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Abstract

CrossMark

A time-resolved tunable diode-laser (DL) induced fluorescence (TR-TDLIF) technique has
been used to identify different populations of atoms (on different stages of transport) to
determine their corresponding deposited energy and flux. The temporal dimension permits
the splitting of the processes of sputtering during the discharge and particles transport in

the post-discharge where atoms and flux velocity distribution fonctions (AVDF, FVDF) of
each population were measured varying the discharge parameters (power, voltage, pressure,
and distance from target). Tungsten (W) was chosen, being an interesting case in terms of
sputtered atom transport, considering its weight which implies weak changes of directivity or
energy transfer after collisions with the buffer gas. The high temporal and spectral resolutions
of TR-TDLIF are the keys for the distinction of the atoms populations and the stage
corresponding to the transition from the ballistic to diffusive regime of transport was observed
for the first time and named quasi-diffusive regime. Thus, the ability to dissociate populations
of atoms and to determine their deposited flux and energy may be of great interest to adjust

film properties as desired for applications.

Keywords: time resolved tunable diode laser induced fluorescence, transport, tungsten,
magnetron sputtering, high power impulse magnetron sputtering (HiPIMS), atoms velocity

distribution fonction of sputtered atoms

(Sorne figures may appear in colour only in the online journal)

1. Introduction

Magnetron sputter deposition is an established and widely
used method for the growth of thin films. Nevertheless, the
high level of expectations regarding new applications require
a better understanding, controlling, mastering of basic pro-
cesses goveming atoms transport in the view of process
optimization. The spatio-temporal knowledge of the proper-
ties of incoming film-forming atomic species in HIPIMS (high
power impulse magnetron sputtering) may be exploited to
adjust the film physical properties as desired for applications
[1-6] and for modelling both plasma and particle-depositing
processes [7, 8].

1361-6595/17/025003+ 11 $33.00

In HiPIMS process, the degree of ionization of the sputtered
vapour is usually greater than 50% [9, 10]. Nevertheless, a sig-
nificant fraction of sputtered neutral atoms remains and may
influence thin film deposition properties. Ion energy can be fixed
by polarizing a substrate, while neutrals are difficult to control.
Experimental measurements are then required for a better under-
standing of'their transport properties in view of a potential optim-
ization in terms of number or energy when reaching a substrate.

Diagnostics using diode laser (DL) are among the most
powerful techniques for studying plasmas since they are not
intrusive and allow the acquisition of accurate experimental
results on ground or metastable state ofparticles. A few studies
using such techniques have been performed on sputtered
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atoms such as aluminium (Al) [11-13], titanium (Ti) [13-18]
and tungsten (W) atoms [19, 20]. A fraction of them are time-
resolved and they are only absorption DL based techniques
[12, 15, 18] (absolute measurements but not giving the spatial
resolution as restricted to conditions for which the absorption
can be assumed homogeneous along the laser beam pathway).
Fluorescence DL based techniques [20] give access to local
measurements (spatial resolution) and the temporal dimension
permits the splitting of both the process of sputtering during
the discharge and the process of particles transport in the post-
discharge. Thus, a time-resolved tunable DL-induced fluores-
cence (TR-TDLIF) method calibrated with TR-TDLAS (time
resolved tunable DL absorption spectroscopy) was used in
order to determine the spatio-temporal evolution of abso-
lute atom and flux velocity distribution functions (AVDF and
FVDF) in the post-discharge.

W was chosen for its applications in thin film deposition
(WC [21] and WOy [22]) and also being an interesting case
in term of sputtered atom transport, considering its weight
which implies weak changes of directivity or energy transfer
after collisions with the buffer gas. The TR-TDLIF temporal
and spectral resolutions give the ability to distinguish dif-
ferent atoms populations with their characteristic regimes of
transport and thus, provide insight into transition from the bal-
listic to diffusive regimes. AVDF and FVDF of different atoms
population were measured varying the discharge parameters
(power, voltage, pressure, distance from target, etc). The evo-
lution of those distributions highlighted the different stages
of the atoms transport which shows an intermediate regime
between ballistic and diffusive ones and was named quasi-
diffusive. The properties of those quasi-thermalized atoms are
then discussed.

At typical distances along the axial direction (z =5 and
9cm) used for magnetron sputtering processes (DC_direct
current and HiPIMS_high power impulse magnetron sput-
tering), deposited flux and energy as function of time and over
a HiPIMS period for the different populations of W neutral
atoms were characterized under the varying parameters.

2. TR-TDLIF experimental setup and data analysis

Figure 1 represents the TR-TDLIF technique [20] experimental
set-up including its electrical and optical arrangements. The
beam of the excitation source, a 15 mW single-mode tun-
able diode laser (Toptica Phototonics DL 100), is oriented
perpendicularly to the target surface (for axial measurements)
and towards the racetrack centre at Ry = 1.3cm where the
plasma-generated sputtering of W atoms is mostly localized
(as shown in figure 1 bottom picture). It crosses the (1 * 1
* 3) mm® probing volume centred at z (z =3, 5, 9cm) and
Ro = 1.3cm with its 3mm edge lying along z. The magne-
tron plasma is localized close to the target with a maximum
of plasma light for distances <3 cm. Consequently, z = 3cm
is the closest distance accessible to avoid disturbances linked
with plasma optical emission. The DL is tuned around the res-
onance transition at Ao(W) = 407.4358 nm to a mode-hop free
~9 pm wavelength scan synchronized to the DL-monitored
frequency of 5 Hz (figure 1: inset). The tuning is carried out

DL trigger Pulses triggers
[DLCONTROL UNIT] sy =
—ﬂ— ._J_LLLLL_ W target

Racetrack

1x1x3 mm?

TR-TDLIF signal

Photo- 3
multiplier Dense |48

1 plasma

Magnetron

A (pm) cathode

]
1
]
1
OSCILLOSCOPE €~~~ =~ === i -l

Figure 1. HiPIMS set-up including its electrical and optical
arrangements for TR-TDLIF signal measurements (reproduced
from [20], copyright 2014 with the permission of AIP Publishing).
Figures inset shows a TR-TDLIF profile obtained in a thousand

9 pm DL scans (in order to reduce the signal-to-noise ratio to

an acceptable level), with 200 HiPIMS periodic pulses. Bottom
picture: typical magnetron sputtering plasma of W target with laser
beam configuration.

metastable W TR-TDLIF Signal(V)
150

100
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50
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Figure 2. 2D-image of a typical wavelength-time dependent TR-
TDLIF signal measured at z = 3cm. Ry = 1.3cm; p = 0.4 Pa;
Py =120 W.

by adjusting the DL piezo and current. The neutral W trans-
ition from the metastable low-energy level (0.36eV) 54°(°S)6s
to the radiative excited level 5d5(6S)6p occurs at \y with laser
absorption and the fluorescence also emitted at \g. We note
here that no particular DL is currently available to probe the
W’s ground state.

The set-up includes the low-frequency (~5 Hz) and high
spectral-resolution DL (~0.005 pm), a fast rise-time pulse
generator and a HiPIMS system. The HiPIMS unit was set
to deliver 200 pulses during the ~9 pm wavelength scan
assuming that a single pulse corresponds to the time evolution
of the TR-TDLIF signal at a given wavelength (increment
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Figure 3. TR-TDLIF signal measured at t = 20 us and its respective W N and Wiy total fits (groups of Gaussians describing the four

W isotopes). z = 3cm; Ry = 1.3cm; p = 0.4 Pa; P,, = 120 W.

of 0.045 pm between two HiPIMS pulses). A stable pulsed
plasma was thus formed under the following conditions: Ar
pressure p = 0.4 or 4 Pa, discharge voltage V = 350-600 V,
average discharge current / = 6-20 A, a pulse period 7= 1 ms
and a discharge time T, = 10 us. P,, is the average magne-
tron power and Pgischarge the discharge power as defined in
equation (1).

BT = Riischargez)n (1)

The induced TR-TDLIF signal is recorded every 0.5 ps with
a digital oscilloscope of a second-long trace. For more details,
see [20].

From the whole TR-TDLIF signal (figure 1: inset)
recorded at z = 3cm, a typical 2D picture of the fluorescence
signal evolution is shown on figure 2 which is wavelength
resolved (resolution of ~0.045 pm or ~30 m s~!) in abscissa
and time resolved in ordinate (resolution of ~0.5 us). The
coma-shaped TR-TDLIF image shows clearly the coexistence
of several atomic populations in the probed volume during
a post-discharge: the anisotropic atoms (W4y) of high posi-
tive velocities (positive A\ corresponding to atomic velocity
ranging from O to 5 km s~!) crossing the probed volume
within the first 50 us (tail of the coma), the thermalized (Wry)
characterized by a symmetry around A\ = \jgeer — Arer( W
) = 0 (atomic velocity of 0 km s~') at longer times.

Figure 3 displays clearly those two populations coexisting
at t = 20 us and characterized by two peaks (the left one to
TH and the right one to AN). At a given time, the AVDFs of
each population are determined from fitting Gaussian func-
tions to the measured TR-TDLIF signal taking into account
the four W isotopes natural abundance and resonance shifts
(a Gaussian for one isotope) [20]. For more details concerning
isotopes see [23]. The origin AX = 0 or A\ is fixed arbitrarily
along the maximum of the Gaussian fitting the thermalized
population '®3W measured on residual atoms on the post-
discharge onset. Furthermore, the Gaussians were assumed to

possess the same full width at half maximum (FWHM) since
all isotopes have the same temperature (the slight differences
between their masses were neglected). Thus, each time the fit-
ting procedure is a group of four Gaussians at A\ =0 for
TH atoms and a group of four Gaussians around A\ > 0 for
AN ones. The Wy velocity distribution at a fixed z implies
velocity selection and fit with Gaussian distributions (for more
explanations see [20]) instead of Stephanova and Dew’s [24].
The AVDFs(A\, 1) of the populations Wan (AVDFAN(AN, 1))
and Wy (AVDFh(A\, 1)) may then be easily determined.

In order to obtain local quantitative measurements on
both energetic and thermalized W sputtered atoms, the
TR-TDLIF is calibrated using TR-TDLAS. The latter use
is however restricted to conditions for which the absorption
can be assumed homogeneous along the laser beam pathway.
Therefore, the calibration was achieved in conditions where
only the contribution from the thermalized atoms was meas-
ured that is far away from target (z = 9cm), at relatively high
pressure (p =4 Pa) and far from the post-discharge onset at
t =900 ps. Converting the wavelength scale into velocity
scale using Doppler’s relation v = ¢ - AMA, the result gives
10 V cm s ! (area of a Gaussian (v.)) being equivalent to
2 - 10® part - cm3. Note that the Doppler broadening (not
shown here) at this time is equivalent in axial (fluorescence)
and radial (absorption) direction, confirming the isotropy of
measured thermalized population of atoms. This consistency
was then used to rescale other space-time TR-TDLIF signals,
allowing the study of local dynamics of the absolute meta-
stable W atoms density and flux.

The thermalized and energetic atoms of isotropic and
anisotropic velocities distributions respectively constitute the
dynamictransportregimeinthe beginning of the post-discharge.
This sputtered atoms dynamic regime is best described by the
flux velocity distribution function FVDFs (v, ) defined as
v, * AVDFs (v, ). The absolute total flux velocity distribu-
tion function FVDFror (FVDFsN + FVDFry) is deduced by
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Figure 4. 2D-image of total flux-velocity distribution function
FVDFror = FVDFgn 4+ FVDFry of metastable W atoms. z = 3 c¢m;
Ry=13cm; p=0.4Pa; P,y = 120 W.

weighting the natural abundance of any single isotope ('*W
chosen here) to obtain the total of atoms (the sum of the 4 iso-
topes) and such that the resonance shift between isotopes of
a population is compensated. Figure 4 gives the FVDFror 2D
evolution. Using this type of representation, it is possible to
distinguish more easily the different population of atoms. It
can be seen that the energetic atoms of high positive veloci-
ties cross the probed volume within the first 50 ps. For t < 80
1s, the image exhibits the symmetry around v = 0, pointing
out that only the thermalized atoms cross the probed volume.
Further insight into the transition of the energetic metastable
W atoms to thermalized ones may be gained by studying their
densities and fluxes.

The areas formed by AVDFan(v) and AVDFpy(v) at any
given time define respectively the number of metastable
atoms per volume unit [W]an(#) and [W]py(s). Similarly,
the fluxes passing through a surface unit per time towards
the substrate Pan(f) and Pry(r) are respectively the areas
formed by FVDFsn(f) and FVDFyy(r). The total density
and the flux are then: [Wlror(?) = [W]an(®) + [Wltu(®)
and Pror(r) = Pan(?) + Pru(?). The representativeness of
TR-TDLIF measurements on the metastable state of sputtered
neutral Watoms was checkedby adirectcomparisonbetween the
DL measured atoms fluxes and the deposition rates. The meas-
ured atoms flux directed towards the substrate (DIR) of aniso-
tropic (CID'”t ) (equation (2)) and isotropic (CD”“) (equation (3))
atoms was integrated over a HiPIMS period (1 ms). The sum
of both yields the total flux directed toward the substrate
(Do) (equation(4)) which corresponds to the number of
deposited atoms and was compared with the deposition rate
estimated from the deposition thickness obtained by means of
SEM (scanning electron microscopy).

t=1m

o= dwl @
t=0

o= [ " omnal

3

~O- o) 04Paz=5em () *5cm 04 Pa 2,5
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Figure 5. Evolutions of integrated total flux @0 1, of metastable
W neutral atoms and W deposition rate at z = 5cm and 9 cm,

p = 0.4 and 4 Pa, as function of average magnetron power P,,.
Ry=13cm.

Plrror = PAN+ OFy )
Figure 5 shows for two pressures (0.4 and 4 Pa) and two
distances (z =5 and 9cm), @[5, and the deposition rates
as function P,,. Both seem to be in relatively good agreement
and this step allows the consideration of the measurements on
the metastable state of W neutrals as being well representative
of the total deposited atoms in HiPIMS process (neutrals and
ions). Moreover, this agreement indicates that the kinetic is
not strongly affected by the electron density () and temper-
ature (7,) variations in the post-discharge in terms of popula-
tion or destruction of the metastable level. Being a low energy
metastable state (0.36eV), it can be sensitive to n. (and less
likely to the electron temperature 7¢) and yet there is a good
agreement between DL measurements and deposition rates.
Thus, it can be assumed that the metastable state is populated
in the HiPIMS plasma nearby the target and transported up to
the probed volume without any modifications (population or
destruction). In our previous studies, the same agreement was
found in DC process case [19].
This checking achieved, it becomes possible to study the
atoms kinetic considering the metastable evolution as being
representative of the neutrals atoms kinetic.

3. Energetic, thermalized and quasi-thermalized
atoms

3.1. Highlight of two populations of anisotropic atoms

The time evolution of TR-TDLIF signal being representative
of neutrals kinetic, measurements at several locations along
the magnetron axis were performed (z = 3, 5, 9cm) in order to
get locally some insights into the transition from the ballistic
to diffusive regime of atoms transport.
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Figure 6. (a)—(c) Temporal (r =0 to 160 us) and spatial (z = 3, 5, 9cm) variations of TR-TDLIF signals. (d)—(f) Temporal ( = 0 to 160 ps)
and spatial (z = 3, 5, 9cm) variations of FVDFE. Ry = 1.3cm; p = 0.4 Pa; P,y = 120 W.

First, at z = 3cm (figure 6(a)) where plasma spontaneous
emission is not disturbing and it is close to the sputtering
source where the measured anisotropic population is sig-
nificant. Then, at z = 9cm (figure 6(c)) where the majority
of atoms are thermalized (symmetrical signal) and is typi-
cally a distance used in the industry to achieve deposition. At
z=>5cm as an intermediate case to visualize the transition
between those two extreme cases. Figures 6(d)—(f) represent
the flux velocity distribution function (FVDFrgr) derived
from the evolution of TR-TDLIF signals of figures 6(a)—(c),
respectively. As expected, at z =3cm (figure 6(d)), aniso-
tropic atoms flux is dominant compared to the thermalized one

due to their high velocities. At z = 5 cm, much less anisotropic
atoms are measured (tail of coma shape) which is logical con-
sidering the sputtered atoms emission cone (~70% of the sput-
tered vapour is globally emitted in a o = 45° emission cone
with respect to the normal of the target surface) [25]. In fact,
the further away the probed volume is from the target, the less
likely it is to contain anisotropic W atoms since the section of
the sputtered emission cone increases. Unexpectedly, the
asymmetrical part of the FVDFror exhibits two contributions
in its temporal evolution (from 10 to 40 ps and from 40 to 120
ws). This is better seen at z = 9cm as FVDFrgr shows clearly
an asymmetrical shape at longer time (around 7 = 120 us)
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increase of pressure implies a more effective thermalization
(better energy transfer due to the increase of the number of
collisions) resulting in a decrease of measured energetics.
However, the second peak behaviour remains to be clarified.

For this purpose, the time evolution of the mean energy <EZ)

AN(?) (equation (5)) was calculated in the case of z = 5cm and
p =4 Pa (figure 9) where the second peak is clearly visible

(after t ~ 40 us). <EZ)EN of the energetic metastable atoms
moving away from the target is given by: <EZ)EN =05M <V§>
with <v§> given by equation (5).

+
j V2AVDFdy,
o 7

(i) = 5)

+

j | AVDFdy,

It exhibits a fast variation during the period of time corre-
sponding to the first peak (( EZan(?) is between 10eV and
0.6eV), which is characteristic of fast energetic atoms
crossing the probed volume. A significant change is noticed
at t = 37 us coinciding with the apparition of the second peak
and arrival of the second anisotropic population of atoms. The
latter (EZ) an(?) range is 0.6-0.05eV which is close to thermal-
ized atoms energy. The assumption of thermalized atoms with
a group velocity was then made as their properties are close to
isotropic (around v, = 0) thermalized ones. Indeed, they are
probably atoms that have not completed their thermalization
process which are missing one or two collisions to reach a
complete isotropic velocity distribution function. This means
that this population of atoms has an intermediate regime of
transport between ballistic and diffusive, closer to the latter.
That is why this population is named ‘TH,,” for thermalized
atoms (TH) with a group velocity (gv) moving away from the
target.

In order to distinguish energetic (EN) and TH,, popula-
tions, a procedure was adopted consisting in calculating (EZ>

an(?) first derivative. This gives an approximation of the
arrival time #o; of THg, in the probed volume. Knowing oy,
TH,, population best fit with exponential functions (given by

40

00 800 1000

0 6
t(us)

120 W, p =4 Pa. Ry = 1.3cm.

equation (6)) which proves that the source and loss terms are
linear.

(Wi, = B 1~ €S0 A eSe=] (©)
with A(1- e Gz ) being the Thy, maximum value at
t = ty2, Cp1 the rise loss coefficient, Cp, the descent loss coeffi-
cient, #y; and fy, are ‘rise’ and ‘descent’ functions initial times,
respectively. C,; and C,, may be different cause of temper-
ature variation during Thg, cross time lapse. In a simple case
(z = Scm), it is possible to easily distinguish the anisotropic
population of atoms and consequently to extract from the total
curve the part corresponding to TH,, atoms. However, in a
more complicated situation as at z = 3 cm, there is likely TH,,
in relatively low quantity and strongly convoluted with a high
density of EN atoms.

Figure 10 gives <EZ>AN(t) variation and the corresponding
first derivative at z =3cm, P,, = 120 W, p =4 Pa. ty; cor-
responds to the time the first derivative changes of curvature
and gets close to zero. Indeed, #o; ~ 37 ps in figure 9 coincides
with arrival of THg, on figure 8 (black curves). This validates
the method of distinguishing both EN and TH, popula-
tions which determines #y; = 28 us at z = 3 cm according to
figure 10 (19, is a free parameter of the fit, as A, C,1, Cpn). With
this procedure, an example of fit is shown in figure 11 where
TH,, atoms are estimated by fitting the curve with the func-
tion given in equation (5). EN population is then estimated
subtracting Thy, fitting curve.

3.3. THy, population properties

The THy, group velocity (gv ~ 750 ms ') calculated using the
characteristic THg, maxima times 7o, (densities and fluxes,
figures 7 and 8, respectively) is distance and pressure inde-
pendent. This means that Thg, transport is weakly influenced
by the collision conditions as it exhibits just more or less
losses (destruction) and the transport properties up to the
probed volume seem to be conserved. Moreover, as observed
in figure 12 representing the time evolutions of Ppn(f),
Ory(7) and Prpey(?) at z=9cm (p =4 Pa, P, = 120 W),
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Figure 13. Temporal evolutions of deposited flux ((a.1) and (a.2))
and energy ((b.1) and (b.2)) of anisotropic (EN + THg,) and
isotropic atoms (TH) for three P,, (40W, 80W, 120W) at z = Scm;
Ry=1.3cm; p =0.4Pa.

the characteristic TH,, maximum time happens at the same
time as thermalized one. The observable missing part of the
maximum of TH atoms can be completed by TH,. This link
between TH,, and TH is logical as first thermalized atoms are
Th,, that has just undergone one or two additional collisions
to become isotropic atoms (Th,, destruction supplies ther-
malized population). Nevertheless, the fact that those char-
acteristic times are independent from collision conditions is
surprising. In fact, TH,, detected in the probed volume (and
first thermalized) are sputtered atoms that have undergone the
same number of collisions with Ar atoms whatever the dis-
tance (so gv(z) ~ constant) or the pressure.
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Figure 14. Temporal evolutions of deposited flux ((a.1) and (a.2))
and energy ((b.1) and (b.2)) of anisotropic (EN + TH,,) and
isotropic atoms (TH) for three P,, (40W, 80W, 120W) at z = 9cm;
Rop=1.3cm; p =04 Pa.

The collision conditions influence the number of detected
THg, atoms (and of course the amplitude of the maxima)
but weakly influence the transport velocity. Note that those
results could be highlighted because W atoms are heavy (by
comparison with Ar atoms) and keep transport properties in
terms of velocity (around gv) and direction even after under-
going several collisions with buffer gas atoms until they are
completely thermalized (around v. = 0). To sum up, EN are
atoms that have undergone none or a few collisions, quasi-
thermalized (THyg,) about 8—10 collisions, TH atoms more than
10 collisions. Three intervals of time characterised by different
regimes of transport can then be determined. Balistic trans-
port (~10-50 ps) corresponding to EN atoms, quasi-diffusive
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(~50-200 ps) for THg, atoms, and diffusive (~50 ps-end of
post-discharge = 1 ms) for TH atoms.

4. Deposited flux and energy per population

Having now the ability to dissociate three populations of
atoms that are energetic (EN), quasi-thermalized (TH,,) and
thermalized (TH) atom, deposited flux ®(#) and energy E(¢)
(equation (7)) directed toward the substrate can be determined
for each one of them.

E() = 0.5Mjo+°° VAVDE W)t dy, )

More specifically it allows to obtain the whole behaviour
of deposited atoms properties along a HiPIMS period under
varying parameters. In this part, a whole characterisation of
those properties is presented for two distances (z =35 and
9cm), one pressure (0.4 Pa), varying P,, from 20 to 120 W.
Figures 13 and 14 represent the time evolutions of deposited
flux ®(r) ((a.1) et (a.2)) and energy E(¢) ((b.1) et (b.2)) of
anisotropic (AN) and isotropic (TH) atoms at z =35 and 9cm,
respectively. Both parameters vary significantly with P,, and
the distance z. As expected, the increase of P,, results in more
anisotropic atoms measured at z =35 (figure 13(a.1)) and 9cm
(figure 14(a.1)) due to a more intense target sputtering. Indeed,
the increase of P,, implies an increase of discharge voltage
(energy of incident ions) and current (number of incident ions),

see figure 16. Nevertheless, TH atoms show a more complicated
behaviour with several slopes in their time evolution. This may
be due to a combination of events such as the thermalisation,
thermal effects causing heating (dilatation) or cooling (contrac-
tion) of the buffer gas, sputtering wind (sputtered atoms blowing
away the buffer gas atoms reducing its local density), losses by
collisions and so on ... No further explanations are given as
modelling will be necessary in those complicated cases.

The deposited Pan(r) and Ean(f) occur within the first
200 ps and are more important than ®1y(#) which are depos-
ited during the whole HiPIMS period. It means that AN may
interact shortly with the substrate. Consequently, it is crucial
to determine the contribution of each population in terms of
total deposited energy and flux.

The fraction of total deposited flux and energy for each pop-

ulation is determined by calculating ®{ff; (equation (9)), oy |
(equation (10)), ®'ffy, @7 and EXY (equation (11)), E{ff .
(equation (12)), Eift (equation (13)), ENt . . (equation (14)).

Pi = P+ O ®)
i tor
o = [ den() ©)
t=0
) =1ms
o, = J t Ory,,() dt (10)
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Figure 16. Variation of HiPIMS discharge voltage (U) and current
(1) as function of Py, at p = 0.4 and 4 Pa.

. tor
ER= | Ee@o an
t=0
int t=1ms
Ef, = | L Ema(dt (12)
. t=1ms
Ef= [ Em@d (13)
t=0
o= B+ B+ B (14)

As shown in figure 15, at z = 5cm, globally the increase of
P, implies an increase of deposited flux (@ ;) and energy
(ESt 100 but it’s mainly due to EN and TH,, populations since
ot and EIf decrease. At low power (20 W < P,y < 60 W)
the majority of deposited flux and energy comes from TH
atoms. At high power (80 W < P,, < 120 W) fluxes between
the three population are quite balanced but the biggest part of
deposited energy comes first from EN, then TH,, and finally
TH population. The need of discerning EN and THy, in the
anisotropic population is clearly shown here as deposed flux
from TH,, is bigger than the one of EN (for all powers) which
does not reflect deposited energy as the one from EN is bigger
for P,, > 60 W. The situation completely changes at z = 9cm
as most of deposited flux and energy comes from TH atoms.
Thus, the latter govern neutral particles deposited proper-
ties and exhibit a saturation when P,, increases. Indeed, an
increase of 300% on P,, implies only an increase of 8 1, of
20%. Thus, between z = 5 and 9 cm, deposited atoms proper-
ties change rapidly which justifies the importance of such mea-
surements in the view of thin layer deposition optimization.
The influence of the discharge voltage (figure 16) and cur-

rent on the variation of <Ez)int (E™Y/[W]™) ([W]™ being the
integral of population densities over a HiPIMS period) for each
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Figure 17. Variation of < Ez>int for EN, THg,, TH populations
measured at z = 5cm; Ry = 1.3cm; p = 0.4 and 4 Pa.

population is now investigated at z=5cm, p = 0.4 and 4 Pa
and represented in figure 17. It is clear that the voltage does not
influence <Ez)int even with a variation of discharge voltage of
~150 V (P,, = 20-120 W). This means that varying P,,, only
the current is the determinant parameter as it fixes the amount
of sputtered material. The values of < Ez)av (~1eV for EN, ~0.1
for TH,, and ~0.03eV for TH) confirm that the belonging of
atoms to one population depends essentially on the number of
collisions they underwent in their ways to the probed volume

which determines their energy. This can be seen at a higher
pressure (p = 4 Pa) as <EZ)Int of AN atoms is a little bit lower.

5. Conclusion

In this work a TR-TDLIF (time resolved-tunable diode laser
induced fluorescence) technique combining spatial (~3 mm?),
temporal (~0.5 ps) and spectral (<0.1 pm) resolutions was
used to measure the AVDF (atom velocity distribution func-
tion), FVDF (flux velocity distribution function) and to study
the transport of heavy W atoms. By varying the discharge
parameters (average magnetron power, pressure and distance
from target) it becomes possible to obtain the whole scheme of
the different stages of transport of sputtered atoms character-
ized by three intervals of time with different regimes of trans-
port. Balistic transport (~10-50 ps) corresponding to energetic
atoms (EN: few or no collisions), quasi-diffusive (~50-200 ps)
for quasi-thermalized atoms (THg,: 8-10 collisions), diffusive
(~50 ps-end of post-discharge = 1 ms) for thermalized atoms
(TH: > 10 collisions). The ability to distinguish these three
populations of atoms give access to a better understanding
of fundamental aspects of transport through TH,, properties.
Moreover, a direct characterisation of deposited atom proper-
ties in term of flux and energy is accessible at distances typically
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used in the industry (z = 5 and 9cm) in view of a potential tun-
ablelity of thin film properties. Results indicate that deposed
atom properties are dominated by anisotropic atoms atz = 5Scm
while dominated by thermalized ones at z = 9 cm. Spatial and
temporal characterization of the energy and flux of deposited
species could be exploited to tune thin film physical properties
(morphology, rugosity, crystallinity, density or porosity, etc).
Aside the potential applications in thin film deposition, there
are also important ones in the field of modelling. Magnetron
plasma modelling is complicated because of the magnetic and
electric field configurations, particles and plasma-wall interac-
tions. The measured atoms velocity distribution function can
be injected in modelling code for plasma description. Most
of models are either about the plasma or the particle transport
but the effect of the sputtered vapour on the plasma is often
not taken into account. Consequently, in order to validate the
models, experimental data as those provided in the article can
be exploited. Also, those data can be used in the determina-
tion of the collision cross sections Ar/W as the theory on low
energy range should be adjusted (which was achieved on Ti [8]
but remain to be done in the case of W).
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