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Abstract

In this article, the plasma parameters of a direct-current magnetron discharge in argon at mod-

erate pressure (10 Pa to 40 Pa) using an aluminium cathode are explored. The density of argon

excited states, the sputtered aluminium atom density and the electron temperature are estimated

using a collisional radiative model. The electron temperature obtained using optical emission spec-

troscopic data agrees well with measurements made using a Langmuir probe. The influence of

the discharge parameters, namely the background argon pressure and the discharge current are

discussed.

I. INTRODUCTION

Magnetron discharges are widely used for thin film deposition [1]. In planar magnetron

discharges, magnetic fields created by permanent magnets positioned behind the cathode,

trap electrons near the cathode region allowing plasma production at relatively low pres-

sures [2, 3], therefore favouring cathode material sputtering by energetic ions [4]. For the

deposition of metallic coating (copper, aluminium, tungsten, etc), inert gases such as argon

(Ar) or krypton (Kr) are usually used [1, 5–8].

Nanoparticle (NP) formation in glow discharges has been the subject of many studies

during the past decades. For example, NP growth and effects on discharge parameters have

been studied in radio-frequency (RF) discharges using reactive gases such as silane [9] or

acetylene [10], and by sputtering of the electrodes [11, 12]. Studies have also been devoted

to the study of the growth and the dynamics of the NP clouds in direct-current (DC)

sputtering glow discharges using different cathode materials [13–16]. It was shown that

the growth process strongly depends on the type of cathode material and other discharge

parameters, such as the neutral gas pressure and the discharge current. In the specific case of

the formation of tungsten NPs, it was shown that the formation mechanisms and transport

in between electrodes exhibit complex dynamics [17]. Since the mid-1990’s, RF and DC

magnetron sputtering in gas aggregation sources (MS-GAS) is commonly used to produce

metal NPs [18–26]. In most cases, MS-GAS consists of a high-pressure chamber in which
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the magnetron discharge is located connected to a low pressure expansion chamber in which

a beam of NP can be filtered and collected. NPs are formed in the high-pressure side of the

MS-GAS from the atoms ejected by sputtering of the magnetron cathode. However, even

though MS-GAS are extensively used to produce NPs of many different materials, very few

studies are devoted to the correlation of NP growth dynamics in the high pressure chamber

with the parameters of the magnetron discharges [24, 27, 28]. The formation of NPs in

a DC planar magnetron discharge in argon at relatively high pressures (10s of Pa) is also

possible [29, 30]. In particular experimental studies on the formation of tungsten NPs in high

pressure DC planar magnetron argon discharges and their influence on plasma parameters

were recently done [31–33]. Nevertheless DC magnetron plasmas in high pressure regimes

are still poorly understood.

In this article, the dependance of the plasma parameters on the discharge conditions in a

conventional DC magnetron set up were investigated. The cathode was made of aluminium

(Al) and the background gas was Ar. The pressure (pAr) was varied as well as the discharge

current (Id). The current–voltage relations of the magnetron plasma were estblished for

different pAr. In addition, optical emission spectroscopy (OES) measurements on Ar I and

Al I lines were taken. A collisional radiative model including self-absorption corrections

was used to find the argon metastable atom density, aluminium atom density, electron

temperature Te and the electron density ne. Finally, the different plasma parameters (ne,

Te and plasma potential Vp) were also measured at a fixed distance under the cathode on

the symmetric axis of the magnetron discharge using a cylindrical Langmuir probe. Plasma

parameters obtained with probe and OES measurements were compared and the different

results are discussed.

II. EXPERIMENTAL SET-UP

The experiments were performed using a planar unbalanced DC magnetron source (mcse-

ROBEKO) in Ar. The aluminium cathode had a diameter of 3 inches and was facing a

grounded anode 10 cm below its surface. A grounded guard-ring of 2 cm width and 1 cm

height and ∼7.4 cm inner diameter was positioned under and around the cathode assembly

at a distance of 0.2 cm from the aluminium surface (see Fig.1). Two glass half-cylinders

were used to confine the plasma (and the produced nanoparticles). In order to perform
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FIG. 1. (Colour online) Schematic of the experimental setup. The red lines illustrate the magnetic

field lines. The top right inset shows the state of aluminium cathode after the experiments. Note

the circular sputtering track. The bottowm righ inset shows a scanning electron microscope image

of aluminium nanoparticle grown in a plasma with Id = 300 mA at pAr = 30 Pa for a plasma

duration of 60 s.

optical emission spectroscopy and radial Langmuir probe measurements, a 1 cm gap was

kept between them.

The discharge assembly was installed in a stainless steel cylinder device of 40 cm length

and 30 cm diameter. The base vacuum was maintained at ≤ 10−6 mbar using a turbo

molecular pump (Edwards TurboVac 400). An argon pressure between 10 Pa and 40 Pa at

a flow of 5 sccm gas was set during the experiments. A current-regulated DC power supply

(Glassman HV, 1 A–1 kV) was used to bias the cathode and maintain the discharge current

at a constant value (from 100 mA to 500 mA). The cathode was actively cooled with a flow

of ∼ 1 L/min of water at room temperature. Before each series of experiments, the cathode

was cleaned by of low pressure (∼ 10−1 Pa), high current (>0.5 A) plasma pulses. Under

the chosen operating conditions, the cathode was sputtered and aluminium nanoparticles
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could be grown (see bottom right inset of Fig.1). A precise description of these particles and

their mechanisms of formation are out of the scope of this article. For each experiments,

measurements were made after the discharge had reached a steady state (constant Vc and

optical emission intensities) in order to minimize the effect of changing cathode surface

conditions and the effect of growing nanoparticles in the plasma [12, 15, 34, 35].

III. ELECTRICAL CHARACTERISTICS OF THE DC MAGNETRON DISCHARGE

The current-voltage relation in planar magnetrons can provide indirect information about

the sputtering rate in the magnetron as it strongly depends on the background gas pressure

and the dynamics of the sputtered cathode atoms [36]. Note that current-voltage relation-

ships also depend on the gas-target combination, the secondary electron emission rate due

to ion impact, the design of the magnetron, the magnetic field strength, and other experi-

mental parameters [37]. For this reason, the current-voltage relation was measured for four

pressures, for currents varying between 100 mA and 600 mA. The results are shown in Fig. 2.

As can be seen, all measured Id − Vc characteristics follow a curve that obeys the relation:

FIG. 2. (Colour online) Discharge current Id as a function of the cathode voltage Vc for different

argon pressures. Each Id − Vc curve is fitted by a power law curve of the form Id = k · V n
c . The

value of n obtained for each pressure is given in the inset.

Id = k · V n
c (1)
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When increasing the pressure from 10 Pa to 40 Pa, the exponent n increases from n ' 12

to n ' 23. Ref. [2] indicates that the electron trapping in the plasma is more efficient at

high pressures than at low pressures. Since collisions with the neutral background are more

frequent at high pressures, the secondary electrons emitted by the cathode due to ion and

fast neutral bombardment with a non-zero energy can be recaptured by the cathode due to

gyration around the magnetic field lines [38, 39]

IV. LANGMUIR PROBE MEASUREMENTS

A. Experimental set-up

A cylindrical Langmuir probe (tungsten filament, 300 µm in diameter, 11.28 mm long)

was used to measured plasma parameters ∼3 cm above the anode on the discharge axis

(see Fig. 1). This corresponds to a region where the magnetic field is sufficiently low to

consider the electrons unmagnetised. Moreover the magnetic field lines are perpendicular to

the probe axis, allowing us to use standard probe analysis to recover the plasma parameters.

Finally being about 7 cm away from the cathode allowed us to make the measurements in

a region where the number density of nanoparticles is low [28] and where the aluminium

coating of the probe assembly develops slowly enough so the probe characteristics remain

unaffected for the duration of the experiment.

The measurements were performed in a steady state discharge (constant cathode bias and

plasma emission intensity). Moreover, additional laser light scattering experiments seemed

to indicate that there were indeed no trapped particles in the probed region. To obtain

the current-voltage (IV ) characteristics, the probe voltage Vp was ramped up from -35 V

to +10 V by step of 0.33 V. Depending on the discharge parameters, the probe current

Ip varied from ∼ −100 µA to ∼ +35 mA. Each measurement was repeated 3 times and

averaged out to obtain the Ip − Vp curves.

B. Results

Due to the high sputtering rate of aluminium, the probe was rapidly coated by an alu-

minium layer rendering a study over the range of parameters accessible to optical emission

spectroscopy measurements very complicated. The Langmuir probe measurements were
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FIG. 3. (a) Raw IV curves for different discharge parameters. (b) Zoom on the ion part. (c) Zoom

on the transition part in semi-log scale.

therefore limited to a smaller set of currents and pressures: Id = 300 mA and Id = 500 mA

for pressures between 20 Pa and 40 Pa.

In Fig. 3, raw Langmuir probe IV characteristics are shown for different conditions.

Analysis showed that the electron energy distribution functions were quasi-Maxwellian (see

Fig. 3(c) and inset of Fig. 4(b)). The analyses of the Langmuir probe IV characteristics

were performed using both the Langmuir analysis [40] and Druyvesteyn analysis [41] which

allowed us to recover the different ne and Te values. The two methods gave very close results

and the average values of ne and Te for the investigated discharge parameters are shown

in Fig. 4. Note that the measurements being made far away from the cathode where the

electrons are confined by the magnetic field, the reported values of electron density are at

least one to two orders of magnitude lower than that in the plasma ring confined by the

magnetic arch near the cathode. Moreover, the electrons are colder by about ∼1 eV [24, 33].

Consequently only the trends are of interest in this study.

As expected, a higher current results in a higher plasma density (Fig. 4(a)). With ne ∼

2.5 ·1010 cm−3 at Id = 300 mA and ne ∼ 5 ·1010 cm−3 at Id = 500 mA, the values of electron

density are in agreement with those observed in experiments using a tungsten cathode [33] or

using a titanium cathode [24] with similar discharge currents and background gas pressures.

The plasma density is only slightly dependant on the gas pressure and even show a small
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FIG. 4. (a) Electron density, ne. (b) Electron temperature, Te. The inset is the electron energy

probability function (EEPF) obtained using Druyvesteyn analysis on the Langmuir probe IV

characteristics measured at pAr = 40 Pa and Id = 300 mA. In both (a) and (b), the presented

values are the average of the the Langmuir and Druyvesteyn analyses (Te is obtained by a fit of

the EEPF by a Maxwellian EEPF for the Druyvesteyn analysis). Note that the points have been

artificially scattered around their true pressure value for clarity of the plot.

decrease when increasing the background gas pressure at constant discharge current.

Increasing the pressure results in a decrease of the electron temperature (from 0.65 eV down

to 0.55 eV, see Fig. 4(b)). The electron temperature seems, however, almost insensitive

to the discharge current. The measured electron temperatures are lower than the ones

measured in the same experiment using a tungsten cathode [32, 33] but close to the one

measured under similar experimental conditions with a titanium cathode [24].
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V. OPTICAL EMISSION SPECTROSCOPY

A. Experimental set-up

OES studies of the discharge plasma were carried out using a monochromator (Acton

Spectra Pro 2500i, 500 mm focal length) coupled to a photomultiplier tube (Hamamatsu

R3896). Convex lenses and an optic fibre were used to collect the emitted plasma radiation,

∼1.5 cm below the aluminium cathode where the line of sight crosses the high density

plasma ring below the cathode (see Fig. 1). A previous study with a tungsten cathode

showed that nanoparticles could be trapped on the edge of the last magnetic arch (∼4 cm

below the cathode) [33] and the line of sight used for the optical spectrum acquisition was

considered free of large nanoparticles [42]. The spectra were then calibrated in intensity

using a spectral radiance calibrated SphereOptics SR-3A integration sphere placed in front

of the light collection system (glass window, convex lenses, optic fibre, monochromator, and

photomultiplier tube). After calibration, the relative intensities of each spectral line could

be compared.

B. Collisional radiative model of an argon discharge containing aluminium

Plasma parameters were evaluated based on the optical emission spectra recorded in the

range from 300 to 830 nm consisting of a set of most prominent argon lines in the red and

near infra-red range as well as a few strong Al transition lines close to the UV range, as

visible in Fig. 5.
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FIG. 5. (Colour online) Example of the measured emission spectra.
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Emission spectra of an argon low temperature plasma have been successfully analysed by

modelling collisional and radiative processes responsible for the population of excited states

[43, 44]. In the complete model for argon [44, 45] the populations of the first 14 excited

states (Ar(1s) and Ar(2p) branches) were modelled including electron impact excitation

from ground state, electron coupling between and within the Ar(1s) and Ar(2p) levels, and

electron quenching and radiative processes including light trapping. It was shown that in

the case of low temperature plasmas with moderate electron densities and temperatures, the

collisional-radiative model (CRM) can be simplified to an extended corona model including

excitation from ground and 1s states and radiation transfer processes [44, 46]. As an outcome

of such a description, the population of Ar(2p) excited states linearly depends on the electron

density making the analysis only dependent on the electron temperature.

In this case, the rate balance equation for excited Ar(2pi) state can be written as:

dn2pi

dt
=
N ·Kg−2pi(Te) +

∑
j=2..5 n1sj ·K1sj−2pi(Te)∑

j=2..5Aij · γ(1sj)
(2)

where N is the argon ground state density, n1sj is the Ar(1s) state densities, Kg−2pi and

K1sj−2pi are rate coefficients for electron impact excitation of Ar(2pi) from ground and Ar(1s)

states respectively. Radiative processes are described by Einstein coefficients for spontaneous

emission Aij corrected by radiation trapping (self-absorption) factor γ(1sj) [47, 48].

Similar to our previous works [44, 46] the argon spectra was first analysed using the line

branching method in order to estimate the argon 1s state densities that play an important

role in the whole CRM and are non-trivial to model. The line branching model compares

measured intensities of lines originating from the same excited level, to the theoretically

estimated ratios (ratios of the Einstein coefficients for spontaneous emission), as in [44, 49].

The difference can be further refined by a self-absorption mechanism [50] depending on the

densities of the lower state of the considered transitions. In such a case observing two sets

of lines transitioning to the same two lower levels (e.g. Ar(1s4) and Ar(1s5)) would lead

to the evaluation of the lower state densities. In the case of Ar emission spectra the line

branching analysis could be successfully used for evaluation of Ar 1s state densities, based

on the pairs of the emission lines originating from different Ar(2p) excited states. Evaluated

Ar(1s) states densities are further used as an input parameter in the rate balance equations

describing populations of Ar(2p) states.

Steady state solutions of the rate balance equations, for different Ar(2p) levels, were
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further used to describe emitted radiation including the radiation trapping effects (self-

absorption). The resulting modelled spectra, depending on electron temperature, can be

varied and compared with the measured spectra until the best fit is found.

The line branching method was also used for the characterisation of the aluminium-

containing plasma by comparing the intensities of emission lines terminating on the ground

states (Al(3p[1/2]) and Al(3p[3/2]) multiplets) providing an estimation of the Al atom den-

sity in the plasma. While the structure and the energy of the argon levels and the associated

CR relations are well know, only partial information is available for the Al energy levels and

the associated radiative coupling. A sketch of known Al levels based on NIST database [51]

is given in Fig. 6.
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FIG. 6. (Colour online) Energy levels of Al atoms and radiative transitions.

From Figs. 5 and 6 one can see that the observed Al spectral lines are composed of two

sets of transitions originating from the lower excited Al(4s) and Al(3d) states. Emission

lines at 394 and 396 nm are clean single transitions originating from a single excited Al(4s)

state. The second set of lines is actually composed of three lines: one line at 309.27 nm

originating from the energetically higher multiplet Al(3d[5/2]), a second line at 309.28 line

originating from the lower multiplet Al(3d[3/2]), and third line of this set is a pure single

transition emitted from the lower Al(3d[3/2]) multiplet. The first two lines make a double

line which cannot be resolved with the spectrometer used in the experiment.
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In the case of aluminium, the rate balance equations describing the population of excited

4s and 3d states includes the electron impact excitation from ground states and the radiative

decay from higher levels. However, in contrast to Ar plasmas where Ar atom density was

known, the aluminium atom density in the plasma is an unknown variable used for the

evaluation of the sputtering-deposition processes. The aluminium density is estimated by

including Al line branching equations into the Ar/Al CRM.

C. Results

Measured optical emission spectra were first analysed using only Ar emission lines, ig-

noring possible interactions between Ar and Al. Ar spectra were first analysed by the line

branching method considering three pairs of lines originating from different Ar(2p) levels in

order to extract the densities of Ar(1s5,1s4) excited states. For this purpose the following

ratios of line pairs were considered: 727/696, 738/706 and 800/763 originating from Ar(2p2),

Ar(2p3) and Ar(2p6) excited levels, respectively.

FIG. 7. (Colour online) Evaluated densities of Ar 1s states.

Once these two values were known similar line ratios could be recovered to evaluate the

densities of other Ar(1s3) and Ar(1s2) excited states. Due to the limited observed spectral
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range, single line ratios were constructed for the evaluation of each of the two states: the

826/696 line ratio for the Ar(1s2) state and the 794/714 line ratio for the Ar(1s3) state.

Evaluations of Ar(1s2) and Ar(1s3) states densities were prone to the error due to low

intensity of the 714 nm line and the reduced spectral sensitivity of the spectrometer (the

826nm line is at the edge of the observable spectral range). The reconstructed densities of

all argon 1s states for the considered plasma conditions are shown in Fig. 7.

With known Ar(1s4,1s5) state densities, rate balance equations (Eq. (2)) were constructed

for the excitation of 6 Ar(2p) levels (2p1, 2p3, 2p5, 2p6, 2p7, 2p8, 2p9) resulting in a steady

state solution depending only on electron temperature. Line ratios were then simulated for

a wide range of electron temperatures and compared with the measured values in order to

find the best match. Such a method was developed and discussed in details in Ref. [46]

and compared with a complete CRM [44] for similar plasma conditions. Rate coefficients

for electron impact excitation were calculated using the same set of excitation cross-sections

as in Refs. [43, 44] and downloaded from the LXCAT database [52] and integrated over

the desired electron energy distribution function. Rate coefficients calculated for Maxwell

electron energy distribution function showed best agreements for most of line ratios. The

resulting estimates of the average electron temperature based on argon CRM are presented

in Fig. 8 in thick blue with solutions from individual line ratios shown in the background

with thin green, cyan, magenta and black lines. Only the results with satisfactory confidence

were shown in the figure, based on the analysis of a wide range of conditions discussed in

Ref. [46]. Evaluated electron temperatures are relatively low (∼ 1.5 eV) and show systematic

dependence on pressure and power.

The electron temperature for each studied discharge condition was then used to recon-

struct and compare the relative changes in the intensities of the lines and estimate the rela-

tive changes in the electron densities considering that the measurements conditions remained

identical between each experiment. The estimated relative changes in electron densities are

presented in the Fig. 9 (blue lines).

Analysis of the Al spectra was done by building a simpler CRM due to the limited number

of available cross-sections and known interactions responsible for the population of Al levels.

A set of cross-sections for electron impact excitation from ground state, available for only

a limited number of transitions, is taken from Ref. [53] and is used for calculations of rate

coefficients. Einstein coefficients for spontaneous emission of Al levels were taken from the
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FIG. 8. (Colour online) Electron temperature estimation based on pure argon CRM - Te(Ar) and

Ar/Al line ratio - Te(Ar/Al). The estimates of the average electron temperature based on argon

CRM is the thick blue line. Solutions from individual line ratios are shown in the background with

thin green, cyan, magenta and black lines. The hybrid Ar/Al model solution is the thick red line.

NIST database [51].

The population of the energetic levels shown in Fig. 6 are modelled by taking into account

direct electron impact excitation from ground state (from both multiplets) while for lower

energetic states Al(4s) and Al(3d), additional population by cascading radiation from upper

levels was accounted for. In this description, no difference between the multiplets was

considered in the collisional processes so that excitation from total ground state density was

taken in calculations. Considering that the CRM based on the line ratio method is only

dependent on the electron temperature, the description of Al levels will additionally have two

more unknowns which are the ground state density multiplets. Observed emission spectra

of Al consists of only a few strong emission lines originating from three different energetic

levels. It limits the construction of a closed system of equations which would provide a

unique solution. For this purpose, the Ar 750 nm line was also included in the description

and used for comparison with Ar emission lines.

For this purpose, the ratio of Ar 750 nm and Al 308 nm lines was used to construct one
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FIG. 9. Relative changes in the electron densities evaluated for the electron temperatures based

on pure Argon (Te(Ar) in blue) and Argon/Aluminium (Te(Ar/Al) in red) analysis.

equation while the other was built by comparing the intensities of Al 308 and Al 309 nm

aluminium spectral lines. A third equation accounting for the radiation from the excited

Al(4s) state was also considered in the model as a ratio of the Al 394 nm and Ar 750 nm

lines. The system of equations was additionally extended and improved by an additional

line branching equation correlating the ratio of Al 394/396 nm lines with the ground state

multiplet densities. Therefore, the line branching equation was constructed to evaluate the

ratio of 394/396 nm emission lines originating from the same Al(4s) exited level decaying

on different ground state multiplets. With one more set of lines with the same properties

(originating from the same level and decaying to the same ground multiplets) it would be

possible to uniquely solve the system and determine the Al atom density in the plasma with-

out additional modelling. However, in the presented measurements, a set of such lines was

not observed. The best candidate would be the ratio of 265.24/266.03 nm lines originating

from Al(5s) excited state which is in a lower UV range usually not observable with standard

(VIS-NIR) optics. However, the ratio of the Einstein coefficients of Al 394 nm and 396 nm

lines is close to 0.5 while the measured ratio is close to unity, see Fig. 5. This difference

can be used to describe the necessary density ratio of the ground state multiplets based on
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FIG. 10. Estimated number densities of Aluminium ground state multiplets.

self-absorption.

Hybrid Ar/Al model extended with the line branching relation consists of enough equa-

tions for finding a unique solution to the electron temperature and the density of aluminium

in the ground state in the plasma. The evaluated electron temperature is presented in Fig. 8

(thick red line). Although the temperature shows similar systematic changes with controlled

parameters, the absolute values are substantially higher that the one based on pure argon

analysis. Based on this electron temperatures, reconstructed relative changes in electron

densities appear lower, see Fig. 9. The density of Al in the plasma, evaluated by hybrid

Ar/Al analysis, is presented in Fig. 10 for each multiplet. The aluminium atom density is

evaluated to be on the order of 1012 cm−3, directly increasing with increasing plasma current

and decreasing with pressure.

VI. DISCUSSION

Results obtained by different methods and techniques should be carefully analysed ac-

counting for strong spatial inhomogeneity of the DC magnetron discharge and redistribution

of the plasma glow due to changes of pressure and power. Therefore the measurements fur-
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ther away from the cathode (electric probe) provide values characteristic of positive columns

of DC magnetron discharges, while measurements closer to the cathode (OES) characterise

the more energetic regions of the DC magnetron discharge (the high-density plasma ring

confined by the magnetic arch). Nevertheless, both spectroscopy and Langmuir probe mea-

surements show common trends of plasma parameters as a function of the working pressure,

pAr, and the current discharge, Id, but also present a few differences:

• At fixed Id, an increase of the background gas pressure pAr results in a decrease of the

electron temperature. The trend for the electron density is not so clear: Langmuir

probe measurements indicate a small decrease in the electron density when increasing

the pressure while spectroscopy measurements using argon lines tend to show a slight

increase up to 30 Pa. Above 30 Pa, it depends on Id. The hybrid Ar/Al CRM seem

to favour a constant increase of electron density.

Langmuir probe measurement being preformed relatively far away from the “active”

plasma ring gave much lower values of Te than spectroscopic measurements (Te ∼

0.60± 0.05 eV compared to Te ∼ 1.5± 0.2 eV for the Ar CRM). Similar experiments

performed with a tungsten cathode have shown that Te is decreasing on the axis of

the discharge when moving away from the cathode [33], explaining the difference in

the reported values. However, the reported electron temperature is of the same order

as the one found at the same position in the discharge when using a tungsten cathode

(Te ∼ 0.6 eV for Al and Te ∼ 1 eV for W for Id = 300 mA and pAr = 30 Pa [33]), and

very close to the electron temperature reported for experiments in the plasma of the

condensation chamber of a MS-GAS (Te ' 0.5 eV for a titanium cathode, Id = 300 mA

and pAr = 34.5 Pa [24]). The measured plasma densities were in agreement with those

reported in the literature [24, 33] and with only a slight dependence to the gas pres-

sure.

Spectroscopic measurements made just below the cathode and going through the high

density plasma ring unsurprisingly revealed a higher Te but exhibited the same trend

as the Langmuir probe measurements. Using Ar CRM, Te decreased from Te ' 1.6 eV

at pAr = 10 Pa to Te ' 1.3 eV at pAr = 40 Pa and showed little sensitivity to the inten-

sity of the discharge current (i.e. a small increase of Te is observed). This range of Te

is in agreement with the value reported in the literature for the electron temperature

in the plasma ring of the condensation chamber of a MS-GAS [27]. The simultaneous
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use of aluminium and argon lines (hybrid A/Ar CRM) gave higher Te. However the

trend in pressure remains the same: the higher the pressure, the lower the tempera-

ture. The main difference is that now the electron temperature reacts strongly to the

discharge current, especially at the lowest investigated pressure. Both spectroscopic

models have their drawbacks that could explain observed discrepancies in electron

temperature. Due to the low density of Ar(1s) states, the excitation from ground

state Ar by energetic electrons is the dominant process and secondary excitation are

negligible making the whole method impervious to low energetic electrons [46, 49] and

resulting in large uncertainties in electron temperature. The evaluated electron tem-

peratures were used for an estimation of relative changes of electron density resulting

in a different overall response of the system.

• At fixed background gas pressure pAr, an increase of the current results, as expected,

in an increase of the plasma density and the electron temperature is marginally af-

fected. Langmuir probe measurements on the axis of the discharge assembly and far

below the plasma ring confined below the cathode showed density on the order of

ne ∼ 1010 cm−3, which is comparable to what can be found in the literature [24, 33].

The plasma density in the dense plasma ring below the cathode is one to two orders

of magnitude higher [24, 33].

Spectroscopy studies showed a linear increase of the relative plasma density with cur-

rent when using the Ar CRM. The hybrid Ar/Al CRM did not show a linear increase

of ne at low pressure. The differences in Te and ne obtained from the Ar CRM and

the hybrid Al/Ar CRM can be explained by the fact that low energetic electrons are

directly included in the hybrid Ar/Al CRM since the excitation of Al states is possible

at electron energies as low as ∼ 3 eV. However the modelling of the excitation of Al

states requires a good knowledge of Al collisional-radiative coupling constant and of

the cross-sections of excitation processes. Due to limited data on such processes only

a basic corona model was used for the modelling of Al excited state. Thus, in case of

pure Ar CRM, changes of the discharge current is mostly reflected in electron density

variations while in the hybrid analysis Te is more sensitive to the current change. This

discrepancy is most pronounced on lower pressure and slowly vanishes with pressure

increase.
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• In addition to Te and ne, spectroscopic studies provided the evolution of the densities

of the argon resonant (1s2, 1s4) and metastable (1s3, 1s5) states. The density of the

1s3 state is revealed to be almost insensitive to both background gas pressure and

discharge current even though it seems that at low pressure (10 Pa and 20 Pa) an

increase of the current results in an increase of the 1s3 density. All other states show an

increase of their densities with increasing current and tends to exhibit a slight decrease

in density when increasing pressure at fixed current. This is particularly visible for

the 1s5 metastable state. Overall Ar(1s) state densities are not very high compared

with neutral Ar density making excitation from ground state the dominant process.

As previously stated, under such conditions the evaluation of electron temperature

based on the line ratio is less accurate and predominantly accounts for high energetic

electrons in the electron energy distribution function, as discussed in [46]. As a result

evaluated electron temperature can be systematically over/under estimated due to the

small errors in measurements, calibration procedure or data processing.

The evaluation of Te by the hybrid model is directly coupled to the aluminium atom

density through excitation processes and self-absorption of Al emission lines which is

quite strong in our experimental conditions. The resulting aluminium atom densities

were thus estimated to be in the range 1011 − 1012 cm−3. This can be additionally

justified considering that the line branching ratio of Al(394)/Al(396) lines imposes a

lower limit of Al atom density of about 5×1016m−3. Al densities reported in this work

are slightly higher than the ones reported in [54] which was operated on drastically

lower pressures and close to the values reported for the sputtering of aluminium or

titanium under similar conditions [55, 56]. Note that the evaluation of Al densities

could be improved and simplified by including one more pair of Al lines (preferably

Al(265)/Al(266)) originating in deeper UV range.

In order to understand the influence of discharge conditions and the presence of alu-

minium atoms on plasma parameters, a simple global particle and power balance model

for steady state discharge is used. The model follows the methodology found in Refs. [41,

54]. The plasma is reduced to a homogeneous half torus of mean radius R̄ and of ra-

dius Rtor confined above the cathode racetrack [54]. In our experiment R̄ ' 2.2 cm is

the mean radius of the racetrack and Rtor ' 0.5 cm is the half-width of the racetrack

(see Fig. 1). The plasma volume is therefore Vplasma = π2R̄R2
tor and the bounding surface
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area Aplasma = Aplanar + Ator is comprised of the planar contribution above the racetrack

Aplanar = π
[
(R̄ +Rtor)

2 − (R̄−Rtor)
2
]

and the curved contribution Ator = 2πR̄Rtor. The

effect of the background gas pressure, the amplitude of the cathode voltage and the discharge

current on the width and height of the “plasma ring” [38, 39, 57] are ignored. However, the

fraction of ions ft leaving the plasma towards the target is left as a free parameter in or-

der to adjust the discharge current, voltage and power, P = IdVc with the experimental

ones. The model includes only the electron density ne, the background neutral argon den-

sity nAr and the thermalised aluminium atom density nAl. Direct impact ionisation of argon

and aluminium as well as Penning ionisation of aluminium through collisions with argon

metastable atoms are considered. It was indeed shown that ionisation of sputtered metal

due to Penning ionisation through impact with metastable states of the argon is important

in magnetron discharges and consistent with diffusive losses of argon meta- stables [58, 59].

The particle balance equation, the power balance equation and the experimental adjustment

of ft equations are:

Aplanarh`uBne =neVplasmaft · [nArKiz,Ar

+ nAlKiz,Al

+ nArKex,Ar(4s)τAr∗nAlσpvTAl

]
, (3)

IdVc =Ploss,e + Ploss,w, (4)

Id
e(1 + γ)

=Aplanarh`uBne, (5)

where h` = 0.80/
√

4 +Rtor/λin is the effective area correction factor due to the variation

of plasma density from the middle to the edge [41] in a plasma regime where transport

is diffusive and ambipolar [60], λin = 1/(nArσin) is the ion-neutral mean free path where

σin = 10−18 m2 [41], uB =
√
kBTe/me · (1 + πλDe/(2λin))−0.5 is the ion-collision corrected

Bohm velocity [41] where λDe is the electron Debye length at the cathode sheath edge, Kiz,Ar

is the argon electron impact direct ionisation rate, Kiz,Al is the aluminium atom electron

impact direct ionisation rate, Kex,Ar(4s) is the argon excitation rate towards metastable 4s

levels, τAr∗ is the lifetime of argon metastable, σp = 7.15 ·10−19 m2 is the Penning ionisation

cross-section of aluminium [58], vTAl
is the thermal velocity of aluminium atoms, and γ = 0.1

the effective ion-induced secondary electron emission coefficient which here is considered

here. The argon metastable lifetime is given by τ−1Ar∗ = τ−1D +τ−1m−e where the diffusion lifetime
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is τ−1D = K2nAr + K3n
2
Ar + D0

nAr
Λ−2 with K2 = 2.3 · 10−15 cm3s−1, K3 = 1.4 · 10−36 cm6s−1,

and D0 = 2.4 · 1018 cm−1s−1 [61], and the electron-metastable collision frequency is τ−1m−e =

5 · 10−8neTe with ne in cm−3 and Te in eV [58].

The power loss to the walls Ploss,w carried by the particles lost at the plasma bounding

surface is given by [41, 54]:

Ploss,w =
Id

e(1 + γ)ft

(
5

2
kBTe + 0.75fte|Vc|

+ (1− ft)kBTe ln

(√
mAr

2πme

))
. (6)

The collisional power loss Ploss,e are given by [41, 54]:

Ploss,e = neVplasma [nArKiz,Arεc,Ar + nArKiz,Alεc,Al] , (7)

where the effective energy required per created electron-ion pair is given by [41, 54]:

εc,s =

[
εiz,s +

∑
j

Kex,sj

Kiz,s

εex,sj +
Kel,s

Kiz,s

3me

ms

kBTe

]
. (8)

Species s ∈ [Ar,Al] of atomic mass ms interact with electron of mass me. εiz,s and εex,sj are

the respective ionisation energies and excitation energies of the jth level with the correspond-

ing reaction rate coefficient Kiz,s and Kex,sj . Kel,s is the elastic collision rate coefficients. In

Fig. 11, the reaction rate coefficients are calculated for for argon and aluminium were cal-

culated assuming a Maxwellian electron energy distribution function (EEDF) and using the

cross sections from Refs. [53, 62]. The 4s, 4p and 4d levels of argon are considered and the

excited levels of aluminium are grouped under one rate constant with an excitation energy

εex,Al = 3.13 eV. As can be seen, for electron temperatures around 1-2 eV, the reaction rate

constants of aluminium are much higher than the ones for argon and one can expect moder-

ate quantities of aluminium atoms in the plasma to have an impact on plasma parameters.

Eqs. (3-5) were solved numerically for different aluminium atom densities over the exper-

imental range of Id and pAr. The cathode voltage Vc is taken as the experimental one

measured for a given set of Id and pAr (see Fig. 2). The temperature of the background Ar

gas and thermalised aluminium atoms is set at T = 400 K which is close to the expected

temperature [56]. The results of the calculation are shown in Fig. 12.

As expected, Te decreases whith increasing pressure. The calculated values are not far

from the ones recovered using spectroscopic measurements but due to the numerous ap-

proximations of the model only qualitative comparison can be done. One can also see that
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FIG. 11. (Colour online) Reaction rate constants as a function of Te for argon (red curves) and

aluminium (blue curves). The reaction rate for argon and aluminium were calculated assuming a

Maxwellian EEDF and using the cross sections from Refs. [53, 62]

the presence of a small density of aluminium atoms (nAl ' 5 · 1012 cm−3 corresponding to

less than 0.3% of nAr at pAr = 10 Pa) is enough to decrease the electron temperature by a

few percent and might partially explain the relatively low measured electron temperatures.

Increasing the discharge current results in a small increase in the electron temperature and

a linear increase in the plasma density. Note that the plasma density is almost unaffected

by the presence of aluminium. The fraction of ions ft leaving the plasma towards the target

(not shown here) changed from around ft ∼ 0.6 at pAr = 10 Pa to ft ∼ 0.9 at pAr = 40 Pa.

However, our simple model cannot be used to obtained quantitative values since many rele-

vant physical phenomena are not included. For instance, increasing pressure leads to lower

sputtering rate due to lower energy of the ion hitting the cathode. Moreover, the influence

of power and pressure on the width of the racetrack is not taken into account, nor is the

thermalisation of sputtered atom and the heating of the background gas. Therefore, a high

discharge current might not necessarily lead to more sputtering and a higher aluminium

atom density in the plasma. For example, at the highest background gas pressure, collisions

can result in a lower mean energy of the ion hitting the cathode and therefore a smaller

sputtering rate and a reduced aluminium density (see Fig. 10)
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FIG. 12. (Colour online) Calculated plasma parameters as a function of pAr and Id. (a) Electron

temperature, Te. (b) Electron density, ne.

VII. CONCLUSION

In this article, the plasma parameters of an aluminium cathode direct-current magnetron

discharge in argon with operating pressures ranging from 10 Pa to 40 Pa and discharge cur-

rents ranging from 100 mA to 500 mA were explored. The density of argon excited states,

the sputtered aluminium atom density and the electron temperature were estimated using

a collisional-radiative model and compared to plasma parameters obtained from Langmuir

probe measurements. The trends of electron temperature and plasma density obtained using

optical emission spectroscopic data agrees well with probe measurements. The differences

in reported values are explained by the different locations in the discharge that were studied

using spectroscopy and Langmuir probes. However, the reported electron temperature were

lower than the values found in the literature for similar discharge conditions and different

23

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



cathode material [33]. By using a simple global model, the influence of the discharge pa-

rameters, namely the background argon pressure and the discharge current, as well as the

density of sputtered aluminium atoms was investigated. It was shown that the presence of

aluminium atoms in the plasma cools down the electrons and but has little effect on the

plasma density. This is most probably due to the lower excitation and ionisation thresholds

of aluminium with respect to argon.

Future studies will require the development of a more complete hybrid CRM. It will allow

more precise derivation of plasma parameters. Direct measurement of the aluminium atom

density through absorption spectroscopy will also be performed. A careful modelling of the

magnetron discharge should also be done in order to study the influence of sputtering and

transport of aluminium atoms on plasma parameters.
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[14] C. Arnas, A. Michau, G. Lombardi, L. Couëdel, and K. K. Kumar, Effects of the growth and

the charge of carbon nanoparticles on dc discharges, Phys. Plasmas 20, 013705 (2013).
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A. Choukourov, O. Kylián, and H. Biederman, Effect of magnetic field on the formation of

cu nanoparticles during magnetron sputtering in the gas aggregation cluster source, Plasma

Processes and Polymers 16, 1900133 (2019).

[27] M. Koten, S. Voeller, M. Patterson, and J. Shield, In situ measurements of plasma properties

during gas-condensation of cu nanoparticles, J. Appl. Phys. 119, 114306 (2016).

[28] J. Kousal, A. Shelemin, M. Schwartzkopf, O. Polonskyi, J. Hanuš, P. Solař, M. Vaidulych,
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