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The temporal evolution of plasma density and electron temperature in HiPIMS discharges has been measured using the
Langmuir probe and laser Thomson scattering techniques. Measurements were performed (non-simultaneously) at two
positions within the plasma; in the low magnetic field strength region on the discharge axis and in the high magnetic

field strength region of the magnetic trap, for peak power densities of 450 Wem ™2 and 900 Wem ™2
maximum plasma densities and temperatures were 6.9 x 10! m~
and 0.1 eV at times up to 250 us into the afterglow. The results indicate that although intrusive, the

to 4.5 x 1017 m—3

respectively. The
3 and 3.7 eV in the pulse-on time, and values decayed

Langmuir probe can provide a good indication of electron properties in regions of different electron magnetization in

the discharge.

High power impulse magnetron sputtering (HiPIMS)
is a novel ionized physical vapour deposition (IPVD)
technique' in which high metal ionization fractions (~ 70%
in Kouznetsov er al?) are obtained through the creation of
a dense plasma (~ 10'” m~3). This necessitates high target
power densities (0.5-10 kWem™2) and these are generated us-
ing short high-voltage pulses (width ~ 10 — 100 us) with low
duty cycle (~ 1%) to prevent target melting. The main ad-
vantage of IPVD is that the energy and directionality of the
film forming ions can be controlled by biasing the substrate,
in contrast to line of sight deposition using neutrals.> This
results in HiPIMS producing films with superior properties
(e.g. denser, harder and smoother) compared to DC mag-
netron operation.*

A schematic of an unbalanced planar magnetron is shown in
figure 1. Electrons perform a closed E x B drift inside the last
closed flux surface boundary, which confines electrons and
produces a dense plasma. This magnetic trap region produces
the most intense ionization in the discharge, predominately
through the process of electron impact ionization.” There are
also open flux surfaces that guide electrons which have es-
caped the trap (and consequently ions through ambipolar dif-
fusion) from the target vicinity to the substrate position. A de-
tailed understanding of the plasma dynamics inside the mag-
netic trap and at the substrate is required in order to optimize
the deposition process. The most fundamental plasma proper-
ties for any physics investigation are electron density (n.) and
temperature (7).

Unfortunately HiPIMS poses a difficult environment for di-
agnostic operation due to the high sputter flux; the relative
abundance of species has a dynamic evolution; n, between
pulses spans several orders of magnitude and 7, at least an
order of magnitude; and the plasma is spatially heteroge-
neous. These effects are most pronounced inside the magnetic
trap. Non-intrusive diagnostics are obviously desirable and
examples of such techniques applied to HiPIMS include opti-
cal emission spectroscopy®'? and recently THz time-domain
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FIG. 1. Schematic of the magnetic field from an unbalanced planar
magnetron. In this study the tungsten target diameter was 150 mm
and the measurement positions were at the magnetic null (r = 0 mm,
z= 61 mm) and at a single location inside the last closed flux surface
boundary (r = 41 mm, z = 10 mm). The system origin (r = 0 mm,
z=0mm) is located at the center of the target surface. For reference,
the main racetrack erosion is at (r = 48 mm, z = 0 mm).

spectroscopy.'! The former can be implemented with relative
ease to give time-resolved information about the abundance
of excited species, but it is challenging to extract quantitative
information about electron properties because a complicated
model describing electronic transitions is required. The latter
is a novel technique for measuring electron density, but it has
a relatively high detection limit (r, > 10'® m~3), so measure-
ments during the pulse off time (afterglow) are limited, and
it has a long integration time (3 hours). A drawback of both
methods is that the measurements are line integrated.

Electrostatic probes are an alternative approach to electron
property measurements in HiPIMS plasma. Probe measure-
ments are simple to undertake, but data interpretation is dif-
ficult when a magnetic field is present'>!3 and the relative
abundance of ionic species is required for calculating ion den-
sity (n;). Previous studies have used target inserts to detect
localized ionization zones (spokes) and obtain n; at the target
sheath edge;'* and (intrusive) Langmuir probes are typically
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FIG. 2. Current-voltage-time waveforms for the two discharge con-
ditions: peak power densities of 450 Wem ™2 and 900 Wem ™2 with
12 mTorr of argon gas, pulse width 100 ps and frequency 50 Hz.

used outside of the magnetic trap for measurements of »;, n,,
T, and the electron energy distribution function (EEDF).%15-17
There have been fewer Langmuir probe studies within the
magnetic trap'®!° because the presence of the probe stem and
current drainage to the probe tip are expected to significantly
perturb the main ionization region. In addition, data inter-
pretation is simpler far from the target because unmagnetised
electron collection by the probe is more valid, and the con-
cern over probe lifetime, due to excessive sputter deposition
and melting, is alleviated.

In this letter, we report the first comparison of n, and 7,
measurements in HiPIMS plasma made by Langmuir probe
and laser Thomson scattering. The interpretation of the Thom-
son data is unambiguous and unaffected by magnetic fields
and so reliable electron properties can be obtained with excel-
lent spatial (< 3 mm) and temporal resolution (~ 5 us). The
drawback of the technique is that a complex, expensive ex-
perimental setup is required which is available in only a few
laboratories. The aim of this research is to determine whether
a Langmuir probe can provide reliable time-resolved n, and T,
measurements in HiPIMS plasma, including inside the mag-
netic trap.

A VTech 150 series unbalanced magnetron (supplied by
GENCOA Ltd) equipped with a 150 mm diameter planar
tungsten target, was mounted vertically above the vacuum
chamber, which was evacuated to a base pressure of ~ 1 X
107> Torr. Two different voltage waveforms were applied
to the target using a Sinex3 unit (purchased from Chemfilt
AB Ltd) with 12 mTorr of argon gas in the chamber. Figure
2 shows the current-voltage-time waveforms and these pro-
duced peak power densities of 450425 Wem ™2 and 900 + 25
Wem~? (normalised by entire target area). The pulse width
and frequency were 100 us and 50 Hz respectively. The two
measurement positions are shown in figure 1.

Laser Thomson scattering is the elastic scattering of laser
photons from free electrons in the plasma. In the incoherent
limit, the scattering spectrum is proportional to the electron
velocity distribution function (EVDF) in one-dimension, so
T, is determined from the spectral width and n, from the total
scattering intensity. A review of laser Thomson scattering ap-
plied to low-density glow discharges is given by Muraoka et
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FIG. 3. Schematic of the Thomson scattering apparatus in the mag-
netic trap measurement configuration. The viewing dump, Brewster
windows, baffles and the notch filter in the triple-grating spectrome-
ter attenuate the stray laser light signal reaching the iCCD camera.
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A schematic plan view of the Thomson scattering apparatus
is shown in figure 3; the chamber was designed to reduce the
amount of stray laser light reaching the detector. A Nd:YAG
laser operated at the second-harmonic wavelength 532 nm was
the radiation source for the experiment. The laser supplied
~ 230 m] per pulse at the scattering volume location, had a
pulse duration of 5 ns, beam divergence 0.5 mrad and 10 Hz
repetition rate. The laser was focused by a 1 m focal length
lens so that the beam diameter was ~ 0.25 mm at the measure-
ment position. The beam path was in the plane of the target
surface and the laser electric field was linearly polarized in the
direction perpendicular to this plane. For the measurements at
the magnetic null position, the laser beam passed through the
center of the chamber, whereas for the magnetic trap measure-
ments, the beam was offset by 29 mm perpendicular-distance
from the center of the chamber. The laser flashlamps were
triggered by a TTL signal derived from the HiPIMS voltage
waveform.

The scattered light was collected by a lens (75 mm diam-
eter, 200 mm focal length) positioned at 90° with respect to
the laser propagation direction. The entrance slit of the spec-
trometer had an effective aperture 0.30 mm x 6 mm and its
slit height was parallel to the laser propagation direction. A
linear polarizer was positioned in-front of the entrance slit to
transmit the polarized Thomson photons and attenuate the un-
polarized plasma emission signal, thereby improving the sig-
nal to noise ratio of the Thomson scattering spectrum. The
triple-grating spectrometer was set to the double-subtractive
configuration to attenuate the wavelength region 531.5-532.5
nm using a mask for removal of the stray light and Rayleigh
signals. An iCCD camera (Andor iStar) recorded the spectra
and the measurements were averaged over the spatial dimen-
sion. An example Thomson scattering spectrum is shown in
figure 4. The wings of the Thomson spectra were fit with ei-
ther a single or double Gaussian curve (corresponds to a single
or bi-Maxwellian EVDF) to obtain n, and 7. The system was
calibrated using Rayleigh scattering from room temperature
argon gas after each Thomson scattering measurement. Fre-
quent calibration was required because the chamber window



transmission decreased as a result of film growth during HiP-
IMS. The density overestimation due to the changing window
transmission was < 10%. The Thomson signal was accumu-
lated from 100 to 600 laser pulses depending on the plasma
density and the window transmission.

The Langmuir probe tip consisted of tungsten wire of ra-
dius 50 um and was 'L’ shaped. There was ~ 0.25 mm
length parallel to the probe stem and 5.5 mm length perpen-
dicular to it. The probe was inserted radially into the vacuum
chamber so that the 5.5 mm length was parallel to the target
surface-normal. In this orientation, the local magnetic field
in the trap (~ 33 mT at the measurement position) is approx-
imately parallel to the probe surface-normal, and so the ef-
fect of electron magnetization on the measured probe current-
voltage (IV) characteristic is reduced.?! To acquire the probe
1V characteristic, a DC power supply was connected to the
probe and manually swept over the range -120 V to 10 V with
respect to the chamber ground. Current was calculated by
measuring the voltage drop across a high-side sense resistor
using the AD8479 precision difference amplifier. The out-
put from the amplifier was averaged over >50 cycles on an
oscilloscope which was triggered by the target voltage wave-
form. Standard probe theory was implemented for electron
property measurements:>> the knee method for 7, using the
first derivative to locate the plasma potential and the gradient
of the natural logarithm of the electron current (Inl,) for 7.
I, was calculated by subtracting the ion current (fit using a
function of the form: A(V, — V)% + B(V, — V) where A and
B are fitting coefficients) from the total probe current. Probe
n; was calculated using parameterizations of (orbital-motion)
Laframboise (Laf) theory?? and (radial-motion) ABR-Chen
theory.?* The figures in this letter were produced using the
argon ion mass, resulting in lower bounds for n;, because the
relative abundance of argon and tungsten ions was not mea-
sured; doubly charged ions have been neglected. The upper
bounds calculated using the tungsten mass (not displayed) are
a factor 2-3 times larger than the lower bounds. The sum of
the square of the residuals was minimised when fitting the the-
oretical curves to the measured ion current. It should be noted
that the probe was not inside the chamber during the Thomson
scattering measurements.

Figure 5 shows the temporal profiles of plasma density and
T, at the magnetic null position, where the magnetic field
strength is low (< 1 mT), for a peak instantaneous power den-
sity of 450 Wem™2. The time axis begins at the start of the
pulse on time, and the activeglow (0 < ¢[us]< 100) and after-
glow (100 < #[us]< 20000) periods are highlighted. The re-
producibility of the probe parameters was within 20%. Error
bars, representing the standard deviation from multiple mea-
surements, are plotted for some of the Thomson scattering
measurements. These results show that the probe generally
underestimated the plasma density, but all of the probe the-
ories were within a factor of 2.5 of the Thomson scattering
measurements. There was excellent agreement between the
diagnostics for T, measurements except the probe did not ob-
serve the cold population of electrons detected by Thomson
scattering at t = 10 us (figure 4). The properties of the two
electron populations at t = 10 us were 7, = 0.77 £ 0.18 eV
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FIG. 4. Thomson scattering spectrum measured at the magnetic null
position at £ = 10 us with peak power density 450 Wem™2. A dou-
ble Gaussian fit was applied to the region outside of the notch filter
attenuation (531.5-532.5 nm).

and n, = (6.74 +1.89) x 10'7 m~3 for the cold group, and
T, =3.67+0.47 eV and n, = (9.95+1.99) x 10" m~3 for
the warm group. Generation of a theoretical IV characteristic
using the above parameters (not displayed) showed that the
1V is dominated by the warm population - the probe measure-
ment system could not resolve the two gradients on the In/,
against V plot.

Figure 6 show the diagnostic comparison for density and
T, measurements within the magnetic trap at a peak instan-
taneous power density of 900 Wem™2. The probe density
theories were within a factor of 2 of the Thomson measure-
ments during the activeglow with the Thomson diagnostic giv-
ing a peak density of 6.9 x 10! m~3. Analysis of the Thom-
son spectra was consistent with a single Maxwellian EVDF
throughout the entire pulse. The probe measurements ap-
peared non-Maxwellian because the only linear region on the
Inl, against V plot (not displayed) was in the vicinity of the
floating potential. This linear region was used to calculate 7,
since it is assumed that the collection of the tail of the EEDF is
less distorted by the magnetic field due to higher energy elec-
trons having larger gyroradii. The ratio of the probe radius
to electron gyroradius, calculated using the Thomson scatter-
ing T,, was between ~ 0.3 — 0.9 from 10 < #[us] < 150, and
hence, the effect of electron magnetization on probe collection
was important. Nevertheless, there was good 7T, agreement
between the diagnostics during the activeglow. This indicates
that the probe 7, ascribed to the tail of the distribution is rep-
resentative of the bulk. This justifies the use of triple probes in
HiPIMS plasma with similar magnetic field strengths to this
study.!® Tt should be noted that the plotted afterglow data for
the probe is limited (and unreliable) because the IV curves in
the vicinity of the floating potential were noisy and the sense
resistor value was limited by the maximum current during the
voltage pulse. A boxcar method for data acquisition would
solve this problem.

We attribute the local minimum in the 7, profiles at t ~ 50
Us in figures 5 and 6 to cooling of the EEDF as the density
of metallic species in the plasma increased. Following this re-
duction in 7, the plasma generation rate and consequently the
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FIG. 5. Temporal profile of plasma density (a) and electron temperature (b) measured by Langmuir probe (LP) and Thomson scattering (TS)
at the magnetic null position (r = 0 mm, z = 61 mm). The three probe densities were determined using the theories indicated in the legend.
The T, values when a double Gaussian fit was applied to the Thomson spectrum are denoted as cold and warm. The argon pressure was 12
mTorr, pulse width 100 us, pulse frequency 50 Hz and peak power density 450 Wem™2.
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FIG. 6. Temporal profile of plasma density (a) and electron temperature (b) measured by Langmuir probe (LP) and Thomson scattering (TS)
within the magnetic trap (r = 41 mm, z = 10 mm). The three probe densities were determined using the theories indicated in the legend. The
argon pressure was 12 mTorr, pulse width 100 us, pulse frequency 50 Hz and peak power density 900 Wem 2.

sputtering rate are reduced and so 7, rises. Another interesting
feature is the slow plasma density decay in the afterglow. This
has been observed in previous studies using probes'>'7->> and
mass spectrometers.’® The decay of the plasma density was
found to proceed according to ambipolar diffusion laws.?

In summary, we have reported the first comparison of laser
Thomson scattering and Langmuir probes in HiPIMS plasma.
Measurements were performed at the magnetic null, where
the magnetic field strength is low, and at a position within the
magnetic trap. The probe consistently underestimated n, com-
pared with Thomson scattering, but agreement was generally
within a factor of 2, and 7, measurements from both diagnos-
tics were similar. This demonstrates that the Langmuir probe
did not significantly perturb the discharge, therefore probes

are suitable for measurements of general electron characteris-
tics in HIPIMS plasma. The applicability of a Langmuir probe
for investigating highly transient phenomena, such as spokes,
remains to be verified. In addition, we were unable to as-
sess the accuracy of the ion collection theories since the ionic
species abundance was unknown.
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