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Abstract
Formation of singly and doubly chargedArq+ andTiq+ (q=1,2) and ofmolecular Ar 2

+, ArTi+, and
Ti 2

+ ions in a direct currentmagnetron sputtering discharge with a Ti cathode and argon asworking
gaswas investigatedwith the help of energy-resolvedmass spectrometry.Measured ion energy
distributions consist of low-energy and high-energy components resembling different formation
processes. Intensities of Ar 2

+ andArTi+ dimer ions strongly increase with increasing gas pressure.
Addition of oxygen gas leads to the formation of positively chargedO+, O2

+, andTiO+ and of
negatively chargedO− and O2

- ions.

1. Introduction

Plasma-based processing techniques are of considerable interest in fundamental research and industrial
applications [1]. Plasma-assisted deposition of thin solidfilms is amajor step inmany applications, e.g. for
magnetic recordingmedia, electronic semiconductor devices, light emitting diodes, optical and hard coatings,
solar cells, fuel cells, and batteries. Reactive plasmaswith addition of amolecular gas are of particular importance
in this context. For example, reactivemagnetron sputtering inAr/N2 andAr/O2 gasmixtures and deposition of
compound filmswas investigated byAffinito and Parsons [2]. A pronounced dependency offilm properties on
oxygen or nitrogen gasflowwere observed. Deposition rate and film properties of nitridefilms (e.g.
stoichiometry, electrical resistivity, index of refraction) as function of nitrogen gasflow inAr/N2 gasmixture
was investigated byMientus and Ellmer [3]. A theoreticalmodel of reactive sputtering processes was developed
byBerg andNyberg [4]. Current voltage characteristics ofmagnetron discharges with oxygenwere investigated
byDepla et al and the observed behaviorwas linked to variations of the ion induced secondary electron emission
[5]. Optical andmass spectrometric control of reactive plasmaswas invented by Schiller et al [6] and Sproul and
Tomashek [7, 8], respectively.

Filmproperties are frequently linked to particular properties of deposition plasma [9, 10]. In this context, the
ion and energy influx into the growing film is of particular importance [11–18]. New and highly reactive species
appearwith the addition of oxygen to the discharge. Reactive oxygen species can have a large influence on the
properties of deposited films [19]. In this paperwe investigate the ion composition in amagnetron sputtering
dischargewith a titanium target. Recentmeasurements for pure argon gas are extended to larger gas pressures up
to 5.5 Pa providing a clearer picture of the pressure dependency [20]. Positively and negatively charged ions are
observed for an argon/oxygen gasmixture, resulting from gas phase collisions and from interactionwith the
sputtering target.Major differences are noticed to the pure argon case.

2. Experiment

The experimental set-up has been described in detail before [20–22]. The experiment is performed in a vacuum
chamberwhich is pumped to a base pressure of less than 10−5 Pa. Argon (purity 99.999%) and oxygen gas
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(purity 99.995%) is admittedwith the help of two gasflow controller. Argon and oxygen flow rates are set to
18 sccm and 6.4 sccm, respectively.With a ultrahigh vacuumgate valve between pump and chamber, the
operating pressure is set in the range p=0.3–5.5 Pa for pure argon and p=0.38–3.8 Pa for the argon-oxygen
gasmixture. A planar unbalancedmagnetron is attached to the horizontal flange of the vacuumchamber which
is equippedwith a Ti target (diameter 50.8 mm, purity 99.7%). Themagnetron plasma is ignitedwith the help of
aDCpower supply (Advanced EnergyMDX–1K) operated in the power regulationmode. Typical cathode
voltages during operation at 150Ware 370 V and 250 V for argon gas pressures of 0.3 and 5.5 Pa, respectively,
and 410 V and 350 V for Ar+O2 gas pressures of 0.38 Pa and 3.8 Pa, respectively.

Energy-resolvedmass spectrometry is performedwith a commercial Hiden EQP1000mass/energy analyzer
(HidenAnalytical Ltd., UK). Further details of the instrument and of the analyzer’s settings can be found
elsewhere [20]. The instrument ismounted opposite to themagnetron’s race track at a distance of 45mmfrom
the cathode.

3. Results and discussion

A typicalmass spectrumof positive ions in anAr+O2 gasmixture is shown infigure 1. Themass spectrum shows
themain argon peak atm/z=40 (relative abundance 99.6%), wherem and z are the ionmass and ion charge
number, respectively [23]. Titanium showsfive stable isotopes in themass rangem/z=46–50; the dominant
mass peak atm/z=48 has a relative abundance of 73.7% [23]. Doubly chargedAr2+ andTi2+ ions are observed
atm/z=20 and 24, respectively. O+ and O2

+ ions are observed atmass numbersm/z=16 and 32, respectively.
ArO+, TiO+, andAr 2

+ dimer ions appear atmass numbersm/z=56, 64, and 80 (figure 1).

3.1. Ar
Energy distributions of singly charged Ar+ andTi+ and doubly chargedAr2+ andTi2+ ions are displayed in
figure 2 for six different gas pressures ranging from0.3 Pa to 5.5 Pa. The presentmeasurements extend recent
results for singly charged ions to larger pressures [20]. All energy distributions are plotted as a function of the
scaled energy E E q=˜ , where E is the kinetic energy and q the charge number. The scaling allows for a
presentation in amore compact form. The energy spectra of Ar+ ions display a pronounced low-energy
componentwith kinetic energies close to zero and a high-energy component which extends beyond 40eV. The
two components show an opposite pressure dependency. The low-energy component strongly increases with
increasing gas pressure while the high-energy component slowly disappears. The scaled energy distributions of
all investigated ions appear rather similar, in particular, regarding the high-energy component. Energy
distributions, hence, display a broad distribution or amaximumat the same scaled energy E 10 eV»˜ . It
indicates that the energy of doubly charged ions is about twice as large compared to singly charged ions. The
present results are in agreement with a potential humpmodel ofmoving ionisation zones where ionisation
occurs [24, 25]. The plasma density in these regions leads to a positive plasma potential (hump) that accelerates
the newly born ions to kinetic energies proportional to the charge number.

Energy distributions of Ar 2
+ andArTi+ dimer ions are characterized by a pronounced low-energy peak

resembling the fully thermalized ions from the plasma (figures 3(a) and (b)). At the lowest pressures of 0.3 Pa and

Figure 1.Themass spectrumof positive ions in themass number range up to 100. Kinetic energy of detected ionsE=0.25 eV.
Ar+O2 gasmixture, gasflow rates 18 sccm+ 6.4 sccm, respectively. Gas pressure 1.25 Pa. Discharge power P=150W.
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0.5 Pa, Ar 2
+ ions also show aweak high-energy component, which extends beyond 12 eV. Energy distributions

of Ti 2
+ ions distinctly differ from those of the two other dimer ions (figure 3(c)). At the lowest pressures of

0.3–1 Pa, Ti 2
+ ions display a single broad peakwith amaximumof about 12 eV and a high-energy tail which

extends beyond 25 eV.
The pressure dependence of the energy-integrated Ar+, Ar2+, Ti+, Ti2+, Ar 2

+, ArTi+, andTi 2
+ intensities is

shown infigure 4.Within the investigated pressure range p=0.3–5.5 Pa the intensity of Ar+ ions drops bymore
than one order ofmagnitude. The energy-integrated intensity of Ti+ ions follows the decreasing Ar+ intensity up
to a pressure of 2 Pa and then increases again; this increase compensatesmost of the decreasing Ar+ intensity. It
eventually indicates the transition froman argon-burning to a titanium-burning plasma. The intensity of doubly
chargedAr2+ andTi2+ ions decreases with increasing pressure up to p=2 Pa and then remains approximately
constant. Figure 5 separately displays the pressure dependence of the low-energy and the high-energy
component. The low-energy component of all investigated species increases with increasing pressure, except for
Ar+ ions. Ti+ display the strongest increase bymore than one order ofmagnitude over the investigated pressure
rangewhereas the intensity increase of Ar2+ andTi2+ is comparativelymodest. Part of the decreasing

Figure 2.Energy distribution of Ar+ (◦,m/z=40), Ar2+ (•,m/z=20), Ti+ (,m/z=48), andTi2+ (,m/z=24) ions versus
kinetic energyE divided by the charge number q at argon gas pressures of (a) 0.3 Pa, (b) 0.5 Pa, (c) 1.0 Pa, (d) 2.0 Pa, (e) 3.0 Pa, and
(f) 5.5 Pa. Dash-dotted lines to guide the eye only.
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Ar+ intensity is due to the high-energy component which decreases by several orders ofmagnitude over the
same pressure range.

The strong decrease of the high-energy component of Ar+ andAr2+ ions can be explained by resonant
charge changing collisions, e.g. Ar++ArAr+Ar+, throughwhich a fast ion is neutralised and a slow ion is
generated. The estimatedmean free path of 10 eVAr+ andAr2+ ions inAr gas at a pressure of 1 Pa, calculated
with the help of known cross sections, is≈0.9cmand 1.6cm, respectively [26, 27]. Charge exchange of Ti+ or
Ti2+ ionswith ground state Ar atoms is a non-resonant process. The corresponding cross sections are expected
to be smaller and themean free path of the energetic Ti+ andTi2+ ions is thus larger compared to the
resonant case.

Figure 3.Energy distribution of (a)Ar 2
+ (m/z=80), (b)ArTi+ (m/z=88), and (c)Ti 2

+ (m/z=96) ions at argon pressures of 0.3 Pa
(◦), 0.5 Pa (•), 1.0 Pa (), 2.0 Pa (), 3.0 Pa (▿), and 5.5 Pa (). Dashed lines to guide the eye only. Discharge power P=150W.
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The energy-integrated intensities of Ar 2
+ andArTi+ ions show a pronounced increase with increasing gas

pressure (figure 4). This observation can be explained by the formation process, in particular, the three-body
collisions of Ar+ or Ti+ ionswith two ground state Ar atoms and the associate ionisation of ground state Ar or Ti
atomswith excitedAr* atoms [20]. The decreasing intensity of Ti 2

+ ions is not fully understood yet. A possible
explanation could be fragmentation in collisions with gas atoms aswas observed for negatively charged cluster
ions [28]

3.2. Ar+O2 gasmixture
Measurements were also performedwith anAr+O2 gasmixture. Compared to the pure Ar case, themass
spectrumof positive ions displays additional ion peaks atmass numbersm/z=16, 32, and 64which are
attributed toO+, O2

+, andTiO+ ions, respectively (figure 1). Themass spectrumof negative ions is largely
composed ofO− and O2

- ions.

3.2.1. Positive ions
Energy distributions ofO+, O2

+, Ar+, andAr2+ ions are displayed infigure 6. Energy distributions of Ar+ ions of
the Ar+O2 gasmixture are similar compared to the pure Ar case, i.e. they are composed of a pronounced low-
energy component and a high-energy component which disappears at larger pressures. Noticeable differences
are a smaller high-energy component and an apparent shift of the energy spectrumby approximately –2 eV to
more negative energies. The shift can be explained by a reduced plasma potential due to the presence of negative
ions. The energy distribution ofmolecular O2

+ ions displays almost identical low-energy and high-energy
components with a similar pressure dependence as for Ar+ ions. At the lowest pressure of 0.38 Pa, the O2

+ energy

Figure 4.Pressure dependency of energy-integrated Ar+ (m/z=40, ◦), Ar2+ (m/z=20, •), Ti+ (m/z=48,), Ti2+ (m/z=24,),
Ar 2

+ (m/z=80, ▿), ArTi+ (m/z=88,), andTi 2
+ (m/z=96,,) ion intensity. Ar gas, discharge power P=150W.Dashed lines

to guide the eye only.

Figure 5.Pressure dependency of the (a) low-energy and (b) high-energy component of Ar+ (m/z=40, ◦), Ar2+ (m/z=20, •), Ti+

(m/z=48,), andTi2+ (m/z=24,) ions. Ar gas, discharge powerP=150W.Dashed lines to guide the eye only.
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distribution extends up to about 30 eVwhich is 10 eV less compared toAr+ ions. In addition to the other two
components, energy distributions ofO+ ions display an extended high energy tail. The high-energy tail points to
a sputtering contribution from absorbed oxygen atoms on the target. It is evident from figure 6(a) that the broad
peak at≈7.5 eV resembling the regular high-energy component vanishes with increasing pressure whereas the
extended tail displays amuchweaker pressure dependence. The broad peak can be explained by a positive
plasma potential (hump)which in the Ar+O2 gasmixture is about 2 V lower compared to the pure Ar case. The
potential hump is located close to the target and thus far away from the entrance orifice of the detector. In order
to explain the non-vanishing of the extended tail we have to consider that themajority of sputtered species is
neutral and that ionisation takes place in some distance from the target, ie., closer to the entrance of the orifice.

Energy distributions of Ti+ andTiO+ ions are displayed infigure 7. Ti+ andTiO+ ions display rather similar
energy distributions and intensities which are characterised by a broad peakwith amaximum intensity at
≈10 eV. The broad peak vanishes with increasing pressure and aweak low-energy component remains.

Figure 8 displays the energy-integrated intensity ofO+, O2
+, Ar+, Ar2+, Ti+, andTiO+ ions as a functionof the

Ar+O2gas pressure. The comparison shows thatwith the exceptionof O2
+ all ion intensities decreasewith increasing

pressure. At small pressures theAr+O2discharge is dominatedbyAr+ ions,whereas O2
+ ions dominate at the largest

pressure. Intensities ofO+ are about one order ofmagnitude smaller compared to O2
+ ions. The intensity of oxidised

TiO+ is somewhat larger compared toTi+ ions; theTiO+/Ti+ ratio increases from1.2 at p=0.38 Pa to 4.5 at
p=3.8 Pa.Overall, theTi+ ion intensity of theAr+O2gasmixture is about 2orders ofmagnitude smaller
compared to the pureAr case.Comparable observationsweremade for sputtering of neutral atoms in amagnetron
discharge [29]. It canbepartly explainedby a smaller sputtering rate fromanoxidised target [17, 18].

3.2.2. Negative ions
Energy distributions of negatively chargedO− and O2

- ions are shown infigure 9.O− ions display a low-energy
component and a high-energy componentwhich peak at different energies compared to positive ions, i.e. at
1.5–5.5 eV and 25–35 eV. It appears likely thatO− ions are formed in gas phase collisions via dissociative
attachment, e.g. e−+O2O−+O [30]. The high-energy component above 20 eV is believed to arise fromO
sputtering off the oxygen-covered surface and subsequent negative ion formation in the plasma. It contributes
about 35% and thus is a non-negligible portion to the energy-integratedO− intensity. Formation of O2

- ions can
proceed in gas phase collisions via three-body electron attachment, e.g. e−+O2+M O2

-+M,whereM is a

Figure 6.Energy distribution of (a)O+ (m/z=16), (b) O2
+ (m/z=32), (c)Ar2+ (m/z=20), and (d)Ar+ (m/z=40) ions in an

Ar+O2 gasmixture at gas pressures of 0.38 Pa (◦), 1.25 Pa (), and 3.8 Pa (▿). Discharge power P=150W.
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participating particle (electron, atom, ion, ...), in collisions withO− ions, e.g. O−+O2O+O 2
- [31], or

through charge transfer reactionswith energetic atoms or ions, e.g. A+O2A++ O2
- [32]. Energy-integrated

intensities of O2
- aremore than 30× smaller compared toO−, which can be explained by the smaller formation

rates in qualitative agreement with theoretical results [31]. The energy distribution of O2
- is characterized by a

dominant low-energy component while an eventual high-energy component is absent. The low-energy
component seem to split into two parts with a lowermaximumat≈0 eV and a secondmaximumat≈4.5 eV.No
explanation for this behaviour has been found yet.

4. Conclusions

Formationof singly anddoubly chargedArq+ andTiq+ (q=1, 2)monomer andofAr 2
+, ArTi+, and andTi 2

+ dimer
ions in a direct currentmagnetrondischargewith aTi target andwith pure argon asworking gaswas investigated by
means of energy-dispersivemass spectrometry. In general, themeasured energy distributions consist of low- and
high-energy components. The low-energy component is due to gas phase collisions. The high-energy component
results fromafield reversal by a potential hump in somedistance from the cathode. As a consequence, the kinetic
energyof doubly charged ions is twice as large compared to singly charged ions. FormationofAr 2

+ andArTi+dimer
ions shows a pronouncedpressure dependence that is attributed to the formationprocesses inside theplasma
region. Ti 2

+ ions are formedbydirect sputtering ofTi2molecules and the subsequent ionization in theplasma. The
pronounceddecrease of Ti 2

+ intensitywith gas pressure is not fully understoodyet.

Figure 7.Energy distribution of (a)Ti+ (m/z=48) and (b)TiO+ (m/z=64) ions in anAr+O2 gasmixture at gas pressures of
0.38 Pa (◦), 1.25 Pa (), and 3.8 Pa (▿). Discharge power P=150W.

Figure 8.Pressure dependency of energy-integratedO+ (m/z=16, ◦), O2
+ (m/z=32, •), Ar+ (m/z=40,), Ar2+ (m/z=20,),

Ti+ (m z 48= , ▿), andTiO+ (m/z=64,) ion intensity. Ar+O2 gasmixture. Discharge powerP=150W.Dashed lines to guide
the eye only.
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Addition of oxygen to the discharge leads to the formation of positively (O+, O2
+) and negatively charged

(O−, O2
-) oxygen ions. Ar+ and O2

+ ions are the dominant positively charged ion species at low and high gas
pressure, respectively. Intensities of other positive ion species are considerably smaller. In particular, the
intensity of sputtered Ti+ ions is significantly reduced in the Ar+O2 gasmixture compared to the pure Ar case.
TiO+ ionswith a slightly larger intensity compared toTi+ are additionally observed. However, this does not
compensate for the strong reduction of the Ti+ intensity which in part is caused by a lower sputtering yield. The
negative ionmass spectrum is dominated byO− ions. O2

- ions are difficult to produce and the intensity ismore
than one ofmagnitude smaller compared toO− ions. The present results shed new light on kinetic energy
distribution of atomic andmolecular plasma species and its control by a variation of gas density.
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