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a  b  s  t  r  a  c  t

Depth  profiling  using  surface  sensitive  analysis  methods  in  combination  with  sputter  ion  etching  is  a
common  procedure  for thorough  material  investigations,  where  clean  surfaces  free  of  any  contamina-
tion  are  essential.  Hence,  surface  analytic  studies  are  mostly  performed  under  ultra-high  vacuum  (UHV)
conditions,  but the  cleanness  of  such  UHV  environments  is  usually  overrated.  Consequently,  the  cur-
rent  study  highlights  the  in principle  known  impact  of  the  residual  gas  on  metal  surfaces  (Fe,  Mg,  Al,
Cr  and  Zn)  for  various  surface  analytics  methods,  like X-ray  photoelectron  spectroscopy  (XPS),  Auger
electron  spectroscopy  (AES)  and  low-energy  ion  scattering  (LEIS).  The  investigations  with  modern,  state-
of-the-art  equipment  showed  different  behaviors  for  the metal  surfaces  in UHV  during  acquisition:  (i) no
ES
EIS
xygen accumulation
esidual gas

impact  for Zn, even  after long  time,  (ii)  solely  adsorption  of  oxygen  for Fe, slight  and  slow  changes  for  Cr
and  (iii)  adsorption  accompanied  by oxide  formation  for Al and  Mg.  The  efficiency  of  different  counter
measures  was  tested  and  the  acquired  knowledge  was  finally  used  for  ZnMgAl  coated  steel to  obtain
accurate  depth  profiles,  which  exhibited  before  serious  artifacts  when  data  acquisition  was  performed
in  an  inconsiderate  way.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

For a detailed characterization of materials and sample struc-
ures depth profiling with highly surface sensitive methods in
ombination with sputter ion etching is commonly used. In this
ase clean surfaces, which also have to stay free of contaminations
uring the entire experiment, are calling for ultra-high vacuum
UHV) equipment. Although the pressure of the residual gas is very

ow under common UHV conditions the surfaces are never kept
ermanently clean [1–4], which is especially challenging in the
ontext of surface analysis or depth profiling of metals and their
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oxides. In this context basic oxidation studies shall be mentioned,
where the formation of iron oxides on metallic iron due to expo-
sure to low oxygen pressures was  already investigated in depth,
e.g. [5–10]. Nevertheless, the number of studies on iron or steel
dealing with the influence of the residual gas within UHV cham-
bers is quite low, e.g. [11]. For other metals such as Al, Mg  and Cr
a large number of studies about defined oxidation, including the
initial stages and determination of sticking coefficients, as well as
work function changes due to chemisorption of water and oxygen
are available [12–19]. However, also here the impact of the resid-
ual gas was never put into the main focus of these investigations.
Only Kasupke et al. [20] provided insight into the effect of contam-
inations by the residual gas on cleaved silicon and Ramsey et al.
[21] briefly reported on exo-electron emission from abraded metal
surfaces under UHV conditions.

The issue of contaminations arising from residual gas has been
in principle known for decades and was already considered for

depth profiling with abrasive techniques [1,2,11]. However, there
is a lack of studies using modern equipment, like state-of-the-art
X-ray photoelectron spectroscopy (XPS) machines with, e.g., dual
flood guns for sophisticated charge neutralization, and using differ-
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nt acquisition concepts as in the afore mentioned older studies;
s an example, mostly no continuous sputtering can normally be
erformed during data acquisition, since the time needed to record
ll essential high-resolution spectra would lead on complex mate-
ials to an intolerable loss of depth resolution. Hence, in the current
tudy three surface sensitive methods, namely XPS, Auger electron
pectroscopy (AES) and low-energy ion scattering (LEIS), which
xhibits an even higher surface sensitivity [22], were considered
nd compared with the aim to clarify the consequences of oxygen
ptake in depth profiling studies and to test counter measures. The
ocus is finally put on a reliable analysis of ZnMgAl coatings, which
ere developed as a modern and efficient concept for corrosion
rotection of steel [23], by carefully taking the arising artifacts into
ccount.

. Material and methods

.1. Sample preparation

Depth profiles of ZnMgAl coated standard low-carbon steel
btained from voestalpine Stahl GmbH were recorded. The coat-
ngs were fabricated by hot-dip galvanizing and consist of 96 wt.%
n, 2.5 wt.% Al and 1.5 wt.% Mg  with a layer thickness of approxi-
ately 7 �m.  Also samples of the bare steel substrate were used in

his study. In addition, a piece of high-purity iron (∼99.8%) obtained
rom voestalpine was considered for further investigations. For
ngle resolved XPS measurements (ARXPS) the steel and iron sam-
les were polished using diamond pastes down to a particle size of

 �m.  A standard cleaning procedure by ultrasonication in tetrahy-
rofuran, isopropanol and finally ethanol, as already described
lsewhere [23], was carried out for the metal substrates. A magne-
ium rod of high purity (Sigma-Aldrich, ≥99.9% metal basis) was  cut
nd polished to obtain a smooth metallic Mg  surface; only ethanol
as used in the ultrasonic bath for sample cleaning. Furthermore,

 piece of aluminum foil was taken for testing a metallic Al sur-
ace. The surface of a block of Cr was polished and subsequently
xposed to several cycles of ultrasonication in isopropanol and
thanol. Finally, a sample was taken from a high-purity zinc foil
Sigma-Aldrich, ≥99.99% metal basis). Prior to the measurements,
ll these metal surfaces were in situ sputter cleaned.

.2. Instrumentation

The XPS measurements were performed on a Theta Probe (Ther-
oFisher, UK) with the Avantage software package for the control

f the instrument, for data acquisition and evaluation. For excita-
ion, a monochromated Al-K� X-ray source (1486.7 eV, 15 kV, 3 mA,
5 W,  spot size of 200 �m)  was chosen. The hemispherical electron
nergy analyzer was set for the acquisition of high-resolution spec-
ra to a pass energy of 50 eV and an energy channel step width of
.1 eV. The associated multi-channel detection system (112 energy
hannels and 96 angle channels) enables non-destructive depth
rofiling of the topmost surface layers by ARXPS (take-off angle
etween 20◦ and 80◦ with respect to the surface normal). For charge
eutralization the system is equipped with a dual flood gun which
rovides low-energy electrons (∼2 eV) as well as Ar+ ions with

ow kinetic energy (∼20 eV). The Theta Probe, evacuated by turbo-
olecular pumps and supported by a titanium sublimation pump,

xhibits a base pressure in the low 10−9 to mid  10−10 mbar range
nd an operation pressure in the lower half of the 10−7 mbar range
uring sputtering and when the flood gun is on. The Ar+ ion gun was

perated with an acceleration voltage of 3 keV and an ion current
f 1 �A with a size of the sputter crater of 2 × 2 mm on the sample.
he etch cycles for the ZnMgAl sample were 480 s for each of the
rst 25 steps of sputtering, followed by 10 steps of 2400 s each, and
 Science 411 (2017) 189–196

finally 3 steps with a duration of 18000 s each. Data evaluation was
started with the elimination of the peak backgrounds by applying
Shirley background subtraction [24], subsequently the peak areas
were normalized using Scofield sensitivity factors [25] to obtain the
elemental composition.

For complementary investigations a scanning Auger electron
spectrometer from JEOL (JAMP 9500F) was  used. This UHV setup
(base pressure ∼5 × 10−10 mbar, with a sputter ion pump and a
titanium sublimation pump) is based on a scanning electron micro-
scope (SEM) with a Schottky field emitter, which is additionally
equipped with an electron analyzer containing a detection unit
with 7 channeltrons. High-resolution measurements in the range
of 0 up to 2500 eV with a spatial resolution down to 8 nm can be
carried out. An Ar+ ion gun with a selectable ion energy from 0.5 up
to 3 keV is mounted for the purpose of surface cleaning, to acquire
depth profiles and for charge neutralization by choosing ions with
low kinetic energy (minimum 10 eV).

The LEIS measurements were performed on an ESA-LEIS (elec-
trostatic analyzer low-energy ion scattering) setup with a base
pressure lower than 5 × 10−10 mbar using a turbomolecular pump,
a sputter ion pump, a titanium sublimation pump and a cold trap. A
beam of He+ ions with kinetic energies selectable in the range of 0.3
up to 5 keV with a primary beam current ranging from 0.05 to 1 nA is
directed perpendicular towards the sample surface. Backscattered
He+ ions with a scattering angle of 136◦ enter a cylindrical mirror
analyzer and are detected by a set of micro channel plates. When
applying Ar instead of He gas sputter cleaning can be performed.
For an analysis of the sample composition the peak areas of the
surface peaks were evaluated, after subtraction of the background
due to reionization in deeper layers and by using scattering cross
sections derived from the ZBL (Ziegler, Biersack, Littmark) potential
[26].

2.3. Measurement procedure

Photoelectron levels (C1s, O1s, Zn2p, Cr2p, Fe2p, Mg2p and
Al2p) and – when appropriate – the associated Auger transitions
(ZnL23M45M45 and MgKL23L23) were recorded by XPS in the cen-
ter position of the sputter craters, which either were arising from
the sputter cleaning steps or by depth profiling. The measurements
which focused solely on the oxygen uptake were performed in a
continuous way by iteratively acquiring the spectra of interest. The
peak of adventitious carbon was not used for charge shift correction
because in most cases it was of very low intensity or even absent.
Furthermore, the issue of differential charging [27] might cause
serious inconsistencies; especially the dynamic changes of the
surface composition and consequently different prevailing condi-
tions of the conductivity due to oxygen adsorption and potentially
following oxidation can strongly influence the obtained peak posi-
tions. Hence, instead of using absolute binding energy values for
the data evaluation relative peak separations, unique and special
peak features such as shake-up satellites and/or multiplet split-
ting, and the modified Auger parameter (MAP, a simple method
to distinguish between different chemical states) [28] were taken
into account. For fitting of the recorded data Gaussian-Lorentzian
shaped peaks as well as specific reference spectra from an own data
base [27] were used. When assuming a uniform oxide layer on top
of a metal the layer thickness can be estimated by comparing the
photoelectron peak intensities of the oxidic and the metallic part
[29]. Furthermore, the inelastic mean free paths (IMFPs), the elec-
tron take-off angle, and the volume densities are needed for the
calculation. The required IMFPs for Al2p photoelectrons within Al

metal (26 Å) and Al2O3 (28 Å) were deduced from [30,31]. In case
of ARXPS the take-off angle is well-defined, for the standard acqui-
sition mode a mean value of 50◦ – relative to the surface normal –
was chosen.
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Fig. 1. Relative concentration plot of iron and oxygen obtained from sputter-cleaned
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ow-carbon steel showing an uptake of oxygen over acquisition time. The high-
esolution spectra of Fe2p and O1s of the last measurement step are shown in the
nset.

The ESA-LEIS measurements were performed on the polished
teel sample, using Ar+ ion bombardment with 3 keV and 10–15 nA
s preliminary cleaning step. The threshold energy for reionization
rocesses is for iron 900 eV, below Auger neutralization dominates.
or the acquisition of full-energy range spectra a kinetic energy
f 2 keV was chosen. At this energy, resonant processes (reioniza-
ion and resonant neutralization) contribute considerably to charge
xchange, which facilitates surface composition analysis due to the
bsence of matrix effects [32]. The data evaluation comprises a
uantitative evaluation of the ion yields for Fe and O after surface
leaning and for various experimental times.

. Results and discussion

.1. XPS, LEIS and AES investigations on metallic Fe surfaces

The main motivation for the current study is related to observa-
ions made in routinely recorded XPS sputter depth profiles from
arious Zn-based coatings (Zn, ZnCr, ZnMgAl) on low-carbon steel
heets. In detail, at the interface between the coating and the steel
n increase of oxygen was always observed until a steady state of
pproximately 90 at.% of iron and 10 at.% of oxygen was reached
ithin the substrate region, where no noteworthy amounts of

xygen should be present. In the following, various investiga-
ions on the surface of chemically and sputter-cleaned sheets of
he bare low-carbon steel were performed considering different
urface sensitive analysis methods. Complementary data of three
utonomous UHV setups with different pumping systems could be
btained in this way. At first, data from iterative XPS measure-
ents of the Fe2p and O1s signals of an initially sputter cleaned

teel surface is shown in Fig. 1.
It is evident that the original concentration of 100 at.% metallic

ron is decreased by an enrichment of oxygen over time with final
oncentration values of approximately 88 at.% Fe and 12 at.% O.
lthough the O1s level taken from the last measurement is clearly

ndicative for the presence of oxygen, there is no evidence for oxi-
ized iron, as proven by the corresponding Fe2p spectrum. In order
o identify the source of oxygen systematic experiments – consid-
ring (i) migration processes of contaminations from the regions

ext to the sputter crater into the analysis region, (ii) reactions

nduced by X-ray irradiation, electrons or Ar+ ions (originating from
he dual flood gun), (iii) impurities in the gas system of the dual
ood gun/ion gun or a (iv) potential UHV leak of the chamber –
 Science 411 (2017) 189–196 191

were performed leading to the conclusion that the sole origin of
the accumulated oxygen on the surface is related to the residual
gas inside the UHV chamber, which generally contains for UHV
setups evacuated by turbomolecular pumps H2, H2O, CO, CO2 and
O2 [33–36]. Also our own investigations of the residual gas in an
attached preparation chamber of the XPS by using a quadrupole
mass spectrometer showed no unusual composition, but quanti-
tatively this depends besides the type of pumps on many factors
like bake-out parameters, getter objects, cold traps and cooling
stages, frequency and procedure of sample transfers, and history
of measured samples.

In the case of the high-purity iron sample the final concentra-
tions and the accumulation kinetics were found to be similar as
observed for the low-carbon steel in the previous experiments.
Furthermore, ARXPS data were acquired after the steady state con-
centration of oxygen had been reached. All of the Fe2p spectra
obtained from the different angles (related to different average
depths) perfectly matched the one of a metallic iron reference.
Neither the bulk sensitive signal, nor the surface sensitive spectra
revealed any traces of iron in a higher oxidation state showing that
the electronic structure of iron is not recognizably influenced by
the oxygen accumulation in our experimental time frame, i.e.,  an
oxygen containing species is simply adsorbed with no formation
of iron oxide. In this context, a detailed description on the initial
stages of oxidation can be found in some publications, e.g., [7–10].
For the sake of completeness, it should be noted that XPS stan-
dard quantifications, as routinely performed by the community for
the overwhelming part of measurements, are based on assuming a
homogeneous distribution of all elements within the information
depth of XPS. In the current case of iron and steel the found oxy-
gen is adsorbed on top, whereas the distance between an adsorbed
atom and the substrate atom can be estimated by the sum of their
van der Waals radii [37]. Assuming a monolayer thickness with the
double of the van der Waals radius of oxygen the fractional sur-
face coverage can be calculated according to [38]. With inelastic
mean free paths of Fe2p3/2 and O1s photoelectrons in the oxygen
overlayer taken from [39] or by using the attenuation lengths deter-
mined according to [40] coverage values of ∼90% or slightly more
than 100%, respectively, were obtained. Taking these results and the
lack of knowledge on the exact nature of the adsorbent into account
the surface coverage can be considered equaling a full monolayer.

For the investigation of Zn-based coatings on steel cooling is one
of the few sufficiently well working counter measures to slow down
and decrease X-ray induced radiation damage of unstable corrosion
products or their degradation due to monoatomic ion bombard-
ment, as shown by us in [41–43]. Since the sticking coefficient for
the impinging gas particles depends on the sample temperature
a freshly cleaned low-carbon steel sample was cooled and kept
in a long-term experiment at −120 ◦C. From the obtained data it
became evident that the cooled sample surface gathers more oxy-
gen or oxygen containing components from the residual gas and
that the oxygen concentration clearly surpassed the value of ∼12
at.% from the experiments at room temperature. At these higher
concentrations oxidation of the iron surface was finally visible in
the Fe2p spectra (not shown).

For comparison ESA-LEIS was  also performed on a sample of pol-
ished and in situ sputter-cleaned low-carbon steel. This technique
is known to be extremely surface sensitive, since for noble gas ions
the ion fraction P+ is very low for ions being backscattered from
subsurface layers of the target [44–46]. Full-energy spectra were
iteratively recorded with a period of 5 min, and are shown together
with the evolution of the deduced ion yields for iron and oxygen in

Fig. 2a).

The freshly cleaned surface is free of contaminations and initially
no oxygen could be detected. With increasing time an increase of
the oxygen peak is also in this setup evident (the LEIS spectra are
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Fig. 2. a) ESA-LEIS measurements with He+ ions of 2 keV primary energy on a polished and sputter-cleaned low-carbon steel sample. The energy spectrum shows the intensity
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f  the ions backscattered from the Fe and O atoms for different exposure times to t
uger electron data from an initially clean low-carbon steel surface, with a spectru
ith  continuous Ar+ ion bombardment of low kinetic energy with 50 eV and 200 eV

ormalized with respect to the Fe signal). The apparent different
eak position of the initial Fe signal might be related to a change

n the inelastic losses due to the adsorbate-metal interaction. From
he full-range spectra the ion yields for He+ scattered from Fe and O,
espectively, were evaluated and plotted as a function of acquisition
ime as given in the bottom plot of Fig. 2a), showing a rapid decrease
or the yield from Fe atoms.

As a third method Auger electron spectroscopy, performed again
n a separate, autonomous UHV system (with sputter ion pump),

as used on the low-carbon steel material. A chemically cleaned
ample was in situ sputter-cleaned by Ar+ ions before a fast data
cquisition step followed. The spectrum shows a more or less oxy-
en free surface, however due to the finite signal-to-noise ratio
he quantification algorithm yielded a ratio of 97:3 at.% for Fe to

 (Fig. 2b)). Afterwards the sample was kept in place for an hour
ith the electron beam being blocked and finally measured again.

he quantification gives an Fe to O concentration of 87.7 at.% vs.
2.3 at.%, i.e.,  a similar amount of oxygen absorbed on the steel
ubstrate as found in the XPS experiments. This fact together with
he lack of carbon in the XPS spectra hints on a quite insignificant
ontribution of potential contaminations originated by bearing oil
sed in turbomolecular pumps, as the ones attached to the XPS
ystem. After sputter-cleaning this AES experiment was repeated
wo times, with a sputter cleaning step always before, once with

ombarding the sample surface during the waiting time with Ar+

ons of 50 eV kinetic energy and once with 200 eV ions from the
on gun (charge neutralization mode). The data as shown in Fig. 2b)
evealed a ratio Fe:O of 89:11 at.% and 96.6:3.4 at.%, respectively,
idual gas; the corresponding evolution of Fe and O ion yields is depicted below. b)
orded after a waiting time of one hour, and two  spectra after waiting for an hour

ectively.

which points out that ions of 50 eV are not sufficient while ions
of 200 eV are suited to totally hinder oxygen uptake. A similar
concept, namely a continuous sputter bombardment during Auger
spectra acquisition using Ar+ ions of 3 keV, was  already applied
for depth profiling of stainless steel [11]. However, a gentler mode
should significantly decrease the sputter yield, which is essential
to obtain a reasonable depth resolution. This is of high importance
when the number of required high-resolution scans increases the
acquisition time dramatically, as it is the case for complex material
systems involving many elements. Nevertheless, it has to be consid-
ered that even for these low kinetic ion energies serious chemical
changes/damage may  be induced [42,43].

3.2. XPS investigations on metallic Mg, Al, Cr and Zn surfaces

In the following, different in situ sputter-cleaned metal surfaces
were investigated by XPS which are relevant for, e.g.,  Zn-based anti-
corrosion coatings (Zn, ZnCr, ZnMgAl) [23,47] or metal alloys [12].
In contrast to other surface studies [12–15,19,48], here the main
focus is put on the impact of the residual gas, as shown in Fig. 3a)–d)
for Mg,  Al, Cr and Zn. Both, the individual oxygen concentration as
a function over time and the evolution of the Mg2p, Al2p, Cr2p3/2,
ZnL23M45M45 and O1s levels are presented.

The oxygen uptake of the Mg  surface is in comparison to the

experiments on the Fe surface substantially increased with the sig-
nals heading towards a final concentration of about 61 at.% Mg and
39 at.% O (Fig. 3 a)). Changes in the spectra of Mg2p are equally
evident, with the formation of mainly MgO  and a decrease of the
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ig. 3. The relative concentration plots of a) Mg,  b) Al, c) Cr, d) Zn with respect to 

ime,  including a differentiation between metallic and oxidic species. In addition, t
unction of exposure time, which are indicative for changes in the electronic structu

ontent of the metallic species. The spectra of the O1s level reveal
ext to the oxygen being attributed to MgO  an increasing peak at
igher binding energy side. This one may  belong to an adsorbed
ype [49,50], e.g., in form of accumulated water or more likely
ccording to [14,51] to oxygen in a “defective” chemical environ-
ent. The Mg2p spectra were fitted for acquisition times exceeding

000 s (before the peak intensities were too low for accurate fits)
ith an oxidic and a metallic contribution by using a reference of
etallic magnesium and a Gaussian-Lorentzian shaped peak rep-

esenting the oxidic Mg  type.
Also for the Al sample an increase of the oxygen signal, and

imultaneously, a decrease of the aluminum signal over time are
vident (Fig. 3b)). The evolution of the oxygen signal does not fol-
ow a simple exponential behavior as observed before on Fe and

g.  Furthermore, the spectra of Al2p and O1s levels clearly indi-
ate the growth of aluminum oxide. In order to roughly quantify
he transformation from metallic to oxidic Al the Al2p spectra were
tted for acquisition times longer than 4500 s with reference spec-
ra. Due to a slight excess of oxygen with respect to the expected
toichiometry of Al2O3 and due to a recognizable small shoulder
n the O1s spectra at the high binding energy side, the presence
f a simply adsorbed oxygen species is indicated. More details
n the fundamental processes of aluminum oxidation can also be
ound in, e.g.,  [12,19,48]. In addition, non-destructive depth profil-
ng was performed by ARXPS when equilibrium conditions of the
luminum and oxygen concentrations were reached. The deeper
ayers showed a predominating presence of metallic aluminum

hile the oxygen signal increased towards the surface regions. The
1s spectra could be fitted with a part belonging to aluminum oxide
nd another one being related to a second, different type. An evalu-
tion according to [29] of the Al2p peak intensity ratios of the oxidic
o the metallic contribution for all of the recorded angles gave an
verage layer thickness of 4.6 ± 0.4 Å, which is in good agreement

o a thickness of 5 Å as obtained from a calculation based on the
nal spectrum of Fig. 3b). Further data evaluation, by assuming

 two overlayer structure on the metallic bulk indicates that the
xide layer is covered itself by the oxygen contribution of the sec-
 initially sputter-cleaned metallic surfaces are shown as a function of acquisition
h-resolution spectra of Mg2p, Al2p, Cr2p3/2, ZnL23M45M45 and O1s are given as a

the surface atoms (except for zinc).

ond type. An average layer thickness of ∼1 Å was obtained from
the angle resolved data for this topmost layer. According to litera-
ture [12,19] this contribution can be related to adsorbed water or
OH species, also the presence of less coordinated and incorporated
oxygen is possible.

In the case of Cr, the metallic surface is as well subjected to
an increasing O1s signal while the Cr2p3/2 signal decreases over
time (Fig. 3c)). The uptake of oxygen follows, like for Fe and Mg, an
exponential behavior. The Cr2p3/2 spectra reveal slight indications
for chemical changes over time. In detail, at higher binding energy
side of the metallic Cr peak a shoulder grows, which is too small
for reliable fitting with reference spectra. However, the evolution
from metallic species into another Cr type was evaluated by taking
the peak areas, as shown in the relative concentration plot. The
obtained data indicate that most of the oxygen is simply adsorbed.
Further detailed information on the initial stages of oxidation of Cr,
proposed as models, can be found in [10,13,16–18].

In contrast to the above studied metals, the spectra obtained
from a Zn surface revealed no remarkable oxygen uptake, as shown
in the relative concentration plot in Fig. 3d). Even after a period of
∼24 h, the O1s and ZnL23M45M45 levels are devoid of any indica-
tion for an increase of oxygen. This circumstance is most probably
related to sublimation of zinc from the surface induced by its higher
vapor pressure, as compared to the other investigated metals. Fur-
thermore, different studies report on slow adsorption processes of
molecular oxygen and the necessity for larger exposures to saturate
the surface [52–54].

3.3. XPS depth profiles on ZnMgAl coated steel

In order to obtain insights on the impact of oxygen accumulation
for common analysis tasks in XPS depth profiling by Ar+ ion sput-
tering, a ZnMgAl coated steel sample was investigated. The coating

exhibits a non-uniform lateral composition, which is related to
enclosed Zn-rich dendrites and eutectic phases including Zn, MgZn2
and Al [23,55]. Hence, to exclude the influence of lateral inhomo-
geneities, all spectra were acquired at exactly the same position for
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Fig. 4. Comparison of sputter depth profiles: chemical composition as a function of the sputter time for a ZnMgAl coated steel obtained from an identical measurement
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osition  reveals measurement artifacts caused by oxygen uptake from the residual 

e  applied for a not fully known sample composition, including longer measurem
ell-considered sequence of spectra acquisition and minimizing measurement tim

oth presented experiments. The spectra of the profile shown in
ig. 4a) were always recorded at first with an absolute minimum of
cquisition time. This profile is much more accurate regarding the
eal depth composition (sputter technique based artifacts like pref-
rential sputtering, atomic mixing or partial chemical degradation
ay  still persist [56]), also because of a well-considered sequence

f spectra acquisition with optimized parameters; O1s level at first,
mmediately followed by the levels being essential for the charac-
erization and quantification of the oxidation states of Al and Mg,
hen Fe2p, and finally, the levels for Zn and carbon. This optimiza-
ion, especially shortening the acquisition time and the selection of
he relevant elements and their specific Auger and photoelectron
eaks, can only be reasonably fulfilled when the sample structure
nd elemental composition is not totally unknown. The spectra for
he second profile shown in Fig. 4b) were recorded immediately
fterwards in a standard way with longer acquisition times for a
etter signal-to-noise ratio, as it might be done for a not fully known
aterial composition, for more reliable peak fitting to obtain chem-
cal information and little knowledge about a potential oxygen
ccumulation. The time spent for the spectra acquisition for the first
rofile plays in this second experiment the role of potential mea-
he standard profile b) results from a regular data acquisition procedure as it would
es for better chemical peak fitting. The improved profile a) was obtained from a

surements of additional Auger and photoelectron levels which are
essential for, e.g., coatings exposed to various surface treatments
and corrosive atmospheres, involving additional elements like Cl,
S, P or Na.

As seen in Fig. 4, the surface composition is found to be iden-
tical, besides a minimal drop of the carbon amount for the second
profile caused by the longer exposure time to X-rays and dual flood
gun. Also the Zn signals in both profiles, revealing on top oxidic
and metallic species and in the following solely metallic Zn before
vanishing, does not show any peculiarities over the whole depth
range. The carbon signals totally vanished in both profiles after the
first sputter cycle and also the evolution of the Al signal shows in
both cases a maximum at the interface, which would correspond
to an Al-Fe inhibition layer [57]. However, when comparing the
evolution of Al and Mg  for the first sputter cycles indeed a number
of significant differences is evident. Fig. 4a) shows that the oxidic
Mg on the surface is totally removed by the first sputter cycle, fol-
lowed by metallic Mg.  This behavior is similar for Al, which is on

top of the sample in an oxidic state, after the first sputter cycle it is
present in oxidic as well as in metallic form, and after the second
sputter cycle solely prevailing in metallic form. In contrast, Fig. 4b)
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ndicates that oxidic Mg  and Al outlast the first and second sput-
er cycle. Only after 7 sputter cycles carried out, both elements are
nally found to be exclusively present in metallic form. Another sig-
ificant deviation is observable for oxygen. Already after the first
tch cycles, the first depth profile reveals that the oxygen signal is
anishing and remaining zero in the following. In contrast, the stan-
ard profile shows a much slower decrease of the oxygen within the
nMgAl layer which is followed by a rapid uptake when reaching
he interface to the steel substrate (constant Fe to O ratio of ∼90 to
0 at.%). For the ZnMgAl layer itself the influence of the residual gas
n Mg  and Al appears to be not that pronounced, which is related
o the low concentrations of Al and Mg  within the overwhelming
mount of Zn. When considering analytics of materials with higher
oncentrations of Al and Mg,  or when information is needed with
espect to the (chemical) structure of the topmost layers (essential
or adhesion or corrosion studies), it is an absolutely critical issue to
ollow an evaluation procedure, which best reflects the real sample
tructure.

. Conclusions

4.1 In the field of surface science the issue of a detrimental oxy-
en accumulation has in principle been known since long and was
specially studied in the context of well-defined oxidation experi-
ents or for the growth and deposition of thin films. However, this

ssue was to date mostly neglected for analytical studies involving,
.g, sputter depth profiling. The obvious solution to the problem of
xygen uptake due to the residual gas, namely lowering of the pres-
ure and shortening the exposure time, is not sufficient. Instead, the
nowledge on the behavior of all involved elements together with

 well-considered sequence for acquiring high-resolution scans are
rucial points to obtain profiles with higher accuracy. Therefore, it
s favorable to carry out beforehand fundamental cross-checks on
eference materials to predict their behavior during analysis. This
trategy was exemplified in the current study, showing that i) Zn
urfaces are not subjected to any changes; ii) oxygen species adsorb
n Fe and steel surfaces without indications for an oxide formation
ver longer time scales; iii) Cr reveals a clear uptake of oxygen while
hemical changes are hardly recognizable, also for longer exposure
imes; iv) Al and Mg  show beside adsorption processes even a rapid
ormation of metal oxides.

From a technical point of view the operation of potentially avail-
ble cold traps or the firing of titanium sublimation pumps prior the
xperiments is advisable. The time which is needed to complete the
ample transfers and all preparation steps prior to further surface
rocessing steps should also be taken into account, since a signifi-
ant uptake of oxygen – either solely adsorbed or already forming
xides – can be critical already after a short time. Furthermore,
he fact that sample cooling to low temperatures may  initiate or
ntensify the oxidation of metal surfaces has also to be considered,
specially when easily degradable compounds are studied, where
ooling normally helps to decrease the rate of degradation. Finally,
he sputter guns may  be operated in a very gentle mode during data
cquisition in order to further prevent the adsorption of particles
rom the residual gas.
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