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The Initial Oxidation of Magnesium

M. Kurth, P.C.J. Graat, E.J. Mittemeijer

Abstract

The initial oxidation of magnesium at oxygen pdrfieessures between ¥8® Pa and
1.340° Pa and at temperatures ranging from 273 K to 55@been investigated in-situ
with X-ray Photoelectron Spectroscopy (XPS), etipetry and High Resolution Elastic
Recoil Detection Analysis (HERDA). The XPS measwzata revealed that often used
simplifying assumptions like homogeneous layerdnyek oxide growth or the
development of stoichiometric MgO have to be r&ddor the early stage of oxidation.
Quantitative analysis of the XPS spectra showebttar oxygen deficiency with respect
to MgO for the initial oxide. HERDA measurementsiftoned this relatively low oxygen
content in the thin oxide layers formed. Ellipsorpetneasurements showed that the
electronic structure of the initially formed oxidifers significantly from that of bulk
MgO. The band gap values at room temperature ferotkide layers investigated are
clearly smaller than the value for bulk MgO (~ 28 vs. 7.8 eV). From the XPS and
ellipsometry data recorded as a function of oxahatime at various temperatures the
oxidation kinetics have been determined. The kisdtiave been described quantitatively
with a coupled currents model, involving simultangdransport of electrons and ions

through the oxide layer.

Keywords: Magnesium, oxidation, composition, oxigglewth, oxidation state, band gap,
XPS, Ellipsometry, HERDA, kinetics, Fromhold & Coolodel.
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4.1. Introduction

Magnesium is among the lightest of all metals. &fme it finds more and more
application in products for which weight reductios important, for example in
automobile parts, sporting goods and aerospacemgnt. One of the major problems
with the application of Mg and its alloys is thdatevely poor corrosion resistance,
particularly in salt-containing environments. Henadot of applied research has already
been performed on the corrosion of Mg alloys. Hosvegurprisingly little fundamental
research has been performed on the exposure of dMthé most basic oxidising
environment, namely pure oxygen.

The formation of thicker oxide layers at elevategmperatures has been
investigated rather extensively between the 193@ksthe 1960s [3,4,6-9,14]. For very
thick oxide layers cracks appear in the oxide wHedd to linear kinetics [3,4]. For
thinner layers, the kinetics could be describednttatively with the parabolic growth
model of Wagner [11,12]. With ongoing improvemeotsicerning the surface sensitive
measurement methods as well as the experimentaloament, i.e. ultra-high vacuum
(UHV) systems, from the 1970s up to today, it beeapwssible to investigate the
formation of very thin oxide layers. Several inwgations of the initial oxidation stages
at relatively low temperatures have been presemedtie meantime, but usually only
some qualitative description was given of the otiadabehaviour of Mg.

One of the major shortcomings of earlier investayat is that traditionally the
only stable oxide assumed to exist upon oxidatiomagnesium is the extreme isolator
MgO. However, the stoichiometry, structure and etextronic properties (like the band
gap) of the oxide formed in the initial stages widation can deviate strongly from that
of bulk MgO as will be shown in this paper. In tleisntext it can also be remarked that
thin Mg-oxide films, as compared to bulk MgO, maghibit partly metallic (rather than
pure ionic) behaviour due to reduced band gap gdU&] and may be conducting (rather
than completely isolating) [44].

In this work mainlyin-situ X-ray Photoelectron Spectroscopy (XPS) has been
used to determine quantitatively the thickness ted composition of extremely thin
oxide films (< 2 nm) resulting from the initial aation process of pure magnesium at

low oxygen partial pressures (.340° Pa) and relatively low temperatures %50 K).
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Furthermorejn-situ Elastic Recoil Detection Analysis (ERDA) measuratsehave been
performed to confirm the non-stoichiometry of thelg oxide andn-situ ellipsometry
has been applied to obtain information about thellgap of the initial oxide.

The experimental procedures are presented in setiof this paper. section 4.3
deals with the applied methods of data evaluafldre results obtained are discussed in
section 4.4 with reference to data from the liter@at Finally, a quantitative description of
the oxidation kinetics is presented by applicatbthe coupled currents model originally
presented by Fromhold and Cook [84-86] and as eghjohi Refs. [87] and [88].

4.2. Experimental

4.2.1. Specimen preparation

A polycrystalline magnesium rod of 15 mm in diamefgurity 3N5 = 99.95 wt %;
bought from Alfa, Johnson & Matthey) has been oudiscs of ~ 2 mm thickness using
SiC cutting wheels. The discs have been groundessoely by hand on rotating disks
with SIC emery paper of decreasing grain size (120000 = 15mm to 8 mm grains).
Each step of grinding has been carried out untitmasks of grinding from the previous
step were visible any more. The direction of gngdhas thereby been changed by ~ 90°
for each successive grinding step. For wettingrdugrinding only distilled water has
been used to avoid the strong tarnishing that scedren using normal water. Next,
successive polishing has been carried out by hatiddiamond paste of decreasing grain
size (6nm, 3mm and 1mm) on rotating disks with a smooth textile covehefleby, the
polishing direction has been varied by moving thecamen in circles over the rotating
disk, to ensure an equal distribution of all palghdirections. Polishing has been carried
out until the scratches of the previous steps flachaished. As a lubricant, a mixture of
ethanol, soap and distilled water has been usealfgrolishing steps. This procedure
resulted in a mirror-like surface. Unless statedhenwise the finally resulting
mechanically distorted surface layer has been reahdw chemical etching using a
mixture of ethanol (98 %), HCI (1.2 %) and Hi@.8 %) for 60 s to 130 s. This etching
made the grain boundaries just visible with a ligptical microscope. The mirror-like
appearance remained after etching, but the sur&ftetivity was reduced. Finally, the

specimens have been rinsed in ethanol to removettihéng mixture and then have been
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dried immediately with a hair drier to remove resd of ethanol from the surface.

A mean grain size of ~ 2Bm in diameter has been determined from 4 light-
optical micrographs (e.g. Fig. 4.1a) taken of ddfe specimen locations. Atomic Force
Microscopy (AFM, Topometrix) measurements revealkd existence of sub-grains
within the grains (Fig. 4.1b), which are considéyamaller in size (~ %m in diameter).
Although no information about the sub-grain ori¢iotas has been obtained, it is very
likely that the height differences measured by AFddult from different etching impacts
on sub-grains with different orientations with respto the specimen surface (for not
etched specimens the sub-grain structure couldoeadbserved). As a measure of the

surface roughness the-Ralue, defined as the arithmetic mean of the denan height

from the mean value of a surface profle can be used:

Z|-

1y
Ra—ﬁa

i=1

N
zi-Z‘ with z2==32 (4.1)
i=0

with N being the number of arif being the height values of the data points instiméace
profile [89]. Roughness analysis with AFM thus gietl an R-value of 1.6 nm for an
area of ~500 nm x 500 nm located on one singlegsain. For a specimen treated by
only mechanical polishing a value of, R 2.6 nm has been found. This indicates that
chemical etching has no negative effect on theispat roughness with respect to a
single sub grain (long-range height differencesratimportant for investigation of the
thin oxide films considered in this work).

After a specimen has been prepared as describe@ #duwas been introduced into
the UHV chamber of the XPS system. There it has Ispetter-cleaned by bombardment
with 3 kV Ar” ions. The ion beam has been rastered over anoi@anm x 3 mm at a
constant angle of incidence of 43°. Sputtering b@sn performed until no other peaks
than those due to magnesium were visible in XPgestspectra. No annealing procedure
has been performed after sputter cleaning to retheeputter induced surface defects.
Annealing has been avoided because a strong charte optical appearance of the
surface in (only) the sputtered area has been wédempon heating, starting between 436
K and 485 K. Thereby the surface colour changeh fnairror-like (slightly distorted by
the sputter treatment) to white, which is assuntetie caused by Mg sublimation and

surface roughening (thermal etching). Similar obaons have been made by Hayden et
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al. at temperatures above 435 K [37] and Fanjoual.eat temperatures around 450 K

[44].

Figure 4.1:

b. a. Light optical micrograph of the
surface of polycrystalline Mg used in
this work after mechanical and
chemical preparation (cf. section
4.2.1) showing the grain sizes.

b. Atomic Force Microscopy (AFM)
picture of the same surface showing
the sub-grain structure.
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4.2.2. Oxidation experiments
After sputter cleaning oxidation has generally bperformed in the same UHV chamber
(of the XPS system) at various oxygen partial presss and temperatures for different
oxidation times. Temperatures ranged from 273 B3t K, but most experiments have
been carried out at 302 K, 359 K and 436 K. Heatihthe samples has been carried out
with a resistance heater and the temperature leasrbenitored with a Chromel/Alumel
thermocouple placed near the back of the samplealge of the temperature gradient
from the position of this thermocouple to the scefaf the specimen, the temperature has
been calibrated with an additional Pt/PtRh therrnupt® placed in the middle of the
specimen surface. Oxygen of purity 99.997 vol. % been introduced through a needle
valve adjusted by hand to the required partial sares Thereby, ©partial pressures of
1.3408 Pa, 1.30’ Pa, 1.3.0° Pa and 1.80° Pa have been applied. During oxidation
the Q partial pressure has been recorded with a quallrupwass spectrometer
(Vacscan). Oxidation times ranged from 2 min to ©@@. Thus, an exposure range of
0.03 L to 734 L has been covered. Each specimerb&éas used for several oxidation
experiments. After each oxidation experiment anblsesquent XPS measurements, the
specimen has been sputter cleaned again, untkygea peak was visible in XPS survey
spectra.

Additionally, two samples, prepared as describedve, have been oxidised at
673 K for 120 min at ~ 9.260° Pa oxygen partial pressure (~ 5.4%D) in a separate
oxidation furnace. After oxidation these samplesehfieen introduced into the XPS
system. Prior to these oxidation experiments natepaleaning has been performed, i.e.
a natural oxide layer was already present. Theiieiss of this natural, initial oxide layer
has been estimated to be 2 to 4 nm from severabunements of equally prepared

samples [90]. Similar values have also been regont®ef. [30].

4.2.3. XPS measurements

For thein situ XPS measurements a PHI ESCA 5400 system has lseeh equipped
with a dual anode (Mg and Al) non-monochromaticay-isource and a hemispherical
analyser. For all experiments reported here Alr&diation (Im =1486.6 eV) has been
used. The energy scale of the analyser has bednatatl with the Ag 3¢, peak at 368.3
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eV. Before and after oxidation survey spectra dogea binding energy range of 0 eV to
1400 eV have been recorded with a step size oé\L.at a constant pass energy of 89.45
eV. Furthermore, after oxidation detailed spectreehbeen recorded of the Mg 2p region
in the range of at least 44 eV to 84 eV (whichudels the tail of plasmon peaks) as well
as of the O 1s region in the range of 526 eV to &40 After most of the oxidation
experiments also the Mg 1s region has been recandbe range of 1297 eV to 1343 eV.
The Mg 2p and Mg 1s spectra of sputter-cleaned Bigehalso been recorded regularly,
to serve as reference spectra. For the detailectrapa step width of 0.05 eV and a
constant pass energy of 17.90 eV have been usédpédtra have been recorded at a
detection angle of 45° with respect to the specimamal. In that case the analysed area
on the specimen is elliptically shaped with theglls of the principal axes being 1.10
mm and 1.56 mm. In view of the grain size indicagdabve, this means that > 1600
grains (or > 4000 subgrains) are contained withis &analysed area, assuring that crystal
orientation effects are well averaged in the XPSsneements. However, it should be
noted that XRD measurements showed a moderateréegiie to the manufacturing
process, i.e. grains with (10-10) faces parallehtosurface were over-represented [90].

Due to intensity changes of the incident Al Kadiation generated in the XPS
system over the extended time span in which thesarements reported in this work
have been performed, an intensity correction han lsoplied to the detailed spectra
measured after oxidation. For this purpose thensites in the spectra of each single
experiment of an oxidation series had to be putelation to the intensity of the
previously recorded spectrum of the pure metalthe reference spectrum. This has been
performed by using the intensity ratio of (i) thensey spectra of sputter-cleaned Mg
measured directly before each oxidation experimamd (i) the survey spectrum
measured directly before measurement of the ddtaile 2p (and/or Mg 1s) reference
spectrum. This intensity ratio has than been miidtipwith the intensities of the detailed
Mg 2p (and/or Mg 1s) spectra measured after o)adati

From the two samples oxidised at 673 K and 205Pa in the separate furnace
(see section 4.2.2) first the surface contamindtias been removed by an initial sputter
treatment using a 3 kV Aiion beam sweeping over an area of 6 mm x 6 mnb fioiin

and 10 min, respectively. Then, by successive spntf (same conditions; irregular
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sputter time intervals of 2-30 min and 2-9 min pegively) and XPS measurements (at
the sputter interruptions) of the Mg 2p, and O fsctra (same settings as above) depth
profiles of these oxide layers have been obtained.

Additionally, a sputter-depth profile of a MgO slagrystal has been measured
on a Quantum 2000 XPS system (Physical Electromgs)pped with a flood gun for
charge neutralisation. For this measurement mooaotdtic Al Ky-radiation has been
used and XPS spectra of the Mg 1s (1295 eV to £8)5Mg 2p (43 eV to 63 eV) and O
1s (525 eV to 545 eV) regions have been recordéd avstep width of 0.025 eV and a
constant pass energy of 5.85 eV. Sputtering has t@eied out with 2 kV Arions for 1
min per each cycle of measurement and sputtemnegdt An initial sputter treatment for
the removal of surface contamination has beenezhout prior to the depth profiling. On
the same instrument also Mg 2p and Mg 1s specteaaspiutter-cleaned Mg sample have

been measured at the same conditions.

4.2.4. Ellipsometry

In-situ spectroscopic ellipsometry has been applied dusdation of equally prepared
Mg specimens (cf. section 4.2.1) in the separate/ WHamber attached to the XPS
system. The same oxidation conditions as descrieove have been used. The
ellipsometric phase- and amplitude-paramefeasid Y [91,92] have been measured with
a Woollam M 2000 L spectroscopic ellipsometer epagp with a Xe light source. A
wavelength range of 245 nm - 850 nm (1.46 eV - ®Upwith a step size of about 0.8
nm has been analysed. The angle of incidence dledtren of the light was 70° relative

to the surface normal. In that case the analysedl iarelliptically shaped with the length
of the principal axes being about 2 mm and 10 metaBse of the large analysed area
the whole sample area® ~1 cm) has been sputter-cleaned (in the XPS system
preliminary to the oxidation experiments. The clezss of the specimen has been
verified from XPS survey spectra. Before each axidatwo spectra ¥ and D vs.
wavelength) have been measured simultaneouslyesepting the sputter-cleaned Mg
specimen as a reference. During oxidattoand Dspectra have been recorded each ~5 s.
All spectra have been recorded using two positairthie polariser to remove systematic

errors which might arise due to the influence ef windows of the UHV chamber on the
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values of the phasparameterD, it has been verified that possible effects ofsthe

windows on the values of the amplitude paramé&tean be neglected.

4.2.5. High Resolution Elastic Recoil Detection Angsis (HERDA)

In situ HERDA measurements have been carried out on gooipared Mg specimens
(cf. section 4.2.1) oxidised in another UHV chamaeroom temperature and at oxygen
partial pressures of 28° Pa and 1.80° Pa for different oxidation times. The oxygen
exposure at a certain oxygen partial pressure bas increased successively without
intermediate sputter cleaning of the specimen.JH¥ chamber used is attached on one
side to a linear accelerator (Pelletron type) thiatvides ion beams in the low MeV
range, and on the other side to an electrostaictspmeter consisting of the lens system,
the energy analyser and a multi-channel positionsiee detector (PSD) for
determination of the energy of the incoming pagsciThis assembly, in one step, yields a
spectrum covering an energy ‘window’ of 2.8 % ot tknergy selected [93]. For
technical details concerning lens system and aeglysee Ref. [94]. A time-of-flight
(TOF) measurement set-up is combined with this HERd@t-up. Thereby, a chopped
primary ion beam sweeping with a high frequencyr@areaperture positioned in front of
the UHV chamber is used. The start signal comem fitee PSD which also yields the
energy signal (= its position on the detector) teaecorded with the computer unit. The
stop signal comes from the high frequency oscillf@8]. Using an 1.3 MeV Arprimary
beam, the detection of light atoms like oxygen W&RDA normally is not possible
because they cannot be separated from the backtj@fubackscattered Adions since
the ranges of both particles in the shielding fagsially used for their discrimination are
almost equal. The special spectrometer and detassambly described above provides
high energy resolution ability and then O can beected separately; the energy
resolution is ~ 1 keV and also provides a deptloluti®n clearly below 1 nm (for
oxidised Al single crystals a depth resolution @ @m has been reported [93]). Most
experiments have been carried out at a symmetamggy characterised by equal angles
of 19° relative to the surface plane for both thedent and outgoing ions. The analysed
area has a size of ~ 1 finAs a (compositional) reference a MgO single alysas been

measured.
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4.2.6. Other techniques
A few other techniques have been applied as welhdguire information about the

crystallographic structure and morphology of thie txide layers.

Transmission electron microscopy (TEM and HRTEM)

High resolution transmission microscopy (HRTEM) bagn applied in order to clarify if
the initial oxide structure is amorphous, like thitial oxide film formed on Al [95], or
(partly) crystalline. For this purpose, equallyaeed Mg specimens have been oxidised
in another UHV chamber under similar conditiongesorted above (cf. section 4.2.1).
Subsequently, in the same UHV system, a metal lageibeen sputter-deposited onto the
oxidised samples to protect them against furthadaion during the cross section
preparation. Copper, aluminium and titanium laysith thicknesses of ~ 20 nm, ~ 50
nm and ~ 100 nm have been tried as such protelziers. Unfortunately, all three
metals tended to mix and/or react with the Mg saltst probably due to the cross section
preparation procedure, prohibiting the extractibramy crystallographic information on
the thin oxide layer. A few results regarding theygen distribution in the oxide layer
could be obtained applying conventional TEM (120 E&iss) combined with Electron
Energy Loss Spectroscopy (EELS).

Scanning Tunnelling Microscopy (STM)

In-situ STM has been tried to determine if oxidatimf Mg proceeds by layer-by-layer
growth or by island growth. Unfortunately, no unemeal differentiation could be made
between metal substrate surface features due gheoing (by sputter cleaning with Ar

ions) and oxide islands possibly grown upon oxatati

4.3. Data Evaluation

4.3.1. XPS

The main peaks of the Mg 2p and Mg 1s XPS spe¢étoxidised polycrystalline Mg (see
Experimental) have been separated into their oxadit metallic contributions by a least

squares fit procedure described in detail in REL].[
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0oXx

The corresponding oxidic and metallic peak inté@sjt],, and J;},‘g‘ respectively,

of both the Mg 2p and Mg 1s spectra have been méted by integration of the

separated peaks [71]. The reference intensitigsiie Mg, J;,‘fé , have been obtained from

the Mg 2p and Mg 1s main peaks of the sputter eleédnig specimens. Besides the peak
intensities, also the peak separation of the nmetatd oxidic Mg 2p peaks and the full
width at half maximum (FWHM) of the oxidic peaksvieabeen extracted from the fit
results as obtained from the procedure reportéein[71].

The O 1s region contains two peaks: one due’doBs and one most likely due
to OH ions [34,35,71,83]. These peaks have been seddrgtitting two Gauss-Lorentz

curves to the composite O 1s peak after subtradi@constant background. However,
generally the sum of the integrated intensitid§;, of both peaks has been used to

account for all oxidic contributions. From the Mg 2nd the Mg 1s spectra of the
oxidised polycrystalline Mg no indication of morigah one oxidic (and/or hydroxidic)
component was visible. If present, it is probaly possible to extract a hydroxidic peak,
because it will overlap too much with the otherksea

From the Mg 1s, Mg 2p and O 1s peaks measured gluhe sputter depth
profiing of the MgO single crystal, the backgrouwmiie to inelastic scattering of
electrons has been subtracted using the methodugakrd for a homogeneous material
(Ref. [47]). Then, the remaining peaks have betadfiwith a set of symmetric Gauss-
Lorentz line shapes. Finally the intensities of fitied peaks have been determined by
integration over the binding energy range meas(geé section 4.2.3).

For a correct data evaluation it is important tiet intensities are corrected for
the analyser transmission function (i.e. the enedgpendence of the gain of the
instrument). For a hemispherical analyser operatembnstant pass energy it is generally
given byl(E) = N(E)-E, wherel(E) andN(E) are the true and the measured number of
photoelectrons, respectively, as a function of kmgetic energyE. An initial data
evaluation withx = 1, as suggested by the manufacturer, yieldedtively large
differences for the Mg/O ratios of the oxide filnevaluated from the oxidation
experiments. These ratios have been obtained fnenoxidic Mg 2p intensities and the

oxidic Mg 1s intensities (and using, in both casles,O 1s intensity). Probably, the value
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of x = 1 is not accurate enough for peaks occurringeay different kinetic energies
(Exin(Mg 2p) = ~1434 eV andi&s(Mg 1s) = ~179 eV). Therefore, the true exponerthef
analyser transmission function has been determasddllows. The intensity of both core
levels for a pure metallic Mg reference sample loarcalculated from (see chapter 5 of
Ref. [51], in particular Eq. (5.53)):

Jie = ks Jet>C et ) 1 >cos Q) XE (4.2)
where k is a constants is the photoionisation cross section of the Mgectsvel

considered,q},‘get is the concentration of Mg in the metélis the inelastic mean free path

(IMFP) of the photoelectrons in Mg, amgds the angle between the specimen normal and
the detection direction. The exponertan then be determined from the integrated Mg 2p

and Mg 1s peak intensities according to:

a]ref '
Mgls S Mg2 M 2p = M 1s ;
= InC Mo g2p " Mg p |[nC_—Mols = (4.3)
ngef
Mg2p Mgls Mgls MgZp ﬂ

Values of the photoionisation cross sections at71d8 (incident Al K radiation) are:

S wmg2p = 0-33 ands ;. = 11.18 (relative to the C 1s cross section (=0036arns)) [96].
Values for the IMFPs have been calculated accorttirigef. [65] (see Appendix).,,.,,
= 3.428 nm and/ ., = 0.727 nm. In this way, a mean exponenkef 0.8 has been

found for various pairs of reference spectra (>3gesnfrom 0.75 to 0.85). This procedure
reduced the discrepancy between the mean Mg/Oahtaned from the Mg 2p and from

the Mg 1s intensities to 1/3 of the initial discaepy. The remaining difference of both
Mg/O ratios is very likely due to the non-homogemem-depth composition of the oxide
layer (see further section 4.2).

The same procedure has been applied to the intetetia for the Mg 2p and Mg
1s spectra of pure Mg measured on the XPS instruthah was used to measure the
sputter-depth profile of the MgO single crystal ¢etction 4.2.3) in order to determine the
value of x of that XPS machine. This resultea ) 0.44.

From the XPS peak intensities, determined as destrabove, values for the
(average) thickness and composition of the oxigerldave been obtained as described

below.
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Oxide thickness determination

Oxide thickness values have been determined fron2M&PS spectra. It is crucial to
account for all intrinsic intensity contained iretepectra. Since the plasmon loss peaks in
magnesium XPS spectra contain a very pronounceidsit contribution [53-55,71,80],
the normally used equations for thickness detertimndrom XPSmain peak intensities
have been modified to account for the intrinsickbaihd surface plasmon contributions
[56,71,97]. Two equations can be used for calautatif the oxide thicknesdy [71]:

& (1+a+b)d

d. =/% xcos@)HnG—2 : 4.4
0X Mg @) g J ,\%a (1+ a ) é ( )
and
met met JOX O
oy =/ 2COS@)ANG—— 0 x—10 4]+ (4.5)

SC x iy Insli+a) g

with /o' and /3, as the inelastic mean free paths (IMFPs) of the2dghotoelectrons

travelling in the metal substrate and in the oxidespectively;Cj and Cy; as the

concentrations of Mg in the metal and oxide, reSpely, andg as the angle between the
specimen normal and the detection direction. Thiarpatersa and b denote the intrinsic
bulk and surface plasmon intensities, respectivedigtive to the (metallic) main peak
intensity.

Values for the IMFPs have been calculated accorttiriRef. [65] (see Appendix).

The value forCys' (= rvg / Mug with ryg as the density of pure Mg amdyg as the

molar mass of pure Mg) has been taken as 71.45dmbl/(calculated from
crystallographic data from Ref. [79]; withyg = 1.73660 g/cth and Mug = 24.3051
g/mol); the value forCy; has been determined as described below.

Values for the intrinsic plasmon contributions detimed by different authors
scatter largely. The values reported dot b range from 0.21 to 0.46. Separate values of
a andb for Mg 2p have only been presented by the presetiiors [71,80]. The
calculation ofd,x from Eq. (4.4) is less sensitive to deviationsaimndb, because the

plasmon correction term (1 & + b)/(1 +a) in Eq. (4.4) enhances the value of (the not
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corrected) gk value less than the plasmon correction term 1/&) in Eq. (4.5) reduces
it, sincea > b (for the present detection angle of 4Fyen for the extreme, possible
values ofa +b (0.23 and 0.46 as found by the present authorstwihdifferent methods
[71,80]), the resulting difference in oxide thickseletermined by using Eq. (4.4) is small
(see Fig. 4.2). The mean value #or b from Refs. [53-55,71,80] is 0.32. The ratab
have been found to be 2.7 [71] and 3.2 [80]. Froenmhean value a/b (= 2.95), and the
mean value ofa + b (0.32) the individual valuea = 0.24 andb = 0.08 have been

obtained, which have been used for all further @st@bns in this paper.
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Figure 4.2: Comparison of the oxiditickness values as derived from the XPS data decbfor ai
oxidation experiment at T = 302 K ang,p= 1.340" Pa, using Eq. (4.4) not corrected for plas
contributions as well as corrected for two extreassumptions ofa + b = 0.46 and 0.2
respectively (see text in section 4.3.1).
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Oxide composition determination

The concentrations of both Mg and O in the oxi@g, and CZ*, respectively (units

mol/dnt), have been calculated from the Mg 2p, Mg 1s antisOntensities using the

following equations:

J 0ox X/ met XS‘ met
Cylg =Ciig - e (4.6)
ref ox [ e dox UQ
g HL+a + D)X 3 s Mgél eXF’g W
Mg

and

ox met met
Jo X Vg XS wg

ox _ (~met
CO - CMg

0. 4.7)
uO

Jref 1 b ></o>< ox 1

{1+a + b)¥ % x5 S >§ expe- 7/% codg)

met

with /% as the IMFP of O 1s photoelectrons travellinghie oxide;s ", sy, ands

as the photoionisation cross sections of metafit @xidic Mg 2p (or Mg 1s) core levels

and the O1ls core level, respectively. Note thatcietient CP¢ /CJ*, which yields the

Mg/O-ratio, does not depend on any parameter Vialuthe metallic substrate:

é uO
. I x/°X><s°X>§1 expe 7/ )
[0)4 [6)4 >co
= 9 (4.8)
Co é d 0o

J (0.4 ></ [0):¢ (0):¢ >&1 0OX
o e TS T ooda)gs

Values used for the photoionisation cross sectairisi87 eV (incident Al K radiation)

met

are:s e = Sy, = 0.33,550 = s, = 11.18 ands g = 2.93 (relative to the C 1s
cross section (= 13600 barns)) [96]. It can be mssuthats ;}‘ge‘ = s, because of the

small difference in energy between the metallic axidic bound core level electrons of
Mg (S g Tel= s , is also confirmed by theoretical calculations: sbecalled spectroscopic
factor f has been found to be almost independent of theniclaé binding of a given
element [98] and thus, the same can be expectéditbfor the photoionisation cross-
sectionss).

As follows from Egs. (4.6), (4.7) and (4.4) and thgpendix, the values aly,
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Cug» C3°\ /4y and /" are interdependent. Therefore these values hare determined

by an iterative procedure. Firsf), and /g have been calculated assuming that the oxide

layer consists of stoichiometric MgO (see AppendiX)en,d.x has been calculated with

Eqg. (4.4) and subsequent@y;; and Cg* have been calculated with Egs. (4.6) and (4.7).
In the next step of the iteration/};; and /* have been calculated using the values

obtained forCy; and CJ* in the previous step, and so on. Already after gheond

iteration step significant changes in the valudsioled did not occur.

4.3.2. Ellipsometry
Ellipsometry is a technique that is based on trengk of the polarisation state of light
when reflected by a material. Ellipsometry measunets yield two parameterS,andY ,

which are related to the changes in phd3eand amplitude Y) of the parallel and

perpendicular components of the electric field ueé of polarised light upon reflection

at the sample surface. Thereby (cf. Ref. [91]),
tan Y>expliD) = % (4.9)

with R being the resultant reflection coefficients fofleetion of the incident light at a
(multiply) layered structure and the subscriptsadd ~ indicating the parallel and
perpendicular components of the electric field sgatespectively. R is composed of the
several Fresnel reflection coefficiemtsepresenting reflection at the individual integac
of the layered specimen (for details see Ref. [Hg) the interface between two adjacent
layers 1 and 2 these Fresnel reflection coeffisiané given by:
_N, cosf, - N, cosf, _ N, cosf, - N, cosf,
N, cosf, + N, cosf, N, cosf, + N, cosf,

and r. (4.10)

r//

with N; andN; being the complex indices of refraction of theeleyconsidered anty

and f, being the angles between incident and refracteanbewith respect to the layer
normal. For the special case of a substrate coveitid a single overlayer (i.e. one
surface + one interface) as assumed for the spadinvestigated in this work one gets

the following equations:
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r, +1,% sexd- j2xb) R +r, 2 xexp- jx2xb)

R, = and R, = 4.11
"1+, 0, exd- jexb) 1+1,7% %, % sexp- jx2xb) (4.11)
with
b=2x >€QQXN2 xCosf, (4.12)
el g

The indices 12 and 23 represent the two interfés®een medium 1 (vacuum) and
(oxide) layer 2, and between layer 2 and (metdbsBate 3, respectively is the phase
change experienced by the wave travelling fromttopottom of the film and is the
thickness of the overlayer. The complex index &fationN can be expressed Hs=n -

ik with n being the real part of the refraction index &nithe imaginary part expressing

the effect of absorption, which is also called élxéinction coefficient.

For determination of data from the measu2@nd Y values, like the optical
constantsn and k or the oxide thickness, a model of the sampleeisded. The thus
calculatedD and Y values are fitted to the experimenf2abnd Y values. In this work a
Mg substrate covered with an homogeneous Mg-oxikrlayer has been used as a
model for the interpretation of the ellipsometratal The following data evaluation steps
have been applied, using the software supplied thehinstrument [99]:

i Optical constants of the substraférstly, the optical constantsyg andkyg, of sputter
cleaned Mg have been calculated from e@ndY values recorded prior to the
oxidation. The resulting optical constants agred wiéh data given in Refs. [100-
103] (see Fig. 4.3).

il Thickness of the oxide layeBecondly, it has been assumed that a uniform daios
develops on this substrate during oxidation. F@r éixide the optical constants of
MgO from Ref. [104] have been applied. The thiclenekthe layer has been taken as
fit parameter. A typical result is shown in Fig44The fitted D values show the
correct evolution both as a function of oxidatiomeé and as a function of photon
energy (Figs. 4.4 a,b), indicating that the obtdidayer thickness values are
reasonable. The fitted values deviate significantly from the measuredigal(Figs.
4.4 c,d). However, for very thin oxide layers, asthe case here, the change of the
layer thickness is directly proportional to the mha ofD and is relatively insensitive

to the change oY [105]. Furthermore, the values obtained for thekitess from the
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D andY values agree well with the thickness values detegthirom the XPS spectra
(see discussion in section 4.1). (This agreemeantiri@ses the initial application of
optical constants of MgO, somewhat different fromattof the Mg-oxide actually
present at the surface, to get a first approximaticthe thickness value).

iii Optical constants of the oxide layeThe discrepancy between fitted and measured
values forDand Y values suggest that the optical constants of Mg@at apply for
the oxide layer. It is very likely that the compasn of the oxide layer is not equal to
that of MgO and even changes during oxidation,aleviis from the present XPS
results (discussion in section 4.2). Thereforeaifinal evaluation step, the optical
constantsnugox andkugox Of the oxide layer have been determined by ftthand
Y as a function of wavelength and oxidation time,ngsithe oxide thickness
determined in the preceding step (see Fig. 4.5).

Other possibilities for improving the fit of tHi2andY values (instead of step above)

may be considered. One possibility is considerhmg effect of surface and/or interface

roughness. If the roughness is small as comparttetavavelength of the light, the effect
of the roughness can be described by introducihgpathetical layer at the location of
the surface and/or interface (see e.g. Refs [9])106e optical constants of this layer
can be calculated from the optical constants afatsstituents, e.g. applying the effective
medium approximation (EMA) due to Bruggeman [108]1(®Buch a model has been

applied by Kotz et al. [39], who assumed the ihiftemation of a layer consisting of a

mixture of Mg and MgO, on top of which a MgO layvelops in a later stage. Such an

EMA model applied to the present data also gaveaeseptable description of the

measured andY values. Results of both methods (steps ii andhove and the EMA

model) for fittingY andD versus oxidation time are shown in Fig. 4.5. Tigare shows
that the results obtained after siepabove are better than those obtained with the EMA
model.

Another possibility of improving the fit of thBandY values is considering an
oxide layer thickness varying at a lateral scatgdathan the wavelength of the light.
However, fitting such a model, consisting of twceas with different MgO layer
thicknesses, to the experimental data did not givemprovement as compared to the fit

shown in Fig. 4.4.
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Also, models involving an incomplete coverage @& thetal substrat@ith MgO islands

of homogeneous thickness or of a closed MgO lay#r &an inhomogeneous (Gaussian)
thickness distribution didn’t yield better fits f@randY (both vs. time and vs. photon
energy) than the use of a homogeneous layer of KFg§ 4.4). It is concluded that the
fitting according to steps ii and iii above (cf.gFi4.5), also recognising the limited

number of fit parameters, is the approach to b&emex here.
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Figure 4.4: Comparison of ellipsometry results recorded fromample oxidised at 313 K ang,p=
1.34.0° Pa with fit results obtained by adopting the agitimonstants n and k of pure MgO from Ref. [
(fit parameter has been the oxide thicknessRevelopment of the phase paramdddor a photon ener
of 3.0014 eV as a function of oxidation tine.Development of the phase paramddeafter 117 min ¢
oxidation as a function of photon energy.Development of the amplitude parame¥erfor a photo
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From thek values obtained after step iii above the evolutibthe band gap of the
oxide layer can be determined as a function of@iager thickness. The band gap values
Ey have been obtained from spectra showing k as etifumof photon energy. For
increasing photon energy, the energy position wiesearts to become different from
zero marks the end of the band gap. Due to thagtirecrease of the noise of the signal
at both ends of the energy range recorded, thisggnaosition cannot be determined
unequivocally sinc& = 0 occurs several times in one spectrum. Thus, @)etaluation
of the extinction coefficienk has been restricted to a range of about 1.5 eéAbtat 4.5
eV to exclude the most noisy signal range andl{g)first energy position where k = 0
occurs, checking the spectra starting on the hightgn energy side, has been taken as
the end of the band gap. Because of this proceitier&alues folEy are systematically

overestimated, i.e. the true values are smaller tha determined ones.

4.3.3. HERDA

In a normal ERDA experiment ions are acceleratédyrito the sample with the primary
energyEp and kick out ions from the sample. These ionssaréed by the ratio of their
energy and mass in an electrostatic spectrometear@ncounted with a position sensitive
detector (PSD). The position where the incomingigarhits on the PSD corresponds to
its energy. Since the mass and energy of the pyimas are known, the ions kicked out
of the sample can be identified. The energy transfgulting from the collision itself, i.e.
the elastic interaction of primary ion and targat can be expressed by the kinematic
factork [109]:

= M)@OSZJ = E (4.13)
(1+M1/M2) E,

with M; andM; as the masses of the incoming ion and the outgoimgrespectively,/

as the (scattering) angle between the directiortheincoming ion and the outgoing ion
and E; and E; as the energies of the incoming ion and the ootg@dn immediately
before and after the collision, respectively. Sitloe incoming and outgoing ions loose
part of their energy by elastic interaction withke teurrounding material on their way

through the samplg; = Eo — E; with ES being the energy loss of the incoming ion, and,

similarly, the target ion does not leave the samvall energyE, = k xE;, but with
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energy B =k xE; - E;, with E; being the energy loss of the outgoing ion. The mete
energy lossE;., (° Ef+ E;) can be expressed by the so-called (energy depBnide

stopping powersea = dE/AD;, and & = dE/dD, representing the energy loss per unit
distanceD travelled in the sample of the primary and secondan, respectively. For
small depths this yields [109]:

k eedEO 1 @edE 00
ésma nglg sina ng

with a; anda; as the angles of the incoming and outgoing ionrsewaith respect to the

Ec = € D (4.14)

sample surface plane abdas the depth. The effective stopping powesy, is the energy
loss per unit length for both incoming and outgainy

The combination with a time-of-flight (TOF) measment yields a second
parameter (time of flight, inversely proportional the particle velocity) which makes it
possible to distinguish between particles of ddéférmass but of equal energy. Due to the
high energy resolution of this set up, as usedénpresent work (cf. section 4.2.5), the
exclusion of the background mainly consisting afmarry ions also scattered into the
forward direction and reaching the detector is &thland the oxygen signal can be
separated. The high energy resolution of the ptesgstem also yields a high mass

resolution which depends on both the energy resol{iE/E and the time resolutiof/t:

m

o @)

Dm \/aeDEo

eEg et o

A HERDA spectrum, recorded as intensity versus ggneén an energy range
confined to a specific element with a certain cbastate (valency), directly represents a
depth profile of the element under investigatiome Ttotal (energy dependent) depth
resolution LDy Ccan be calculated from the effective stopping poeg = (dE/dD)es
which accounts for the energy loss of both the nmog and the outgoing ions, and the
instrumentally limited energy resolutidi:

DD, = €., *DE (4.16)

total

where the energy resolutidik is limited by the size of the beam spot, the positig of
the lenses, the beam divergence, the energy flilwtuaf the accelerator and most of all

by the energy resolution of the detector system.
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For the geometry used he£19° anda,=19°) and for oxygen in a MgO target
(densityr = 3.585 g/cr) it thus followses = 8.62 keV/nm. For oxygen in a pure Mg
target (density = 1.737 g/cm) one getsaq = 4.2 keV/nm. The energy of an oxygen ion
resulting from kicking out oxygen located at theface is 659.1 keV. On this basis the
oxygen ions recorded at a certain energy can h&adcto a certain depth beneath the
surface. These values have been calculated acgaiRef. [110] using data for the ion
stopping powers (cf. Eqg. (14)) of Ref. [111]. Netkte oxygen concentration of the oxide
as a function of depth beneath the surface can bteined by comparison of the
intensities of the oxygen spectra of oxidised magme with the intensity of a pure MgO
reference sample.

4.4, Results and Discussion

4.4.1. Oxide thickness and growth

Influence of surface preparation

Samples have been prepared in two different wayse €ample has been polished
mechanically only, while all the others have bednhed chemically, too. After
introduction into the UHV chamber all samples hdesn sputter cleaned by *Apn
bombardment prior to each of the oxidation expenitaneWith the mechanically polished
sample only oxidation experiments at 302 K havenbesried out for each of the 3

oxygen partial pressures applieds,p= 1.340° Pa, 1.%0° Pa and 1.80° Pa.

Comparing the resulting oxide thicknesses (obtainea the XPS Mg 2p spectra using
Eqg. (4.4)) of the two differently prepared samplsows that small, unsystematic

differences in layer thickness occur of the ordesrdy 0.1 nm to 0.2 nm forgy= 1.340
" Pa (Fig. 4.6a) andop= 1.320° Pa; for p, = 1.340° Pa the absolute differences are

somewhat larger. Comparing the oxide thicknessesstmples which were both
mechanically polished and chemically etched rewkalkat similarly small and
unsystematic differences occurred between theselsanas between the samples of
different pre-treatment (Fig. 4.6b). Thus, anyuefice on oxide thickness due to surface
preparation can be restricted to the effect of #puttering only, i.e. sputter-induced
surface roughness and/or other sputter-inducedasiridefects. Therefore, in the

following results the sample preparation beforedakion has not been indicated
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explicitly anymore. As a final remark it is notedwever, that the total time that a sample
had been sputtered was different for each expetinvenich might contribute to some

scatter in the experimental data, like in Fig. 4.6b
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Figure 4.6: a. Comparison of resulting oxide thicknesses aftédation at 302 K andg = 1.3107
Pa for two samples after different greatments. Differences are unsystematic and obtHer o
0.1 nm to 0.2 nmb. Comparison of resulting oxide thicknesses at tiee & the oxidation at 302
and py,, = 1.340° Pa for three different samples. Two of them hasenbpretreated identically by
show deviations of the same order as two diffeygmté-treated samples shown in Fig. 4.6a.
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Figure 4.8:a. Oxide thickness, as derived from ellipsometry de¢ssus oxidation time for oxidatio
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Time and oxygen pressure dependence of the oxidetlsickness
The dependence of oxide thickness, as obtained fhe™XPS Mg 2p spectra using Eq.
(4.4), on oxidation time for different oxygen pattpressures is shown in Fig. 4.7a for T
= 302 K. Similar results are obtained for T = 3596t shown) and T = 436 K (Fig.
4.7¢). With increasing oxygen partial pressuredheves representing the growth of the
oxide at the very beginning of the oxidation prackscome steeper, but tend to end up at
the same saturation level, for a given temperaflings saturation level corresponds to
oxide thicknesses of ~ 1.2 nm to ~ 1.5 nm at tineptratures applied. The same data
plotted against the oxygen exposure in units ofgloamr are shown in Figs. 4.7 b and d.
The very steep initial increase of thickness wittha first 2 L to 4 L is presented in the
insert separately. It follows that data correspogdp different oxygen partial pressures
lie on the same curve, indicating a linear depeodef the oxide growth on the total
amount of oxygen supplied per unit time (at leastthis early oxidation stage). The
saturation region extends at least up to 750 L Fsge4.7d).

The oxide thicknesses as determined from the eltfedric measurements are

shown in Fig. 4.8 for oxidations at ~ 313 K andtfa oxygen partial pressures,p-=

1.340° and 1.%0° Pa. The results are in good agreement with the ¢&8. The form
of the curves changes with the oxygen partial presapplied in a similar way as shown
by the XPS results in Fig. 4.7a. Plotting the oxitiekness versus oxygen exposure (Fig.
4.8b) again reveals a good coincidence of dataespanding to the same amount of
oxygen supply. The saturation thickness is abdunin, which is slightly lower than the
value obtained with XPS. This difference is at lepartly caused by the evaluation
procedure of the XPS spectra where elastic saagterf electrons has been neglected,
which results in an overestimation of the oxideckhess values. Furthermore, the
saturation stage in Fig. 4.8b is reached somevettat (at around 15 L) than in Fig. 4.7b.
This may be understood recognising that the oadatixperiments have been performed
in different UHV chambers where the oxygen panpisssure has been measured with
different instruments and where the geometric gearent of oxygen inlet, specimen and
mass spectrometer/ pressure gauge has been différes explanation is strengthened
by comparing the ellipsometry results of Figs. /b8@hamber 1) with the results of an
experiment in another UHV chamber (chamber 2) bated with the same type of
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ellipsometer (Fig. 4.8c). In chamber 2 the satarastage is reached after about 1 L,
which is close to the results obtained from the X®&surements. Thus, the equipment
used influences the measured kinetics of the awidgirocess.

Nevertheless, the results obtained here agree witil those reported in the
literature. From AES measurements of polycrystalimagnesium oxidised at the same
oxygen partial pressure ranges as used in thergregely Lacombe et al. [26] reported a
fast increase of the oxygen KLL peak intensity belbL and a saturation region almost
reached at ~ 5 L, which is in very good agreemaitit the observations in this work.
From AES measurements of the O KLL peak as wethadMg LVV peak, Namba et al.
detected 3 stages of oxygen adsorption: 0 - 0.715 - 3 Land 3 L - 10 L [22]. The
slope of the evolution of the AES signals with gesing exposure thereby changed from
stage to stage (stage Il > stage | > stage llllecehg the thickening of the oxide
overlayer. The results for the exposures of sthgad Ill both correspond very well with
the results gained from the XPS measurements snwbrk. An initial lower oxidation

rate (stage I) has not been observed here.

Temperature dependence of the oxide-layer thickness
The temperature dependence of the oxide thickisesisown in Fig. 4.9 forq) = 1.310°

Pa and an oxidation time of 30 min in a temperataregge of 302 K to 531 K. In the
range from 300 K to ~ 430 K the oxide thicknessalmost independent of temperature
with thickness values between 1 and 2 nm. Thisgasdollowed by a range where the
oxide thickness increases roughly linearly with penature at least up to 531 K. This last
temperature range fits well to the temperature eawpere the change of the optical
appearance of the sample in the sputtered aresaodoeating was observed (see 4.2.1).
The thickness variations in Fig. 4.9 are partly tuexperimental scatter, caused by the
different amounts of sputter cleaning a sampleumatergone (see above discussion with
respect to Fig. 4.6b). However, the small thickngssnges in the temperature range of
300 - 430 K are not due to experimental scattey aslcan be seen from ellipsometry
measurements in Fig. 4.10. In the beginning oftkidation process a slower oxidation is
observed for 393 K than for 313 K, as also revehlethe observations in Fig. 4.9.
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Oxide-island growth and thickness variations

In the Mg 2p spectra measured after the oxidatigpeements a surface plasmon signal
(at ~ 7.5 eV from the main peak) is detectableaiprt oxide thickness between 0.5 nm
and 0.6 nm (see also Ref. [71]). This thicknessesponds to ~ 2 monolayers of oxide.
That means that clean metal surface areas, largagbnto yield surface plasmon
excitations, and oxidised surface areas coexiso @m overall thickness of 0-50.6 nm,
which indicates the occurrence of oxide islandsthwa height above 0.5 nm. The
vanishing of the surface plasmon peak for thickegedarger than 0.5 - 0.6 nm indicates
that the metal surface then is completely coverigd exide.

After the vanishing of the surface plasmon peasmall new peak appears at ~ 6
eV from the main peak (see Ref. [71]). With ongomgdation this peak shifts to lower
binding energies, i.e. closer to the main peak~kly eV. The attribution of the above
mentioned peak to a conventional surface plasmariagion is unlikely because of the
preceding observation of the vanishing of the oagsurface plasmon peak. Such a peak
has been observed and discussed by other autbor$2@,22,36,37,82]. Hayden et al.
attributed the peak to an Mg/MgO interface plasiafj.

The initial formation of oxide islands has beenomtgd before in experimental as
well as theoretical work. On the basis of a molacuwlynamics simulation of oxygen
adsorption on Mg(0001) for an oxygen coverage betw#/16 and 1 Bungaro et al.
predicted the incorporation of oxygen in speciBtrahedral sitebelowthe Mg surface,
forming two dimensional ionic islands, embeddedha metallic host, and which are
commensurate with the metal lattice [45]. A deceeiaswork function of 0.2 eV (due to
the screening of the Mg atoms [26]) has been predlifor the occupation of such
tetrahedral sites with oxygen. A decrease of thekwionction has been observed by
several authors, who reported work function chamgeging from -0.7 eV to -1.5 eV
after an oxygen exposures up to ~ 12 L [22,26,4043 Low Energy Electron
Diffraction (LEED) observations of a Mg (0001) slegrystal surface by Hayden et al.
showed for oxygen exposures < 6 L a broadeningefiietal substrate signal, which was
contributed to the incorporation of oxygen (alsoyler the Mg surface, thereby building
up a (1 x 1) structure followed by the developnmnlg oxide islands [37]; see also data
reported in Ref. [44] suggesting the co-existencevo different states of the oxidised
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surface. It can thus be concluded that oxygen dslacan coexist with a surface
containing such an underlayer of oxygen.

The oxide growth can depend on the crystallogramhientation [44] implying an
inhomogeneous oxide growth on polycrystalline mateiThus, it is likely that oxide
thickness variations exist on a polycrystalline Mgface even after the surface has been

covered completely with oxide.

4.4.2. Oxide composition

Evolution of the oxide composition

The Mg/O concentration ratios, as calculated ftaemMg 2p and O 1s intensities using
Egs. (4.6) and (4.7), have been plotted againsteobayer thickness in Fig. 4.11. Since no
clear dependence of the oxide composition, at &icelayer thickness, on temperature
and on oxygen partial pressure has been obserliedXPS results of all oxidation
experiments, i.e. for all temperatures and oxygartigd pressures applied, have been
plotted together in Fig. 4.12. A clear decreas¢hef Mg/O ratio with increasing oxide
thickness can be observed. For very low thicknegs&s5 nm) the Mg/O ratio is larger
than 2.5, it decreases to values of ~ 1.5 for oxttdeknesses of ~ 1.5 nm (which
corresponds to the saturation thickness showngn4), and decreases marginally for
thicker layers. It follows that upon reaching ttausation value for the oxide thickness
the composition attains a saturation value as weilalue for the Mg/O ratio of ~ 0.97
(i.e. almost the theoretical value) was observecthfXPS measurements of the (sputter-
cleaned) MgO single crystal. This suggests thatstitaration level for the oxide layer
composition indicates that the layer then has stll the composition of bulk MgO.
Besides the possibility that reaching the compasitof stoichiometric MgO requires
longer oxidation times and/or higher oxygen papi@ssures, other possible explanations
that the Mg/O ratio determined from XPS measuremeitthe oxide layers in the
saturation region is not equal to 1 are (i) thelewgf possibly existing intrinsic intensity
contributions (like the intrinsic plasmon contrilmnts to the spectra of pure Mg; cf.
section 4.3.1), or (ii) the inapplicability of thenisation cross sections from Ref. [96] to
the conditions for the early oxide. Anyhow, it da@ concluded (see Fig. 4.11) that the

oxide composition of the initial oxide films cleadieviates from stoichiometric MgO.
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Figure 4.11: Mg/O ratio determined from XPS measurements oMge2p and the O1s peak of
samples oxidised in UHV as well as from sputtertdgpofiles of samples oxidised in a furnace.
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Figure 4.12: Concentrations of both oxidised Mg and O in thé&dexas obtained from all XPS d
recorded at the selected temperatures and oxygtal peessures of oxidations in UHV (circles) aax
obtained from XPS dataf sputter depth profiles (triangles) specimensasately oxidised in a furna
at T =673 K and g = 9.7540° Pa for 2 h. The expected value for both oxidisegiand O in (bulk
MgO is also showi
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The Mg/O ratio being larger than 1 is mainly dueatooxygen deficiency in the
oxide (and, for thicknesses > 1 nmgt due to a magnesium surplus), with reference to
the oxide MgO (see results in Fig. 4.12). The oxygencentration seems to decrease
slightly with increasing thickness up to 0.5 nmckmess and then increases, but it
remains below the value for stoichiometric MgO. Hur smallest oxide thicknesses also

a Mg surplus is observed.
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Figure 4.13: Comparison bthe maximal growth rate of MgO, as estimated frem (4.17), and tt
initial growth rate as actually derived from expeental XPS data recorded for oxidations at 302fk
Fig. 4.7Db).

That the initial oxygen concentration of the grogvmxide must be lower than that
of bulk MgO also follows from the initial oxidatiorate. According to the kinetic gas
theory the numbez of oxygen molecules hitting a surface per unitetiamd area is given
by (cf. Ref. [112]):

Po,

7= (4.17)
\/2>50 Mg, T

8C



