of the intrinsigd##éss mobile (i.e. rate-limiting) charged
species is enhanced. Consequently, the transport of éingechspecies is determined by the
gradients of both the chemical (related to the camaton) and electrostatic potentials in the
developing oxide film (often referred to as thkectrochemicalpotential gradients [6, 7]).
Evidently, for the oxidation of aalloy, the additional concurrent processes of (oxidation-
induced) chemical segregation and preferential oxidation, hwimcluce compositional
changes in the alloy subsurface during oxidation, alsd teebe adressed.

Up to date, investigations on the thermal oxidation ofrlgimend ternary alloys have
been mainly performed at high temperatures Ti2.800 K) and high pressures (i.e. 0. <
10° Pa), presumably because these conditions are rellevahe application of alloys in high-
temperature-resistant coating systems (cf. Refs. [8-HQ@]these high temperatures, local
thermodynamic equilibrium generally prevails at thacteng metal/oxide, oxide/oxide and
oxide/gas interfaces, and the thermal energy is seifiico allow existing ions or electrons to
surmount their energy barriers for movement into dmdugh the developing oxide layer.

Consequently, relatively thick (in the micrometer rangeile scales, composed of multiple,
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crystalline oxide phases, develop on the alloy surfaceefuential, preferential oxidation of
the alloy constituents [8-10]. Then, continued oxide-layemith is realized by the solid-state
diffusion of charged reactants (i.e. cations, anielegtrons, vacancies and holes) through the
developing oxide layer under the influence of the (electeyutal potential gradients [11-
13]. Once a dense, continuously-closed oxide scale hasdoon the alloy surface, the
oxidation kinetics obeys a parabolic growth law (cffsSRf9, 10]).

The thermal oxidation of binary and ternary alloysoat temperatures (of, say, <
600 K), on the other hand, has only been scarcely investligsp to date. At these low
temperatures, the general assumption of local thernamadignequilibria existing at the
reacting metal/oxide, oxide/oxide and oxide/gas interfaceg moa hold and the thermal
energy is insufficient to allow existing ions or ekects to surmount their energy barriers for
migration into and through the developing oxide film. Thhe,ibnic and electronic transport
rates through the developing oxide film by thermallyivated (chemical) diffusion and
thermionic emission of electrons in the conduction banihe oxide, respectively, are very
small [14, 15]. Hence, an additional driving force, such asréace-charge field set up by
negatively charged oxygen species adsorbed at the dexgtmyde film surface [11, 13, 15],
is required to explain the observed, initially very fastd subsequent very slow, oxide-film
growth kinetics (typically following a logarithmic or culcowth law).

For the low-temperature oxidation of a bare alloy serfane generally ends up with a
thin oxide-film of near-limiting thickness (< 10 nm) that@nstituted of a metastable, multi-
element oxide phase (e.g. comprising an oxide solid solui@pinel oxide phase and/or a
doped oxide phase). However, in most cases, the detaitgdsinucture (i.e. oxide phase
constitution, chemical composition, morphology and kihss) of the initial oxide-film
formed on a bare alloy surface at low temperaturasisiown. For example, whereas an
initially fully amorphous film is formed upon low-tem@ure oxidation of a bare Al metal
surface [16], the corresponding structures of the imiixade films formed on a bare Mg metal
surface and a bare MgAl surface are unknown (presunmabbily either fully amorphous or
coherent crystalline). Further, no comprehensive kndgdeexists on the effect of the
concurrent processes of (oxidation-induced) chemical segegatd preferential oxidation
on both the developing oxide-film microstructure and the iedumompositional changes in
the alloy subsurface at these low temperatures. Fjriabhould be realized that for the very
thin oxide films (< 3 nm) grown upon thermal oxidation of bynatloy surfaces at room
temperature, a simple application of bulk oxide defecimistey to explain the observed

effect of the alloying constituent on the oxidation betwawmay no longer be valid.
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1.3 Mg-based MgAl alloys

Over the last decade, the need to produce lightweight amenp® for the automotive and
aerospace industries has focused new attention on tieditbeof magnesium as a casting
alloy. Magnesium combines a density two-thirds that afm@um, which is only slightly
higher than that of fiber-reinforced plastics. Additoihsmall amounts of aluminium to the
base Mg metal improves its mechanical strength, corrgsioperties and castability. The
ductility and fracture toughness are gradually reduced witheasang bulk Al alloying
content. The low density and high specific stiffnessmaignesium-based alloys make them
extremely attractive candidates for engineering apjdica where light weight is important
(e.g. aerospace and automotive industries, laptop casings).

Despite their competitive material properties, the afsmagnesium alloys is not fully
realized yet, partly due to a perceived lack of corrostsistance. The addition of aluminium
is a long-known means of improving the corrosion resistaridVig alloys [17, 18]. However,

the mechanisms and limits of this improvement arexiibirly understood.

1.4 Methods of characterization

Ultra-high-vacuum (UHV) chambers in combination with inussurface-sensitive analytical
techniques are prerequisites to investigate the initial agidatf bare metal or alloy surfaces.
In the present work, the combination of two powerfufface-sensitive analytical techniques,
namely angle-resolved X-ray photoelectron spectimsc@AR-XPS) and in situ multi-
wavelength ellipsometry have been applied to study thaliand subsequent stages of oxide

nucleation and growth on bare MgAl substrates.

1.4.1 Angle-resolved X-ray Photoelectron Spectrosco  py (AR-XPS)

X-ray photoelectron spectroscopy has its origin initkiestigations of the photoelectric effect
(discovered by Hertz in 1887) in which X-rays were usedasekciting photon source. The
technique employs the uniqueness of the kinetic energfyegbhotoelectrons that are ejected
from the specific orbital(s) of a solid to determine dhemical state of solid atoms or ions.
Recording a series of XPS spectra from a metal oy aloface after various oxidations
allows an accurate determination of the oxide-film thedan[14, 19, 20] and composition [14,
20, 21], as well as the chemical state of the constitioes in the oxide film [22, 23], as a
function of the oxidation conditions (i.e. time, temgiare, partial oxygen pressure, substrate
orientation, alloying content) for oxide-film thicknessd#she order of the attenuation length

of the detected photoelectrons (i.e. up to about 6 nm).



Introduction 13

The state-of-the-art, angle-resolved XPS (AR-XPS)rumsent employed in the
current investigation is based on the simultaneous regpuafithe emitted photoelectrons at
various detection anglesg (with respect to the sample surface). Since thepesdapth is
defined by the effective attenuation length (EAE") of the detected photoelectrons in the
solid times the cosine of the detection angld.e. »*"cos a, it follows that different depths
within the oxide film are probed for different detection lasga. An angle-resolved
measurement of the oxidized metal therefore additipralows the investigation of the
oxide-film morphology [21, 24] and constitution, expressedhe relative depth distribution
of different chemical species within the oxide film [14, 20, 24]).

The accuracy in the quantitative analysis of recordedyXphotoelectron spectra
depends on the methods used for the calculation (and gsudrge subtraction) of the
background of inelastically scattered electrons assaciatéh each main peak in the
measured spectra, as well as the functional desargpéimployed for the reconstruction of the
different intrinsic line shapes’ contributions to timeasured spectra (e.g. metallic, oxidic or
plasmon peak shapes). For example, as demonstrate@meC8 of this thesis, for the case
of the core-level photoelectron spectra recorded fdrare or oxidized MgAl alloy substrate,
the second bulk plasmon peak associated with the Mg 2limetain peak overlaps strongly
with the Al 2p metallic main peak (Fig. 1.1). Consequentisgrs in quantification will arise
if this plasmon peak is not properly resolved from th@@main peak.

In the present study on the initial thermal oxidatiorbafe Mg-based MgAl alloys at
room temperature, AR-XPS has been employed to determanaxitie-film microstructure in
terms of the thickness, morphology, constitution (ifee depth distribution of different
chemical species), composition and defect structureeofitbwn oxide films as a function of

the oxidation timepO, and the bulk Al alloying content.
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Figure 1.1. Measured Mg 2p — Al 2p spectra, as recorded from a bare M§3-aR% Al substrate
before (solid line) and after thermal oxidation (dasle) for 1 h at 304 K andO, = 1x10* Pa. The
first and second bulk plasmon peaks and the first surfasenpn peak associated with the metallic

Mg 2p main peak are indicated as;BBP, and SPrespectively.

1.4.2 Real-time, In-situ Spectroscopic Ellipsometry (RISE)

The principle of ellipsometry is based on the measunemithe change in the polarization
state of light reflected from the surface of the sien®5]. The measured parameteysaandA,
represent the changes in amplitude and phase of the zedlalight, reflected from the
analyzing surface. More specifigs is the angle whose tangent equals the ratio of the
amplitude attenuation (or magnification) upon reflecfimnthe p and s polarizations (i.e. the
components of the electric field vector of the polaridigit vibrating in the plane of
incidence and perpendicular to it, respectively)is the difference between the phase shifts
experienced upon reflection by the p and s polarizations.

Real-time, in-situ spectroscopic ellipsometry (RISEpviles a dynamic, non-
destructive analysis of the oxide films during growth (ilee specimen can be monitored
continuously as oxidation proceeds) (cf. Fig. 1.2). Thetspsopic ellipsometer used in the
present work is equipped with a Xe polarized light sourceering a wavelength\j range
from 250 to 900 nm, thereby obtaining information on theatian of A andy as a function

of both the oxidation time and the wavelength.
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Mg-7.31 at.% Al; t=1h; T =304 K
pO,=1x10° Pa [}

pO, = 1x10° Pa

pO, = 1x10™" Pa

42.1

41.7

Oxidation time (102 S)
Figure 1.2. Measured values af (left panely andA (right panel$ as a function of oxidation time (at
a wavelength of = 525 nm) for the oxidation of a bare Mg — 7.31 at.% Al subsite384 K for 1 h at
pO,= 1x10°Pa (ipper panelsandpO, =1x10* Pa (ower panel}

In the present study on the initial thermal oxidatiorbafe Mg-based MgAl alloys at
room temperature, such RISE measurements were applietetonote the kinetics of oxide-
film growth and the development of the oxide-film comsibn at variouspO.'s and for
various bulk Al alloying contents (Chapter 5). To this endhodel has been developed which
describes the measured time dependence of the spedifa)adnd y(A) for the initial and

subsequent stages of oxidation (Chapter 4).

1.5 Outline of the thesis

Chapter 2 presents a fundamental investigation on the eftdcthe anisotropy of the
photoionization cross-sections and elastic scatteritigeofletected photoelectrons in the solid
on the quantitative analysis of the AR-XPS spectrardszbin parallel data acquisition mode.

The procedures for spectra evaluation and subsequent quaiifiof the measured Mg 2p,
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Al 2p and O 1s AR-XPS spectra recorded from the bare andzedit¥igAl alloy substrates is
the focus of the Chapter 3. In Chapter 4, a model has deeeloped to determine the growth
kinetics of very thin (< 3 nm) oxide films developing dw tbare MgAl substrates from the
measured changes of the ellipsometric amplitude ratiqpphade shift dependent parameters,
v and A, versus wavelength, as recorded by real-time, in-gictsoscopic ellipsometry.
Finally, the thus obtained results on the growth kinetits developing microstructure of thin
oxide films (< 3 nm) grown on bar®gAl substrates by thermal oxidation at room
temperature as a function of the oxidation time,p®g (in the range of 18— 10* Pa) and for

various bulk Al alloying contents are discussed in Chapter 5
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Quantitative analysis of angle-resolved XPS
spectra recorded in parallel data acquisition

mode

M.S. Vinodh, L.P.H. Jeurgens

Abstract

The effects of the anisotropy of the photoionizatiooss-section and elastic scattering of
photoelectrons in the solids are investigated for anglelved XPS spectra (AR-XPS)
recorded froma—Al,O; substrate in parallel data acquisition mode. It is shthat, for the
guantitative analysis of AR-XPS spectra recorded in lighrdata acquisition mode, it is
essential to account for the anisotropies of the photzation cross-sections of the detected
photoelectrons for the concerned elements in the shi@ to the variation of the angle
between the incident X-rays and the detected photoetextNeglecting the effect of elastic
scattering only leads to minor errors in the quantigatinalysis of the AR-XPS spectra. By
adopting experimentally determined values for the redagensitivity factors of the concerned
photoelectrons in the solid as a function of the diete@ngle, cumbersome corrections for
the effects of the anisotropy of the photoionizatiorssreections and elastic scattering can be

avoided.

17
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2.1 Introduction

In a conventional XPS instrumental setup, Angle-Resoléday Photoelectron
Spectroscopic (AR-XPS) measurements are performed taygtithe specimen, thereby
maintaining a fixed angle between the incident X-rays and the analyzer (ie.détected
electrons; see Fig. 2.1). In general, the amgke chosen to be close to 54°, corresponding to
the so-called ‘magic angle’. At this specific angle¢gpfthe effect of anisotropy of the
photoionization cross-section on the recorded photaeledbtensity cancels out and, hence,
the total photoionization cross-sections;, for the detected photoelectrons of the concerned
elements in the solid can directly be used for quaatibo (see Sec. 2.2 and e.g. Refs. [26-

28]). The total photoionization cross-section, is defined as the transition probability (per

unit time) for exciting a photoelectron from th® subshell of core-level shell X of element A
in the solid per unit incident photon flux.

The Thermo VG “Thetaprobe” instrument employed in the prtegerestigation has
the capability of detecting photoelectrons over a witiudar range without tilting the sample
(so-called parallel data acquisition mode), which gresgigeds up the recording of a series of
AR-XPS spectra. Further advantages, as compared to a tona®R-XPS setup, are that
the analyzed area and position remain constant, eg.afe independent of the photoelectron
detection angler (with respect to the sample surface normal; see2Fly.

For an AR-XPS measurement recorded in parallel data &euisnode, the solid
angle of acceptance of the analyzer is divided intoemaos channels, with each channel
corresponding to a particular angular detection rangin @ imaximum possible 96 channels
divided over a total detection rangeaf= 23 - 83°, in the present case). This implies that, in
contrast to a conventional XPS setup, the aggbetween the incident X-rays and detected
photoelectrons is not a constant, but varies withdégection anglex (see Fig. 2.1). As
demonstrated in the present study, accurate quantitativgsanaf these AR-XPS spectra
then requires knowledge of the anisotropy of the photrédioin cross-section for each core-
level photoelectron line studied (see Sec. 2.2). Thipli@® that, instead of théotal

photoionization cross-sectiong, as used in the quantification of conventional AR-XPS
measurements, now tlkidferential photoionization cross-section@%Q, of the elements in
the solid must be employed in the quantification. Thigemdintial photoionization cross-

section describes the angular distribution of the enhifthotoelectrons as a function of solid

acceptance angle, and its value depends on the gnigdéween the directions of the incident
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X-rays and the detected photoelectrons, the orbital angplantum number and kinetic

energy of the concerned photoelectrons (see Sec. 2.2).

surface

Incident npormal N
photon &

sample

Figure 2.1. Schematic illustration of the interaction of incident mmowith the sample surfacé:is

the angle between the directions of the incident photon arghthple surface normat; is the angle
between the directions of the detected photoelectron andripesaurface normal; angis the angle

between the directions of the incident photon and the detpbtadelectron.

The present study investigates the effects of the angotwd the photoionization
cross-section and elastic scattering of the emittedioglertrons in the solid on the
guantitative analysis of AR-XPS spectra recorded in paddka acquisition mode. As a case
study, the relative sensitivity factog)(for the O 1s to Al 2p photoemission processain
Al,O5; as a function of the anglesand ¢ is determined from their corresponding AR-XPS
spectra recorded in parallel data acquisition mode. Symrienentally determined sensitivity
factors § for various anglegr and ¢ can be employed to calculate the composition, film
thickness, or depth distributions of various oxidic spedsexample, in thin oxide films
grown on metal substrates by thermal oxidation (cf. |&H]). The results will provide a
framework for the interpretation of AR-XPS spectraerded with the state-of-the-art AR-
XPS instruments employing parallel data acquisition mode.

In Sec. 2.2, the theory on the anisotropy of the pbatpation cross-section, as well

as the correction factors involved in quantification d®-XPS spectra (with and without
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accounting for the effects of elastic scattering) @mesented. Also, a simple method for the
determination of relative sensitivity factors from ma@d AR-XPS spectra is given.
Experimental details and the data evaluation procedtgegiven in Sec. 2.3. Finally, the
results and discussion, in terms of the effecthefanisotropies of the photoionization cross-
sections and elastic scattering on the relative G 18 2p sensitivity factor, as determined
from the AR-XPS measurement of-Al,O3 (in parallel data acquisition mode), are presented
in Sec. 2.4.

2.2 Theory

The observed primary zero-loss (PZL) intendify (cf. Ref. [29]) of photoelectrons ejected

with a kinetic energ¥e from then™ subshell of core-level sheK, of an element A distributed

within a solid, can be expressed by (cf. Ref. [30])

do “ F dz'
12 =K A O C,(2) éxp| — : dz 2.1
AX, [é de Z‘[O A( ) p|: J‘ /]Axn(zl’ E)E:Omil ( )

z=0

whereK is an instrumental factor depending on factors sudiree of analysis, energy and
flux of the incident X-rays and solid acceptance andl¢he analyzer (cf. Ref. [30]); the
detection angler is defined as the angle between the specimen surfacalnanch the solid

acceptance angle of the analyzer (see Fig. £1(2) is the atomic density of element A in
the solid as a function of deptbelow the sample surface\;;\xn(z, E) is the inelastic mean
free path (IMFP) of the detected photoelectrongenising with kinetic energi through the

solid as a function of depthbelow the sample surface; afdo,, /dQ) is the differential

photoionization cross-section. The depth dependefd®dFP due to possible changes in
composition (as experienced for e.g. thin metatiexilm systems when proceeding from the
substrate to the oxide-film, cf. Ref. [30]) is auoted for by the second integral owi. In
Eg. (2.1) the effect of elastic scattering of thefoelectrons propagating through the solid
has been neglected.

2.2.1 Anisotropy of photoionization cross-section
The differential photoionization cross-sectiofdo,, /dQ) obtained in the dipole

approximation (cf. p. 42 in Ref. [27]) for unpoked X-rays and a randomly oriented set of
atoms (or molecules) in the solid, as appropriatestudies of gaseous, polycrystalline or

amorphous specimens, is expressed by (cf. Re&fs2[)
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JAXn
47T

(do, /dQ) = 0 W(@ B ) = 1—'8%:"(300§ o- )} (2.2)

where o,, is the total photoionization cross-section (inttgd over the full Arange for a

given angle ¢ between the directions of the incident photon beand the ejected
photoelectrons; see Fig. 2.1), defined as the itr@ngprobability (per unit time) of emitting a
photoelectron from the™ subshell of core-leveX, of element A in the solid per unit incident

photon flux; W(g, B, ) is the asymmetry factor describing the intrinsigsatropy of the
photoionization cross-section; anl,, is the asymmetry parameter, describing the angular

distribution of the ejected photoelectrons concerne

The allowed range for the asymmetry paramefy, is determined by the
requirement that the cross-section should be ngative (cf. Ref. [27]), i.e. & B, <2. A
positive value of B,, implies that photoelectrons are preferentially teedi at angles

perpendicular to the direction of the incident mmst (i.e.¢ = 9C°), whereas a negative value

indicates preferential emission parallel or antigfial to this direction (i.e¢= 0° or 180). A

value of B,, = 0 yields an isotropic distribution. The exactueaof 3,, depends upon the

orbital angular momentum quantum numb@re. the type of subshell) and the kinetic energy
of the emitted photoelectrons (and thus on thelemi photon energyv), where for alks-type

subshells (i.el = 0) the value of3,, = 2. Values off,, are tabulated in the literature only

for elements in their gas phase (cf. Refs. [31-33])

As follows from Eq. (2.2), due to the anisotropytlsé photoionization cross-section,
the recorded photoelectron intensity depends onatigge @ between the directions of the
incident photons and the detected photoelectrares Egy. 2.1). In a conventional XPS setup,
the X-ray source and the analyzer are fixed, ardatigle between them is usually chosen
close or equal to the so-called magic angleef54.74, for which the 5 -dependent term on
the right-hand side of Eq. (2.2) vanishes. In tase, even for angle-resolved measurements
(obtained as a function of the detection armgfer a fixed angle ofpby tilting the sample; see

Fig. 2.1), no correction for the anisotropy of fhteotoionization cross-sectio(g, B, ) is

required upon quantification. This implies thatyottie total photoionization cross-section is
required for the quantification of these AR-XPSctpe
On the other hand, for a state-of-the-art AR-XP&sneement employing parallel data

acquisition mode, the signal intensities are ctdidcsimultaneously over a wide range of
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detection angleg, while fixing both the sample position and the largbetween the incident
photon beam and the sample normal (see Fig. 2djsé€gjuently, the angledoes vary with

the detection angle, and separate values Wf(¢, B, ) are required upon quantification for

each detection angle concerned (see Sec. 2.4).

2.2.2 Effect of elastic scattering

Elastic scattering of emitted photoelectrons in didsaffects the distribution of the
photoelectron trajectories, i.e. it partially ranipes the direction of electron motion.
Consequently, thebservedanisotropy of the differential photonionizatioross-section of an
element in the solid differs from the correspondintginsic anisotropy of the differential
photonionization cross-section of the isolated atoen the anisotropy as observed for solids

is a little less pronounced (the asymmetry paramgfg is relatively lower). The results of
Monte Carlo (MC) simulations (cf Refs. [34, 35])veashown that the effect of elastic

scattering in solids can be accounted for by repipthe c:ross-sectio(ndaAXn / dQ) of EQ.

(2.1) with an effective differential photonionizai cross-section, defined as
. 1 eff
(dos /dQ)eﬁ = 0 W@, B ) =T s, Qe E{l—%(scoé o- )} (2.39)

where ,B,iin denotes the effective asymmetry parameter desgribine actual, observed
angular distribution of the measured photoelectntensities, andQ,, is a weak correction

factor (ranging between 0.9 and 1) accounting fog teduction in the overall escape
probability of photoelectrons due to elastic scatte within the solid (i.e. it describes the
relative change in the observed photoelectron giies due to elastic collisions). The

incorporation of(dann/dQ)eff in Eqg. (2.1) is equivalent to replacing the IMFPH(Q. (2.1)
(i.e. /1‘Axn) by an effective attenuation length (EAlz),iﬁn, defined as (cf. Ref. [36])

e i W((”’ o )
A = A Q. V@A) /5,“”) (2.3b)
' Pax,

Accurate expressions for the paramet@s and ,B,iﬁn, as obtained within the so-called

transport approximation, which neglects the stmgctn the differential elastic scattering cross
sections (i.e. isotropic elastic scattering is as=), are given by (cf. Ref. [37])
Qux, = (L-w)UD, +D,) (2.49)

and



Quantitative analysis of angle-resolved XPS spectra recorded allgladata ... 23

e = (1-w) Ggﬂ (2.4b)
where
_ H(cosa w)
D, = ——’ 2.4c
o) (2.4¢0)
and
D, = wfgxn [(3cos p- 1JH (cos @ Djolx[H X D%+ cas )0 - Hx  (2.4d)

In the above equationgis the so-called single scattering albedo defared

/]tl’ -1
w:(1+ A% j (2.5a)
/]AXn

where /U{Xn denotes the transport mean free path (TMFP) ottimeerned photoelectrons of

kinetic energ)E in the solid, which for a solid compound consgtaf m components is given
by (cf. Ref. [38]),

m -1
Aax, = (M > Xka-tr,kJ (2.5b)
k=1

Here, M is the total atomic density of the compound, is the atom fraction of the™
component in the compound awg , represents the transport scattering cross-seofitine

K™ component for the concerned photoelectrons witletic energyE (cf. Ref. [38]). Finally,
the termH(cosa w) in Eqgs. (2.4c-d) is the Chandrasekhar functionf.(R®]) which can
either be solved by an iterative procedure (sees.R8B]) (A matlab script to solve the
function of Chandrasekak(x, &), for any value of & x< 1 and 0< w< 1 by an iterative
procedure can be obtained upon request from thesmonding author) or approximated by
an analytical expression (cf. Ref. [36]).

The termD; in Eqg. (2.4a) is generally neglected, becausevatae is in all cases
considerably smaller than the value for ieterm (cf. Refs. [36, 37]). Further, it is noted

that, for pure elements, simpler, approximate esgioms for the estimation of the factors

Qax, and theﬁf&n are reported in the literature (cf. Ref. [40]).

2.2.3 Relative sensitivity factor in binary solids

Adopting Egs. (2.1), (2.2) and (2.3b), it followsat the composition (i.e. the atomic ratio) of
a homogeneous, infinitely thick (as compared tolMEP), binary compound AB is related to
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the measured total primary zero-loss (PZL) phottede intensitiesl,, and lg, , as
recorded from the elemenmtsandB in the solid, by

&: | ax, D/‘Efim DJB%W(Q,BB%) _ 1“0 D/]‘ - DU' BXDQ Bw(qo’ﬁeﬁa;)
Ce ngm /]?&1 U'A&W((D,,BA%) stm /]IA>5 O ax Q AM(¢’ ﬁAg()

where |5, andlg, denote the PZL intensities of the photoelectranited from then™ and

(2.6a)

m™" subshell of core-level shel) andY of elements A and B within the (infinitely thick)

solid, respectively. The relative sensitivity facts,, ,5, for the AB reference compound

with a known atomic raticC,/C, is then defined as

Sax, 18y, = &E!:Xn = /]2?(” DJAX‘W(Q'BA&) = AiAAX‘ DJ A DQ A%W(ga,ﬁef';%)
TG e AR TeV@Be) Ay 0 g Q MpATY)

Consequently, the relative sensitivity factor inmunates the combined effects of:

(2.6b)

* The relative difference in the EALA;f&n and Agﬁm as a function of the anglesandg(i.e.

the relative difference in inelastic and elastiatsring of the concerned photoelectrons
during their transport through the solid).

« The relative difference in the total photoionizati@ross-sectionso,, and oy,

(independent ofr and¢).

 The relative difference in the asymmetry factdfép, B, ) andW(g,S;, ) as a function

of the angley (i.e. the relative difference in the anisotropytle angular distribution of

the concerned photoelectrons).

As follows from Eq. (2.6b), the value fd8,, ,5, as a function of the anglg and/or the
detection anglex (see Fig. 2.1) can simply be determined experialgnfrom the PZL
intensity ratio | / I 5y, » @s obtained from a series of measured XPS spestoaded from

the reference compound for a various set of argflggmnda.
In a conventional XPS setup (for which the anglés fixed for various detection

anglesa, see Sec. 2.2.1), the experimentally obtainedevafis,, ,5, should be independent

of the detection angler, provided that the EAL raticylf\”Xn /Agﬁm IS a constant and no

photoelectron diffraction effects occur (as is ddbr polycrystalline and amorphous solids).
Moreover, if such a series of measurements is raadlee magic angle afy the asymmetry

factor ratio in EqQ. (2.6b) vanishes (see Sec. 2.2.1
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On the other hand, for a similar AR-XPS measurenm@nploying parallel data
acquisition mode (for which the angfevaries with the detection angle see Sec. 2.2.1),

Sax, 1y, does depend upon the detection argliue to the accompanied change in the angle

@ (see Fig. 2.1). Only for the special case wherth lsnbshellsn and m are of the s-type

(i.e. Bax, = Bay, =2), the experimentally obtained value &, s, is independent of the

detection anglea (again provided tha f&n /Agﬁm is a constant and no photoelectron

diffraction effects occur).

Knowledge of the dependence of the valueSyf ,;, with the anglesp and a is

required for the quantification of AR-XPS spectecarded from binary compounds of
unknown composition, as well as from thin layergditures on substrates (as, for example,
in the determination of thicknesses and compostmirthin oxide films on metal substrates;

cf. Ref. [22]). In the next section, the variatioithe relative sensitivity factog, . ,,, with

the interdependent anglesand a will be investigated for the AR-XPS spectra re@atdn
parallel data acquisition mode from arAl,O3; reference with a known O/Al atomic ratio of

1.5. The thus obtained values &, ,,, as a functiong and a may be adopted in the

guantification of AR-XPS spectra recorded from etlgn Al-oxide films grown on Al
substrates by thermal oxidation (cf. Ref. [22]).

2.3 Experimental & data evaluation

A one-side polished (< 0.25m), (1100) orienteda-Al,Os single crystal with an O/Al-ratio
of 1.5 (purity < 99.99% supplied by Goodfellow Cardge Ltd.) was thoroughly cleaned
ultrasonically in acetone, ethanol and subsequehibyopanol, and then dried by blowing
with pure compressed nitrogen gas. Next, the sampgeintroduced into the UHV chamber
for XPS analysis, with a base pressure o4 Pa. First, the adventitious carbon and any
other contaminants present on the oxide surface wemoved by a short (a few minutes),
gentle sputter-cleaning treatment with low-enerjk{) Ar* ions. After this sputter-cleaning
treatment, no surface contaminants were detectdtiXPS spectra recorded over a binding
energy (BE) range of 0 to 1400 eV (see below fstrumental details).

AR-XPS analysis of the specimen was performed witfihermo VG Thetaprobe
system operating in the so-called parallel datauisgégpn mode (see Sec. 2.1) using
monochromatic incident Al & radiation fiv=1486.68 eV; spot size 40dm). The emitted

electrons were detected simultaneously over thellangange (with respect to the surface
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normal) of 23 to 83 in eight ranges of 7:5each. The energy scale of the concentric
hemispherical analyzer (CHA) was calibrated witlghhpurity, sputter-cleaned, reference
samples of Au, Ag and Cu, such that the correspgndu 4f,,, Ag 3d;, and Cu 2p, main
peaks were positioned at the recommended BE valu&3.98 eV, 368.26 eV and 932.67 eV,
respectively [41].

The survey spectra were recorded in the BE randgetof1400 eV at a constant pass
energy of 100 eV and step size of 0.1 eV. The aregelved spectra of Al 2p and O 1s
photoelectron lines were measured in the BE rarfgé5oto 80 eV and 525 to 540 eV
respectively, with a pass energy of 100 eV anep size of 0.1 eV.

Charge compensation of the insulatmgfl,O3 specimen during the XPS analysis was
achieved by irradiation of the sample surface vaitdiffuse beam of low energy electrons
(kinetic energy of 3 eV; emission curre@5 PA) using a flood gun equipped with a kaB
cathode. The flood gun was operated at the lowessiple temperature[l{200K) to
minimize the thermal energy spread within the iaoidelectron beam. Optimum charge
compensation was achieved by tuning the flood gettings so as to obtain the most
symmetrical and narrow-shaped oxidic Al @ain peak possible from the insulatiagAl,O3
specimen.

The averaged value (and corresponding standardataevi for the AR-spectra
recorded at the various emission angles; see alfmvi)e BE position and Full Width at Half
Maximum (FWHM) of the oxidic Al 2p main peaks ofetla-Al,O3 reference correspond to
70.52¢0.05) eV and 1.86{.05) eV, respectively. The corresponding valuastfe BE
position and Full Width at Half Maximum (FWHM) oli¢ O 1s main peak of theAl,O3
reference equal 527.260.04) eV and 2.160.12) eV, respectively. This results in an average
value (and standard deviation) for the Al-O bindstgte parameteEa.o = O 1s BE — Al 2p
BE, for a-Al,0O5 of 456.75£0.02) eV. Note that the value of tBg.o is independent upon the
incident photon energy, reference level and chagrgifects (cf. Ref. [22]). The value Bho
= 456.75¢0.02) eV, as obtained far-Al,Os in the present study, is in excellent agreement
with the corresponding value of 456.76 eV as requbih Ref. [42].

The total primary zero-loss (PZL) intensities ®ef. [29]) of the oxidic Al 2p and O
1s main peaks as a function of the detection anglsee Sec. 2.3) were resolved from the
corresponding AR-XPS spectra recorded from #hal,O; reference as follows. First, all
measured Al 2p and O 1s spectra were correctethéelectron kinetic energy dependent
transmission of the hemispherical analyzer of fflecgometer by adopting the corresponding
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correction factor as provided by the manufactusse(above). Next, the relatively small
background of inelastically scattered electrongha BE region of the Al 2p and O 1s main
peak was removed by subtraction of a Shirley-typekground in the BE range of the main
peak from 69 to 79 eV and from 525 to 538 eV, reSpely. The total oxidic Alpand O &
PZL intensities were taken equal to the integratesh under the corresponding, background
corrected main peaks.

2.4 Results and discussion
The O 1s-to-Al 2p relative sensitivity factor (RSF, 144, » for the a-Al2Os reference is
defined as (see Sec. 2.2.3)

S a2 :Eljlgjs :/]gﬂjs DUOJ}N(%BOB) :/]iO]sEP-O]sDQ oyv(@ﬁeﬁog 2.7)
Al 0 e i '
wAze 3 IA|2p /]Arfzp O—AIZpVV(qoiﬁAIZp) /]AIZp Onizp Qu2 pvv(¢’ Alﬁ2 p)

The value ofS, 55, » @s determined from the total Al 2p and O 1s Patensities resolved

from the measured AR-XPS spectra of thél,O3; specimen (and adopting the known Al/O

atomic ratio ofZ), is plotted as a function of the detection armgknd the angle in Fig. 2.2.

Note that, since the concerned AR-XPS measuremerte recorded in parallel data
acquisition mode, a change in the detection amglés accompanied by a corresponding
change in the anglep between the directions of the incident x-ray beam the detected
photoelectrons (see Sec. 2.1).

Evidently, the thus obtained values &, ,,, increases with increase of the
interdependent anglesand ¢ That is, the value fo&,; ,,,, is at a maximum (minimum)

for the grazing (near-normal) anglesaWith respect to the sample surface, corresponaing
a large (small)@ between the directions of the incident x-ray beand the detected
photoelectrons (see Fig. 2.1). Note that, for ailainseries of AR-XPS measurements
performed in a conventional XPS setup (gas a constant fixed at the magic angle, and the

detection angler is varied by tilting the sample), the RSE; 5, » Would be independent of

the detection anglex (in the absence of elastic electron scattering phdtoelectron
diffraction effects within the solid; see Sec. 2.2)

As discussed in Sec. 2.2, the observed changeeirRBF with the interdependent
anglesa and ¢ (in parallel data acquisition mode) is due to twenbined effects of the
anisotropies of the photoionization cross-sectiand the elastic scattering of the detected
photoelectrons within the solid. In this case, th&tive difference between the intrinsic
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anisotropies of the Alf2and O ¥ photoionization cross-sections is expressed in(E{d) by

the asymmetry-factor-ratioV (¢, 3, ) | W(@, B, .,), the value of which depends only upon

the anglep (see Eq. (2.3a)). The relative difference intg®nd inelastic) scattering of the
detected O dand Al 2 photoelectrons within the solid, on the other has@xpressed in Eq.

(2.7) by the EAL-ratioAS" /A5, , the value of which depends mainly on the detacdiogle

o Al2p?

a (due to the dependence of the correspon@+fgctors on the angle ; see Eqs. (2.4a —

2.4d)).
o
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Figure 2.2. The relative sensitivity factor (RSFR, 1y 5, » fOr a-Al20;, versus the interdependent

angles a (bottom x-axis) and @ (top x-axis) (see Fig. 2.1). The terms

So 15741 2p DN(@ﬁAlZp)/ W@, Bo,s) and So 157412 [QMZp/QMsDM(”uBeAsz)/ W(”uggﬁls) are also

plotted as a function of the interdependent anglasd @ See text for details.
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To investigate the effect of the intrinsic anispies of the Al 2p and O 1s

photoionization cross-sections on the angular dipece of the RSF, the value 8§f 5, is
divided by the asymmetry-factor-rativ(¢, 5, B)/W(qo, Bu2) (see Eg. (2.7)) and plotted as a

function of the interdependent anglesand @in Fig. 2.2. All data used for the calculation of

the asymmetry factor®V(e, 3, ) and W(g,£,,,) (using the appropriate expressions as

given in Sec. 2.2), as well as their resulting galuare reported in Tables 2.1 and 2.2,

respectively. Evidently, the value &, .y 5 ,, SM@, Ba2p) / W@, 5, ,.) is nearly constant over

the angular detection range of 40° to 80° (corredpw to ag -range of 56° to 91°). This
implies that thevariation of the RSF over this angular range is, to a gtroximation, solely
determined by the relative changes of the intrirenisotropies of the Al 2p and O 1s

photoionization cross-sections wigh

Nevertheless, the value 08, M@ By 2,)/ W@, By,) shows a small, but

distinct, increase with decreasing angles for tharmormal detection range (i.e. within the
ranges 25° <o < 40° and 45°gw< 56°; see Fig. 2.2), indicating that an additlofaator is

responsible for the variation &, ., Within this angular range. To investigate whetther

variation of the RSF within this near-normal deitattrange is to some extent caused by
differences in elastic scattering of the detectéd2p and O 1s photoelectrons, the term

So1a 20 R zp/ @ 1. DWM@. B3,/ W, 85) (see Eq. (2.7)) is plotted as a function of the

anglesa andgin Fig. 2.2. All data used for the calculationtl¢ effective asymmetry factors
and Q factors (using the appropriate expressions asngimeSec. 2.2), as well as their
resulting values, are reported in Tables 2.1 ar®] &spectively. Indeed, the value of

So1m 20 R zp/ @ 1@ B5,)/ W@, 85,0, which incorporates the combined effects of the

anisotropies of the photoionization cross-sectiand elastic scattering, is approximately
constant over the near-normal detection range4be < a < 40° and 45°w< 56°; see Fig.
2.2). This confirms that theariation of the RSF over this angular range is indeedptoes
extent, also determined by differences in elastattering of the Al 2p and O 1s
photoelectrons.

It should be noted that the value of the RSF ingtazing detection angle range of,
say,a > 70°, will be affected by small deviations fratoichiometry at ther-Al,O; surface
(due to e.g. preferential sputtering effects upleaming; see Sec. 2.3). On the other hand,
even for 10% deviation in the oxide stoichiomettile changes in the corresponding

asymmetry- an@@-factors are negligible.
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As discussed in Sec. 2.2.2, the effect of elastattering of the detected
photoelectrons on the observed PZL photoelectréensity is two-fold: () it affects the
intrinsic anisotropy of the photoionization crogxon, as described by the reduction of the

parameters,, to an effective asymmetry parameﬁéﬁn , and (i) it affects the overall escape
probability of the emitted photoelectrons, as descr by the weak correction fact@,, .

The separate contributions of these two elastittestiag parameters to the observed variation

of the RSF, § yaz . With @ and ¢ are expressed by the corresponding values of

Table 2.1. Physical constants used for the calculations of thetaféeasymmetry parameterg3t" ),

theQ-factors Q), and the effective attenuation length&").

Constant Value Units Reference
Density ofa-Al,03 3.99x10 g/n?
Molecular mass ofr-Al,O3 101.961 g/mol
Band gap otr-Al,03 8.7 eV [43]
Asymmetry factor: Bai2p 0.93 [33]
Lo s 2.00
Kinetic energy: Al 2p photoelectrons 1416.16 eV
O 1s photoelectrons 954.41 eV
Inelastic Mean Free Pathy 3.257 nm [44]
A 2.416 nm
Transport cross-sections; , (< = 141616 ev ~ 6.93x10° ’ [45]

m
O, o(KE = 1416.16 eV 3.25x12 M
, m
O, n(KE=954.41eV 12.49x10°

m

O, o(KE =954.41 eV 6.13x10%

Transport Mean Free Path: Azp 17.98 nm
A 9.78 nm
Single scattering albedowuw 2p 0.153
b 1 0.198

QA|2p/Qo1s and W(g, :IﬁZp)/W((D’IBOEffls)D/V((ouBOls)/ V\(¢’ﬁA|2p)' The values for these two

terms are plotted as a function of the angteand ¢ in Fig. 2.3. Clearly, their contributions
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to the resulting value 0§, ,,, are very small, i.e. up to 3%, with the effecteddstic
scattering on the relative difference in anisotespdf the photoionization cross-sections (i.e.
the termW (g, B1'%,)/ W(@, B5.) DM@, B5 1.)/ W@, B, ,,)) being more pronounced. Moreover,
it can be concluded from Fig. 2.3 that the relatNiéerences between the Al 2p and O 1s
elastic scattering parameters (i£%" andQ), cancel out to some extent in the near-normal
detection range (i.e. 25° & < 40° and 45°@w < 56°). Consequently, the effect of elastic

scattering on theabsolutevalue of the relative sensitivity factor is moreopounced for

detection angleg > 40°.

Table 2.2. Calculated values of the Chandrasekhar functiet{g, («); see Ref. [39]), the effective

asymmetry parametersBf" ), the Q-factors Q), and the effective attenuation length4®(), as a

function of the interdependent anglesand ¢ (see Fig. 2.1). The values are calculated from the

appropriate expressions as given in Sec. 2.2, and employingtthaddlisted in Table 2.1. See Secs.
2.2 and 2.4 for details.

H(cosr, H(cos,

al® @) a2 ab 1s)

eff eff eff eff
Al 2p O1ls QAI 2p Qo Is /]AI 2p /]O Is

(nm) (nm)

26.75 4586 1.0564 1.0751 0.8097 1.6639 0.9725 30.9@.2154 2.4438
34.25 51.71 1.0550 1.0732 0.8110 1.6682 0.9709 16.968.1767 2.3544
41.75 57.84 1.0532 1.0706 0.8126 1.6736 0.9689 8@.93.1418 2.2889
49.25 64.17 1.0507 1.0673 0.8148 1.6803 0.9663 46.93.1114 2.2408
56.75 70.62 1.0474 1.0629 0.8176 1.6886 0.9630 98.948.0851 2.2050
64.25 77.16 1.0430 1.0569 0.8213 1.6992 0.9588 30.98.0618 2.1779
7175 83.75 1.0370 1.0488 0.8262 1.7131 0.9530 6@.93.0401 2.1563
79.25 90.37 1.0281 1.0370 0.8333 1.7326 0.9449 50.93.0168 2.1367

It can be concluded that, for the recording of ARSKspectra in parallel data acquisition
mode, the observed variation of the RSF with therdependent angles and ¢ can be fully
ascribed to the combined effects of the anisotsopfethe photoionization cross-sections and
the elastic scattering of the detected photoelestmithin the solid. For the quantitative
analysis of AR-XPS spectra recorded in parallehdetguisition mode, it is therefore essential
to apply the correct RSFs for each angular rangearoed.
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Figure 2.3. Calculated values of W(@ B5%,)/W(@, B5') DM@, B, 1)) W@.B,,,) and

Qo 5 / Qu 2p for a-Al;0s, as a function of the interdependent angtgbottomx-axis) andg (top x-

axis) (see Fig. 2.1). The terdV(@, B, ) /W(@, B5'.) DM@, B 1)/ W@, B, 5,) is @ measure of the

effect of elastic scattering on the anisotropy of thenisic photoionization cross-section, whereas the

term Qg 4 / Qu ., describes the effect of elastic scattering on the ovesaihpe probability of the

detected photoelectrons. See text for details.

As an example, for the errors introduced in quéanatiion when these effects are
ignored, the determination of the composition ad theasuredr—Al,O; reference (with a
known O/Al-ratio of 3/2) is considered (see Figl)2The composition of the measured oxide

reference, expressed as the oxygen to metal majculated from (cf. Eq. (2.7))

G _ ls(a.9) B 1 (2.8)
Ca  lazp(@.9 S)ls/mzp(a’(”)

where 15.,(a,9), | 4,,(a,9) and S,y ,,(a.¢9) denote the resolved G PZL intensity, the

resolved Al p PZL intensity and the corresponding experimentdiyermined RSF for a
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Figure 2.4. Error in the calculated composition (i.e. O/Al-ratio) a-Al,O; as a function of the
interdependent angles(bottomx-axis) andg(top x-axis) introduced when adopting a single value for

the relative sensitivity factor, , 5 ,,(0 =41.8 @= 57.8 (i.e. close to the magic angle gf=

54.7%&; see Sec. 2.2). The straight line along the ordinate irdiche correct O/Al-ratio fan-Al 03
of 3/2, as would be obtained when accounting for the effgfcthe anisotropy of the photoionization

cross-sections and the elastic scattering of the detptiaelectrons within the solid. See text for
details.

given set of anglesa and ¢, respectivelyFigure 2.4 shows the percentage of error
introduced in the calculated values of the compmosiversus the angles and ¢ when not

taking into account the effects of the anisotropylaotoionization cross-section and elastic
scattering, i.e. when adopting a single value lier RSF, as taken equal to the experimentally

determined sensitivity facto®, ,,,,(a0 =41.8 p= 57.8 (i.e. close to the magic angle of

@ = 54.7#). Clearly, when ignoring the effects of anisotroply photoionization cross-
section and elastic scattering, the magnitude rofr @nduced in the compositional analysis of
the AR-XPS spectra recorded from binary solidsamapiel data acquisition mode can be as
high as 16%. Here, it should be noted that the rimnion of elastic scattering to the
introduced error is relatively small. By adoptinglues for the relative sensitivity factors as a
function of the anglesr and¢g as determined experimentally from a referencel sdlknown
composition, cumbersome corrections for the effetthe anisotropies of the photoionization
cross-sections and elastic scattering can be avo@lg. for the quantitative analysis of solids
and thin film structures of unknown composition fmdhickness.



34 Chapter 2

2.5 Conclusions

For the quantitative analysis of angle-resolved X$i#ctra recorded in parallel data
acquisition mode, it is essential to account fa éimisotropies of the photoionization cross-
sections of the concerned elements in the solidtaldlee variation of the anglgbetween the

incident X-rays and the detected photoelectronse @&fiect of elastic scattering on the
quantitative analysis of the AR-XPS, as describgdhie effective asymmetry paramefst

and the correction facto, is relatively small (the effect being most pronoed in the
grazing incidence angle range).

By adopting values for the relative sensitivityttas of the concerned elements in the
solids as a function of the interdependent angleend ¢¢ cumbersome corrections for the
effects of the anisotropies of the photoionizatinoss-sections and elastic scattering can be
avoided, for example, in the quantitative analysissolids and thin film structures of
unknown thickness and/or composition. Values ferrilative sensitivity factors as a function
of the anglesa and ¢ which incorporate the combined effects of thesamopies of the
photoionization cross-sections and elastic scatiegan easily be determined from AR-XPS

measurements of reference solids of known compositi
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Chapter 3

Quantitative analysis of multi-element oxide

thin films by angle-resolved XPS

Application to ultra-thin oxide films on MgAl substrates

L.P.H Jeurgens, M.S. Vinodh, E.J. Mittemeijer

Abstract

An original procedure has been developed for thengiative analysis and microstructural
interpretation of angle-resolved X-ray photoelestspectra (AR-XPS) of very thin (< 6 nm),

multi-element oxide films as grown on metallic binalloy substrates by e.g. thermal or
plasma oxidation. To this end, first an approach haen given to retrieve the different
metallic, oxidic and oxygen primary zero-loss (P4hfensities from the measured AR-XPS
spectra of the bare and oxidized alloy. The prialcgguations for the determination of the
oxide-film thickness, composition and constitutistam the thus resolved PZL intensities
have been presented. On this basis, various comdspg calculation routes have been
distinguished. The procedure has been applied é¢ocise of very thin (< 6 nm), mixed

(Mg,Al)-oxide films on bare Mg-based MgAIl substaies grown by dry, thermal oxidation at
room temperature. The results obtained on the nis composition, defect structure and
constitution of the oxide-film have been discusasdunction of the bulk Al alloying content

and the applied partial oxygen pressure.

35
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3.1 Introduction

The development of reliable and accurate methadgh&determination of the microstructure
of very thin oxide films (< 6 nm) by application afsurface-sensitive technique, such as X-
ray photoelectron spectroscopy (XPS), is of gretrest in numerous application areas such
as microelectronics, catalysis and surface coat{ofjsRefs. [19, 46]). At present, such
procedures exist for the quantitative analysis &SXspectra recorded frosingle-element
oxide (e.g. pureM,O,) films grown on their parent metal substrates [20, 47, 48].
Recording a series of XPS spectra from the metadtsate after various oxidations allows an
accurate determination of the oxide-film thickngk4, 19, 20] and composition [14, 20, 21],
as well as the chemical state of the constituarg io the oxide film [22, 23], as a function of
the oxidation conditions (i.e. time, temperaturatipl oxygen pressure, substrate orientation).
Further, if a series of XPS spectra is recordednfrthe oxidized metal at various
photoelectron detection angles with respect tesgeeimen surface, as in angle-resolved XPS
(AR-XPS) [21, 49], detailed knowledge on the oxide* morphology [21, 24] and
constitution (expressed as the relative depthibligion of different chemical species within
the developing oxide film) [14, 20, 21, 24] candigained.

However, for the analysis @hultiple-elemenbxide films, composed of e.g. a solid
solution of two oxide phases, a spinel oxide plwase doped oxide phase, up to date no well-
defined procedures have been developed to deterth@ethickness, composition and
constitution of such thin films by quantitative ¢gerresolved) XPS, which can be ascribed to
the increasing complexity in the procedures for cBpe evaluation and subsequent
guantification. For example, for the XPS spectreorded from an oxide film grown on a
binary alloy by thermal or plasma oxidation, atskedéive different photoelectron signals
should be considered in the quantification (i.enfrthe metallic and oxidic intensity for each
alloy constituent plus the oxygen intensity; seis thork and Ref. [50]). Moreover, for the
determination of the oxide-film thickness and cosipon from these photoelectron
intensities (i.e. from the total intrinsic intensg; see Ref. [29]), pre-existing knowledge
and/or reasonable estimates of e.g. the intrirlagnpon excitation probabilities [29, 51-53] in
the alloy, the oxide-film density and/or the effeet attenuation lengths [36] of the
corresponding detected photoelectrons in the dkitieare required.

In this contribution, a detailed procedure is pnéseé for the evaluation and
subsequent quantification of a series of AR-XPXisperecorded from bare (Figs. 3.1 and
3.2) and oxidized (Fig. 3.3) binary alloys. The huet is applied to a series of measured AR-
XPS spectra of ultra-thin (< 2 nm), mixed (Mg,Alide films on bare Mg-based MgAl
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substrates as grown by dry, thermal oxidation abrtemperature at a partial oxygen pressure
(pO,) range of 13-10* Pa (and for bulk Al contents of 2.63 and 7.31 jit.¥he treatment
starts with the determination of the total metallg 2p and Al 2p, oxidic Mg 2p and Al 2p
and oxygen O 1s primary zero loss (PZL) intensitiesn the measured XPS spectra of the
bare and oxidized alloy. Then, the derivation o tprincipal equations used and the
calculation schemes for the determination of thédexfilm thickness, composition and
constitution from the thus resolved PZL intensiaes given. Finally, the results thus obtained
for the oxidation of the investigated MgAl alloysr fthe oxide-film thickness, composition,
defect structure and constitution are discussed famction of the bulk Al alloying content
and the applie@O..

= Al 2p|
s
2
‘% |©)
o
£ MgAI .
&/
MgAI .
(a) 7
. . . . - . pure Mg
76 66 56 46

Binding energy (eV)
Figure 3.1. As-measured Mg 2p — Al 2p AR-XPS spectra recorded from qgrstrates of (a) pure
Mg metal, (b) a Mg-Al alloy containing 2.6 at.% Al, andl &Mg-Al alloy containing 7.3 at.% Al. The
metallic Mg 2p and Al 2p main peaks, and the first surfdasmon peak (SF the first (BR) and
second (BB bulk plasmon peaks, all associated with the Mg 2p medk,phave been indicated. The
SP, BP. and BR plasmon peaks are positioned at energies E,-hw,, a=FE -haq, and

2a=E,- 2, at the higher BE side of the asymmetric core-level, gratai metallic main peak
positioned at a kinetic ener@y, respectively («, andnq, denote the plasmon energies for surface

and bulk plasmon excitations in the alloy, respectiv@ife spectra were recorded and subsequently
averaged over the (entire) angular detection range foo@ & (23°, 43°) to¢, @ = (83°, 94°) (Sec.
3.2.2).
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3.2 Experimental

3.2.1 Specimen preparation and oxidation

Two single-phase MgAI alloys with Al contents o62.and 7.31 at.% were prepared by
casting a liquid, prepared of appropriate weighttions of high purity Mg (< 99.999 wt.%)
and Al (<99.99 wt.%) ) in a vacuum-melting furnacend subsequent annealing and
guenching (for details, see Ref. [50]). To homogenhe grain size distribution, as well as to
decrease the average grain size, the rods were é@drdown by 1 mm (from = 11 mm to

¢ = 10 mm) and subsequently annealed for 1 h atk6#Ba conventional furnace (and then
again quenched). Next, disc-shaped specimens (10 mm and thickness 1 mm) were
prepared by grinding and subsequent polishing d@wh25um [50]. As confirmed by X-ray
diffraction (XRD) analysis, all specimens are sgighased (i.e. an Mg-Al solid solution) and,
as shown by light optical microscopic analysis,gge3s an average grain size within the range
of 50 — 10Qum.

The specimen was introduced in the UHV chamberafggle-resolved XPS analysis
(AR-XPS; base pressure < 5%®a) directly coupled to the UHV reaction chambar f
controlled oxidation (RC; base pressure x1@® Pa). Prior to each oxidation, the (native)
oxide and other contaminants (possibly some adi@unsi carbon) on the specimen surface
were removed by sputter-cleaning (SC) with a fodukeV Ar" beam (rastering the entire
specimen surface) until no other elements than MbAl were detected in a measured XPS
survey spectra recorded over the binding energy) (Bfage from 0 to 1400 eV (for
instrumental details, Sec. 3.2.2). The MgAIl specisyas obtained after the aforementioned
SC treatment are further designatedba® substrates.

Next, an oxide film was grown on the bare substmatdhe RC by exposure to pure
oxygen gas (99.997 vol %) for 1 h at 304 K (i.emptemperature) at@O, range of 1x18 -
1x10* Pa. The oxygen gas was introduced in the RC bsedla valve and adjusted by hand
to the requireghO, (as measured with a quadrupole mass spectromégtkin) about 30 s.

3.2.2 AR-XPS analysis

AR-XPS analysis of the specimen surface beforeadtad oxidation was performed with a
Thermo VG Thetaprobe system employing monochromati& a radiation fiv = 1486.68
eV; spot size 40Qm). The energy scale of the analyzer was calibratedescribed in Ref.
[49]. XPS survey spectra, covering a binding endify) range of 0 eV to 1200 eV, were
recorded with a step size of 0.2 eV at constans gaergy of 200 eV. For the bare and
oxidized substrate, detailed AR-XPS spectra ofcivabined Mg 2p and Al 2p regions (BE
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range 40 - 85 eV) were recorded; the O 1s regidr@ge 525 - 540 eV) was measured only
for the oxidized substrate. All spectra were reedrdiith a step size of 0.1 eV at a constant
pass energy of 100 eV. The AR-XPS measurements pegfermed in so-called parallel data
acquisition mode by detecting the photoelectronsubaneously over the angular detection
range of &, @ = (23°, 43°) to ¢, @ = (83°, 94°) in eight ranges of 7.5° each (forads, see
Ref. [49]). Here, the interdependent angleand ¢ are defined as the angle between the
directions of the detected photoelectrons and gexisien surface normal and the angle
between the directions of the detected photoelestrand the incident photon beam,
respectively. To avoid possible grain orientatiffiects for the weakly textured specimens (as
verified by XRD), the AR-XPS spectra of thare and oxidized substrate were measured at 9
and 16 defined points (spot size 40M), respectively, equally distributed over an entir
analysis area of 3x3 nfron the measured specimen and then averaged fomegalar range

of photoelectron detection (see above and Sec. 3@)avoid any contamination or pre-
oxidation of the bare substrate during measurentbatAR-XPS measurements of the bare
substrate were performed in a so-called iterativan consisting of successive cycles of
sputter cleaning (for 90 s with either 1 or 3 kV' Aons) and subsequent measurement at each

defined position.

3.2.3 AR-XPS spectra reconstruction

First, all measured AR-XPS spectra were averagesl @l measured positions of the
specimen surface for each angular range of phativefe detection concerned (Sec. 3.2).
Next, the thus obtained spectra were correcteddémendence of the transmission of the
spectrometer analyzer on the electron kinetic gneygadopting the corresponding correction
factor as provided by the manufacturer (Sec. 3'2P)en, for each detection angle set
employed (Sec. 3.2.2), the Mg 2p and Al 2p PZLneies of the asymmetric metallic main
peaks and the symmetric oxidic main peaks [29,52854] were determined from the thus
corrected AR-XPS spectra (further designate@ssrieasuredspectra; see Fig. 3.2a) of both

the bare and the oxidized substrate as follows.

! Note that, only for the XPS spectra as presented in Flg. the thus obtained AR-XPS spectra were
subsequently (i.e. after averaging over all measuredigusiand correcting for the analyzer transmission

function) summed over the entire detection angle rangeogethl
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3.3 AR-XPS spectra of the bare alloy substrate

3.3.1 Resolving the metallic Mg 2p main peak

For the case of theare MgAl substrate, the PZL intensity of the metalligMp main peak
(i.e. including the tail towards higher BE valudsit excluding the intrinsic plasmon PZL
intensity, see Refs. [29, 51-53]) was determinednfthe corresponding, as-measured Mg 2p
XPS spectra (and for each detection angle seSesee3.2) as follows (see Fig. 3.2b).

(i) First, the lower BE side of the metallic main pea#ts set to zero (background)
intensity by subtraction of a constant backgroume, value of which was taken
equal to the averaged minimum intensity at the o€ side of the Mg 2p main
peak.

(i) Next, a background of inelastically scattered péletirons was subtracted from the
thus obtained spectrum over the BE range from §.%50 53 eV, using Tougaard's
formalism [51] for a bare homogeneous substrate adapting a three-parameter
universal cross section for inelastic-electron tecay [55] with B = 13 e¥, C =
118.6 e\ and D = 3.5 e¥(as determined in the present study) (see also[FGjj.

(iii) Subsequently, the shape of the Mg 2p metallic rpask was determined by linear
least squares (LLS) fitting of the intrinsic pafttke metallic main peak, as obtained
after (i), with the sum of two Doniach-Sunjic (DS) line pbkafunctions [54] of
identical shape (representing the Mg*/2@p", spin-orbit doublet) after their
convolution with a Gauss function to account fostinmental broadeningLLS
fitting was performed simultaneously for the enset of AR-XPS spectra recorded
at different detection angle sets from a singletzdloy substrate (over the BE range
from 46.5 to 53 eV and using the Nelder-Mead simpsearch method as
implemented in Matlab) [56]. The position, heigh)l-width-at-half-maximum
(FWHM) and singularity indexy) of the Mg 2p/> DS line shape function, as well

as the instrumental broadening factor (dE) wereptatb as fit parameters, while,
allowing only the position and height of the Mg®2mS line shape to vary with

2 A DS line shape function is defined by its height, positifull-width-at-half-maximum (FWHM) and the

singularity index, Y, which determines the extent of the asymmetric twilards higher BEs [54]. Now, to

describe the Mg Zf-2p'/, spin-orbit doublet, two DS line shape functions of idhtshape (i.e. the same
FWHM and singularity index) and a known spin-orbit splittargd relative intensity ratio of 0.265 eV and 0.5
were used, respectively (cf. Ref. 52). The thus constudig 2p main peak is then convolved with a Gauss

function of unit area and FWHM equal to dE, to accouninfstrumental broadening.
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(iv)

detection angle. To minimize the total number ofpfirameters during the fitting,
only those fit parameters which show a clear depecel on the detection angle (as
indicated from a separate parameter study for d@cprocedure employed for
spectral evaluation; see also Secs. 3.1.2 and\v@r® allowed to vary with detection
angle. For the remaining fit parameters a singleievavas fitted for all detection
angles employed.

Finally, the PZL intensity of the metallic Mg 2p mgeak in the spectrum of the
bare alloy substrate was obtained (for each deteaingle) by integrating the
intrinsic metallic Mg 2p main peak, as obtainecafi), and adding to this intensity
the integrated intensity of the excluded intrinsid-part of the metallic main peak
extending below the plasmon structure from 53 ewarals higher BE values (Fig.
3.2b). The excluded tail-part is constructed byapalation of the optimized DS line
shape function of the metallic Mg 2p main peakdet®rmined in stegii), over the
BE range from 53 eV to 63 eV (Fig. 3.2b).

3.3.2 Resolving the metallic Al 2p main peak

As follows from Figs. 3.1 and 3.2a, the Al 2p migtainain peakin the XPS spectra of the

bare Mg-Al substrate overlaps strongly with theosekcbulk plasmon peak of the metallic Mg

2p main peak (further designated as, Peak). Theextrinsic parts of the surface and bulk

plasmon structures belong to the background o&stehllly scattered electrons of the Mg 2p

main peak (cf. Refs. [29, 51-53]). This impliestttigir contributions to the measured Mg 2p

—Al 2p AR-XPS spectra can be calculated and suteidaitom the as-measured spectra [51],

provided that the differential cross sectionsdgirinsicsurface and bulk plasmon excitations

are known for the alloy composition under invediga [51-53, 55]. However, detailed

knowledge of these cross sections for binary altines not exist, because both the amplitude

and frequency of the collective oscillations of tmnduction electrons in the alloy depend on

the alloying content, as well as on the detectiogle set ¢, ¢ employed in the angle-

resolved XPS investigation (see Sec. 3.3 and Fig. Bloreover, after correct subtraction of

the extrinsic bulk plasmon structure, timrinsic part of the bulk plasmon structure still
remains [29, 48, 51-53].
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Figure 3.2. As-measured Mg 2p — Al 2p AR-XPS spectra recorded from aNgre 7.31 at.% Al
substrate recorded at near-normal and grazing detectionsaiglef ¢, @ = (34°, 52°) andd, @ =

(72°, 84°), respectively.af Reconstruction of the total metallic Al 2p main pepkug its inelastic

background, BG) and the second bulk plasmon peak of the Mga2p meak (BpR for the as-
measured Al 2p spectra of the bare Mg — 7.31 at.% Al alloytrsésecorded av( @ = (34°, 52°)

after zero-background offset (for details, see Sec. 3.@PRReconstruction of the primary zero-loss
(i.e. intrinsic) metallic Mg 2p main peak for the asasured Mg 2p spectra of the bare Mg — 7.31 at.%

Al alloy substrate recorded at, (@ = (34°, 52°) (for details, see Sec. 3.3.1).

Therefore, a different approach has been propasgédised here to separate tb&l
bulk plasmon peak (i.e. the sum of its intrinsia axtrinsic parts) from a core-level main
peak in a measured AR-XPS spectrum of a bare inlized ‘free-electron’-like metal or
alloy. The approach (as described in detail beleviased on the existing knowledge that the
total differential cross section for extrinsic amdrinsic bulk plasmon excitations can be
approximated by a simple Lorentz function [52, 58]. This implies that thehape(but not
the position or intensity) of the bulk plasmon peaksociated with the metallic Mg 2p main
peak in a measured XPS spectrum of a MgAI alloy lbardescribed by thshapeof the
intrinsic Mg 2p metallic main peak after its convadn with a Lorentz function of given
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width and unit height [52, 53]. On this basis, tbe case of th&éare MgAl substrate, the
spectral contributions due to the metallic Al 2piimpeak and the BPpeak were now

resolved from the as-measured Mg 2p - Al 2p AR-XBE&ctra, as follows (see Fig. 3.2a).

(i)

(i)

First, the lower BE side of the Al 2p - BRpeak envelop was set to zero
(background) intensity by subtraction of a constamtkground, the value of which
was taken equal to the averaged minimum intensitiheé BE range of 65-71 eV
between the first and second BP peak of the Mg &ip peak (cf. Fig. 3.2a).
Because the measured Al 2p spectra of the barg alkm contain a contribution
from the BR peak, a subtraction of the inelastic backgroungrpto the
reconstruction of the intrinsic metallic main pdalks for the procedure employed in
Sec. 3.1.1 to resolve the Mg 2p main peak) is nssible. In stead, the metallic Al
2p main peak and BPpeak were resolved from the zero-background ctadec
spectrum, as obtained afte), (by LLS fitting of the spectrum with the sum efd
different asymmetric line shape functions (Fig.a}.As for the metallic Mg 2p main
peak (Sec. 3.3.1), the PZL metallic Al 2p main psalepresented by the sum of two
identically shaped DS functions (representing the@t/»-2p'/, spin-orbit doublet)
convolved with a pure Gauss functidithe inelastic background associated with the
PZL metallic Al 2p main peak is calculated accogdin the procedure described in
Sec. 3.3.1. The shape of the ;.Bpeak, on the other hand, is described by the
previously determined Mg 2p DS line shape funct{oa. also the sum of two
identically shaped DS functions, as obtained adtep (i) in Sec. 3.3.1) after its
convolution with a Lorentz function (of given FWH&Nd unit height). LLS fitting
of the total reconstructed to the zero-backgrouwmected Al 2p — BP spectrum
was performed simultaneously for the entire setABFXPS spectra recorded at
different detection angle sets from a single bdiey asubstrate (over the BE range
from 65 to 78 eV). The position, height and FWHMtloé Al 2p/, DS function, the
FWHM of the Lorenz function, as well as the positend height of the BFpeak,
were adopted as fit parameters, while allowing ehé/height of the Al 2}, DS line
shape function and the position and height of tRe fi2ak as varying with detection
angle (see stepi() in Sec. 3.3.1).

® The Al 2p/,-2p'/, spin-orbit splitting and intensity ratio were fixed at wmovalues of 0.36 eV and 0.5,
respectively (cf. Ref. 52). The singularity indgxand the instrumental broadening factor, dE, were tekeal

to the values as determined for the metallic Mg 2p rpeaak (see Sec. 3.3.1).
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(iii) Finally, the PZL intensity of the metallic Al 2p mgpeak (for each detection angle)
was obtained by integrating the optimized meta@li@p main peak as determined by
the fitting described inii(), after subtraction of its associated inelastickigaound.

3.4 AR-XPS spectra of the oxidized alloy substrate

3.4.1 Resolving the metallic and oxidic Mg 2p main peaks

For the case of thexidizedMgAl substrate, the PZL intensities of the metadiid oxidic Mg
2p main peaks were determined from as-measured M§PS spectra, as follows (see Fig.
3.3b).

(i) First, the lower BE side of the Mg 2p peak envelgs set to zero (background)
intensity by subtraction of a constant backgrowsae (Sec. 3.3.1).

(i) Next, the PZL metallic Mg 2p main peak (due to Mythe substrate) plus its
associated inelastic background was constructed the shape and position of the
metallic Mg 2p main peak as resolved from the @moading spectrum of the bare
alloy substrate (Sec. 3.3.1) and adopting Tougadodmalism [55] for the case of
the alloy substrate covered with a thin MgO filmumiiform thickness (see also Refs.
[29, 48]). Similarly [29, 48], awxidic Mg 2p main peak plus its associated inelastic
background was constructed using a symmetric, mi@adssian-Lorentzian line
shape function [30]. For the calculation of thelaséic Tougaard' background
associated with the PZL metallic and oxidic Mg 2mimpeak, separate three-
parameter universal cross sections for inelastctedn scattering [55] in the alloy
(as defined in Sec. 3.3.1) and the oxide (as takenzero for energy losses larger
than the band gap energy of 7.8 eV for MgO with 807 e\f, C = 100 e¥ and D =
822 eV; see Ref. [55]) were adopted. LLS fitting of tlal reconstructed to the
zero-background-corrected Mg 2p spectrum of thelioegd alloy was performed
simultaneously for the entire set of AR-XPS spect@orded at different detection
angle sets from a single oxidized alloy substrater the BE range from 46.5 to 54
eV). To account for possible small energy shiftshef metallic main peak in the
measured spectrum of the oxidized alloy with respgecthe BE position of the
metallic main peak as observed from the bare &#ay. as a result of charging of the
thin oxide film during XPS analysis), the BE rangfethe oxidized alloy spectrum
was allowed to shift up tee 0.05 eV during the fitting. Thus, the position,gig,
FWHM and Gaussian fraction of the oxidic Mg 2p mpéak [30], the height of the

metallic Mg 2p main peak, as well as the oxide-filntkness and the BE shift of the
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oxidized alloy spectrum, were employed as fit paatems, while allowing only the
position and height of the oxidic main peak to varth detection angle.

(iii) Finally, the PZL intensity of the metallic Mg 2p maeak was obtained as described
in Sec. 3.3.1. The corresponding PZL intensityhaf oxidic Mg 2p main peak was
obtained by integration after subtraction of itsasated inelastic background (Fig.
3.3b).

3.4.2 Resolving the metallic and oxidic Al 2p main peaks

For the case of thexidizedMgAl substrate, the PZL intensities of the metadlitd oxidic Al

2p main peaks, as well as the overlapping Béak (Sec. 3.3.2), were determined from the as-
measured Mg 2p - Al 2p XPS spectra, as follows 3ge3.3a).

(i) First, the lower BE side of the Al 2p - BRpeak envelop was set to zero
(background) intensity by subtraction of a constaukground (see Sec. 3.3.2).

(i) Next, the PZL metallic and oxidic Al 2p main pegiss their individual inelastic
backgrounds, as well as the Bbeak, were constructed over the BE range of 65-80
eV according to the procedure described in Secl13Hg. 3.3a). To this end, the
previously determined shapes and positions of te&liit Al 2p main peak and the
BP, peak (from the analysis of the correspondiage alloy spectrum; Sec. 3.3.2)
and the previously determined (Sec. 3.4.1) valoesHe oxide-film thickness, the
BE shift of the oxidized alloy spectrum and the &aan fraction of the oxidic main
peak were used. LLS fitting of the total reconsiedcto the zero-background-
corrected Al 2p — BPspectrum of the oxidized alloy over the BE rangef 66 to
78 eV was performed simultaneously for the entiteas AR-XPS spectra recorded
at different detection angle sets from a singlelized alloy substrate. The positions
and heights of the metallic and oxidic Al 2p maegaks and the BFfpeak, as well as
the FWHM of the oxidic Al 2p main peak, were emm@dyas fit parameters, while
allowing only the heights of the peaks to vary witection angle.

(iii) Finally, the PZL intensities of the metallic andidi@ Al 2p main peaks were

obtained as described in Sec. 3.4.1.
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Figure 3.3. As-measured Mg 2p — Al 2p AR-XPS spectra recorded fronkalized Mg — 7.31 at.%
Al substrate (oxidized for 1 h at 304 K p®, = 1x10* Pa) recorded at near-normal and grazing
detection angle sets af,(@ = (34°, 52°) andd, @ = (72°, 84°), respectivelyal Reconstruction of
the metallic and oxidic Al 2p main peaks (plus their individualldastic backgrounds, BG) and the
second bulk plasmon peak of the Mg 2p main peak)(BP the as-measured Al 2p spectra of the

oxidized Mg — 7.31 at.% Al alloy substrate recordedratyf = (34°, 52°) after zero-background offset

(for details, see Sec. 3.2.1p) Reconstruction of the metallic and oxidic Mg 2p main pépkss their
individual inelastic backgrounds) for the as-measured Mg 2ptisp of the oxidized Mg — 7.31 at.%
Al alloy substrate recorded at, (@ = (34°, 52°) (for details, see Sec. 3.4.1).

3.4.3 Resolving the O 1s main peaks

For the case of thexidizedMgAl substrate, the PZL intensities of the ideertfiO 1s main
peaks were determined from the as-measured O 1sp&$ra, as follows (see Fig. 3.4).
(i) First, a Shirley-type background [47, 57] was sadtid from the as-measured O 1s
spectra over the BE range of 527-540 eV.
(i) Next, the background-corrected O 1s spectra waesl fivith two symmetric, mixed
Gaussian-Lorentzian line shape functions [22, 8&presenting the identified, two
different O 1s main peaks (see Fig. 3.4). LLSngtof the total reconstructed O 1s
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spectrum to the background-corrected O 1s speatiutime oxidized alloy over the
BE range from 527 to 540 eV was performed simutias for the entire set of AR-
XPS spectra recorded at different detection angle som a single oxidized alloy
substrate. The positions, heights, FWHM's and theisGian fraction of the O 1s
main peaks (adopting the same Gaussian fractionbédh main peaks) were
employed as fit parameters, while allowing only fhesitions and heights of the
peaks to vary with detection angle.

near-normal grazing
O BG corrected (a, @) = (34° 529 (a) O BG corrected (a, ¢) = (72° 849 (b)

n 7l----01sHBE ---- 0 1s HBE B
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Figure 3.4. Reconstruction of the as-measured O 1s AR-XPS spectea gabtraction of a Shirley
background) as recorded from a oxidized Mg — 7.31 at.% Alsabgbxidized for 1 h at 304 K and at
pO, = 1x10* Pa) at 4 near-normal andbj grazing detection angle sets of @) = (34°, 52°) and
(o, @ = (72°, 84°), respectively (for details, see Sec. 3.4.8)p different O 1s main peaks were

identified, designated as higher-binding-energy (HBE) and loweliiny-energy (LBE) main peak,
respectively.

(iii) Finally, the PZL intensities of the O 1s main peakse obtained by integration of
the spectrum obtained by fitting (Sec. 3.3.1).

3.5 Quantification

3.5.1 Oxide-film thickness and composition

The values of the thickness (and the corresponstiagdard deviations) of the grown oxide
films were calculated from the Mg 2p, Al 2p and QAL intensities, as resolved from the
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measured AR-XPS of the bare and oxidized alloytsates (for various detection angle sets;
see Sec. 3.3) by using Egs. (3.A3) to (3.A6) in &qugix A. Further, it is noted that thetal
metallic Mg 2p and Al 2p PZL intensities, i.e. tRZL intensity of the resolved metallic main
peak (see Secs. 3.4.1 and 3.4.2, respectivelyy their associated intrinsic plasmon
intensities, were employed in the calculations dgpding the estimated value Bfp = 0.13
[29, 48] for the intrinsic bulk plasmon excitatignobability of both the Mg 2p and Al 2p
photoelectron emission processes in the alloy. EiNferent methods were employed to
calculate the thickness of the grown oxide film #osingle AR-XPS measurement of the
oxidized MgAl substrate (and adopting the physemaistants reported in Table 3.1):

| ovl

(1) From the resolved metallic to oxidic intensitgtio, MgAI/ | voaox + DY Using Egs.

(3.A4) and (3.A5), while adopting the material pedges of either MgO or MgAD,
(Table 3.1) to estimate values for the effectivieratation lengths (EALSWS . o,

/]av

woaroco @Nd the total cation molar densit@,, ., in the grown oxide film.

(2) lteratively, from the resolved metallic to @en intensity ratiol I\C;I\QAI / 134 by using

Egs. (3.A4) and (3.A6) and adopting values At . » Ao.oxons Cugarox @Nd Co,, @S

calculated for either MgO or MgAs..

(3) According to method (1), but now solving theatocation molar densityC,; ., by

iteration (see also Ref. [22]), while assuming astant oxide-film density (as taken
equal to that of either MgO or MgAD,). Thus, any change in the oxide-film density
due to a change in the overall stoichiometric cositpm (i.e. the overall anion to

cation ratio) is not accounted for [22].

(4) According to method (2), but now solving thetat anion molar densityC, , by

iteration (see also Ref. [22]), while again assgranconstant oxide-film density (see

above).

| ovl | ovl

(5) From the resolved metallic, oxidic and oxygetensities (i.e 0, . | a0 @nd 135,

using Egs. (3.A4-3.A6), while solvingoth the total cation and anion molar density

C andC,_, by iteration (again assuming a constant oxide-fiensity).

MgAl-ox O-ox
Values for the EALs and asymmetry factors, as reguin the various thickness
calculations, were determined according to Refs, ] and using the physical constants as
reported in Table 3.1. Note that the effects of anésotropy of the photoionization cross-
section and elastic scattering of the emitted pletirons in the solid are accounted for in the
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guantification by employing the asymmetry factod dhe EAL (instead of the inelastic mean
free path) in the calculations, respectively [38)]. 4

Following the above outlined procedure for each legga detection angle set
between ¢, @ = (31°, 49°) to ¢, @ = (76°, 87°), a total of 30 thickness values @leained
(i.e. 5 different methods of calculation using Bl photoelectron intensities, as resolved for
a set of 6 measured AR-XPS spectra of the oxidekmy, each recorded at a different
detection angle). For each oxidized substrate attezage value of the oxide-film thickness
and the error in this value were taken equal toaiverage and standard deviation of the 30
calculated thickness values, respectively.

Analogously, from the 30 calculated oxide-film #mess values, a corresponding
averaged value (and standard deviation) for theativ@nion to cation ratio in the oxide film

(i.e. CO,ox/CMgAI,ox) was determined using Egs. (3.A5) and (3.A6), evkitlopting values for

the EALs A%

MgAl-ox,ovl

and A as calculated for either MgO or Mg&l, (Appendix A).

O-ox,0vl
Finally, a corresponding averaged value (and standeviation) for the overall Mg cation to

Al cation ratio in the oxide film was calculateandiarly using the expressions for the oxidic

intensitiesl ., and 13",

(equivalent to EqQ. (3.A5)).

3.5.2 Effective depth distribution of resolved spec ies

As follows from the reconstruction of Mg 2p, Al 2md O 1s spectra of the oxidized alloy
substrates (see Figs. 3.3 and 3.4 and Sec. 3a3t@)al of six different spectral components,
corresponding to the different chemical states gf Ml and O in the substrate and the oxide
film, were identified: i.e. Mg and Al in the allogubstrate and the oxide film (corresponding
to the resolved metallic and oxidic Mg 2p and AlBgin peaks, respectively; Fig. 3.3) and
two different chemical species of oxygen in thedexfilm (corresponding to the resolved
lower (LBE) and higher BE (HBE) O 1s main peaksg.F8.4). By employing their
corresponding PZL intensities as resolved for addebear-normal and grazing detection
angles (in the range af = 25-35° andx = 60-75°, respectively [20, 49]), the correspogdin
effective depths, <z>, below the specimen surfacdlfe various identified species (Mg, Al
and O) within the oxide film and within the regia the alloy substrate adjacent to the
alloy/oxide interface (further designated as tHeyasubsurfaceregion) could be calculated
using Egs. (3.B2) and (3.B3) given in Appendix Bspectively (adopting in Eq. (3.B2) the
average oxide-film thickness as calculated accgrttirthe procedure described in Sec. 3.4.1).
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Table 3.1. Physical constants used for the quantification of theX$ spectra recorded from the

oxidized Mg-based MgAl alloys (see Sec. 3.4).

Material Constant Value Unit Reference
MgAl alloy Pt 176 god (om0
Prighis 1 1.78 g/cn "
Pugal, 5, 1.79 g/cn "
Pap 0.13 [29, 48]
MgO Pugo 3.58  glent [58]
E, of MgO 7.8 eV [48]
MgAI 0, Pugaio, 3.64  glent [58]
E, of MgAI;O4 5.8 eV [59]
MgAI / oxide O 2p 0.3335 [60]
Onzp 0.5371 "
Oo1s 2.9300 "
Bug 2o 0.93 [33]
B2 0.86 "
Po s 2.00 "

Generally the resolved species will be distribudeer a certain depth range around the
thus obtained effective depth value. Qualitativierimation on the effective deptlange of
the chemical species can be obtained by calculéhiegeffective depth of the species for a
number of different combinations of detection asdleee Sec. 3.5). A relatively large spread
of the thus obtained effective depth values thelicates a relatively broad distribution range
of the chemical species concerned around the awefalge of the thus determined effective
depth values (see Sec. 3.4.5).

3.6 Results and discussion

The oxide-film thickness has been plotted in Figh &8s a function of the partial oxygen
pressure fO.) for the oxidation of a bare 2.63at.% Al and 7t3%aAl substrates for 1 h at
304 K. These oxide-film thickness values (and tbeasponding standard deviations) were
calculated according to the procedure describe8eo. 3.4.1, while adopting the material
properties of MgO (Table 3.1) to estimate the EAInsl molar densities for the oxide film.
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The oxide-film thickness values (and the correspandtandard deviations) for the oxidation
of the 7.31at.% Al substrate, as determined by tiipeither MgO or MgAIO, (Table 3.1)

in the thickness calculations, can be comparedgn3:6. It follows that practically identical
thickness values were obtained, irrespective oftyipe of oxide reference (i.e. MgO or
MgAIl,O4) used in the calculations. However, the standaxdations for the calculated oxide-
film thicknesses are considerably larger when adgp¥gAl,O, in the thickness calculations
(Fig. 3.6), suggesting that the overall oxide fisnan 'Al-doped’ MgO-type of oxide rather
than an MgAIO, spinel-type of oxide (in accordance with the dmiaed oxide-film
composition; see below). Further, it can be cormtu@Fig. 3.5) that an increase of the bulk Al
content from 2.63 to 7.31 at.% only results in gy\gmall decrease of the 'limiting’ oxide-film
thickness (cf. Refs. [14, 19, 20, 61]) as reacHesr & h oxidation at room temperature. This
implies that the oxidation resistance of a Mg-bdgigd\l alloys at room temperature does not
noticeably increase with increasing bulk Al contbeyond 2.63 at.% (Fig. 3.5). The 'limiting'
oxide-film thickness at room temperature increagisiinctively with increasingpO, in the
range of 10 to 10* Pa (Fig. 3.5).

1.6
A 2.63at.% Al
S 1® 73lat%Al
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Figure 3.5. Oxide-film thickness as a function of the partial oxygengqunespO,) for the oxidation of
the bare Mg — 2.63 at.% Al and Mg — 7.31 at.% Al substrated forat 304 K. The oxide-film
thickness values were determined from the total mettitt oxidic Mg 2p and Al 2p PZL intensities
and the O 1s intensities, as resolved from the measurexiPSRspectra of the oxidized alloy substrate
over the angular detection range @f ¢) = (31°, 49°) to4, @ = (76°, 87°), while using the material
properties of MgO (see Table 3.1) to estimate the valuethboEALs and molar densities in the

grown oxide films (see Sec. 3.4.1).
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The calculated effective depths of the resolvedatiietand oxidic Mg 2p and Al 2p
species, as well as of the resolved O 1s LBE ané& dpecies, (see Sec. 3.4.2) have been
plotted as a function gfO, in Figs. 3.7a and b, respectively, for the oximatof the Mg —
2.63 at.% Al and Mg — 7.31 at.% Al alloy for 1 h2@4 K. It follows that, although the
effectivedepths of the resolved species slightly increask wcreasingpO, and increasing
bulk Al content, theelative depth distribution of the resolved species is rea@lent of both
the bulk Al content and thgO.. Hence, all growroxide filmsare relatively enriched in Adt
the alloy-oxide interface (note that the valuestfar effective depth of the oxidic Al species
are approximately equal to the corresponding okldethickness values; compare Figs. 3.5
and 3.7a). Also thparent alloy subsurfaceegion is relatively enriched in Al adjacent t@ th
alloy/oxide interface (Fig. 3.7a).
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Figure 3.6. Oxide-film thickness values and corresponding standard dewatam calculated by
adopting the EALs and molar densities for Mg2J as compared with the oxide-film thickness values
and standard deviations as determined by using the EALmalad densities for MgO (see Sec. 3.4.1
and Table 3.1). The data pertain to the oxidation of theMgre 7.31 at.% Al substrate for 1 h at 304
K at variouspO-'s (Fig. 3.5).

Further, it follows from Fig. 3.7b that the O 1sEBepresents oxygen in the interior
of the grown oxide films, whereas the O 1s HBE msecepresents oxygen near the outer

oxide surface. The thus obtained results on thdeokim and alloy subsurface constitution
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can be explained supposing that oxide film growdtuns by preferential oxidation of Mg and
its subsequent outward cation transport, as disdussdetail in Ref. [50]. The surface of the
bare MgAI substrate is already enriched in Al prior oxidation; due to the combined
processes of preferential sputtering and bombartier@manced segregation of Mg during the
sputter-cleaning treatment (to remove the nativdegxsee Sec. 3.2.1), the bare alloy surface
is left enriched in Al [62].

The average molar densities of the anionic (i.ea@) combined-cationic species (i.e.
Mg plus Al) in the grown oxide films are shown asdtion ofpO, for both alloying element
contents in Figs. 3.8a and b. These molar densiteshe outcomes of the iterative, thickness
calculation schemes 3 to 5 as described in Secl Bwhile using the material properties of
MgO to estimate values for the EALs in the growndexfilms). The Mg/Al-ratio of the
grown oxide films is shown in Fig. 3.8c (calculaiesl described at the end of Sec. 3.4.1). It
follows that the grown oxide films are, on averageficient of oxygen anions and, to a lesser
extent, enriched in cations (with respect to botgQviand MgAJO,; see Fig. 3.8a and b,

2.63at.% Al: A Mg2p, A Al2p 2.63at.% Al: ¥ O1s (HBE), v Ol1s (LBE)

0 7.31at%Al: ® Mg2p, O Al2p 7.31at% Al: W Ols (HBE), O O1ls(LBE) 0
g LBE é ........................ o
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Figure 3.7. Effective depths below the oxide surface as a functiopGaffor the @) metallic and

oxidic Mg 2p and Al 2p species anbl) the low (LBE) and high binding energy (HBE) oxidic O 1s
species, as resolved (Sec. 3.3.2) from the measured ARsPEEa of the oxidized Mg — 2.63 at.%
Al and Mg — 7.31 at.% Al substrate (oxidized for 1 h at 304 K). dffective depths of the various
species were calculated according to the procedure desénibeec. 3.4.2 (see also Appendix B),
while using the material properties of MgO (Table 3.1)stineate values for the corresponding EALs
in the grown oxide films (see Sec. 3.4.1). The dashed atetidimes are -order polynomial fits (to

guide the eyes) through all data points for a given netalloxidic species.
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respectively). Further, the anion and cation mdé&rsities are considerably closer to those for
MgO than those for MgAD,, which indicates the formation of an 'Al-doped’ Jgigjde film
upon room-temperature oxidation of the MgAl allowdich is consistent with the results
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Figure 3.8. Calculated, overall (a) anion molar density, (b) cation mad&rsity and (¢) Mg-to-Al
cation ratio within the grown oxide films as a functiornp@¥, for the oxidation of the bare 2.63 at.%
Al and 7.31 at.% Al substrates for 1 h at 304 K. The molaritilemand Mg/Al cation ratio for MgO
and MgALO, are represented by the dashed and short-dashed linesgtnesdp. The average molar
densities and Mg/Al-ratios (and their standard deviatiorgse obtained from the thickness calculation
schemes 3 to 5 as described in Sec. 3.4.1 (while using ttegiaharoperties of MgO to estimate

values for the EALSs in the grown oxide films).
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obtained for the oxide-film thicknesses (see abhoM®reover, the Mg/Al ratio of cations in
the grown oxide films is much higher (i28) than the corresponding stoichiometric value of
1/, for MgAl,0, (Fig. 3.8c). With increasingO,, independent of the bulk composition of the
alloy, the grown oxide films tend to approach tt@chiometric composition of MgO (Figs.
3.8a and b), while maintaining a constant ratidVigf to Al cations in the oxide film (Fig.
3.8c). The Al content of the grown oxide films isnsiderably larger for a higher bulk Al
content of the alloy (Fig. 3.8c).

The actual crystallographic structure of the graxie films is unknown; i.e. it might
be fully amorphous, posses some degree of longerandering (as for the Al-oxide films in
Ref. [23]), or a coherent crystalline oxide film yrlaave formed. For the hypothetical case of
crystalline structure of the grown oxide films, tbhéserved overall anion deficiency in
combination with overall cation enrichment does macessarily imply that the defect
structure of the non-homogeneous (cf. Fig. 3.73@xilm actually consists of excess cations
on sites of the oxygen anion sublattice. Instelael oiverall anion deficiency may arise from a
defect structure of the oxide film at its surface.(corresponding with the resolved HBE O1s
species; see Fig. 3.7), whereas the slight catioiclenent (relatively smaller as compared to
the anion deficiency) may originate from a spaca&@éd region in the oxide film adjacent to
the alloy/oxide interface (i.e. due the contacteptal established at the interface to
equilibrate the intrinsic Fermi level of the alleyth that of the oxide [22, 61]).

3.7 Conclusions

Generally applicable methods have been developethéoquantitative determination of PZL
intensities from angle-resolved X-ray photoelectspectra (AR-XPS) of very thin (< 6 nm),
multi-element oxide films as grown on metallic biyalloy substrates.

The shape of a bulk plasmon peak associated vattealevel metallic main peak in a
measured XPS spectrum of a metal or alloy can Wedescribed by the shape of the resolved
intrinsic metallic main peak after its convolutiaith a Lorentz function of given width and
unit height.

Formalism and calculation schemes have been deactlmpdetermine accurate values
for the thickness, composition and constitutiorthe grown oxide films on the basis of the
resolved total metallic, oxidic and oxygen primaeyo-loss intensities.

Application of the outlined procedures to the dhgrmal oxidation of bare Mg-based
MgAI substrates at room-temperature revealed tiatritial oxide film formed is constituted
of an 'Al-doped' MgO-type of oxide phase (ratheantran MgAJO, spinel-type of oxide
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phase). Al-enrichments occur in the regions ofdkiee film and the alloy substrate adjacent
to the alloy/oxide interface. Two O 1s componenerevidentified: the oxygen species
corresponding to the lower and higher BE O1s cormaptsoccur in the interior of the oxide
film and near the outer oxide surface, respectivehe oxide films are, on average, deficient
of oxygen anions and (to a lesser extent) enrighedations (with respect to MgO) and
possess an overall Mg/Al-ratie 8. With increasingpO,, the grown oxide films tend to
approach the stoichiometric composition of MgO. Riecontent of the initial oxide film is
considerably higher for a higher bulk Al contenttbé alloy. An increase of thgD, upon
oxidation results in a considerable increase of'liheting' oxide-film thickness reached at
room temperatures.
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Appendix A. Expressions for the resolved PZL intens ities

The totalmetallic Mg 2p andmetallic Al 2p PZL intensities (i.e. including both the intriosi
tail part towards higher BE's and the intrinsic spi@n loss intensity (see Sec. 3.5.1)
associated with each main peak [29, 48, 51-53])esslved from the measured spectra of the

bare alloy substrates (Sec. 3.3.1 and 3.3.2, respé&gtiweill be further denoted ash’;Z’e and
| . Employing Eg. (3.B1) in Appendix B, it then foli's that the correspondirsgmmed

metallic PZL intensity,l jon =1+l ™, is given by

o =K €05 IN[ (1= Xy Wiug Mg Wy * % G 2 W | (3.A1)
whereK is an instrumental factos; is the angle between the specimen surface nomothee
detected photoelectroN, is the atomic density of the alloy; is the bulk atom fraction of Al
in the alloy; o,,, and g, are the total photoionization cross-sectionsfferltig 2p and Al 2p
core level, respectivelyWg and Wy are the Mg 2p and Al 2p asymmetry factors (see

Appendix B); anda,,, and A, are the effective attenuation lengths (EALs) & tietected
Mg 2p and Al 2p photoelectrons in the alloy (seepémdix B). WithC,,, and C, denoting

the molar densities of Mg and Al in the alloy, twresponding total molar densitg,,, , of
Mg and Al atoms in the alloy substrate is given by

Cugar = (1% )Gyg + % g (3.A2a)
Defining averagedvalues for thecombinedMg 2p — Al 2p photoionization cross section

(T ), asymmetry factorWey, ) and EAL (A7, ) within the alloy as

Tygar = (L= %y )Ly +% [, (3.A2D)
Wigar = (1% )EW,, + X CW (3.A2¢)
Avgn = (=% )Ly + % Ly (3.A2d)
respectively, EQ. (3.Al) simplifies to

Ly = K [€0sar [T, (B Doy (WY (3.A3)

Analogously, it follows for the measured spectratlud oxidized alloy substrates that the

summedvig 2p — Al 2pmetallic PZL intensity, 19, =l +14" (superscript 'ovl' stands for

‘'overlayer’), can be expressed by (cf. Eq. (3.B1))
xav

MgAl,ovl

ovi —_ av av av L
IMglAI =K [Cosa [q:MgAI ETMgAl gAl gAl @X{_mj (3-A4)
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whereL denotes the oxide-film thickness angl, ., = (1= %y ) yg0u + % Dhou represents

thecombined(i.e. average) EAL for the detected Mg 2p and ApPtoelectrons originating
from the alloy and traversing through the oxide.

The totaloxidic Mg 2p, oxidic Al 2p and the O 1s PZL intensities, as resolved from

| ovl and | ovl

-ox ! " Al-ox O-ox?

the measured spectra of theidizedalloy substrates, are denoted tﬁé

respectively. Employing Eq. (3.B1) in Appendix Bfallows that the correspondirggimmed
Mg 2p — Al 2p oxidic PZL intensity, 12, =12 +] 2"

MgAl-ox Mg-ox Al-ox !

and thetotal oxygenPZL

| ovl

intensity, 15, as resolved from the measured spectra ofoxndizedalloy substrates, are

given by
ovl — av L
I MglAI -ox K [(DMgAI—ox E:TMgAI [Z‘MgAI -0X,0vI gAI E:OSO’ [ﬁ 1_ eXFE_ xiﬂvgpd o E:OSO'J:l (3A5)
and
184 =K [T 0 [T [ o W[OS [] 1= €X -t (3.A6)
' 7\‘0—0x,ovl [Cosa

respectively. In Egs. (3.A5) and (3.A8),,,. .« IS the total cation oxide molar density (cf. Eq.

(3.A2a)); A% is thecombinedEAL for the detected Mg 2p and Al 2p photoelectrons

MgAl-ox,ovl
originating from and traversing through the oxidé Eq. (3.A2d)),C, ., is the total oxygen
(i.e. anion) molar density of the oxide filna, is the total O 1s photoionization cross section,
Mooxou 1S the EAL for the detected O 1s photoelectrongimating from and traversing

through the oxide and/, denotes the O 1s asymmetry factor.

Appendix B. Calculation of the effective depths of resolved
species
For a given set of angleg,(¢ (as defined in Sec. 3.2.2), the observed totahgmy zero-loss

(PZL) intensity, | ., (a,¢), of photoelectrons ejected with a kinetic enekgjrom the n"

subshell of core-level shek, of an elemental species A distributed betweehdeh andd,
below the specimen surface, is expressed by (¢f.[#%)

|, (0,0) =K 0, Wi (@.6) | G (Dex d: (381)

24 I MZa,, E)Etosa}
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whereK is an instrumental factor depending on the aremalysis, the energy and flux of the
incident X-rays and the solid acceptance anglehef @nalyzer fote for the AR-XPS
measurements performed in the so-called paralk@ d@equisition mode in the present study

[49], K is independent of the anglesandg); o,, is the total photoionization cross-section

for the concerned core-level subshell of elemein the solid;W,, (a,¢) is the asymmetry

factor describing the intrinsic anisotropy of theopionization cross-section [49¢, (2) is

the molar density (see Appendix A) of elementacsgseA in the solid as a function of depth
z below the specimen surfacg(z,a,@, E) is the effective attenuation length (EAL) of the
detected photoelectrons with kinetic eneEin the solid as a function of depttbelow the
specimen surfacenfte the difference of the EAL's of the photoelectrdwas/eling through
the alloy substrate and the oxide film (i.e. thptdedependence of the EAL) is accounted for
by the second integral ovelZz [63]). Except close to the extreme near-normal grazing
detection angles ¢ <30° and a >75°, respectively), the change in the value of the

Mz a,@, E) with the detection angle set, (¢ can in general be neglected [49].

Now, consider the case of an alloy substrate covetith a thin (as compared to the
EAL) oxide film of uniform thicknessd,. If the species A is distributed over a depth eaa
di to d, within the oxide film, the ratio of the correspondimgdic PZL intensities of species

A as recorded at two different detection angle é&tsg) and(a,,@) is given by

V4
| dz
on(E) COSO'l j

vaxn(az,@)df CA(z)exr{—Zj d:
=q

) A (E)cosa,

o () o) Iq C’Mexp(_

IAxn(az’@) B

(3.B1a)

The actual distribution of the oxidic species A otlee depth range betweédnto d, is now
expressed in terms of an average concentratidmecdfiecies A at an average, effective depth,
<z> by taking the limit of Eq. (3.Bl1a) fa, — d, or for d, — d;, which both result in the

following expression for the effective deptlz><of species A in the oxide film:

(3.B2)

<Z>:7» (B cosa; Cosr, |H{IAX"(U1’¢INVAX”(UZ'@)J

cosa, - cos, |l @ aWy €. 9
where A, (E) denotes the EAL of the detected photoelectronk Wiitetic energyE in the

oxide film (as taken independent of the detectiagi@aset &, ¢); see above).
For the other case that the elemental speciexénisentrated over a depth rangelpf

andd, in the subsurface region of the allsybstrate(below the thin oxide film of uniform
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thicknessL), the ratio of the correspondingetallic PZL intensities of species A as recorded

at two different detection angle s€tg,q) and(a,,) is given by

% L d,-L j
W, (a,, C.(2exp - - : dz
|Axn(a1’¢l) _ AXn( 1 Q)Z;"dl (2 { A, (E)cosa, A, (E)cos, (3.B23)
IAxn(az’@) T - z - d-L Z |
WAxn (a,, @)Z;"dl C(2 GX{ A (E)cosa, A, (E)cos, az

Then, the corresponding effective deptlz> <for the metallic species A in the subsurface
region of the substrate, as analogously obtainetidoyaking the limit of Eq. (3.B1c) fah —

d, is expressed by

_ _ Asun(E) _ cosa, cosr, IAXn (az'@)VVAxn (@,.9)
<Z> = L(l }"ox(E)j Aein(E) (Cosa1_ CO$72) [[h{ I, 0. ¢1WAxn . o J (3.B3)

where 1, (E) and A (E) denote the EAL of the detected photoelectronsiraigg from

the alloy substrate and traversing through theyallad oxide, respectively.
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Real-time, in-situ spectroscopic ellipsometry
for analysis of the kinetics of ultra-thin oxide-

film growth on MgAl alloys

M. S. Vinodh, L. P. H. Jeurgens, E. J. Mittemeijer

Abstract

A procedure has been developed to determine thetlgitanetics of thin (< 3 nm) oxide films
on bare binary alloys from the measured changeseokllipsometric amplitude ratio and
phase shift dependent parametersndA, versus wavelength, as function of oxidation time,
as recorded by real-time, in-situ spectroscopipsaimetry (RISE). The approach has been
applied to the dry, thermal oxidation of Mg-basedAV substrates of low (2.63 at.%) and
high bulk Al (7.31 at.%) content at 304 K withinethO, range of 18 to 10* Pa. Various
models have been developed to describe the measmedependence of the spectra\(X)
and/ory(A) for the initial and subsequent stages of oxigatibfollowed that the initial oxide-
film growth kinetics can be accurately describedcadgpting a three-node graded oxide layer
using the Maxwell-Garnet Effective Medium Approxima (MGEMA) to assess the optical
properties of the compositionally inhomogeneousdéped MgO film developing on the
MgAI alloy surface. The specific complications tlaise in the ellipsometric analysis of the
oxidation of binary alloys (as compared to thapofe metals), such as due to the concurrent
processes of selective oxidation and (oxidatiom:edl) chemical segregation, have been
discussed.

61
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4.1 Introduction

Ellipsometry is a non-destructive, optical techeigbased on the principle that linearly
polarized light incident on a sample surface isegelty reflected as elliptically polarized light
upon interaction with the solid. The technique nmm@ple allows the determination of the
kinetics of film growth, such as in case of theiatithermal or plasma oxidation bfre
metal and alloy surfaces under controlled conditimra UHV chamber.

The amount of ellipticity induced in the reflecteolarized light depends, among other
factors, on the optical properties of the substeaté the overlying film, as well as on the
individual film thickness (cf. Ref. [25, 64-66])0F the in-situ investigation of film growth
kinetics by real-time, in-situ spectroscopic ellipwetry (RISE), the changes in the
ellipsometric amplitude ratio and phase shift deleeih parameterg andA as a function of
oxidation time are measured simultaneously forowgiwavelengths of the incident polarized
light source. The tangent of the angleorresponds to the ratio of the magnitudes otadted
reflection coefficients (i.e. the relative amplieudf the reflected wave with respect to that of
the incident wave) for the components of the eledield vector of the polarized light
vibrating in the plane of incidencp-(vaveg and perpendicular to is{wave, respectively. The
angleA is the difference between the phase shifts expegdt upon reflection by the p- and s-
waves, respectively (for details, cf. Refs. [25, &]).

Accurate fitting of the measured changebath y(A) andA(A), as a function of time,
by adopting a suitable model for the evolving stdtsfoxide-film system can give detailed
and conclusive information on the growth kineticsnstitution and chemical composition of
the developing oxide film as function of the oxidatconditions (as time, temperature, partial
oxygen pressure, substrate orientation) [14, 20/@7 These mentioned RISE studies have
also shown that the optical properties of the aflifigrown, non-stoichiometric oxide-films
may differ significantly from those of the corregging bulk oxide (cf. Ref. [14, 20, 67, 68,
71]).

Until now, RISE investigations on initial oxide+fil growth on metallic surfaces have
mainly been developed for the initial stages ofgetyinteraction and subsequent oxidation of
pure metalsurfaces of e.g. Cu [72], Si [73, 74], Be [69],[8F, 70], Ni [75], Zr [14, 20] and
Mg [76-78]. Further, in most of these studies [B-79], only the measured changes in the
thickness-sensitive (see Sec. 4.2) paramgf®) as a function of time have been utilized in
the applied fitting procedure to obtain the data the oxide-film growth kinetics; the

associated changes in thé\) as a function of time have only been interprejadlitatively
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by comparison with complementary results as obthibg e.g. LEED or work-function
measurements [76].

For the thermal or plasma oxidation of pure metaleow temperatures (i.d. < (500
K), where the rate of dissolution and the maximwiulslity of oxygen in the parent metal
substrate is negligibly small, the optical propestof the parent substrate can generally be
taken constant as a function of oxidation timehia quantitative analysis (cf. Refs. [14, 20]).
Moreover, the growing oxide-film consists of a $;ngxide phase (although possibly non-
uniform and inhomogeneous). This contrasts withakidation of a binary alloy, where the
optical properties of the parent alloy substratéase will vary with oxidation time as a result
of compositional changes in the alloy substratauded by the concurrent processes of
preferential oxidation and chemical segregation [60, 80-82] and Secs. 4.3 and 4.4).
Moreover, a multiple-element oxide-film (e.g. comprg an oxide solid solution, a spinel
oxide phase and/or a doped oxide phase) of unknameh variable optical constants is
generally formed upon oxidation of a binary alleyface [50].

Probably because of the increased complexity obiigation behaviour of alloys as
compared to pure metals, except for a single studhe plasma oxidation of GaAs [74, 79],
no RISE studies have been reported in the litezatwhich provide data on the kinetics of
oxide-film growth on a bare alloy surface throughantitative analysis of the measured
changes of botiy(A) andA(A) as a function of oxidation time.

In the present RISE study, a method is presentedtablish the kinetics of oxide-film
growth on Mg-based alloys by modelling the measutehges in(A) andA(A) as a function
of oxidation time over the wavelength range of 3®@ nm. To this end, bare Mg-based
MgAI alloy substrates with two different Al conten2.63 and 7.31 at.% Al, were exposed to
pure oxygen gas in a UHV reaction chamber (RC)0dt R in the partial oxygen pressure
(pO,) range of 16-10* Pa. Three different models are presented thatrilesthe measured
variations iny(A) andA(A) as function of timeThe limitations of each model are discussed
based on the ability of the model to describe tleasured time dependenceydi) andA(A).
The experimentally obtained growth curves as ationof pO, and Al alloying content are
compared with those obtained independently by argfelved x-ray photoelectron

spectroscopy (AR-XPS).

4.2 Experimental

Two MgAIl alloys with Al contents of 2.63 and 7.3L% were employed in the present
investigation (for details on sample preparati@® [50]). The samples were introduced in the
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UHV chamber for angle-resolved XPS analysis (AR-XB&se pressure < 5xi(Pa; see
below) directly coupled to the UHV reaction chamfRC; base pressure < 3x1@®a) for
controlled oxidation and RISE analysis. Prior tareaxidation, the (native) oxide and other
contaminants on the sample surface (generally adiyentitious carbon) were removed by
sputter-cleaning (SC) applying a 1 kV*Aream, rastering the entire sample surface, uatil n
other elements than Mg and Al were detected inasomed XPS survey spectra recorded over
the binding energy (BE) range from 0 to 1200 eV (fstrumental details, see below). The
MgAI specimens, as obtained after the aforementic@@f@ treatment are further designated as
bare substrates.

Next, oxide films were grown at 304 K by exposufeh® bare substrates to pure
oxygen gas (99.997 vol.%) at a partial oxygen pres@0,) in the range of 18- 10* Pa, for
total exposure times varying from 300 to 3600 s ®kygen gas was introduced into the RC
by manually adjusting the needle valve to the dd$0, (as monitored with a quadrupole
mass spectrometer and attaining the degdwvithin about 30 s after opening of the valve).

In-situ AR-XPS analysis of the specimen surfaceotgefand after oxidation was
performed with a Thermo VG Thetaprobe system enipdpynonochromatic incident Al &«
radiation (v = 1486.68 eV; spot size 400 um). For details enddlibration of the energy
scale of the XPS instrument and the in-situ AR-)dR8lysis, see Refs. [49, 50].

Real-time in-situ spectroscopic ellipsometric (RJS&easurements were carried out
using a “J. A. Woollam Co., Inc.” rotating competamaellipsometer (RCE) M-2000L,
equipped with a Xe light source (in the range. af 245-900 nm in steps @f(10.8 nm) and
mounted directly on the flanges of the RC. Speofra()) and A(A) over the wavelength
rangeA = 350-700 nm (in intervals af0.8 nm) were recorded from the bare and oxidizing
alloy over a 2x8 mmellipse-shaped area with a time step of 2.5 s.Measured values of
y(A) andA(L) were corrected for possible in-plane and outlafip “window effects” due to
strain-induced birefringence of the fused-quartndeivs. The angles of incidence and

reflection of the light were fixed at an angle Of Wwith respect to the surface normal.

4.3 Data evaluation

Two typical examples of the change of bothndA (atA=525 nm) with increasing oxidation
time are shown in Fig. 4.1 for the oxidation of Ha@e Mg — 7.31 at.% Al alloy substrate for 1
h at 304 K at a low and highD, of 1x10° and 1x1d Pa, respectively (for discussion, see
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Sec. 4.4). To determine the growth kinetics andcaptonstantsof the developing oxide-
film from the measured spectra ¢fA) and A(A) as function of oxidation time, model
descriptions fory(A) and A(A) have to be fitted to the measured data. To araivean
appropriate (i.e. uniqgue and physically realistmpdel for the optical behaviour of the
substrate/film system, some preknowledge on theldping oxide-film microstructure (e.g.
the chemical composition, morphology and phase titatisn) is required. In the present
study previous results on the evolution of the pstructure of the oxide-film, obtained with
AR-XPS, are used [50].

Mg-7.31at% Al;t=1h; T=304 K
po,=1x10"Pa [

pO,=1x10"Pa |

42.1-
120
41.9 119
118
41.7
— 0 >
1 " 1 " 1 " 1 il " 1 " 1 " 1 "
> pO, = 1x10* Pa pO, = 1x10™ Pa ~
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Figure 4.1. Measured values af (left panely andA (right panel$ as a function of oxidation time (at
A = 525 nm) for the oxidation of a bare Mg — 7.31 at.% Al sabs@t 304 K for 1 h gi0,= 1x10°Pa
(upper panels and pO, =1x10* Pa (ower panely The inset in the lower-left panel shows an

enlargement of the time dependence@f = 525 nm) during the first 60 s of oxidation.

As revealed by the AR-XPS analysis of the oxidik&gibased MgAl alloys [50], the
initial oxide-film consists of an Al-doped MgO-typexide phase (rather than a Mg®}
spinel-type oxide phase) with Al-enrichments in thgions of the oxide-film and the alloy
substrate adjacent to the alloy/oxide interfaces @herall Al content of the initial oxide-film

“ The optical constants of a solid are given by its cemjidex of refractionlN = n — ik wheren andk denote

the index of refraction and the extinction coeffitieespectively.
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increases with increasing Al bulk content of tHeyalFurther, with increasingO,, the grown
oxide-films approach the stoichiometric compositminMgO. On this basis, three different
models were attempted to describe the measuredrapsay(A) and A(A) as a function of

oxidation time.

4.3.1 The "alloy|Mg|MgAl ,0, model

In this model description, further designated a® thlloy|Mg|MgAO, model, an
intermediate layer of pure Mg of variable thickn€issm zero up to a few monolayers) was
adopted in-between the bare MgAl substrate andxatedilm of variable, uniform thickness
with optical constants resembling that of Mg®@J. The thin intermediate layer of pure Mg
was introduced to approximately describe the chamgehe optical constants of the parent
MgAI substrate as a result of the concurrent peeef preferred oxidation of Mg and
oxidation-induced chemical segregation of Mg frdma bulk of the alloy to the alloy/oxide
interface during the slow (see Sec. 4.4) oxidategime.

Published values for the refractive index.) of MgAIl,O, [83] were used to
approximate the optical constants of the develgpmgpmogeneous Al-doped MgO film (see
above). Since MgAD; is transparent over the studied wavelength range 350—-700 nm),
the extinction coefficienk() = 0.

The optical constants of the bare MgAI substrate aafunction of A were
straightforwardly determined in this work from tiime-averaged values of th€\.) andA(})

(cf. Ref. [64, 66]), as recorded in-situ from thardo alloy substrate over a time interval of
about 120 s prior to the oxidation. The thus oladivalues oh(1) andk()) for the bare Mg —
7.31 at.% Al substrate prior to its oxidation atizas pO,'s between 1xIDand 1x10 Pa
(i.e. after sputter cleaning with 1 kV Abeam rastering the entire surface; see Sec. 4/ h
been plotted in Fig. 4.2. Evidently, the valuesh&k(A) and, in particularn().) for the bare
MgAI substrate slightly vary upon the successivepstof sputter-cleaning and subsequent
oxidation (see Sec. 4.2). These small, appareatigam variations in the optical constants of
the bare alloy substrate prior to each oxidatiep stre attributed to one, or a combination, of
the following factors:

- Small differences in sputter-induced roughnedsi®tare alloy surface.

- Compositional differences in the alloy subsurfaegion due to different extents of
the concurrent processes of preferential sputteohgMg and bombardment-
enhanced Gibbsian segregation of Mg during thetaspaleaning treatment (for
details, see Ref. [62]).
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- Compositional differences in the alloy subsurfaegion due to different extents of
the competing processes of preferential oxidatioMg and chemical segregation of
Mg from the bulk of the alloy to the alloy/oxidetenface during oxidation as

inherited from previous oxidation experiments (See. 4.4).
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Figure 4.2. The values of the index of refractiam @nd the extinction coefficienk) as a function of
the wavelength)), as determined for the bare Mg — 7.31 at.% Al substratetprits oxidation for 1 h
at 304 K at the designate®..

To exclude any errors in the model calculationsouficed by errors in the employed
optical constants of the bare alloy substrate meti = 0, it was therefore essential to
separately determine the optical constants of éine &lloy substraterior to eachoxidation.

The total oxide-film growth curves were now detered for each oxidation
experiment by fitting the calculated spectraA@X) andy()) to the corresponding measured
spectra as a function of the oxidation time andp#idg only the thicknesses of the Mg®8
and the intermediate Mg layer as fit parameters. fiting was performed for each successive
time step with the WVASE32 software package (versol49) [64] by minimization (using
the Lavenberg-Marquardt algorithm) of the mean-segi@rror (MSE) between the calculated

(mod and measureckkp data, as given by
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2 2
1 N _mod — ) &P _mod_ exp
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Figure 4.3. The measuredopenmarkerd and fitted (ines values ofA andy (ati = 525 nm) as a
function of oxidation time by application of the 'alloy|Mg|Me@J}' model (see Sec. 4.3.1) for the
oxidation of the bare Mg — 7.31 at.% Al substrate at 304 K forat 00, of (a,b) 1x10 Pa and (c,d)
1x10* Pa.

where N represents the total number of ,(y) pairs (as determined by the number of
wavelengths considered) is the number of fit parameters amdre the standard deviations
on the experimental data points. Since eacbr A difference is weighted by the standard
deviation of that measured data point (cf. Eq.)j4oisy data are less strongly weighted in
the fitting. A result of the fitting of andA for A = 525 nm is shown in Figs. 4.3(a,b) and
4.3(c,d) for the oxidation of the bare Mg — 7.3®@M®l substrate at a0, of 1x10° and

1x10%Pa, respectively. For discussion, see Secs. 41d.2 4.3.

4.3.2 The EMA|Gradl model
In this model description, designated as the 'EM&{E' model, a MgAI substrate with a
slight surface enrichment of Mg and covered witboapositionally inhomogeneous, Al-
doped MgO oxide-film of variable, uniform thicknassonsidered.

To describe the changes in optical properties ®pidrent alloy substrate as a result of
the chemical segregation of Mg during the slow See. 4.4) oxidation regime, an effective
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medium approximation (EMA) is employed (instead &fthin Mg layer as in the
‘alloy|Mg|MgALO, model; see Sec. 4.3.1). An EMA approach is gédiyeapplied to describe
a wide range of “mixing” effects, such as surfand aterface roughness, compositional or
phase mixing and index of refraction grading (céf®R [64, 66, 84]). Here, the optical
properties of the parent alloy substrate are ettdnavith the Bruggeman EMA (BEMA)
formalism, employing the complex indices of reffactNyse and Nyg of the bare MgAI
substrate (as measured prior to oxidation; see 8&cl) and pure Mg, respectively,

satisfying:
2 _ 2 N2 _ N2
(- fug) sza’e Nef; + fyg e = (4.2)
Nbare + 2Neff NMg + 2 l\Lff

whereNgt is the complex index of refraction of the alloyostrate (i.e. the effective medium)
andfyg denotes the equivalent volume fraction (furthemaded as EMA fraction) of Mg in
the alloy surface region. It is noted thgg only represents aequivalentvolume fraction,
which might deviate from thieue volume fraction in the surface region of the alloy

To describe the changes in the optical constanthefdeveloping compositionally
inhomogeneous, Al-doped MgO film (see above), alefaEMA layer is used. This type of
layer is often applied to simulate the effectivéicad properties of a film of uniform thickness
that is inhomogeneous in the direction perpendidaahe sample surface. To this end, two
nodes are defined at the top and the bottom ofthded layer, which correspond here with
the positions of the oxide surface and the allog@xnterfaceat depthsz = 0 andz = L(t),
respectively I((t) thus denotes the oxide-film thickness at titheFurther nodes can be

defined at intermediate deptbsx z< L(t) between the top and the bottom of the graded layer

(cf. 'alloy|Grad2' model in Sec. 4.3.3). The filmbetween two adjacent nodes is sub-divided

into multiple, homogenous sublayers of equal theden(slices) with optical constants that

vary slightly from sublayer to sublayengfe a total of 5 slices is adopted). For the graded

layer Al-doped MgO films, the complex index of idftion of each slice is described with the

Maxwell-Garnet EMA (MGEMA) approach by linearly gliag an EMA fraction of Alfa[Z],

between the top and bottom of a MgO layer of unifdinicknesg_(t), i.e.

NZ = NZ NZ = NZ

2eff,l Mgo + AL :\I ef;l = 0 (43)

Neff,i + 2NMgO ’ NAI + 2 Neff,i

where N ; denotes the complex index of refraction of tReslice with EMA fractionf, ;

Nmgo andNa are the complex indices of refraction of MgO (thee host matrix) and Al metal
(i.e. the inclusion). The MGEMA approach has shawbe very successful in describing the
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changes in optical constants of thin metal-oxidlasicaused as a result of deviations from
their stoichiometric composition [14, 20].

The linear grading of the EMA fraction through tager implies that the fractior,, ,

for any given slice is determined by the total exfdm thicknessL(t), and the (to be) defined
EMA fractionsfy[z = 0] andfa[z = L(t)] at the top and bottom nodes of the graded layer,
respectively (for details, see Ref. [64]). To apjmately describe a relative enrichment of Al
in the oxide-film that increases from the oxidefaoe towards the alloy/oxide interface (see
above and Ref. [50]), the EMA fraction at the taple,fs[z = 0], corresponding to Al at
oxide surface, was set at zero, while the valuetottom nodefa[z = L(t)], was allowed

to vary with oxidation time.

The total oxide-film growth curves were now detered for each oxidation
experiment by fitting the calculated spectraA@X) andy()) to the corresponding measured
spectra as a function of the oxidation time (see 8€.1) and adopting only the total film
thickness and the EMA fractiofiy[z = L(t)], at the bottom node of the graded layer (i.e¢hat
metal/oxide interface) as fit parameters. The Elvektion,fyg, of Mg in the parent substrate
was fixed at a value of 0.01, 0.05 and 0.05 for ak@&lation of the Mg — 2.63 at.% Al
substrate at pO, of 1x10° 1x10° and 1x1d Pa, respectively, as determined from a separate
parameter study for each oxidation. Similarly, fbe oxidation of the Mg — 7.31 at.% Al
substrate at pO, of 1x10°, 5x10° 1x10°, 5x10°, 1x10%, the value ofyy was fixed at 0.05,
0.05, 0.07, 0.07 and 0.07, respectively. The optioastants adopted for MgO, Mg, and Al
over the considered wavelength range 350—700 nm) were determined in the present study
from in-situ spectroscopic measurements of cormesipg reference samples. A result of the
fitting of y andA for A = 525 nm is shown in Figs. 4.4(a,b) and 4.4(md)the oxidation of
the bare Mg — 7.31 at.% Al substrate ap@ of 1x10° and 1x10' Pa, respectively. For
discussion, see Secs. 4.4.2 and 4.4.3.
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Figure 4.4. The measuredopenmarkerd and fitted (ines values ofA andy (ati = 525 nm) as a
function of oxidation time by application of the 'EMA|@fla model (see Sec. 4.3.2) for the oxidation
of the bare Mg — 7.31 at.% Al substrate at 304 K for 1 hpf,af (a,b) 1x10 Pa and (c,d) 1x1bPa.

4.3.3 The alloy|Grad2 model

In this model description, designated as the 'HHogd2' model, a bare MgAIl substrate
covered with compositionally inhomogeneous, Al-dbpklgO oxide-film of variable,
uniform thickness is adopted.

Thus, any changes in optical properties of the bagal substrate due to variations in
the alloy subsurface composition as induced bytmpeting processes of selective oxidation
of Mg and chemical segregation of Mg are negleatetthis model. The optical constants of
the bare MgAl substrate were experimentally deteechifrom the bare alloy substrate prior to
the oxidation (see Sec. 4.3.1).

To describe the effective optical properties ofitii@mogeneous Al-doped MgO film,
the same graded layer is used as adopted for kh&|E&adl' model described in Sec. 4.3.2
(i.e. using the MGEMA approach and adopting MgO @hdas the host matrix and the
inclusion, respectively). However, instead of defghonly two nodes at the top and bottom of
the graded layer (corresponding with the oxide am&fand the alloy/oxide interface,
respectively), one additional node is defined @amable positionx(t), in between the top and
bottom node with a fixed EMA fraction of zero, if[x(t)] = 0 (with 0< x(t) < L(t)). Further,

the EMA fraction at the top node, correspondindhwlite oxide surface, is also set at zero (i.e.
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fa[z = 0] = 0). Thereby, a more flexible descriptios (@mpared to the 'EMA|Grad1’ model
described in Sec. 4.3.2) is obtained for the inhgeneous distribution of Al in the oxide-
film, recognizing that the Al is predominantly cemtrated in the bottom part of the film

adjacent to the alloy/oxide interface [50].

Mg-7.31 at% Al,t=1h; T=304 K
pO,=1x10° Pa p0,=1x10° Pa
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Figure 4.5. The measuredopen markersand fitted (ines) values ofA andy (ati = 525 nm) as a
function of oxidation time by application of the 'alloy|Grandfdel (see Sec. 4.3.3) for the oxidation
of the bare Mg — 7.31 at.% Al substrate at 304 K for 1 hpf,af (a,b) 1x10 Pa and (c.d) 1x1bPa.

The total oxide-film growth curves were now detered for each oxidation
experiment by fitting the calculated spectraA¢X) andy(}) to the corresponding measured
spectra as a function of the oxidation time (see. 8e3.1) and adopting only the total
thickness and the position of the intermediate MGg® < x(t) < L(t)] = 0) of the graded layer
as fit parameters. The EMA fraction at the bottamiey corresponding with the alloy/oxide
interface, was fixed at an average value of 0..8ft[z=L(t) ] = 0.75), as determined by a
separate fit-parameter study for all oxidation ekpents in the present work. A result of the
fitting of y andA for A = 525 nm is shown in Figs. 4.5(a,b) and 4.5(md)the oxidation of
the bare Mg — 7.31 at.% Al substrate gv@ of 1x10° and 1x1d Pa, respectively. For
discussion, see Secs. 4.4.2 and 4.4.3.
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4.4 Results and discussion

4.4.1 The measured time dependences of  @(A) and A(A)
The dependences ofandA (atA=525 nm) on oxidation time are shown in Fig. 4.4 tfee
oxidation of the bare Mg — 7.31 at.% Al alloy subtt for 1 h at 304 K at a low and hig®,
of 1x10° and 1x1d Pa, respectively. The maximum variationyinover the studied time
range is about ten times smaller than the correlpgrchange im\. These behaviours af
and A with increasing oxidation time for the thermal dedion of a binary metallic alloy
resemble very well to those reported for the théoralation of bare pure metal surfaces (cf.
Refs. [69, 76, 77])A decreases as oxidation proceeds, initially vesy, ffnen more gradually
during a slow oxidation stage; also shows an initial drop, but then increasasally fast
and subsequently more gradually, during a slowatiod stage.

The initial drop in the value ofy is of the order oby [00.1 - 0.2°, approximately
independent of thpO,, and is comparable to the corresponding valués/af 0.164° an@dy
= 0.202° as reported for the initial oxidation ofbare Mg(100) and Mg(001) surface,
respectively [76]. The time at which the minimumluea of y is attained increases with
decreasingO,; e.g. the minimum value of is reached after about 10 sp@, = 1x10* Pa
and 200 s apO, = 1x10° Pa (Fig. 4.1). The initial drop im can be ascribed for the initial
incorporation of oxygen into the surface of thegmametal (cf. Refs. [69, 76, 77]) (or, in the
present case, alloy) substrate. Because the indial of coverage of the alloy surface with
chemisorbed oxygen decreases with decreapldg the concurrent process of oxygen
incorporation (and thus the initial decreagas more prolonged for lowgO,. Accordingly,
it follows that the initial stage of sharply decsaw v shows a pronounced temperature
dependence (cf. Refs. [50, 69]), because the oxgteking coefficient on a bare metal or
alloy surface initially increases and subsequeat¢lreases with increasing temperature [19].

The subsequensteep increasef y with increasing oxidation time is attributed t@ th
nucleation and growth of 3-dimensional oxide iskndn the alloy surface; ie. a
transformation of part of the 'mixed' incorporalager into three-dimensional oxide islands at
the metal surface [19, 76, 77]. With increasinggenrature, the initial density of oxide islands
decreases and the average islands size increasasisk both the surface diffusion of oxygen
species and the rate of oxide formation increasle wereasing temperature [16].

As soon as a closed 3-dimensional oxide-film haséal on the alloy surface, the
values ofy andA increase only gradually upon prolonged oxidatiomirdy the final, slow

oxidation stage (Fig. 4.3). The onset of this stouwdation stage is reached after about 20 s at
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pO, = 1x10" Pa and after 750 s pO, = 1x10° Pa (Fig. 4.1). At low temperatures (sAys
600 K), continued oxide-film growth is realized bye coupled currents of cations and/or
anions, and of electrons, through the developingesilm under influence of the electric
field set-up by chemisorbed oxygen species at Meecsurface [7, 15]. The rate of increase
of y andA during the slow oxidation stage increases witheasingpO,, because the rate of
slow, but continuing, oxide-film growth and the eabf segregation of Mg towards the
alloy/oxide interface both increase with increagu (see Secs. 4.4.2 and 4.4.3). The slow
oxidation stage constitutes the main part of tleewijn curve and is therefore of major interest
for the determination of the oxide-film growth kiins (see Secs. 4.4.2 and 4.4.3).

4.4.2 The fitted time dependences of  w(A) and A(A)
Comparison of the fitted values af(atA = 525 nm) versus oxidation time, as calculated wit
the different models presented in Sec. 4.3, wighrtieasured dependencefobn oxidation
time (i.e. the initial, very fast and the subsedqu@nadual decrease in the value Xf is
accurately and about equally well described fottakke models (irrespective of th®, and
alloy content; compare Figs. 4.3-4.5). The agreérhetween the calculated (i.e. fitted) and
measured oxidation time dependences,adn the other hand, is very much dependent on the
type of model employed, the value pd,, as well as on the oxidation stage considered.
Further it is noted that, for any given model empbb (Sec. 4.3), the changesArandy as a
function of oxidation time (cf. Figs. 4.3-4.5) about equally well described over the entire
wavelength range of 350-700 nm considered. They|@rad2' model describes best the
initial drop and subsequent steep increase déiring the initial growth stage, which is most
pronounced at the lowepD, (1x10° Pa) (cf. Sec. 4.4.1 and Fig. 4.5). The correspundi
oxide-film growth curves, as well as the valuesaiadd for the relative position of the
intermediate node in the 'Grad2' layer are showa f@sction of the oxide-film thickness in
Figs. 6a and 6b for the oxidation at low (1%1Pa) and high (1xIDPa)pO,, respectively.
During the initial, fast growth regime, the positiof the intermediate nodein the graded layer
shifts from the oxide surface towards the alloydexinterface (Fig. 4.6b), suggesting that
initially Al-rich oxide islands form on the baren@ Al-rich; see Sec. 4.3.1 and Ref. [62])
alloy surface, (see Sec. 4.4.1). During the suled@gslow oxidation stage, the intermediate
node settles at a position close to the alloy/oxaterface (Fig. 4.6b), suggesting that
subsequently overgrowth of a Mg-rich oxide takexeland thereby the Al-enrichment in the
oxide-film is confined to the regions in the oxiilen adjacent to the alloy/oxide interface.
These results are fully compatible with the resaitained by AR-XPS analysis [50].
The 'alloy|Grad2' model does not well describesihesequent gradual increaseyotluring
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the slow oxidation stage, which is most pronounfoecthe highesipO, of 1x10* Pa (Fig.
4.5c¢).
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Figure 4.6. Oxidation of the bare Mg — 7.31 at.% Al substrate at 304 Kl forat low (1x18 Pa;
cross markersand high (1x19 Pa;open markers pO.. (a) Oxide-film thickness as a function of
oxidation time andk) relative position of the intermediate node in the gradgerlas a function of
the graded layer thickness. Results shown were obtained byatjmpli of the ‘alloy|Grad2' model
(Sec. 4.3.3).

The 'alloy|Mg|MgA$O,' model fails to describe the initial drop and sdgent steep
increase ofy during the initial, fast oxidation stage at lopO,. However, the
‘alloy|Mg|MgALO, model, which incorporates an intermediate Mg lafevariable thickness
(Sec. 4.3.1), does reasonably well describe th#ugitancrease of during the slow oxidation
stage at the highepO, (Fig. 4.3c). The corresponding thicknesses ofgitaeled oxide layer
and the intermediate Mg layer have been plotteal fasiction of oxidation time in Figs. 4.7a
and 4.7b for the oxidation at low (1x1®a) and high (1x1DPa)pO,, respectively. The fit
parameters for the thicknesses of the graded daigk¥ and the intermediate Mg layer are
strongly correlated and therefore the results sheximbit pronounced scatter (compare Figs.
4.7a and 4.7b fopO, = 1x10* Pa). It follows that, for the highegO, of 1x10* Pa, the
thickness of the intermediate Mg layer, on averatpsyly increases with increasing oxidation
time during the slow growth regime: from a valueabbut 0.2 nm to about 0.8 nm (Fig. 4.7b).
At pO, < 10° Pa, the gradual increaseywfluring the slow growth regime is very small and,
consequently, a zero thickness for the intermeditgdayer is obtained from the fitting (Fig.

4.7b). This suggests that the small, gradual iseredy during the slow oxidation stage is
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Figure 4.7. Oxidation of the bare Mg — 7.31 at.% Al substrate at 304 K foatllow (1x1¢ Pa;cross
marker$ and high (1x19 Pa;open markerspO.. Thicknesses ofaj the MgALO, layer and If) the
corresponding Mg intermediate layer (i.e. in between thdNubstrate and the Mg#D, layer) as a
function of oxidation time. Results shown were obtainedapplication of the 'alloy|Mg|MgAD,'

model (Sec. 4.3.1).

mainly related to compositional changes in theyadlobsurface region due to the concurrent
processes of preferred oxidation of Mg and oxidatmmuced chemical segregation of Mg
from the bulk alloy towards the alloy/oxide intexéa Because an increasep@k, is associated
with an increase of oxygen activity at the alloydexinterface [85], the chemical segregation
of Mg increases with increasimg..

The 'EMA|Gradl' model (with a fixed EMA fraction BIg in the substrate and a two-
node, graded layer; Sec. 4.3.2) presents an inte@ibeecase: to some extent, it fits the initial
drop and subsequent steep increase, diut fails to describe the subsequent graduakase
of y during the prolonged, slow oxidation stage athigdestpO, of 1x10* Pa (Fig. 4.4).

On the basis of the above discussion, it is comauthat the application of a graded
layer with a minimum of three nodes (i.e. one @ bottom and one intermediate node), as
employed in the 'alloy|Grad2' model (Sec. 4.38)eguired to describe the initial drop and
subsequent steep increaseyofit low pO,, during the initial stage of oxidation which is
characterized by oxygen incorporation in the sabstand formation of a continuous closed,
3-dimensional oxide-film. The introduction of antdmmediate Mg layer (as in the
alloy|Mg|MgALO, model) or, similarly, adopting a substrate withaaiable EMA fraction of
Mg (as in the 'EMA|Gradl' model; see Sec. 4.3.2eisded to describe the gradual increase
of v during the slow oxidation stage at higk,, which is ascribed for the continuous

segregation of Mg to the alloy/oxide interface. Téleove suggests model descriptions
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incorporating both a 3-node graded layer and agrnmédiate Mg layer or a variable EMA
fraction of Mg in the substrate layer. However, leggpions of such ‘combined’ model
descriptions all failed, because the fit paramef@rshe thickness of the graded layer and the
thickness of the Mg intermediate layer (or the ENtAction of Mg in the substrate) are
extremely correlated (as already experienced, lesser extent, for the 'EMA|Gradl' model,
see above discussion of Fig. 4.7): i.e. an incre&tee thickness of the intermediate Mg layer
(or an increase of the EMA fraction of Mg in thébstrate) is associated with a decrease of
the thickness of the 3-node, graded layer (andwessa). This resulted in non-unique values
for the fit parameters as a function of oxide tifok the strange discontinuity in the oxide-
film growth curve for the initial, fast growth rege at lowpO,, as obtained with the
'EMA|Gradl' model in Fig. 4.8a) and a strong scatjeof the oxide-film growth curves
(especially at higipOy; cf. Fig. 4.8c). The main purpose of the presemtkvis to establish the
oxide-film growth kinetics. Therefore, the reswdtsobtained with the model descriptions that
incorporate an intermediate Mg layer (i.e. theoidMg|MgALO, model) or a variable EMA
fraction of Mg in the substrate) are further dislteat.

4.4.3 The oxide-film growth kinetics

The oxide-film growth curves, as obtained by amtlan of the different models, are shown
in Fig. 4.8a-c for the oxidation of the Mg — 7.31% Al substrate for 1 h at 304 K andpéd,
values of 1x18, 1x10° and 1x10 Pa, respectively. It follows that the near-limitin
thicknesses, as obtained during the slow oxidagtage after 1 h of oxidation, is highest for
the 'alloy|Grad2' model and lowest for the ‘allog]MgAlLO, model (intermediate results
were obtained for the 'EMA|Gradl’ model). The dédfece between the near-limiting
thickness values attained from the ‘alloy|Mg|Mghl and ‘alloy|Grad2' models increases
with increasingpO, from about 0.12 nm a0, = 1x10° Pa to about 0.25 nm p©, = 1x10*
Pa. As made clear in Sec. 4.4.2, the lower thickmadues for the 'alloy|Mg|MgAD,' and
'EMA|Gradl' models are a direct consequence ohtheduction in the model descriptions of
the intermediate Mg layer or the EMA fraction of Mygthe substrate, respectively (see Sec.
4.3.2).
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Figure 4.8. The oxide-film growth curves as obtained by applicatiothef various models for the
ellipsometricy andA parameters (Sec. 4.3) for the oxidation of the bare Mg — T.%lAd substrate
at 304 K for 1 h apO,s of (a) 1x16 Pa, (b) 1x18 Pa and (c) 1xIbPa.
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Figure 4.9. Total oxide-film thickness as a function of oxidationdifor the oxidation of the bare Mg
— 7.31 at.% Al substrate for 1 h at 304 K @@} = 5x10° Pa. The thickness values were determined
independentlyffrom in-situ spectroscopic ellipsometry by applicationhad talloy|grad2' model (Sec.
4.3.3; full line in the figure) and from the quantitative sl of the measured Mg 2p, Al 2p and O 1s
AR-XPS spectra of the oxidized alloy substrate (for detai®e Ref. [50]; open data points in the
figure).

Indeed, only the oxide-film thicknesses as deteedhinsing the 'alloy|Grad2' model
agree very well with the corresponding oxide-filmtkness values, as obtained independently
by AR-XPS [50]: see Figs. 4.9 and 4.10. The deeréad (i.e. dA) upon oxidation of the
bare MgAIl substrate is approximately linearly rethtto the corresponding change in the
oxide-film thickness, in accordance with the linepproximation for thing{ 3 nm) dielectric
films (cf. Ref. [25], Chapter 4.4.3.4). For examps determined using the 'alloy|Grad2' mode
for A = 525 nm, a decrease i (6A) of 1° corresponds to an increase in the oxide-fil
thickness of about 0.56 nm. A corresponding lire&ationship betweeqn and the oxide film
thickness is not evident in the present study g, in agreement with the experimental
findings in Ref. [86] and the theoretical prediosan Sec. 4.4.3.3 in Ref. [25], stating that, to
a first order, the ellipsometric parameteis insensitive to the presence of a transparemt th
film phase between the ambient and substrate media.
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Figure 4.10. Oxide-film thicknesses as obtained from in-situ spectroscelliigsometry using the
‘alloy|Grad2' model(Lrisg; this work) versus the corresponding thicknesses as determine
independently by AR-XPS analysis of the oxidized MgAIl sulbetrd_,r.xps, for details, see Ref.
[50]). All data pertain to the thermal oxidation of a b#gAl substrate alloy at 304 K for various
oxidation times (up to 36x¥®) and various Al bulk contents (2.63 at.% #dfid markersand 7.31
at.% Al; open markerswithin thepO, range of 16-10* Pa.

4.5 Conclusions

The kinetics of initial growth of oxide films onrary alloys by thermal oxidation at low
temperatures can be accurately determined usisjunspectroscopic ellipsometry, provided
that an appropriate model description, such akragtnode) graded layer using the Maxwell-
Garnet Effective Medium Approximation (MGEMA), ida@pted for the compositionally
inhomogeneous, multiple-element oxide-film develgpon a binary alloy surface.

Application of such modelling to the measured s@ecty(A) andA(A) as a function
of the oxidation time for the thermal oxidationkzre, Mg-based MgAl substrates at 304 K in
the pO, range of 10 to 10* Pa, then yields a linear relationship betweercti@nge imA and
the change in oxide-film thickness for thicknesspgo about 3 nm. The thus obtained oxide-
film thicknesses agree very well with the correspog thickness values as determined
independently by AR-XPS analysis.

The initial drop and subsequent steep increaseg adiring theinitial, fast oxidation

stageis governed by the concurrent processes of oxym@arporation in the alloy surface,



Real-time, in-situ spectroscopic ellipsometry for analyste@kinetics of ultra-thin... 81

and nucleation and growth of Al-doped MgO islands tbhe bare MgAIl surface. Upon
formation of a closed oxide-film (covering the emtalloy surface) during th@ow oxidation
stage the gradual increase ynat highpO; is mainly governed by compositional changes in
the MgAI subsurface region due to the competinggsses of (oxidation-induced) chemical
segregation of Mg to the alloy/oxide interface anergrowth of a Mg-rich oxide by the

preferential oxidation of Mg.






Chapter 5

The initial, thermal oxidation of Mg-based MgAl

alloys at room temperature

M. S. Vinodh, L. P. H. Jeurgens, E. J. Mittemeijer

Abstract

The initial stages of the thermal oxidation of havig-based MgAI alloys (containing up to
7.31 at.% Al) at room temperature in the partialgen pressure range of318 pO, < 10* Pa
were investigated by angle-resolved XPS (AR-XPS) amal-time, in-situ spectroscopic
ellipsometry (RISE). It was found that the init@tide-film microstructure resembles that of
an Al-doped MgO-type of oxide. Al-enrichments aregent in the oxide film and the alloy
subsurface region adjacent to the alloy/oxide fater. The Al-to-Mg content of the grown
oxide films is mainly governed by the alloy compiosi in the subsurface region, which
deviates from the bulk alloy composition as a rtegfithe sputter cleaning treatment prior to
oxidation. As was shown by performing annealingtiments of the grown oxide films at 450
K in UHV, an observed, additional higher-bindingeegy component in the measured O 1s
AR-XPS spectra of the oxidized alloys originatesrira defect oxide structure adjacent to the
oxide-film surface, which acts as a precursor fontinued oxide-film growth by outward
diffusion of Mg cations under influence of a sudazharge field. The rate of depletion of Mg
from the alloy subsurface region during the slowgwgh stage upon continual oxidation is
governed by the concurrent processes of prefetentidation of Mg and oxidation-induced,

chemical segregation of Mg.

83
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5.1 Introduction

The recent desire to control and optimize the mlaysand chemical properties (e.g. corrosion
resistance, electrical and thermal conductivityhemibn or catalytic activity) of very thin
oxide-films (thickness < 10 nm) on bare alloy scefs by tailoring both the alloy and oxide-
film microstructure has led to a large interesttfue low-temperature oxidation behaviour of
metallic alloys (cf. Refs. [19, 46, 58, 59]).

Until now, investigations on the thermal oxidatiohbinary and ternary alloys have
been performed mainly aigh temperatures (i.&. > 800 K) anchigh pressures (i.e. 0.1x<
10° Pa), because such conditions are relevant faaghécation of alloys in high-temperature-
resistant coating systems (cf. Refs. [8-10]). Assthhigh temperatures, where relatively thick
(in the micrometer range) oxide scales, composednuoltiple, crystalline oxide phases,
develop on the alloy surface by sequential, pref@koxidation of the alloy constituents [8-
10], local thermodynamic equilibrium generally pads at the metal/oxide, oxide/oxide and
oxide/gas interfaces. Then, oxide-layer growth aalized by the solid-state diffusion of
charged reactants (i.e. cations, anions, electk@tsncies and holes) through the developing
oxide layer under the influence of the (electrojoloal potential gradients [11-13] and,
consequently, the oxidation kinetics obeys a pdi@goowth law (cf. Refs. [9, 10]).

The thermal oxidation of binary and ternary allaykw temperatures (say, &t< 600
K), has been investigated only scarcely up to datéhese temperatures, thermally activated
diffusion of reactants through the developing oxitha is negligibly small and an other
driving force, such as due to a surface-chargel fegt up by negatively charged oxygen
species adsorbed onto the oxide surface (cf. Réaf. 20, 87]), are required to explain the
observed, initially very fast, and subsequent \aoyv, oxide-film growth kinetics (typically
following a logarithmic or cubic growth law). Onemerally eventually observes a thin oxide-
film of near-limiting thickness (< 10 nm) that isrestituted of a metastable, multi-element
oxide phase [88]. The detaileahicrostructure (i.e. oxide phase constitution, chemical
composition, morphology) and theicknessof the initial oxide-film formed on an alloy
surface at low temperatures is usually unknowntheur still no comprehensive knowledge
exists on the effect of the concurrent processg®xflation-induced) chemical segregation
and preferential oxidation on both the developirgle-film microstructure and the induced

compositional changes in the alloy subsurface.
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In the present contribution, the growth kinetics éime evolution of the microstructure
of the initial oxide film grown on Mg-based MgAlgaces by dry, thermal oxidation at 304K
(i.e. room temperature) have been investigated cxynabined approach of angle-resolved X-
ray photoelectron spectroscopy (AR-XPS) and reaéfiin-situ spectroscopic ellipsometry
(RISE). Knowledge on and understanding of the lemgerature oxidation of, in particular,
Mg-based MgAI alloys is of increasing technologiaaterest in view of a wide range of
structural application areas where a low-densitg. (low weight) alloy is required (e.g.
aerospace, automotive industries, laptop casinghough it is well known that small
additions of Al to an Mg base metal improves itgrasion resistance [17, 18], the
mechanisms and limits of this improvement is sgthorly understood. Against this
background, sputter-cleaned, polycrystalline, Mg#lbys of different Al-alloying content
(ie. 2.63, 5.78 and 7.31 at.%) were exposed fapowa times (up to 1 h) at 304 K to pure
oxygen gas at various partial oxygen pressures® €10, < 10* Pa) in a UHV reaction
chamber. In-situ AR-XPS analysis was applied toeweine the thickness, chemical
composition and constitution (i.e. the depth disttion of various chemical species within the
grown oxide-film) of the developing oxide film asfumnction of the Al alloying content and
the pO,. RISE analysis was performed to establish theesiith growth kinetics [88]. The
obtained results on the growth kinetics and devegpmicrostructure of the initial oxide film
as a function of oxidation time, bulk Al alloyingrtent angO, could be discussed in terms

of the mechanisms and processes governing thel ioxidation.

5.2 Experimental

5.2.1 Material and sample preparation

Three MgAl alloys with an Al content of 2.63, 5.@8d 7.31 at.% were prepared by melting
appropriate weight fractions of high purity Mg (9.999 wt.%) and Al (<99.99 wt.%) at a
temperature of 973K in a graphite crucible in awan—melting furnace (base pressure £ 10
mbar after flushing two times with pure Ar gas) audbsequent casting in a copper mould.
The as-cast rods consisted of a MgAI solid-solutiatrix (designated asphase) containing
small precipitates of the-Mgi7Al1, phase. To dissolve thephase, the as-cast rods were
annealed for 24 h at 693 K in a pure Ar gas atmagpin a sealed quartz tube (sealed after,
successively, evacuating, heating and flushing witiine Ar gas) and then quenched in
distilled water to obtain a singephase material. The thus obtained rods possessed-a
homogeneous grain-size distribution with pores rekteg throughout the centre of the rod.

To remove the pores, homogenize the grain-sizeildisbn and to decrease the average
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grain-size, the rods were hammered down by 1 mam(® = 11 mm to¢ = 10 mm) and
subsequently annealed for 1 h at 693 K in a comwegit furnace. For each of the thus
obtained rods, the Al content, as well as the (intyuconcentrations of Zn, Mn, Fe, Ca, Na,
Cu, Ti, Y as determined by Inductive Coupled Plasn@ptical Emission Spectrometry (ICP
— OES), have been gathered in Table 5.1.

Table 5.1. Bulk Al content (in at.%) and impurity concentrations fhass ppm) of the studied Mg-
based MgAl alloys (as determined by ICP — OES).

Al Zn Mn Na Fe Ca Cu Ti Y
(at.%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

263 82+4 38%x2 192 24+2 <5 <5 <1 <05

578 61+3 342

731 70+x4 38%x2 50%5 <5 <5 <5 <1 19+2

Next, disc-shaped specimens were cut from the dhtsgined rods using a diamond
saw. The specimen (disc) surfaces were prepareglifging (using SiC paper down tousn
grain size) and subsequent polishing down to @u25grain size of diamond paste on soft
cloths with a mixture of ethanol, soap and didlillgater as lubricant. After each polishing
step, the specimens were cleaned ultrasonicallyetimnol for 15 minutes. Prior to
introduction into UHV, the specimens were cleanidasonically for 15 minutes in acetone
and 2-propanol. Light optical microscopic analysi®wed that all samples possessed an
average grain size within the range of 50 — 100

5.2.2 Oxidation

The specimen was introduced in the UHV chamberafigle-resolved XPS analysis (base
pressure < 5xI9Pa) directly coupled to the UHV reaction chamimerdontrolled oxidation
(RC; base pressure < 3x41(Pa). Prior to each oxidation, the (native) oxidel ather
contaminants (generally only adventitious carbam}fle specimen surface were removed by
sputter-cleaning (SC) with a 1 kV Abeam (rastering the entire sample surface) uotil n
other elements than Mg and Al were detected in asored XPS survey spectrum recorded

over the binding energy (BE) range from 0 to 12080(for instrumental details, see Sec.
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5.2.3). The MgAI specimens as obtained after thecrlged SC treatment are further
designated asare substrates.

Next, an oxide-film was grown on the bare substmatdhe RC by exposure to pure
oxygen gas (99.997 vol %) for times ranging fron0 3@ 3600 s at 304 K (i.e. room
temperature) at varioysO,’s in the range of 16-10* Pa. The oxygen gas was introduced
into the RC by manually adjusting the needle vadveet the requiredO, (as monitored with

a quadrupole mass spectrometer) within about 30 s.

5.2.3 AR-XPS analysis and data evaluation

AR-XPS analysis of the specimen surface beforeadt®t oxidation was performed with a
Thermo VG Thetaprobe system employing monochronti€ a radiation bv = 1486.68
eV; spot size 400 um). The energy scale of theyaealas calibrated as described in Ref.
[49]. XPS survey spectra, covering a binding endify) range of 0 eV to 1200 eV, were
recorded with a step size of 0.2 eV at a constass gnergy of 200 eV. For the bare and
oxidized substrate, detailed AR-XPS spectra ofcihbined Mg 2p and Al 2p regions (BE
range 40 - 85 eV) and the O 1s region (BE range-52%0 eV; as measured only for the
oxidized substrate) were recorded with a step @ikl eV at a constant pass energy of 100
eV. The AR-XPS measurements were performed in Bedcparallel data acquisition mode
by detecting the photoelectrons simultaneously otlee angular detection range of
(a,0)=(23,43 ) to (a,9) =(83,94  in eight ranges of 7.5° each (for details, see R81).
The interdependent anglesand ¢ are defined as the angles between the directibriseo
detected photoelectrons and the sample surfaceah@mna the directions of the detected
photoelectrons and the incident photon beam, réspsc To avoid possible grain orientation
effects for the weakly textured samples (as vetifiy X-ray diffraction analysis), the AR-
XPS spectra of the bare and oxidized substrates measured at 9 and 16 defined locations
on the surface (spot size 40M), respectively, equally distributed over an enéinalysis area
of 3x3 mm.

For the quantification of the measured AR-XPS gjethe recorded spectra were first
averaged over all measured positions of the sarspiéace for each angular range of
photoelectron detection employed (see above). Nlegtthus obtained spectra were corrected
for the electron kinetic energy dependent transoms®f the spectrometer analyzer by
adopting the corresponding correction factor asigeal by the manufacturer. Then, for each
detection angle, the Mg 2p and Al 2p primary zeoss| (PZL) intensities [29] of the
corresponding asymmetrically shaped Mg 2p and Ainpallic main peaks (i.e. including the
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tail towards higher BE values, but excluding th&imsic plasmon intensity) [29] and the
symmetrically shaped oxidic and O 1s main peak®wesolved from the measured AR-XPS
spectra of the bare and the oxidized substrate@diogoto the procedure described in detail in
Ref. [89] (see Fig. 5.1). The average BE values @nrresponding standard deviations) as
determined for the resolved metallic and oxidic Bfgand Al 2p main peaks, as well as for
the lower-binding-energy (LBE) and higher-bindingeegy (HBE) O1s main peaks, are given
in Table 5.2.

The average thicknesses and compositions (andspomding standard deviations) of
the grown oxide films were calculated from the thesolved Mg 2p, Al 2p and Ol1s total PZL
intensities of the oxidized metal (for various d#iten angle sets), according to the calculation
scheme presented in Ref. [89]. It should be re@aghihat theotal metallic Mg 2p and Al 2p
PZL intensities, i.e. the PZL intensity of the nesd metallic main peaklus its associated
intrinsic plasmon intensity [29], were employedthe calculations by utilizing the estimated
value of 0.13 [29, 48] for the intrinsic bulk plasmexcitation probability of both the Mg 2p
and Al 2p photoelectron emission process in tlwyalurther, the effects of the anisotropy of

Table 5.2. Average binding energy (BE) values (and corresponding stardiaiations) of the
metallic and oxidic Mg 2p, Al 2p main peaks and the @na peaks (the low binding energy (LBE)

and high binding energy (HBE) components), as resolved from thesponding AR-XPS spectra
recorded from the oxidized MgAl substrates.

Species BE (eV) FWHM (eV)
metallic Mg 2p 49.64 + 0.03
metallic Al 2p 72.52 +0.04
oxidic Mg 2p 51.12 +0.08 1.88 £0.08
oxidic Al 2p 75.12 £ 0.07 1.87 £0.09
O 1s LBE 531.3+0.1 1.67 £0.04

O1s HBE 533.4 +0.15 1.95 +0.05
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the photoionization cross-section and elastic saag of the emitted photoelectrons in the
solid were accounted for in the quantification lngpéoying the effective attenuation length,
EAL (instead of the inelastic mean free path) ame dasymmetry factor in the calculations,
respectively [36, 49]. To estimate the EALs of trewn oxide films, the values for the
density (3.58 g/c) and band gap (7.8 eV) of MgO were used [89]. Effective depths
below the specimen surface for the various idettiBpecies (Mg, Al and O) within the oxide
film and within the region of the alloy substratjaeent to the alloy/oxide interface (further
designated as the alleubsurfaceregion) were calculated using Egs. (3.B2) and 3.8
given in Ref. [89], respectively.

5.2.4 RISE analysis and data evaluation

RISE measurements were carried out using a “J.AolMf Co., Inc.” rotating compensator
ellipsometer M-2000L, as equipped with a Xe lighiirge (in the range af= 245-900 nmn
steps ofs [10.8 nm) and mounted directly on the flanges ofRI& The angles of incidence
and reflection of the light are fixed at an angfe76° with respect to the surface normal.
Spectra of the changes in the ellipsometric angditwatio and phase shift dependent
parameterd\ andy versusk (over A = 350-700 nm in intervals of ~0.8 nm) were recdrde
from the bare and oxidizing alloy over a 2x8 freflipse-shaped area with a time step of 2.5
s. TheA andy values were corrected for possible in-plane ariebéplane “window effects”
due to strain-induced birefringence of the fusedrtiuwindows.

To determine the oxide-film growth kinetics, a thetwal model description for the
studied substrate/film system was constructed, wtiescribes the measured changes(i)
andy()) as a function of oxidation time over the waveldngnge considered (for details, see
Ref. [88]). It followed that the measured change&(ih) andy()) as a function of time could
be accurately fitted by adopting a MgAl alloy subst covered with an inhomogeneous, Al-
doped MgO oxide layer of uniform thickness changwigh time (corresponding to the
‘alloy|Grad2' model presented in Ref. [88]). Th&aah constants of the MgAI substrates (as a
function ofA) were determined from the in-situ measuremenhefare alloy substrate prior
to each oxidation. The optical constants of Al-dbpagO were estimated from the optical
constants of pure MgO and Al metal using the effeatnedium approximation (EMA), while
adopting the Maxwell-Garnett formulation and defqiMgO as the host matrix [20, 88]. To
describe the depth distribution of Al within the-ddped MgO layer (the Al is mainly located
in the part of the oxide film adjacent to the altoyide interface; see Sec. 5.3.2), a so-called 3-
node graded EMA layer was employed. To this end, EMA fraction of Al was graded

linearly from 0.75 to zero in-between the bottord an intermediate, taken variably, position
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within the MgO layer, while fixing the EMA fractioaf Al to zero in the remaining top (i.e.
surface-adjacent) part of the MgO layer. For detail the theoretical model description and
the corresponding fitting procedure employed tacdbes the changes in(A) andy()) as a

function of time, see Ref. [88].

5.3 Results

5.3.1 Resolved spectral components

A typical spectral reconstruction for a measured 28g Al 2p XPS spectrum recorded from
the oxidized Mg — 2.63 at.% Al alloy substrate ¢izéd for 1 h at 304 K angO, = 1x10"

Pa) at a detection angle-set(af,¢) =(41.8°,57.9° is presented in Fig. 5.1. Since the second

bulk plasmon peak associated with the metallic Mg&in peak further designated as, BP
peak) overlaps with the metallic and oxidic Al 2pimpeaks, serious errors in determination
of the corresponding total PZL intensities (andstiuthe quantifications) arise if these peaks
are not resolved properly. The metallic and oxidig 2p and Al 2p main peaks (plus their
individual inelastic backgrounds), as well as tleresponding spectral contribution of the
BP, peak to the Al 2p PZL intensity, have been resbleecording to the procedure described
in detail in Ref. [89]: see Figs. 5.1b and 5.1ctfm reconstructed Mg 2p and Al 2p regions,
respectively. The Mg 2p and Al 2p region could ebehaccurately described by adopting a
single oxidic main peak in combination with the responding metallic main peak (plus a
reconstructed BPpeak present in the Al 2p region; cf. Fig. 5.1)is already implies that
both Mg and Al are incorporated in the developingde-film upon oxidation of the bare
alloy substrates at 304 K.

The corresponding O 1s spectra of the oxidized Mg#élbstrates could be well
described by adopting two O 1s components, onaedbtver and one at the higher BE side of
the O 1s peak envelop (further designated as LRERBE O 1s main peaks, respectively).
Spectral reconstructions for the measured O ldrspetthe oxidized Mg — 2.63 at.% Al and
Mg — 7.31 at.% Al substrates for a near-normal graging detection angle sets are shown in
Fig. 5.2. It follows that the relative contributioh the HBE O 1s component (with respect to
that of the LBE O 1s component) increases with elesing detection angle (with respect to
the oxide surface), indicating that the HBE O 1sygonent is concentrated in the oxide film
closer to the surface (for details, see Sec. 5.&@jther, it was found that the relative
contribution of the O 1s HBE component to the tadalls PZL intensity increases with

increasingpO..
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Figure 5.1. (@) As-measured Mg 2p - Al 2p XPS spectra of the bare and exiiditg — 2.63 at.% Al
substrate recorded at a detection angle setmf@) = (41.8°,57.9° (see Sec. 5.2.2). The spectra of

the oxidized alloy pertains to the bare alloy substrate effgosure for 1 h to pure oxygen gas at 304
K andpO, =1x10* Pa. The ‘as-measured’ spectra have been correctatif@malyzer transmission
function and zero-background offset [89]. The positions oMbep and Al 2p main peaks, the first
surface plasmon peak (§Pas well as the first (BPand second bulk (BPplasmon peaks, associated
with the Mg main peak, have been indicat@g). Reconstruction of the metallic and oxidic Mg 2p
main peaks (plus their associated inelastic backgroundsexcluding the asymmetric tail of the
metallic main peak occurring towards higher BE'’s; sek B8]) from the as-measured spectrum of
the oxidized alloy shown in (afc) Reconstruction of the metallic and oxidic Al 2p main peglus
their associated inelastic backgrounds), as well as theilagion of the second bulk plasmon peak
(BP,) due to the Mg 2p main peak, from the as-measured spectrthe oxidized alloy shown in (a).
For details, see Ref. [89].
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Figure 5.2. The as-measured and reconstructed O 1s spectra of theedxl63 at.% Al and 7.31

at.% Al substrates (oxidized for 1 h at 304 K @@} = 1x10* Pa) as recorded ad)((c) near-normal
and b),(d) grazing detection angle-sets dir,)=(34.3°,51.7¢ and (a,9)=(71.8°,83.8°,

respectively. For details, see Ref. [89].

5.3.2 Oxide-film constitution

Knowledge on the effective depth distributions lué identified spectral components in the
developing oxide film, as well as in the alloy suiface region adjacent to the alloy/oxide
interface, is obtained from the variations of tleeresponding, resolved PZL intensities with
detection angle (see and Sec. 5.2.3). Adoptingriéhod describe in Ref. [89], the effective
depths of the metallic and oxidic Mg 2p and Al edes, as well as of the resolved O 1s
LBE and HBE species, have been calculated andrerensas a function opO, for the
oxidized Mg — 2.63 at.% Al and Mg — 7.31 at.% Albstrates in Figs. 5.3a and b,
respectively. It follows that, theelative depth distribution of the resolved species is
independent of both the bulk Al content and g@@. That is, the grown oxide fiims are
relatively enriched in Aht the alloy-oxide interface (because the oxidic plstgnal pertains

to oxide species that is always located at a laeffective depth than oxide given rise to the
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oxidic Mg 2p signal; Fig. 5.3a). Further it followbat also the alloy subsurface region
adjacent to the alloy/oxide interface is relativelyriched in Al (because the metallic Al 2p

signal originates from metal located at a smalfeacéive depth than the metal given rise to
the metallic Mg 2p signal; Fig. 5.3a). Finally, tiwade given rise to the O 1s LBE component
constitutes the interior of the grown oxide filmgereas the O 1s HBE signal is due to oxide

at the outer oxide surface (compare Figs. 5.3eb3in).

2.63at.% Al: A Mg2p, A Al2p 2.63at% Al: v O1sHBE, v O1lslLBE

0 7.31lat.%Al: @ Mg2p, O Al2p 7.31lat% Al: B O1sHBE, O O1lslLBE 0
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Figure 5.3. Effective depths below the oxide surface, calculated adopagethod described in Ref.
[88] as a function opO, for the @) metallic and oxidic Mg and Al species ang (he low binding
energy (LBE) and high binding energy (HBE) O species, from tbasared AR-XPS spectra of the
oxidized 2.63 at.% Al and 7.31 at.% Al substrate (oxidizedlfér at 304 K at varioupQO,). The
dashed and dotted lines afé@rder polynomial fits through the data points (to guide the)eyes

Further, the effective depth plot calculated fog thetallic Mg and Al species of the
bare MgAIl substrates (not shown here) also indicated fnesence of a pronounced
enrichment of Al in the alloy adjacent to the sa€efgrior to oxidation (i.e. a smaller effective

depth for the metallic Al species; see Sec. 5.4.1).

5.3.3 Oxide-film composition
The overall anion-to-cation ratio, calculated fréMR-XPS spectra, of the grown oxide films
has been plotted as a function @d, for various bulk Al contents in Fig. 5.4a. The

corresponding average anion (i.e. oxygen) andmcéiie. Mg plus Al) molar densities, as
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Figure 5.4. (a) The overall oxide-film composition, expressed as the ovanédin-to-cation ratio (i.e.
O/MgAl-ratio) of the grown oxide-films as a function betpO, for various bulk Al alloying contents
(as obtained from the AR-XPS analysis of the oxidized aldystrates; see Sec. 5.2.3 and Ref. [89]).
Correspondingh) average anion (i.e. O) molar densitg) verage cation (i.e. Mg plus Al) molar
density, as well as the&)(overall atomic Mg/Al-ratio, of the grown oxide-films. &ltorresponding
values for stoichiometric MgO and Mg&), are indicated by the dashed and dotted lines,

respectively. All data pertain to the oxidation of ba@e substrates for 1h at 304 K.

well as the overall Mg-to-Al ratio of the oxiderfis, are shown in Figs. 5.4b, 5.4d and 5.4c,
respectively. It follows that the overall anionation ratio of the grown oxide-films is lower
than the corresponding ratios of 1 dhdfor MgO and MgAJO,, respectively (Fig. 5.4a): i.e.
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the grown oxide films, on average, possess a raok&metric composition with respect to
both MgO and MgAIO,.

The overall anion-to-cation (i.e. O/(MgAl)) ratiacreases with increasing), from
0.74+0.02 apO, = 1x10° Pa to 0.85+0.02 giO, = 1x10* Pa, approximately independent of
the bulk Al content of the alloy. This increasetlid O/(MgAl)-ratio of the grown oxide films
with increasingpO, is due to an increase of the overall anion mo&msdy (Fig. 5.4b) in
combination with a decrease of the overall catiarlamdensity (Fig. 5.4d) with increasing
pO,. The average anion molar density of the grown@filns is lower (Fig. 5.4b), whereas
the overall molar density of cationic species (Mg and Al) is higher (Fig. 5.4d), than their
corresponding molar densities in either MgO or M@Al This suggests that, provided that a
crystalline oxide film has formetithe oxide-film defect structure consists of botfioa
vacancies and cation interstitials. With increagifig from 10° to 10* Pa (independent of the
bulk Al content), the overall cation molar densagproaches the corresponding value for
stoichiometric MgO (Fig. 5.4d). The overall Mg/Aloanic ratio of the grown oxide films in
the range of 8-12 (Fig. 5.4c) is much higher thendorresponding atomic Mg/Al-ratio tf
in MgAl,O,.: i.e. the oxide films are relatively deficient dfwith respect to MgAIO,.

Whereas the overall anion-to-cation ratio of thewgr oxide films is about
independent of the bulk Al content (see above)réffetive amount of Al incorporated in the
oxide films, as expressed by the overall Mg/Algaif the grown oxide films, does vary with
the bulk Al content. For the lowest Al alloying kudontent of 2.63 at.%, the relative Mg/Al-
ratio is significantly higher (i.e. Mg/Al-ratio ~5) than for the higher Al bulk contents of 5.78
at.% and 7.31 at.% (i.e. Mg/Al-ratio ~ 8) (see FEglc).

On the basis of the above results it is conclutdatithe structure of grown oxide-films
resemble that of an Al-doped MgO oxide rather tbaa MgALO, (spinel) oxide with an
overall defect structure of anion vacancies anwcanterstitials (since the grown oxide-films
are, on average, enriched in cationic species apkkid in O).

5.3.4 Oxide-film growth kinetics

The oxide-film growth curves as determinedependentlypy AR-XPS [89] and RISE [88]
(see also Secs. 5.2.3 and 5.2.4, respectivelythéooxidation of the bare Mg — 7.31 at.% Al
substrate for 1 h at 304 K p®, of 5x10° Pa are shown in Fig. 5.5. Clearly, the valuesHer

®> The grown oxide films are assumed to be amorphous witte slegree of long range ordering (as for the

grown Al-oxide films in Ref. 23).
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oxide-film thickness as determined by AR-XPS [88fe®e very well with the corresponding
thickness values as determined independently biz [88].

The oxide-film growth curves, as obtained by RI8E][for the oxidation of the bare
MgAI substrates for 1 h at 304 K at variqu3, and for low (2.63 at.%) and high (7.31 at.%)
bulk Al alloying content are shown in Figs. 5.6a &6b, respectively. Evidently, thetal
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Figure 5.5. Oxide-film thickness as a function of oxidation time, floe oxidation of the bare 7.31
at.% Al alloy substrate at 304 K amD, = 5x10° Pa. The oxide-film thickness values were
determined independently from) (heasured Mg 2p —Al 2p and O 1s AR-XPS spectra of the exidiz
alloy substrates [89] andl X measured spectra of the phase and amplitude paramefgrandy(}),
over the wavelength range of 350-700 nm recorded with ellipsonitBE] [88]. The error bars for
the AR-XPS thicknesses correspond to the standard deviatientofal of 30 thickness values,
obtained by five different methods of calculation using tselved metallic Mg 2p and Al 2p, oxidic
Mg 2p and Al 2p and O 1 s PZL intensities, as resolved &auat of 6 measured AR-XPS spectra of
the oxidized alloy (each recorded at a different deircingle set) (see Ref. [89] for details).

oxide-film growth kinetics can be subdivided intoot different growth regimes: a short,
initial regime of very fast oxide-film growth, whicis followed by a second, much slower
growth stage of about constant growth rate. Thestemm growth rate during the second
growth stage is approximately independent offi®ein the range of 1x1Bto 5x10° Pa, but
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is significantly higher for the highest studip®, of 1x10* Pa (Fig. 5.5). The length of the
initial, very fast growth regime decreases, whetbasvalue of the total oxide-film thickness
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Figure 5.6. Oxide-film growth curves for the oxidation of ba@ Mg — 2.63 at.%Abnd p) Mg —
7.31 at.% Al alloy substrates at 304 K at varip@s within the range of 16— 10* Pa. The oxide-film

thickness-time curves were determined from the measuredraspafc the phase and amplitude

parametersA(A) andwy()), over the wavelength range of 350 — 700 nm, as recorded wittimealin

situ spectroscopic ellipsometry.

attained during the slow oxidation regime after dfloxidation (designated here as the near-

limiting oxide-film thickness) increases, with ieasingpO. (see Figs. 5.6 and 5.7). For the

oxidations in thepO, range of 1x10 - 1x10* Pa, an oxide-film thickness in the range of

about 0.6 - 1.0 nm (increasing with increagi; see Fig. 5.6) is reached at the onset of the
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transition to the second, slow oxidation stage.rNiedting oxide-film thicknesses in the
range of about 0.8 to 1.4 nm are observed duriagdéeond, slow oxidation stage after 1 h of
oxidation (Figs. 5.6 and 5.7); the thickness insesasignificantly withpO. in the range of
1x10° - 1x10* Pa, but only slightly increases with bulk Al aling content in the range of
2.63 at.% to 7.31 at.% (see Fig. 5.7).

The near-limiting thickness values in the rangdd & to 1.0, as obtained f@O, <
1x10° Pa (Fig. 5.6), are about 0.2 to 0.4 nm lower ttfan corresponding near-limiting
thickness value reported for the oxidation of aebaolycrystalline Mg substrate in tip©,
range of 1x1§ - 1.3x10° Pa [78], and are considerably higher than the -lmiting
thickness of D.5 nm reported for the oxidation of bare Al sudiss at 373 K and a relatively
high pO, of 1.3x10" Pa [19].
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Figure 5.7. Average, total oxide-film thickness as a function of pg@ as reached after 1h of
oxidation of a bare Mg — 2.63 at.% Al and Mg — 7.31 at.% Wlyadubstrate at 304 K. The oxide-film
thicknesses were determined by the quantitative analysistefof measured Mg 2p —Al 2p and O 1s

AR-XPS spectra as recorded (at various detection anglefsan the oxidized alloy substrates [89].
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5.4 Discussion

5.4.1 Compositional changes induced by sputter clea  ning

To explain the observed microstructure of the ahibxide film grown onbare Mg-based
MgAI alloys by thermal oxidation (see Sec. 5.3)isitessential to know and understand the
compositional changes induced in the surface adfaegions of the Mg-based alloys by the
sputter-cleaning treatment prior to each oxidastep (to remove the native oxide; see Sec.
5.2.2). A model, based on the combined processpetdrential sputtering and bombardment
enhanced Gibbsian segregation has been developedrhyroup [62] for the calculation of

30
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Figure 5.8. Calculated steady state Al concentration-depth profileaugen the surface adjacent

region of a Mg-based MgAl alloy under continuous bombardment withV1Aé ions for various
bulk Al alloying contents C,, ). Note that a distinct drop in the degree of Al enriehtroccurs at the

outer surface: the composition at the very surface is govemgdy preferential sputtering (leading
to an Al contenait the bombarded alloy surface of 9.6 at.%, 19.5 at.% and 2%&atthe 2.63 at.%

Al, 5.78 at.% Al and 7.31 at.% Al substrates, respectivéiyle composition at larger depths is
determined by the competing processes of preferential spgttef Mg at the outer surface and

bombardment-enhanced Gibbsian segregation of Mg from theombdrihe alloy to the outer surface.
For details, see Ref. [62].
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the steady state Al concentration-depth profile igetin the alloy subsurface region under
continuous ion (AY) bombardment as a function of the bulk (Al) contamd the incident ion
(Ar") energy. Thus, the calculated Al concentrationtdgpofiles set up in the MgAl alloy
subsurface region after continuous bombardment WikeV Ar* ions (as employed in the
present investigation; see Sec. 5.2.2) for varibukk Al alloying contents are shown in
Fig. 5.8. As discussed in Ref. [62], due to thdguemntial sputtering (i.e. removal) of Mg from
the bombarded alloy surface in combination with $imultaneous bombardment-enhanced
Gibbsian segregation of Mg from the interior of ti®y to the free surface, a strong Al-
enrichment develops in the alloy subsurface regipon sputter-cleaning (Fig. 5.8). Indeed,
results obtained in this work confirm the enrichinehAl in the alloy adjacent to the surface
for the bare alloy substrates: see the relativelgler effective depth for Al (as compared to
Mg) in the alloy subsurface region after sputterading (Fig. 5.3 in Sec. 5.3.2).

The degree of Al enrichment in the alloy subsurfaegion rapidly falls off with
increasing depth below the alloy surface (Fig. 5®8)e bombarded alloy attains its bulk
composition in the depth range of 4-6 nm belowghecimen surface (the depth at which the
bulk composition is reached increases with increabulk Al alloying content; see Fig. 5.8).
Since preferential sputtering of Mg from the owgerface layer is the much faster process as
compared to bombardment-enhanced Gibbsian segregdtie compositiorat the outer
surface is only determined by preferential sputtgriConsequently, a lower degree of Al
enrichment occursat the outer surface (i.e. the first atom layer; $ég 5.8), as was

confirmed experimentally by ion scattering specatopy [62].

5.4.2 Oxide-film growth mechanism
Ellipsometric analysis of the measured changesaretlipsometric parametessandy as a
function of oxidation time revealed that the onsebxidation of the bare alloy substrates is
associated with the initial incorporation of oxygimo the alloy surface followed by the
subsequent nucleation and growth of 3-dimensiorileoislands on the alloy surface ([88];
see also Ref. [19]). Because the rates of oxygemidorption and oxide nucleation at the
onset of oxidation decrease with decreas@;, the competing process of oxygen
incorporation is promoted at a lowpD, [88]. Upon formation of a closed oxide-film, the
transition to the second, slow oxidation stage mx¢88], which stage is reached after a
shorter oxidation time for oxidation at a higlp€d, (see Sec. 5.3.4 and Fig. 5.6).

For the oxidation of the bare MgAIl substrates, tittal energy gain of the reacting

system per mole £g) has to be considered [90]. Because the Gildesdnergy of formation
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per mole reacting £0g) is lower for crystalline MgO (2x-569 = -1138 kJ/mole Q [91])
than for amorphous AD; (2/3 x -1531 = -1021 kJ/mole ;(J90]), it is suggested that
preferential oxidation of Mg occurs. At the initisiages of oxygen incorporation and oxide
nucleation (with relatively very high oxidation eyt the rate of uptake of Mg by the
developing oxide film will exceed the rate of supplf Mg from the interior of the alloy
towards the reacting alloy/oxide/oxygen interfé8mce a strong Al enrichment already exists
in the surface region of the bare alloy substrate dompared to the bulk) at the onset of
oxidation (see Sec. 5.4.1 and Fig. 5.8), it follothat the alloy surface region is almost
instantaneously depleted of Mg upon exposure t@emxygas. Hence, a relatively Al-rich
oxide is formed at the onset of oxidation (i.e.rish as compared to the oxide formed during
the second, slow growth stage; see below and S&£8)5as confirmed by RISE in Ref. [88].
Since the degree of Al enrichment in the subsurieggon of the sputter-cleaned alloy
substrate is much less for the alloy with the ldawadgk Al content of 2.63 at.% (see Sec.
5.3.3 and Fig. 5.8), it follows that the relativeodntent of the resulting oxide film grown on
the Mg — 2.63 at.% Al substrate is also strongtiuced as compared to the oxide films grown
on the other alloys, which has been confirmed by &S (see Fig. 5.4c). As a direct
consequence of the relatively low Al content of thede grown initially on the Mg — 2.63
at.% Al substrate, the corresponding near-limixgle-film thickness as attained after 1 h of
oxidation, is practically equal to the correspogdirear-limiting thickness value as reported
for pure Mg (see Sec. 5.3.4 and Fig. 5.7).

It can be concluded that the Al content of theiahibxide film formed on Mg-based
MgAI substrate at room temperature is dictated h®y compositional changes in the alloy
subsurface region induced by the sputter-cleane@nent prior to oxidation and not by the
bulk Al alloying content.

As soon as the entire alloy substrate area is edweith at least one oxide monolayer
(= ML with one oxide ML[J10.2 nm [90]), the surface plasmon (SP) structgseeated with

the Mg 2p metallic main peak should have disappksr¢he measured XPS spectrum of the

® Even for the onset of oxidation of ternary alloys ahhiemperatures (i.4. > 1300 K; for which the rate of
supply of the preferentially oxidized alloy constituent frohe talloy's interior is much faster), such an
approximately instantaneous depletion of the preferentixfigized alloy constituent at the onset of oxidation

has been theoretically predicted [9] and experimentally obsdid].
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oxidized metal [16, 29].Indeed, even for the shortest oxidation time swmidiere (300 s), the
SP peak associated with the metallic Mg 2p mairk geess disappeared (cf. Fig. 5.1a).
Growth of the closed oxide film is then expectegtoceed by the preferential oxidation of
Mg (see above). Indeed, as follows from the laejtactive depth of the oxidic Al species in
the developing oxide film (as compared to that led bxidic Mg species; see Fig. 5.3),
continued oxide-film growth after the formationatlosed oxide film (see above) is realized
by the development of aovergrowthof a Mg-rich oxide, by the preferential uptake and
subsequent outward diffusion of Mg from the alloyde interface towards the oxide surface
(see also Sec. 5.4.3). Note that the value detedniar the effective depth of Al in the
developing oxide film in this stage approximatetyals that of the total near-limiting oxide-
film thickness, suggesting that the Al-enrichmemtthe oxide film is concentrateat the
alloy/oxide interface (compare Fig. 5.3a with Fig$ and 5.7).

As indicated by ellipsometric investigation [88fes formation of a closed oxide film,
the amount of supply of Mg from the interior of thikoy towards the alloy/oxide interface is
promoted by the oxidation-induced chemical “segtiegaof Mg. The extent of Mg depletion
in the alloy subsurface region is governed by #iative rates of the concurrent processes of
transport of Mg through the growing oxide film artde oxidation-induced chemical
“segregation” of Mg in the substrate. The procdssxaation-induced chemical segregation
of Mg becomes more important at elevap® (and thus at the highepD, = 1x10* Pa
studied in this work) [88].

At the low temperatures considered here (i.e. rommperature), thermally activated
diffusion of Mg through the developing oxide filnmder influence of the (electro)chemical
potential (i.e. concentration) gradients is neglgismall [7, 11, 13, 15, 19, 87]. Instead,
subsequent growth (during the second oxidatione$tag realized by coupled currents of
cations and electrons through the developing ofiidetinder influence of the electric field

" As soon as the alloy becomes covered with an oxide lay@rothe ‘free’ electrons in the surface regiothef
metallic alloy become localized as a result of theribal bonding to oxygen. Consequently, the probabibty f
plasmon excitations in the surface region of the diley at the alloy/oxide interface) becomes strongly reduc
(cf. Refs. 16, 29).

8 AES investigations on the thermal oxidationCdl ML thick Ag film on top of a Cu{100} substrate and of
polycrystalline Cu(Ag) alloy substrates [92] also revealetirang (oxidation-induced) chemical segregation of
the less noble element (i.e. Cu) to the surface aneguést overgrowth of GO (i.e. the oxide phase with the

most negative free Gibbs energy of oxide formation peer@y)l at an elevatedO, of 200 Pa.
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due to the kinetic potential set-up by chemisorbeghen species at the oxide surface [7, 11,
13, 15, 19, 87]. If the intrinsic electron trandprate by tunneling is much faster than the
intrinsic cationic transport rate, the kinetic putal will approach that of the so-called Mott
potential (cf. Refs. [7, 15]).

5.4.3 The origin of the O 1s HBE component

Two different chemical states have been identifi@dthe oxygen ions in the developing
oxide film, corresponding to the resolved LBE ar8EHHO 1s component (Figs. 5.2 and 5.3b).
Similar observations have been reported for therthboxidation of pure magnesium [78, 93-
96]. The LBE peak at around 531.3 eV is generathjbated to lattice oxygen anions{Pin

the 'bulk’ oxide film [93-96], in agreement withetpresent interpretation on the basis of the
reconstructed depth plot (Fig. 5.3). The originhef O 1s HBE component has been discussed
controversially: it has been attributed to hydrexgpecies (i.e. a hydroxylated oxide surface)
[78, 93] or to atoms acting as precursors for oktmation [96].

To clarify the origin of the HBE component in theegent study, the oxide film
formed on a bare Mg — 2.63 at.% Al substrate byntiaé oxidation at 304 K for 1 h at 1x10
Pa was subjected to a post annealing treatmeft3dn at a temperature of 450 K under UHV
conditions. After the annealing treatment, thetinedacontribution of the HBE component (as
compared to the LBE component) had decreased, ade¢he total O 1s PZL intensity had
remained constant (Fig. 5.9a). Apparently, uporeahing of the grown oxide film above its
growth temperature, part of the surface-adjacegioneof the grown oxide-film, associated
with the O 1s HBE component, is transformed intdk’oxide (resulting in a relative increase
of the O 1s LBE component). Note that any signifiadesorption of chemisorption species or
a dehydroxylation of the oxide-film surface upomealing is expected to result in a decrease
of the total O 1s PZL intensity, in contrast witthat was observed here (see Fig. 5.9a). In
addition, the PZL intensity of the oxidic Mg 2p kgand too a much lesser extent that of the
oxidic Al 2p peak; see Fig. 5.9b) had increasedhugranealing, in apparently in parallel with
an increase of the oxide-film thickness upon anngaks determined using AR-XPS (see
Fig. 5.9c). The increase of the Mg content of thed® film in combination with
transformation of part of the O 1s HBE componenb ithe O 1s LBE component upon
annealing, indicate that outward diffusion of Mgrfr the alloy/oxide interface towards the
oxide surface to react with the HBE oxygen spebiad occurred (in association with an
increase of the oxide-film thickness, as obserwedR-XPS [89]). It is therefore concluded
that the (initial) O 1s HBE component is associatét a highly defective oxide structure in
the oxide-film surface region (and thus cannot seribed to hydroxide or hydroxyl oxide
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species).
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Figure5.9. (a) O 1s LBE, O 1s HBE and total O 1s PZL photoelectron §ittgias resolved from the
measured AR-XPS spectra recorded from the oxidized Mg —a2.83Al alloy (for 1 h at 304 K and
pO, = 1x10* Pa; designated as 'as grown’) and after annealitige @frown oxide film in UHV at 450
K for 1800 s (designated as 'as annealed'). (b) Corresporxiitig blg 2p, oxidic Al 2p and total
oxidic (i.e. Mg 2p plus Al 2p) PZL intensities before arfterathe annealing. (c) Corresponding
average, total oxide-film thickness as determined from thalwed metallic and oxidic Mg 2p and Al

2p and O 1s PZL intensities before and after the annd@&jgAll PZL intensities shown correspond

to the total PZL intensity after summing over the entirgle detection range frortu, @) = (23,43 )

to (a,¢) =(83,94 ) (see Sec. 5.2.3).

5.5 Conclusions

The measured Mg 2p and Al 2p (AR-)XPS spectra @fotkidized Mg-based MgAI alloys can
each be accurately fitted with one metallic and axéic component. Two different

components are identified in the O 1s (AR-)XPS spe(designated as the lower-binding
energy (LBE) and higher-binding-energy (HBE) comguat). The XPS analysis shows that
oxide-film microstructure resembles that of an Apdd MgO-type of oxide. Al-enrichments
are present in the oxide film and in the alloy sufzce region adjacent to the alloy/oxide
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interface. The oxide films are non-stoichiometratly respect to MgO) and possess oxygen
deficiency and slight overall cation enrichmenttMincreasingO,, the overall anion molar
density increases and the overall cation molaritledscreases (and approaches the value for
stoichiometric MgO).

The resolved LBE O 1s species are attributed t@emxyanions in the interior of the
oxide film, whereas the HBE O 1s component origiedtom a defect oxide structure in the
surface-adjacent region of the oxide film. Aftee ormation of a 'closed' oxide film on the
bare alloy surface, this defect oxide structures &< a precursor for continued oxide-film
growth by the outward diffusion of Mg cations untlez influence of a surface-charge field.

Two different growth stages were recognized for tixa@ation of the bare alloy
substrates (at 304 K). The short, initial growthimge is associated with oxygen incorporation
in the alloy surface and subsequent oxide nucleatnal growth, forming a relatively Al-rich,
closed oxide film on the alloy surface. Subsequgotwvth is realized by the preferential
oxidation of Mg from the alloy subsurface regiord avergrowth of a Mg-rich oxide by the
electric-field controlled, outward migration of Mgtions through the developing oxide film
The extent of depletion of Mg in the alloy subsaefaegion during this slow, but continuing,
growth stage is governed by the competing procestgseferential oxidation of Mg and
oxidation-induced, chemical segregation of Mg frtme interior of the alloy towards the
alloy/oxide interface.

The Al-content incorporated in the grown oxide Blnas well as the corresponding
(near-) limiting oxide-film thickness reached at #nd of the slow growth stage, are governed
by the degree of Al enrichment in the alloy sulestefregion prior to oxidation as induced by
the sputter-cleaning treatment; i.e. the Al contemd the near-limiting thickness of the grown

oxide film only marginally depend on the bulk Alntent of the alloy.
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Chapter 6

Summary: On the initial oxidation of MgAl

alloys

Fundamental and comprehensive understanding afxidation behaviour of bare metal and
alloy surfaces is of great importance for numerapglication areas, such as heterogeneous
catalysis, microelectronics, surface coatings axisgnsors. For instance, the recent desire to
tune the physical and chemical properties (e.gros@n resistance, electrical and thermal
conductivity, adhesion or catalytic activity) ofryehin (< 10 nm) oxide-films grown on bare
alloy surfaces by tailoring both the alloy substrand oxide-film microstructure has increased
the interest for the initial stages of thermal axidn of binary alloy surfaces at low
temperatures.

This study addresses the initial stages of thenthepxidation of Mg-based MgAl
alloys at room temperature. Mg-based alloys arattmactive candidate for technological
applications where light weight in combination withproved recyclability is required (e.g.
the automobile, computer and space industry). Algiothe addition of Al to the Mg base
metal is known to improve its castability, hardnassl oxidation resistance, the underlying
mechanisms and limits of these improvements ark @borly understood. Further, a
fundamental investigation of the low-temperaturedaton of Mg-based MgAIl alloys
represents a scientific challenge, because the ichkand physical nature of the two alloy
constituents (i.e. Mg and Al) are very alike (imt@st to binary alloys like Cu-Au, Ag-Cu or
Pt-Al, which consist of one relativehyobler alloy constituent).

The initial stages of the thermal oxidation of hapelycrystalline Mg-based MgAl
alloys has been investigated by a combined approfelngle-resolved X-ray photoelectron
spectroscopy (AR-XPS) and real-time, in-situ, smetiopic ellipsometry (RISE). All
oxidation experiments have been performed undetratad conditions in a UHV reaction
chamber (RC; base pressure < 2.5%B@&), which is equipped with)(a unit for controlled
admission of pure ©gas, (i) a quadrupole mass spectrometer to monitor thduasgas
content and control the partial oxygen pressy®;) during growth, andii{) an in-situ
spectroscopic ellipsometer for real-time analy$ighe oxide-film growth kinetics. This UHV
RC is directly coupled to the UHV chamber (basesuee < 5x18 Pa) for AR-XPS analysis
of the grown oxide films.

107
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Due to its high reactivity with the ambient, the Mgsample surface is always
covered with a several nanometers thick, nativelexim prior to its introduction into the
UHV system. To remove this native oxide and oth@mtaminants from the alloy surface,
prior to each oxidation experiment, the MgAl subds were sputter-cleaned by ion-
bombardment with a focused 1 kV *Abeam rastering the entire sample surface area. The
alloy substrates as received after this sputteahg treatment are further designatetha®
substrates. Subsequently, bare MgAl substratearajus bulk Al alloying contents (i.e. 2.63
at.%, 5,78 at.%, 7.31 at.%) were oxidized by expms$o pure @ gas for various oxidation
times (from 300 s up to 1 h) &t= 304 K (i.e. room temperature) and various paobggen
pressurespQ,) within the range of 1® — 10* Pa. RISE was employed to determine the
oxide-film growth kinetics and the evolution of theide-film constitution (as evidenced from
the variation of the optical constants of the grawioxide film). The oxide-film
microstructure in terms of thickness, morphologynstitution (i.e. the depth distribution of
different chemical species), composition and de$teicture of the grown oxide films, has
been determined using AR-XPS.

The state-of-the-art instrument for AR-XPS analysisiployed in the present
investigation has the capability of detecting thateed photoelectrons simultaneously over a
wide angular range without tilting of the sample-¢(slled parallel data acquisition mode),
which greatly speeds up the recording of a seriedReXPS spectra and ensures a constant
analyzed area and position. In contrast to a cdiwaal XPS setup, the angiebetween the
incident X-rays and detected photoelectrons isanobnstant, but varies with the detection
anglea (with respect to the sample surface normal) fer AR-XPS spectra recorded in the
parallel data acquisition mode. Consequently, asotstrated by a fundamental investigation
in the present work (Chapter 2 of this thesis)ueai® quantitative analysis of these AR-XPS
spectra requires knowledge of the anisotropy ofphetoionization cross-section for each
core-level photoelectron line studied, as well &she effect of elastic scattering of the
detected photoelectrons in the solid. As demorestritr the quantitative analysis of the Al 2p
and O 1s photoelectron lines recorded fronu-ak O3 reference, ignoring the effects of the
anisotropy of photoionization cross-section andtelascattering can introduce errors as high
as 16% in the compositional analysis of AR-XPS #pececorded from binary solids in
parallel data acquisition mode. Cumbersome coaestfor the effects of the anisotropies of
the photoionization cross-sections and elastic texta) can be avoided (e.g. for the

gquantitative analysis of solids and thin film stwres of unknown composition and/or



Summary: On the initial oxidation of MgAl alloys 109

thickness) by adopting values for the relative gty factors as a function of the angles
and gdetermined experimentally from a reference solidrmwn composition (Chapter 2 of
this thesis).

Now, to accurately determine the thickness, conmjposiand constitution (i.e. the
depth distribution of the resolved chemical spgcadsthe oxide films grown on the bare
MgAI substrates as a function of the oxidation g¢bods by AR-XPS, a total of six different
primary zero-loss (PZL) photoelectron intensitiesed to be considered in the quantification:
l.e. the PZL intensities of the metallic and oxitg 2p peaks (Fig. 6.1a), the PZL intensities
of the metallic and oxidic Al 2p peaks (Fig. 6.Hnd the PZL intensities of the resolved O 1s
main peaks (Fig. 6.1c). Further, in the quantifmat pre-existing knowledge and/or
reasonable estimates of the intrinsic plasmon atxait probabilities for the Mg 2p and Al 2p
photoemission process in the all@g well as of the oxide-film density and/or thesefive
attenuation lengths of the detected photoelectrotige oxide film are required.

Therefore, a novel procedure has been developethdoquantitative analysis of the
measured AR-XPS spectra of the bare and oxidized\IMgbstrates, which provides a
framework for accurate quantitative analysis of XRS spectra recorded from thin oxide
films as grown on their alloy substrates by thermaplasma oxidation (Chapter 3 of this
thesis). To this end, first a procedure for spéetvaluation was developed to retrieve the total
metallic Mg 2p and Al 2p, oxidic Mg 2p and Al 2pdaaxygen O 1s PZL intensitiesfrom the
measured XPS spectra of the bare and oxidized MgAttrates (cf. Fig. 6.1). Next, the
expressions and associated calculation schemasdadetermination of the average oxide-
film thickness, the overall composition and theeefiive depth distribution of the resolved
chemical species were deduced from the principletgens for the corresponding Mg 2p, Al
2p and O 1s PZL photoelectron intensities. It foothat the thus obtained values for the
thickness of the grown oxide films as determined AR-XPS agree well with the
corresponding oxide-film growth curves as obtaibgdRISE (cf. Fig. 6.2).

For the in-situ investigation of the oxide-film gvth kinetics by RISE, the changes in
the ellipsometric amplitude ratio and phase sheftehdent parameteysandA as a function
of oxidation time have been measured simultaneofaslyarious wavelengths,, of the
incident polarized light source over the wavelengthge from 350 to 700 nm (cf. Fig. 6.3).

The tangent of the angie corresponds to the ratio of the magnitudes oftoe reflection

° The total primary zero-loss photoelectron intensifya given core-electron level comprises all detected
photoelectrons that have been left unaffected after émgission from the given core-level in the solig.(ill

recorded unscattered or elastically scattered phaotoetes).
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coefficients (i.e. the relative amplitude of thdleeted wave with respect to that of the
incident wave) for the components of the electietdfvector of the polarized light vibrating
in the plane of incidence (p-wave) and perpendidwlat (s-wave), respectively. The angle

is the difference between the phase shifts expsgtenpon reflection by the p- and s-waves,
respectively.
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Figure 6.1. (a) As-measured and reconstructed Mg 2p spectra of the oxithged 2.63 at.% Al
substrate (1 h at 304 K anpgO, = 1x10* Pa) as recorded at a detection angle set of
(a,9)=(34.3°51.7¢. The reconstructed Mg 2p spectrum is constituted of glesimetallic and a
single oxidic Mg 2p main peakb) Corresponding as-measured and reconstructed Al 2p spéttiea
oxidized alloy. Besides a single metallic and a single oxdi2p main peak, the total reconstructed
Al 2p spectrum also contains a contribution due to the seconglaginon peak (B of the metallic
Mg 2p main peak in (a). Corresponding background-correctedemnuastructed O 1s spectra of the
oxidized alloy as recorded atc)( near-normal and dj grazing detection angle-sets of
(a,9)=(34.3°51.7¢ and (a,¢) = (71.8°,83.8°, respectively. The reconstructed O 1s spectrum is
constituted of two components at the lower (LBE) and higher bindiaggg (HBE) side of the peak

envelop. The relative contributions of the LBE and HBE compagmretominate at a near-normal and

grazing detection angle, respectively.
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Figure 6.2. Total oxide-film thickness as a function of oxidation tjrfeg the oxidation of the bare Mg

— 7.31 at.% Al substrate at 304 K g@, = 5 x 10° Pa. The average, total oxide-film thickness values
were determined independently fromthe measured Mg 2p —Al 2p and O 1s photoelectron spectra of
the oxidized alloy substrates as recorded using AR-XPFif6.1) andi{) the measured spectra of
the phase and amplitude parametargndy, over the wavelength range of 350-700 nm as recorded

with real-time, in-situ ellipsometry (cf. Fig. 6.3).

Various models have been developed to describméasured time dependence of the
spectra ofA(A) andwy(}) for the initial and subsequent stages of oxidchatibfollowed that the
measured changes (A) and y(A) as a function of time could be accurately fitteg
adopting a compositionally inhomogeneous, Al-dop&glO oxide film developing on the
MgAl alloy surface (Chapter 4 of this thesis and.F.3). The optical constants of the MgAl
substrates (as a functionjfwere determined from the in-situ measuremenhettare alloy
substrate prior to each oxidation. The optical tamts for Al-doped MgO were estimated
from the optical constants of pure MgO and Al metsing the effective medium
approximation, while adopting the Maxwell-Garneattriulation and defining MgO as the
host matrix. To describe an inhomogeneous deptiitaison of Al within this Al-doped
MgO layer (i.e. Al is mainly located in the oxidéf adjacent to the alloy/oxide interface; see
below), a so-called 3-node graded EMA layer apgroaas used by linearly grading the
EMA fraction of Al from 0.75 to zero in between thettom and some variable, intermediate
position within the MgO layer, while fixing the EM#action of Al to zero in the remaining
top (i.e. surface-adjacent) part of the MgO layer.

Application of such modelling to the measured s@eocty()) andA()) as a function
of oxidation time for the thermal oxidation of bakdg-based MgAl substrates at 304 K in the
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pO, range of 18 to 10* Pa then yields a linear relationship between tHange inA (i.e. 5A)

and the change in oxide-film thickness for thiclgessup to about 3 nm. The thus obtained
oxide-film thicknesses agree very well with theresponding thickness values as determined
independently by AR-XPS analysis (cf. Fig. 6.2)c@responding linear relationship between
dy and the oxide film thickness is not evident frdma present study, indicating that, to a first
order, the ellipsometric parameteris insensitive to the presence of a transparemtfilm
phase between the ambient and substrate medieathghe initial drop and subsequent steep
increase ofy during the initial, fast oxidation stage (cf. Figs3a, c) is governed by the
concurrent processes of oxygen incorporation iratlwgy surface, and nucleation and growth
of Al-doped MgO islands on the bare MgAl surfacgod formation of a closed oxide-film

Mg-7.31at% Al; t=1h; T=304 K
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Figure 6.3. The measuredrarkerg and fitted (ines) values of the ellipsometric phase and amplitude
parametersA andy, as a function of oxidation time for a single wavelength. ef 525 nm. The
measured data pertains to the oxidation of the bare Mg —tB@Rhsubstrate at 304 K for 1 h at a
low (1x10° Pa) and higlpO, (1x10* Pa), respectively. The measured changes(ip andy()) as a
function of time could be accurately fitted by adoptingompositionally inhomogeneous, Al-doped

MgO oxide film developing on the MgAl alloy surface (Chaptef this thesis)

(covering the entire alloy surface) during the slmxidation stage, the gradual increase iat
high pO, (cf. Fig. 6.3c) is mainly governed by compositibclaanges in the MgAl subsurface
region due to the competing processes of (oxidatidnced) chemical segregation of Mg
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from the interior of the alloy to the alloy/oxidaterface and the overgrowth of a Mg-rich
oxide by the preferential oxidation of Mg.

Application of the aforementioned techniques, andpleying the appropriate
procedures for the quantification, led to the fadlag results for the initial stages of the
thermal oxidation of bare, polycrystalline MgAl stitates of various bulk Al alloying
contents (i.e. 2.63 at.%, 5,78 at.%, 7.31 at.%d) at304 K in thepO, range of 16 — 10* Pa
(Chapter 5 of this thesis).

Due to the concurrent processes of preferentiditesng (i.e. removal) of Mg from
the ion-bombarded alloy surface abhdmbardment-enhanced Gibbsian segregation of Mg
from the interior of the alloy to the ion-bombardadface, a strong Al-enrichment develops
in the alloy subsurface region upon sputter-clagni@onsequently, at the onset of each
oxidation, the Al content in the alloy subsurfagefér exceeds the bulk Al content of alloy.
The degree of Al enrichment in the alloy subsurfeeggon rapidly falls off with increasing
depths below the alloy surface and approachestutlkecbomposition in the depth range of 4-6
nm below the sample surface. The depth at whiclbtiie composition is reached decreases
with decreasing bulk Al content in the alloy.

Two different growth regimes have been recognisedtiie oxidation of the bare
MgAI substrates: a short, initial regime of vergtfaxide-film growth, which is followed by a
much slower, but continuing, growth stage. The venget of oxidation of the bare alloy
substrates proceeds with the initial incorporat@noxygen into the alloy surface and
concurrent nucleation and growth of Al-doped Mg@eyof oxide islands on the alloy
surface. Because the initial rate of coverage efalioy surface with chemisorbed oxygen
decreases with decreasip@,, the competing process of oxygen incorporatigorésnoted at
a lower pO,, whereas the formation of a closed oxide film be bare alloy surface is
promoted at a highepO,. As evidenced from the disappearance of the sairfdasmon
structure in the measured Mg 2p AR-XPS spectrhefoixidized alloys, a closed oxide film
has in all cases formed within an oxidation time300 s, which corresponds to the shortest
time employed in the AR-XPS investigations.

During the initial stages of oxygen incorporatiaxide nucleation and very fast
oxide-film growth, the preferential oxidation of Migpm the alloy surface is much faster than
the rate of supply of Mg from the interior of tHéog towards the reacting alloy/oxide/oxygen
interface. Since a strong Al enrichment alreadystexin the alloy subsurface region at the
onset of oxidation (due to the sputter-cleaningtirent; see above), it follows that the bare

alloy surface is almost instantaneous depleted of hppon exposure to oxygen gas.
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Consequently, a relatively Al-rich MgO-type of ogighase is formed during the initial stages
of oxide-film growth (i.e. Al-rich as compared tbet Al-doped MgO-type of oxide formed
during the subsequent, slow oxidation stage; sémwvpeThis implies that the Al-content
incorporated in the developing oxide film is gowdrby the degree of Al enrichment in the
alloy subsurface region prior to oxidation as iretliby the sputter-cleaning treatment and

by the bulk Al content of the alloy. Consequentyrelatively much lower Al content in the
grown oxide films was found for the alloy with tloevest bulk Al content of 2.63 at.% (since
it also develops a relatively much weaker degredladnrichment in the subsurface region

upon sputter cleaning; see above).

2.63at.%Al: A Mg2p, A Al2p 2.63at% Al: w O1sHBE, v O1sLBE
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Figure 6.4. Effective depths below the oxide surface as a functiopGaffor the @) metallic and
oxidic Mg 2p and Al 2p species ant)(the lower (LBE) and higher binding energy (HBE) O 1s
species, as resolved from the measured AR-XPS spectna okidized MgAl substrates (for 1 h at
304 K) of low (2.63 at.%) and high (7.31 at.%) bulk Al alloyingteoih

Subsequent growth after the formation of a closadeofilm on the bare alloy surface
proceeds by the overgrowth of Mg-rich oxide by ereftial oxidation of Mg from the alloy.
The structure of the oxide films resembles an Abetb MgO-type of oxide phase (rather than
a MgALO, spinel-type of oxide phase). The resulting, overain-stoichiometric oxide films
are, on average, deficient of oxygen anions amghttyi enriched of cations (with respect to
MgO). With increasingO,, the overall anion molar density increases andtreall cation
molar density decreases (approaching the valustéachiometric MgO), while maintaining a
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constant ratio of Mg to Al cations in the oxidarfilabout independent of the bulk Al alloying
content). As evidenced from the reconstructed g¥ecdepth plot in Fig. 6.4a, which
provides a direct indication of the effective deptf different chemical species below the
oxide-film surface, the oxide films are enrichedAbin the regions of the alloy and the oxide
film adjacent to the alloy/oxide interface. Thealeed LBE O 1s species is attributed to
oxygen anions in the interior of the oxide film, evbas the HBE O 1s component has been
shown to originate from a defect oxide structur¢he surface-adjacent region of the oxide
film (cf. Figs. 6.1 and 6.4b). After the formatiari a ‘closed’ oxide film on the bare alloy
surface, this defect oxide structure acts as aupsec for continued growth by the outward
diffusion of Mg cations under influence of the swd-charge field setup up by chemisorbed
oxygen species onto the oxide surface. The cornelipg (approximately constant) growth
rate during this slow growth stage increases withaasingpO,. The associated depletion of
Mg in the alloy subsurface region during the slomvgh stage is then governed by the
competing processes of preferential oxidation of Migd oxidation-induced, chemical
segregation of Mg from the interior of the alloyvrds the alloy/oxide interface (with the

relative contribution by chemical segregation iasiag with increasingOy,).






Chapter 7

Zusammenfassung: Uber die anfangliche

Oxidation von MgAl-Legierungen

Grundlegendes und weitreichendes Verstandnis déatibnsverhaltens von reinen Metal-
und Legierungsoberflachen ist von groRer Bedeutiingahlreiche Anwendungsgebiete wie
die heterogene Katalyse, die Mikroelektronik, Oldetienbeschichtungen oder Gassensoren.
Zum Beispiel erhdhte sich das Interesse an dennfysfadien der thermischen Oxidation
von Oberflachen binarer Legierungen bei niedrigemperaturen, weil die Anforderung
besteht die physikalischen und chemischen Eigefischgwie Korrosionsbestandigkeit,
elektrische und thermische Leitfahigkeit, Adhasioger katalytische Aktivitdt) von sehr
dunnen (< 10 nm) Oxidschichten zu verbessern, inden die Mikrostruktur von sowohl
dem Legierungssubstrat als auch der Oxidschiclmagt.

Diese Arbeit behandelt die anfanglichen Stadien tthermischen Oxidation von
MgAl-Legierungen auf Mg-Basis bei Raumtemperatuegierungen auf Mg-Basis sind
interessant fur strukturelle Anwendungen, bei degemnges Gewicht in Kombination mit
einer verbesserten Recyclingfahigkeit verlangt wWizrdB. in der Automobil-, der Computer-
oder der Luft- und Raumfahrtindustrie). Obwohl be#aist, dass das Zufligen von Al zu Mg
dessen Giel3barkeit, Festigkeit, Harte und Oxidabesténdigkeit erhoht, fehlt ein
grundlegendes Wissen Uber die Mechanismen und @mertieser Verbesserungen.
Desweiteren stellt die Untersuchung der Oxidation MgAl-Legierungen auf Mg-Basis bei
niedrigen Temperaturen eine wissenschatftliche Héoaderung dar, weil die chemischemd
physikalischen Naturen der beiden Legierungseleenéhh. Mg und Al) sehr ahnlich sind
(im Gegensatz zu binéren Legierungen mit einentived@sehen edlerem Legierungselement,
wie Cu-Au, Ag-Cu oder Pt-Al).

Die Anfangsstadien der thermischen Oxidation vonerg polykristallinen MgAl-
Legierungen auf Mg-Basis wurden durch Anwendungkaembination aus winkelabhangiger
Rontgen-Photoelektronenspektroskopie (AR-XPS) und ynaunhischer, in-situ
spektroskopischer Ellipsometrie (RISE) untersushlie Oxidationsexperimente wurden unter
kontrollierten Bedingungen in einer UHV-Reaktionskaer (RC; Basisdruck < 2.5xi0Pa)
durchgefiihrt, die ausgestattet ist mif €iner Einheit zur kontrollierten Einfihrung von
reinem Q-Gas, (i) einem Massenspektrometer zur Bestimmung des &sgtbalts und zur
Kontrolle des SauerstoffpartialdrucksX;) wahrend des Schichtwachstums, uiig €inem
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in-situ, spektroskopischen Ellipsometers far Ecikdinalysen der
Oxidschichtwachstumskinetik. Diese UHV-RC ist direkit der UHV-Kammer (Basisdruck
< 5x10® Pa) fir AR-XPS der gewachsenen Oxidschichten vetbn.

Auf Grund ihrer hohen Reaktivitat sind die MgAl-Bemoberflachen, bevor sie in das
UHV System gebracht werden, immer mit einer natfiedh Oxidschicht einer Dicke von
einigen Nanometern bedeckt. Um diese natirlichel€axicht und andere Verunreinigungen
von der Legierungsoberflache zu entfernen, werderMdAl-Substrate durch lonenbeschuf3
gereinigt, indem die gesamte Probenoberfliche \inane fokussiertem 1 kV A¢Strahl
abgerastert wird. Die so erhaltenen Legierungsegatlestverden hier alblanke Substrate
bezeichnet. Blanke MgAI-Substrate mit verschiedefkeYolumengehalten (2,63 At.%, 5,78
At.%, 7,31 At.%) wurden anschlielend fur verschiedgeiten (von 300 s bis zu 1 h) BeF
304 K (Raumtemperatur) und bei verschieden Saufratbaldriicken pO,) im Bereich von
10° — 10* Pa mit reinem © Gas oxidiert. RISE wurde angewandt um die
Oxidschichtwachstumskinetik und die Entwicklung d@edschichtsaufbaus (die durch die
Anderung der optischen Konstanten der wachsendeiglsEhicht angezeigt wird) zu
ermitteln. Die Mikrostruktur der wachsenden Oxidshhy d.h. die Dicke, die Morphologie,
die Tiefenverteilung von verschiedenen chemischeeeigs, die Zusammensetzung und die
Defektstruktur der wachsenden Oxidschicht, wurdeARFXPS bestimmit.

Das verwendete XPS-Instrument, das dem neusterd Stan Technik entspricht,
besitzt die Mdoglichkeit die emittierten Photoelekten gleichzeitig Uber einen grol3en
Winkelbereich zu detektieren ohne die Probe zuippdn (im Folgenden bezeichnet als
paralleler Datenaufzeichnungsmodus). Dieses redwdiee Aufnahmezeit einer Serie von AR-
XPS Spektren erheblich und garantiert eine konstaalyseflache und Position. Im
Gegensatz zu einem konventionellen XPS-Aufbau ist @Winkel ¢ zwischen den
einfallenden Rontgenstrahlen und den detektierteridelektronen bei XPS-Spektren, die im
parallelen Datenaufzeichnungsmodus aufgenommen enurdteine Konstante, sondern
variiert mit dem Winkela zwischen dem Detektor und der Probenoberflachemser Wie
bei einer grundlegenden Untersuchung in der varhegn Arbeit (Kapitel 2) gezeigt wurde,
mussen die  Anisotropie der Photoionisationsqueigehn jeder  untersuchten
Grundniveauphotoelektronenlinie, sowie die Auswigen von elastischen Streuungen der
detektierten Photoelektronen im Festkorper flr gi@eaue quantitative Analyse dieser AR-
XPS Spektren beriicksichtigt werden. Wie fir dienjiative Analyse der Al 2p und O 1s
Photoelektronenlinien einesAl,O3; Standards gezeigt wurde, fihrt hier das Ignorielen
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Auswirkungen der Anisotropie der Photoionisatioresgahnitte und der elastischen
Streuungen zu Fehlern von bis zu 16% bei der AR-X¥P8lyse der Zusammensetzung.
Umstandliche  Korrekturen  fir  die  Auswirkungen  der nigbtropie  der
Photoionisationsquerschnitte und der elastischereu@hgen (z.B. fur die quantitative
Analyse von Festkoérpern und Dunnschichtstrukturembellannter Zusammensetzung
und/oder Dicke) kbnnen umgangen werden, wenn Wigrtedie relativen Sensitivitatsfaktoren
als Funktion der Winkela und ¢ eingefiuihrt werden, die experimentell mit Hilfe von
geeigneten Standards bekannter Zusammensetzuriteérmirrden (Kapitel 2 dieser Arbeit).

Um die Dicke, die Zusammensetzung und den Aufbau @le Tiefenverteilung der
vorhandenen chemischen Spezies) der Oxidschictiierguf den blanken MgAl-Substraten
gewachsen sind, als Funktion der Oxidationsbediggumit AR-XPS zu ermitteln, muss die
Gesamtintensitat von  sechs  verschiedenen  verligstfre primaren (PZL)
Photoelektronenintensitat®nin der Quantifizierung beriicksichtigt werden: ddie PZL-
Intensitaten der metallischen und oxidischen Mg Hauptpeaks (Abb. 7.1la), die PZL-
Intensitaten der metallischen und oxidischen Alr2puptpeaks (Abb. 7.1b) und die PZL-
Intensitaten der ermittelten O 1s Hauptpeaks (ABc). Desweiteren sind in der
Quantifizierung bereits existierende oder abgezthdVerte fur die Wahrscheinlichkeiten der
intrinsischen Mg 2p und Al 2p Plasmonenanregungeder Legierung, sowie auch fir die
Oxidschichtdichte und/oder fir die effektiven Abséchungslangen der detektierten
Photoelektronen in der Oxidschicht erforderlich.

Deshalb wurde ein neues Verfahren fir die quaingatnalyse der gemessenen AR-
XPS Spektren von blanken und oxidierten MgAI-Swdisin entwickelt, welches die genaue
guantitative Analyse von AR-XPS Spektren diinnerd®asihichten ermdglicht, welche auf
bindre Legierungssubstraten durch thermische odasn-Oxidation gewachsen sind
(Kapitel 3 dieser Arbeit). Dazu wurden zuerst dietatlischen Mg 2p und Al 2p, die
oxidischen Mg 2p und Al 2p und die O 1s PZL-Gesatatisitdten aus den gemessen XPS
Spektren der blanken und oxidierten MgAIl-Substratégelost (siehe z.B. Abb. 7.1). Als
nachstes wurden die Gleichungen und dazugehorigenecBnungsschritte fur die

19 Die verlustfreie primare Photoelektronengesamtintensitées gegebenen Rumpfelektronenniveaus umfasst
alle aufgenommenen Photoelektronen, die nach dem VerldsseRumpfelektronenniveaus des Atoms in
dem Festkdrper unbeeinflusst bleiben (d.h. alle aufgenommmengestreuten oder elastisch gestreuten

Photoelektronen).
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Bestimmung der durchschnittlichen Oxidschichtdiater Gesamtzusammensetzung und der
effektiven Tiefenverteilung der vorhandenen chehescSpezies aus den Grundgleichungen
der zugehorigen Mg 2p, Al 2p und O 1s PZL Photdetglenintensitaten hergeleitet. Die so
mittels AR-XPS erhaltenen Werte der Schichtdickegdvachsenen Oxidschichten stimmen

gut mit den dazugehdrigen Oxidschichtwachtumkuriyleerein, welche durch RISE ermittelt
wurden (siehe z.B. Abb. 7.2).
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Abbildung 7.1. (a) Gemessenes und rekonstruiertes Mg 2p Spektrum des oxidiegteneBl At. %
Al Substrats (1 h bei 304 K ungO, = 1x10* Pa), wie es unter den Detektorwinkeln
(a,9)=(34.3°,51.7¢ aufgenommen wurde. Das rekonstruierte Mg 2p Spektrum besteleirams

einzelnen metallischen und einem einzelnen oxidischen Mg 2ptpieak. I§) Die dazugehérigen
gemessenen und rekonstruierten Al 2p Spektren der oxidieggierling. Neben einem einzelnen
metallischen und einem einzelnen oxidischen Al 2p Hauptpeak ltetitisdégesamte rekonstruierte Al
2p Spektrum auch einen Anteil von dem zweiten VolumenplasmoriB€akdes metallischen Mg 2p
Hauptpeaks aus (a). Die zugehdrigen hintergrundkorrigierten ekuhstruierten O 1s Spektren der

oxidierten Legierung, die untec)(nahezu senkrechtem nitr, ¢)=(34.3°,51.7°und @) streifendem
mit (a,¢) = (71.8°,83.8° Detektorwinkel aufgenommen wurden. Das rekonstruierte O 1sr8pekt

enthalt zwei Komponenten an der niedrigen (LBE) bzw. der h&imungsenergieseite (HBE). Die

relativen Beitrdge der LBE und HBE Komponente dominieren nadiezu senkrechtem bzw.
streifendem Detektorwinkel.
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Fur die in-situ Untersuchung der Oxidschichtwachmstkinetik mittels RISE wurden
die Anderungen der amplituden- und phasenabhandij@sometrieparametey und A als
Funktion der Oxidationszeit gleichzeitig fur verimtiene Wellenlangen, des eintreffenden
polarisierten Lichts tber einen Wellenlangenbergmh 350 nm bis 700 nm gemessen (siehe
z.B. Abb. 7.3). Der Tangens des Winkelg entspricht dem Verhéaltnis der
Gesamtreflektionskoeffizienten (d.h. der Amplitudkr reflektierten Welle relativ zu der der
einfallenden Welle) der Anteile des elektrischetdi#ektors des polarisierten Lichts parallel
(p-Welle) bzw. senkrecht (s-Welle) zur EinfallseberDer Winkel A entspricht dem
Unterschied zwischen den Phasenverschiebungen déozyw. s-Wellen wéahrend der
Reflektion.
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Abbildung 7.2. Gesamtoxidschichtdicke als Funktion der Oxidationszeit, diégr Oxidation des
blanken Mg — 7,31 At.% Al Substrats bei 304 K up@, = 5x10° Pa. Die durchschnittlichen
Gesamtoxidschichtdickenwerte wurden unabhdngig von einandéi des mit AR-XPS gemessenen
Mg 2p —Al 2p und O 1s Photoelektronenspektren der oxidiertenruegissubstrate (siehe Abb. 7.1),
und (i) aus den mit in-situ Ellipsometrie gemessenen SpektreRideren- und Amplitudenparameter,
A andy, Uber einen Wellenlangenbereich von 350-700 nm (siehe Abb. 7.3)}etirmit

Verschiedene Modelle wurden entwickelt um die gesmes Zeitabhangigkeit der
Spektren vom\(A) und y(A) wahrend der anfanglichen und folgenden Oxidasitatien zu
beschreiben. Die gemessenen AnderungenA{@nundy()) als Funktion der Zeit konnten
gut beschrieben werden, indem angenommen wird, delsine Al-dotierte MgO-ahnliche

Schicht mit einer inhomogenen Al-Verteilung auf ddgAl-Legierungsoberflache bildet
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(Kapitel 4 dieser Arbeit und Abb. 7.3). Die optisohKonstanten des MgAl-Substrats (als
Funktion von)) wurden aus der in-situ Messung des blanken Leggssubstrats vor jeder
Oxidation bestimmt. Die optischen Konstanten fiirdatiertes MgO wurden Uber die
optischen Konstanten von reinem MgO und Al-Metdlbeschatzt, indem ein 'Effective
Medium Approach' auf Basis des Maxwell-Garnett-Faliemus mit MgO als Matrix
verwendet wurde. Um eine inhomogene Tiefenvertgildes Al in dieser Al-dotierten MgO-
ahnlichen Schicht zu beschreiben (Al ist in der dSghicht an der Legierungs/Oxid-
Grenzflache konzentriert; siehe unten), wurde aoegenannte 3-Knoten EMA-Schicht-
Naherung angewendet, indem der EMA-Anteil von Ahwter Grenzflache zu einer variablen
Position innerhalb der MgO-Schicht linear von ObI&Null abfallt, wahrend der EMA-Anteil
von Al in dem restlichen, oberen Teil der MgO-Sabhi(.h. nahe der Oberflache) Null ist.

Die Anwendung einer solchen Modellierung auf diengesenen Spektren vah)
und y(A) als Funktion der Oxidationszeit bei thermischexidation von blanken MgAl-
Legierungen bei 304 K in dempO, Bereich von 18 bis 10* Pa ergibt einen linearen
Zusammenhang zwischen der Anderung ubn(d.h. 3A) und der Anderung in der
Oxidschichtdicke fur Dicken von bis zu etwa 3 nme Bo erhaltenen Oxidschichtdicken
stimmen gut mit den dazugehorigen Dickenwerten dibewelche unabhangig durch AR-
XPS Analyse ermittelt wurden (siehe z.B. Abb. 7.Bin entsprechender linearer
Zusammenhang zwische®y und der Oxidschichtdicke ist aus der vorliegenddpeit nicht
ersichtlich, was bedeutet, dass in erster Nahedangellipsometrische Parameterfir die
Anwesenheit einer transparenten Dunnschichtphaseclzen der Umgebung und dem
Substrat nicht empfindlich ist. Stattdessen wird ai@angliche Abfall und der anschlielRende
steile Anstieg vony wahrend des ersten Stadiums mit schnellem Oxidisthachstum (siehe
z.B. Abb. 7.3a, c) durch die gleichzeitig stattBnden Vorgange von Sauerstoffaufnahme in
die Legierungsoberflache, sowie von Keimbildung Wddchstum Al-dotierter MgO-Inseln
auf der blanken Legierungsoberflache verursachthrévi des folgenden Stadiums mit
langsamem Oxidschichtwachstums nach der Bildungy gjaschlossenen Oxidschicht auf der
Legierungsoberflache wird der schrittweise Ansten y bei hohenpO, (siehe z.B. Abb.
7.3c) hauptsachlich durch die Zusammensetzungsamgiem im MgAI-Substrat an der
Legierungs/Oxid-Grenzflache bestimmt. Diese Zusanss&ungsédnderungen finden auf
Grund von zwei gleichzeitig ablaufenden Vorgangeit:sder (durch Oxidation verursachten)
Segregation von Mg aus dem Inneren der Legierurdjeahegierungs/Oxid-Grenzflache und

der bevorzugten Oxidation von Mg.
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Abbildung 7.3. Die gemessenenSymbolg und gefitteten I{inien) Werte der ellipsometrischen
Phasen- und Amplitudenparametér, und y, als Funktion der Oxidationszeit fur eine einzelne
Wellenlange voi. = 525 nm. Die Daten wurden wahrend der Oxidation eines blavigen7,31At.%
Al Substrats bei 304 K fiir 1 h bei einem niedrigen (1%P@) bzw. einem hoheguD, (1x10* Pa)
gemessenen. Die gemessenen AnderungafJnundy()) als Funktion der Zeit konnten beschrieben
werden, indem angenommen wurde, dass auf der MgAl Legierungsoberéiine Al-dotierte MgO-

ahnliche Oxidschicht mit inhomogener Verteilung von Al wachsp{tea4 dieser Arbeit).

Durch die Anwendung der zuvor genannten Technikew walie Verwendung
geeigneter Verfahren zur Quantifizierung wurden dedgenden Ergebnisse fur die
Anfangsstadien der thermischen Oxidation von reinawlykristallinen MgAIl-Substraten
verschiedener Al-Legierungskonzentrationen (d.63 At.%, 5,78 At.%, 7,31 At.%) bédi =
304 K impO, Bereich von 18 — 10* Pa ermittelt (Kapitel 5 dieser Arbeit).

Auf Grund der konkurrierenden Prozesse des bevteau@putterns (d.h. der
Entfernung) von Mg aus der mit lonen beschossergietungsoberflache und der durch den
lonenbeschuss verstarkten Gibbs’schen SegregatioriMg aus dem Inneren der Legierung
an die mit lonen beschossene Oberfliche entstelet siarke Al-Anreicherung an der
Legierungsoberflache wahrend des Sputterreinigehgsts (vor der Oxidation). Daraus
folgt, dass zu Beginn jeder Oxidation der Al-Gehaltler Oberflachenregion der Legierung
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bei weitem den Al-Volumengehalt der Legierung Utegs. Die Starke der Al-Anreicherung
in der Oberflachenregion der Legierung fallt stamk zunehmender Tiefe unterhalb der
Legierungsoberflache ab und erreicht die Volumeazusensetzung in einer Tiefe von 4-6
nm unterhalb der Probenoberflache. Die Tiefe, indie Volumenzusammensetzung erreicht
wird, fallt mit sinkendem Al-Volumengehalt in deegjierung ab.

Zwei verschiedene Wachstumsstadien wurden bei d&lan von blanken MgAl-
Substraten identifiziert: ein kurzes, Anfangsstadmit sehr schnellem Oxidschichtwachstum
und ein folgendes, viel langsameres, aber forttedde Wachstumsstadium. Die erste
Reaktion von Sauerstoffgas mit dem blanken Leggssubstrat l1&uft durch die anfangliche
Aufnahme von Sauerstoff in die Legierungsoberflaohd gleichzeitige Keimbildung und
Wachstum von Al-dotierten MgO-ahnlichen Oxidinselaf der Legierungsoberflache ab.
Weil die anfangliche Bedeckungsrate der Legierubgdtiche mit chemisorbiertem
Sauerstoff geringer ist fur niedrigepO,, wird der konkurrierende Prozess der
Sauerstoffaufnahme in die LegierungsoberflachenimrigempO, bevorzugt, wahrend die
Bildung einer geschlossenen Oxidschicht auf denkala Legierungsoberflache bei hohem
pO, bevorzugt wird. Wie durch das Verschwinden der r@ehenplasmonstruktur in dem
gemessenen Mg 2p AR-XPS Spektrum der oxidiertenelidgg angezeigt wird, hat sich in
allen Fallen innerhalb einer Oxidationszeit von 308ine geschlossene Oxidschicht gebildet,
was der kirzesten Zeit entspricht, nach welcher X&FS Untersuchungen durchgefihrt
wurden.

Wahrend der Anfangsstadien der SauerstoffaufnaddereOxidkeimbildung und des
sehr schnellen Oxidschichtwachstums ist die bewgtezuOxidation von Mg aus der
Legierungsoberflache wesentlich schneller als daeHdchubrate von Mg aus dem Inneren
der Legierung zu der reagierenden Legierungs/Oaité&stoff-Grenzflache. Da schon beim
Einsetzen der Oxidation eine starke Al-Anreicherimder Oberflachenregion der Legierung
vorhanden ist (auf Grund des Sputterreinigungssshsiehe oben), folgt, dass beim Begasen
mit Sauerstoff die blanke Legierungsoberflache fasgenblicklich vollstandig an Mg
verarmt. Folglich entsteht wahrend der Anfangsstades Oxidschichtwachstums eine relativ
Al-reiche MgO-ahnliche Oxidphase (d.h. Al-reich Wergleich zu dem Al-dotierten MgO-
ahnlichen Oxid, welches wahrend des folgenden,stamgren Oxidationsstadiums entsteht,
siehe unten). Das bedeutet, dass der Al-Gehalelingdwachsenen Oxidschicht durch die
Hohe der Al-Anreicherung in der Oberflachenregioer d_egierung vor der Oxidation
bestimmt wird (d.h. durch den Sputterreinigungstighrund nicht durch den Al-
Volumengehalt der Legierung. Deshalb wurde eirtiketesehen viel geringerer Al-Gehalt in
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der Oxidschicht gefunden, die auf der Legierungdain geringsten Al-Gehalt von 2,63 At.%
gewachsen ist (da hier auch eine relativ geseheinsehwéachere Al-Anreicherung in der
Oberflachenregion der Legierung wahrend des Speitegungsschritts entsteht, siehe oben).
Fortschreitendes Wachstum nach der Bildung eingchdgessenen Oxidschicht auf der
Legierungsoberflache geschieht durch bevorzugteldwin von Mg aus der Legierung und
das Aufwachsen eines Mg-reichen Oxids. Die StrutarrOxidschicht gleicht eher einer Al-
dotierten MgO-Phase als einer Mg®B4 Spinelphase. Die erhaltenen, insgesamt
unstochiometrischen Oxidschichten sind im Durchigtlam Sauerstoffanionen verarmt und
mit Kationen leicht angereichert (in Bezug auf Mg@)n hoherempO, ergibt eine hdhere
molare Gesamtdichte der Anionen und eine niedrigaoéare Gesamtdichte der Kationen,
wahrend das Verhaltnis von Mg- zu Al-Kationen im @xidschicht konstant bleibt (nahezu

unabhangig vom Al-Volumengehalt der Legierung). Bééektiven Tiefenplot in Abb. 7.4a ist

2.63At%. Al: A Mg2p, A Al2p 2.63At%. Al: v O1s (HBE), v Ol1s (LBE)
0 7.31At%. Al: ® Mg2p, O Al2p 7.31At%. Al: B O1s (HBE), O O1s (LBE) 0
(a) HBE+ _____ +__* _____ +-i
o LBE é ......................... AL
E/ Mg® s E .................... g i
qq—') 147 L T~ T g |1 g
@ Al* ®
|q_.> oxidkationen oxidanionen =
®
£, 1,3
2 %] 235
0 3
5 Legierungsbestandteile )L g
I T I T I T I T I T I
10° 10° 10™ 10° 10° 10™
pO, (Pa)

Abbildung 7.4. Effektive Tiefe unterhalb der Oxidoberflache als Funktios p@, fur (@) die
metallischen und oxidischen Mg 2p und Al 2p Spezies Umdd{e niedrigen (LBE) und hohen
Bindungsenergie (HBE) O 1s Spezies, wie sie aus den gemessRrnéPS Spektren der oxidierten
MgAl-Substrate (fir 1 h bei 304 K) mit geringem (2,63 at.%) und holfé/al at.%) Al-

Volumengehalt in der Legierung ermittelt wurde.

eine direkte Darstellung der effektiven Tiefen derschiedenen chemischen Spezies
unterhalb der Oxidschichtoberflache. Es folgt daraiass die Oxidschichten in den Regionen
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der Legierung und der Oxidschicht in der Nahe degiérungs/Oxid-Grenzflache mit Al
angereichert sind. Die identifizierten LBE O 1s 8es kann auf Sauerstoffanionen im
Inneren der Oxidschicht zurtickgefuihrt werden, wéthrdie identifizierten HBE O 1s Spezies
auf eine Defektstruktur in der oberflachennahenidteger Oxidschicht zurtickzufiihren ist
(siehe z.B. Abb. 7.1 und 7.4b). Nach der Bildungeeigeschlossenen Oxidschicht auf der
Legierungsoberflache agiert diese Oxiddefektstrukdis Precursor fur kontinuierliches
Oxidschichtwachstum durch Auswartsdiffusion von Kagionen unter dem Einfluss eines
Oberflachenladungsfeldes, welches durch chemistebjeegativ geladene) Sauerstoffspezies
an der Oxidoberflache verursacht wird. Die zugaej@(ungefahr konstante) Wachstumsrate
wahrend dieses langsamen Wachstumsstadiums iebherenpO, hdher. Die gleichzeitige
Verarmung von Mg in der Oberflachenregion der Legig wéahrend des langsamen
Wachstumsstadiums wird dann von den konkurriereddagufen der bevorzugten Oxidation
von Mg und der durch die Oxidation hervorgeruferremischen Segregation von Mg aus
dem Inneren der Legierung zur Legierungs/Oxid-Giaoke bestimmt (wobei der relative
Anteil der chemischen Segregation bei hoh@@ngrol3er ist).



References

1. H.H. Kung, Transition Metal Oxides: Surface Chemistry and Gaig, (Elsevier,
Amsterdam, 1989).

2. Adsorption on Ordered Surfaces of lonic Solids @hdh Films,Vol. 33, Eds. H.-J.
Freund and E. Umbach, (Springer Verlag, Heidelb®9§3).

3. S.M. Goodnick, M. Fathipour, D.L. Ellsworth, af@W. Wilmsen,J. Vac. Sci.
Technol, 18 (1981), 949.

4, A.G. Revesz and J. Krugétassivity of Metald:ds. R.P. Frankenthal and J. Kruger,

(The Electrochemical Society, Princeton, NJ, 19i88),37.
R. FranchySurf. Sci. Rep38 (6-8) (2000), 195.
J. A. T. FromholdDefects in Crystalline Solid§/ol. 9, (North-Holland, New York,
1976).
N. Cabrera and N.F. MofRep. Progr. Phys12 (1949), 163.
P. KofstadHigh-Temperature Oxidation of Metgl3)hn Wiley & Sons, Inc., 1966).
T.J. Nijdam, L.P.H. Jeurgens, and W.G. Sléata Materialig 51 (2003), 5295.

10. T.J. Nijdam, L.P.H. Jeurgens, and W.G. Sléata Materialig 53 (2005), 1643.

11. J.A.T. Fromhold and E.L. CooRhys. Rev158 (3) (1967), 600.

12. A.T. Fromhold and E.L. CooRhys. Rey.163 (1967), 650.

13. E. Fromm,Kinetics of Metal-Gas Interactions at Low Temperasu Hydriding,
Oxidation, Poisoning(Springer-Verlag, Heidelberg, 1998).

14. A. Lyapin, L.P.H. Jeurgens, and E.J. Mittenmg#eta Materialig 53 (2005), 2925.

15. L.P.H. Jeurgens, A. Lyapin, and E.J. Mittenmg#eta Materialig 53 (2005), 4871.

16. L.P.H. Jeurgens, W.G. Sloof, F.D. Tichelaad Bnl]. Mittemeijer,Thin Solid Films
418 (2) (2002), 89.

17. G.L. Maker, J. Kruger, and A. Joshi, eds. PAmtvances in Magnesium Alloys and
Composites, ed. H. Paris and W. Hunt. 1988, TM®eRIx. p. 105.

18. J.D. Hanawalt, C.E. Nelson, and J.A. Peloubetns. AMIE 147 (1942), 273.

19. L.P.H. Jeurgens, W.G. Sloof, F.D. Tichelaad Bnl. Mittemeijer,). Appl. Phys.92
(2002), 1649.

20. A. Lyapin, L.P.H. Jeurgens, P.C.J. Graat, ard Hittemeijer,J. Appl. Phys.96
(12) (2004), 7126.

127



128 References

21. P.J. Cumpson, fBurface Analysis by Auger and X-Ray Photoelectp@atttoscopy
D. Briggs and J.T. Gran(lM Publications and SurfaceSpectra Limited, Mantdres
2003), Chptr. 23.

22. L.P.H. Jeurgens, W.G. Sloof, F.D. Tichelaad &Bnl. MittemeijerSurf. Sci. 506 (3)
(2002), 313.

23. P.C. Snijders and L.P.H. JeurgeBistf. Sci.589 (2005), 98.

24. P. Kappen, K. Reihs, C. Seidel, M. Voetz, anériiths Surf. Sci.465 (2000), 40.

25. R.M.A. Azzam and N.M. Bashar&llipsometry and Polarized Light(North-
Holland, Amsterdam, 1987).

26. C.S. Fadley, R.J. Baird, W. Seikhaus, T. Novakmd S.A.L. Bergstroend, Elec.
Spectrosg.4 (1974), 93.

27. C.S. Fadley, iftlectron Spectroscopy: Theory, Techniques and Agiodns C.R.
Brundle and A.D. Baker, (Academic Press, Londoi78)9

28. A. JablonskiSurf. Interface Anal14 (1989), 659.

29. L.P.H. Jeurgens, W.G. Sloof, C.G. Borsboom,. H.bhelaar, and E.J. Mittemeijer,
Appl. Surf. Scj.161 (2000), 139.

30. L.P.H. JeurgensOn the initial oxidation of aluminium in oxygen g&elit
University of Technology, The Netherlands, 2001.

31. J. Yeh and I. Lindat. Data Nucl. Data Table82 (1985), 1.

32. M. Band, Y.l. Kharitonov, and M.B. Trzhaskovgk#t. Data Nucl. Data Table23
(1979), 443.

33. R.F. Reilman, A. Msezane, and S.T. Mangoilectron Spectrosc. Relat. Phenpm.
8 (1976), 389.

34. A. Jablonski and J. ZemdRhys. Rev. B8 (7) (1993), 4799.

35. A. Jablonski and C.J. Powébhys. Rev. B0 (7) (1994), 4739.

36. A. Jablonski and C.J. Poweurf. Sci. Reportgl7 (2002), 33.

37. A. Jablonski and I.S. Tilinid,. Electron Spectrosc. Relat. Phenpord.(1995), 207.

38. A. JablonskiPhys. Rev. B8 (24) (1998), 16470.

39. S. Chandrasekhdradiative Transfer(Dover Publications Inc., New York, 1960),
Chptr. 5.

40. M.P. Seah and I.S. Gilmoi@urf. Interface Anal31 (2001), 835.

41, C.J. PowellAppl. Surf. Scj.89 (1995), 141.

42. C.D. Wagner, D.E. Passoja, H.F. Hillery, T.Gnigky, H.A. Six, W.T. Jansen, and

J.A. Taylor,J. Vac. Sci. Tech.,21 (4) (1982), 933.



References 129

43.
44,
45.

46.
47.

48.
49.
50.

51.
52.
53.
54.
55.
56.
S7.

58.
59.
60.
61.

62.
63.
64.
65.
66.
67.

68.

W.Y. Ching and Y.-N. Xu). Am. Ceram. Sac/7 (1994), 412.

S. Tanuma, C.J. Powell, and D.R. P&wf. Interface Anal21 (1994), 165.

A. Jablonski and C.J. PowelNIST Electron Elastic-Scattering Cross-Section
Database, (U.S. Department of Commerce, Technology Adminigira NIST,
Standard Reference Data Program, Gaithesburg, 8aty20899, 2000).

R.L. Opila and J.E. JProgr. Surf. Scj.69 (2002), 125.

L.P.H. Jeurgens, W.G. Sloof, C.G. Borsboom,. H.bhelaar, and E.J. Mittemeijer,
Appl. Surf. Scj.144-145 (1999), 11.

M. Kurth, P.C.J. Graat, and E.J. Mittemeifgopl. Surf. Scj.220 (1-4) (2003), 60.
M.S. Vinodh and L.P.H. Jeurgeayrf. Interface Anal.36 (2004), 1629.

M.S. Vinodh, L.P.H. Jeurgens, and E.J. Mittgene(2005), to be communicated to
Acta Materialia(Chapter 5 in this thesis).

S. Tougaardurf. Interface Analll (1988), 453.

M. Kurth and P.C.J. Gra&urf. Interface Anal.34 (2002), 220.

A. Lyapin and P.C.J. Gra&urf. Sci.552 (2004), 160.

S. Doniach and M. Sunjid, Phys. C3 (1970), 285.

S. Tougaardurf. Interface Anal25 (1997), 137.

Matlab, The MathWorks Inc., Natick, 2001.

C. Jansson, S. Tougaard, G. Beamson, D. Br#§§s,Davies, A. Rossi, R. Hauert,
G. Hobi, N.M.D. Brown, B.J. Meenan, C.A. Andersdh,Repoux, C. Malitesta, and
L. SabbatiniSurf. Interface Anal23 (1998), 484.

H. Muellejans and R.H. Frend¥ljcrosc. Microanal, 6 (2000), 297.

S.D. Mo and W.Y. ChindgZhys. Rev. B4 (1996), 16555.

J.H. Scofield). Elect. Spectrosc. Relat. Phenp81(1976), 129.

L.P.H. Jeurgens, A. Lyapin, and E.J. Mitteneifgurf. Interface Anal. (2005),
Submitted.

F. Reichel, L.P.H. Jeurgens, and E.J. Mitteandfhys. Rev. B2006), in print.
P.C.J. Graat, M.A.J. Somers, and A.J. Boet®af, Interface Anal23 (1995), 44.
J.A. WoollamGuide to Using WVASE., J. A. Woollam Co. Inc., Lincoln, 1997.
F.H.P.M. Habraken, O.L.J. Gijzeman, and G.AoBma,Surf. Sci. 96 (1980), 482.
H.G. TompkinsA User's Guide to ELLIPSOMETRMAcademic Press, 1993).

B.E. Hayden, W. Wyrobisch, W. Oppermann, S.hitd@, P. Hoffmann, and A.M.
BradshawSurf. Sci. 109 (1981), 207.

P.C.J. Graat, M.A.J. Somers, and E.J. Mitteandihin Solid Films340 (1999), 87.



130 References

69. T.M. Christensen and J.M. Blakely,Vac. Sci. Technol.,& (3) (1985), 1607.

70. J. Grimblot and J.M. Eldridg&, Electrochem. Sqcl29 (10) (1982), 2366.

71. R.A. Synowicki,Thin Solid Films313-314 (1998), 394.

72. M. Rauh and P. Wissmanhin Solid Films228 (1993), 121.

73. H. Kuroki, T. Kawabe, and M. Kitajim&olid State Communication88 (10)
(1993), 785.

74. P.R. Lefebvre, C. Zhao, and E.A. Irefbin Solid Films313-314 (1998), 454.

75. S. Deckers, F.H.P.M. Habraken, W.F.v.d. Wed, &NV. GeusAppl. Surf. Scj.45
(3) (1990), 207.

76. B.E. Hayden, E. Schweizer, R. Koetz, and A.MadBhaw,Surf. Sci. 111 (1-2)
(1981), 26.

77. R. Koetz, B. Hayden, E. Schweizer, and A.M.dBreaaw,Surf. Sci.112 (1981), 229.

78. M. Kurth,The Initial Oxidation of Magnesiur2004, University of Stuttgart.

79. M. Losurdo, P. Capezzuto, and G. BruPloys. Rev. Bb6 (16) (1997), 10621.

80. S.0. Saied and J.L. Sullivah,Phys.: Condes Mattes (33A) (1993), A165.

81. F.J. Esposto, C.S. Zhang, P.R. Norton, and Ro$sit, Surf. Sci, 302 (1-2) (1994),
109.

82. J. Bloch, D.J. Bottomley, J.G. Mihaychuk, H.MDriel, and R.S. TimsitSurf. Sci,
322 (1-3) (1995), 168.

83. Handbook of Optical Constants of SolidsBYs. E.D. Palik, (Academic Press, New
York, 1991).

84. D.E. AspnesThin Solid Films89 (3) (1982), 249.

85. T.J. Nijdam, L.P.H. Jeurgens, and W.G. Slddterials at High Temperatureg0
(3) (2003), 311.

86. R.M.A. Azzam, M. Elschazly-Zaghloul, and N.MadharaApplied Optics 14 (7)
(1975), 1652.

87. P.C.J. Graat, M.A.J. Somers, and E.J. Mittesned} Metallkd, 93 (2002), 532.

88. M.S. Vinodh, L.P.H. Jeurgens, and E.J. Mittgenei(2005), communicated td.
Appl. Phys(Chapter 4 in this thesis).

89. L.P.H. Jeurgens, M.S. Vinodh, and E.J. MittganeAppl. Surf. Sci.(2006), in press,
(Chapter 3 in this thesis).

90. L.P.H. Jeurgens, W.G. Sloof, F.D. Tichelaad BnlJ. MittemeijerPhys. Rev. B62
(2000), 4707.

91. CRC Handbook of Chemistry and Physexn. 85, Eds. D.R. Lide, 2004-05.



References 131

92. M. Hirsimaeki, M. Lampimaeki, K. Lahtonen, In@kendorff, and M. Valdergurf.
Sci, 583 (2005), 157.

93. J.C. Fuggle, L.M. Watson, D.J. Fabian, andf8ofsmanSurf. Sci.49 (1975), 61.

94, J.C. FuggleSurf. Sci, 69 (1977), 581.

95. G.C. Allen, P.M. Tucker, B.E. Hayden, and Cxkemperer,Surf. Sci. 102 (1981),
207.

96. J. Ghijsen, H. Namba, P.A. Thiry, J.J. Pireaand R. Caudandppl. Surf. Sc;.8
(1981), 397.






Personal

Name
Date and Place of Birth
Marital Status

Nationality

Schooling
1980 — 1994

Higher education
June 1994 — May 1997

Aug. 1997 — May 1999

Jan. 2000 — Aug. 2002

Dissertation
Sept. 2002 — Jan. 2006

Curriculum Vitae

M. S. Vinodh
13.11.1976, Erode, India
Married

Indian

Sri Vidya Mandir Higher Secondary S¢hoo

Salem, India.

B. Sc (Physics), St. Joséptllege,
Tiruchirapalli, India.

M. Sc (Materials Science), &khmiversity,
Chennai, India.

M. Sc (Engg.) in Instrunmina lndian Institute of
Science, Bangalore, India.

Ph.D. at the Max-Planckihéir Metallforschung
and Universitat Stuttgart
Title: “On the Initial Oxidation of MgAl Alloys”.

133






Acknowledgements

The present work was performed at the InstitutMi@tallkunde in the Universitat Stuttgart
and at the Max-Planck-Institut fur Metallforschugjuttgart.

My grateful acknowledgements to my research sugerwrof. Dr. Ir. E. J. Mittemeijer for
introducing me into this fascinating world of oxiaen. | have immensely benefited from his
stimulating discussions, valuable inputs and comtirs encouragement. His enthusiasm and
integral view on research and his mission for o ‘only high-quality work and not less',
has made a deep impression on me.

| am greatly indebted to Dr. Lars P. H. Jeurgensbfing such a wonderful advisor and
friend. Working with him was a great learning expece — both academically and personally.
This thesis would not have been what it is now fouthis invaluable guidance, support,
discussions and critical evaluation at each andyestage of my progress.

My special thanks to Friederike for taking the p&inwrite the German version of the
summary at a very short notice.

My many thanks to all the collegues of both the Nrd&nck Institutes for their assistance

during my research and hearty thanks to my friamds made my stay at Stuttgart pleasant
and enjoyable.

135






