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Abstract: A very versatile method for plasma characterization is plasma energy and energy-resolved mass spectroscopy. By this method energy and mass
distributions of ions and neutrals can be analyzed. Results obtained on two different triode ion plating systems with different magnetic confinement show
a good correlation between the average energy of the particles bombarding the surface and the properties of the layer (texiure, stress-free lattice
parameter and in minor extend others such as microhardness and internal stress).

In both systems single and multiply charged ions of Ar and N2 gas and the evaporated Ti were detected. The system with a strong magnetic field
confinement exhibits higher plasma potential (Up = 55 V) under the standard deposition conditions, the peak ion energy is higher and the energy
distribution is narrower than in the system without magnetic confinement (Up = 12 to 35 V). Mass-spectroscopic studies reveal, that the electron impact
ionization of titanium, Ti"* + e~ | T * + 2e~, n = 0-3, within the electron beam with an energy above 27.5 eV is very effective. The probability for the
multiple charged ions in this system is much higher than in the system without the magnetic confinement, so the population of Ti** in this system is higher
than that of Ti*. Even the presence of Ti®* and Ti*" ions was confirmed experimentally.

An additional promising technique is also so called multiple ion detection (MID) which is very suitable for monitoring of different plasma assisted processes
like etching and cleaning.

Energijsko lo¢ljiva masna spektroskopija ioniziranih in
nevtralnih delcev v hladni plazmi

Kjuéne besede: energijsko locljiva spektroskopija plazme, ionsko nanasanje, TiC; TiN; TiCN

Izviedek: Za okaratkterizacijo plazme je zelo primerna metoda energijsko locljive masne spektroskopije. Z njo lahko pridobimo podatke o energijski in
masni porazdelitvi ionov in nevtralnih delcev. Rezultati dobljeni v dveh sistemih za ionsko nanasanje z razlichima magnetnima poljema pokazejo na dobro
ujemanje med povprecno energijo delcev, ki zadevajo povrsino in lastnostmi nanesenih plasti (tekstura, mrezni parametri v stanju brez notranjih napetosti
in v manjs$i meri trdota in notranje napetosti).

V obeh sistemih so bili zaznani enojno in vedkratno nabiti ioni Ar, N2 in naparjevanega Ti. Sistem z moc¢nim magnetnim poljiem ima med standardnimi pogoji
nanasanja vi§ji plazemski potencial (Up = 55 V), kar se odraza v energijski porazdelitvi ionov z vrhom pri vigjih energijah, sama porazdelitev pa je ozja kot v
sistemu z Sibkim magnetnim poliem (Up = 12 to 35 V). Masna spektroskopija pokaZe, da je ionizacija titana, Ti"™* + e~ | T + 2™, n = 0-3, znotraj
elektronskega curka z energijo nad 27.5 eV zelo ucinkovita. Verjetnost za veckratno ionizacijo je v sistemu z mo¢nim magnetnim poliem mnogo vedja kot v
sistemu s &ibkim magnetnim poljem. Zato je populaciia ionov Ti** mnogo visja kot enkrat nabitih ionov Ti*. Zaznana je bila celo prisotnost ionov Ti®* in Ti**.

Zelo obetavna tehnika za spremljanje plazemskih postopkov (jedkanje, ¢i§¢enje) pa je metoda MID (multiple ion detection), pri kateri spremljamo populac-
ijo razli¢nih ionov tekom samega procesa.

1 Introduction - electrostatic (Langmuire) probe /1, 2/, which gives a
valuable information about the plasma parameters such
Plasma assisted processes are gaining more and more at- as: electron temperature (Te) and its energy distribution,
tention due to its benefits. The temperatures involved in plasma potential (Up) and densities of electrons andions
the process are lower; lower is also environmental poliu- (Ne, Ni),
tion in some cleaning processes, and there is a greater - optical emission spectroscopy, OES /1, 3/. The
possibility to tailor the process according to technology method is very suitable to monitor the plasma assist-
demands due to wider range of parameters involved in the ed processes “ex-situ”. But it can provide the infor-
reaction. mation on the light emitting species only.

- energy resolved mass spectroscopy /1, 4/. This is
the only method which can give information about the
energy and mass distribution of ions (positive and
negative) as well as neutrals from the plasma. On the

However, for a successful implementation of plasma as-
sisted processes, the thorough knowledge of plasma sta-
tus is of the crucial importance. The main methods, suita-
ble for its characterization are:

*  This work was done during my stay at Jozef Stefan Institute
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other hand, the method is a rather complicated and
invasive one, since the spectrometer sampling orifice
is protruding into the vacuum chamber.

In this paper, the applications of energy resolved mass
spectroscopy during the all steps of a hard coating proc-
ess based on Ti(C,N}) in an triode ion plating system are
given.

The hard coatings can be deposited by different PVD and
CVD techniqgues, but ion plating, especially triode one, is a
very common method. The advantage are high deposition
rate and good mechanical properties of deposited films due
to high ionization rate accompanied by high ion energy as it
was shown also in our previous investigations /5, 6/.

The coatings properties are related to the chemical com-
position and to the microstructure, and depend on the state
of the surface before the deposition (heating and etching)
as well on the deposition conditions which affect the state
of the plasma during ion plating process. There are many
studies depicting the influence of the bombardment by
energetic particles (especially ions and also radicals) on
to the film microstructure and consequently on to the film
properties /5, 7, 10/, but the understanding of plasma
during a typical ion plating processes is not so clear, due
to the complicated nature of interactions between hot elec-
trons and reactive gas molecules even in a case of a rela-
tively simple binary gas mixture of Ar + N2, not to mention
a more complicated systems involving also a (hydro)carbon
precursor (CH4, C2Hs,...).

2 Experimental

2.1 Energy resolved mass spectroscopy

The energy-resolved mass spectrometer, such as Balz-
ers PPM421, schematically shown in Fig. 1, is a differen-
tially pumped device. The entry orifice (100 mm) is usually
at the floating potential, or it can be biased or grounded if
desired. The ions from the plasma are focused by the ion
optics in the ion measuring mode, or they are deflected in
the neutral measuring mode applying the appropriate po-
tential.

Neutrals from the plasma are ionised in the crossed-beam
electron ionisation chamber. The electron beam current
equals about 0.20 mA at the pre-selected acceleration
voltage up to 70 V. In the neutral-measuring mode the
chamber is grounded, but its potentials follow the energy
scan in the ion mode.

lons from the plasma or from the ionisation chamber are
subsequently filtered by the cylindrical mirror energy ana-
lyser with the resolution ~ 0.3 eV and then pass through
the quadrupole mass analyser with the resolution’ m/Dm
= 100. In the present set-up the ions are deflected for
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Fig. 1: Scheme of PPM421 energy and mass analyzer.

90° before they enter the secondary electron mutftiplier,
where avalanche electrons are generated. In this way the
sensitivity is greatly improved. It can give readings from
107" to 107 counts per second (CPS).

The analyser can perform a mass scan at selected ion
energy (mass spectrum), multiple ion detection (MID) at
selected energy, or it can perform an energy scan at se-
lected mass number m/g. The measured energy spectrum
is actually a spectrum of stopping potential. Therefore, the
real ion energy is the product of the measured stopping
potential and the ion charge.

Under some conditions, especially when the mean free paths
for charge-exchange and/or other collisions are compara-
ble with the plasma sheath thickness, the measured energy
distributions depend on the voltage applied on the extrac-
tion electrode. But for the most of experiments at relatively
low pressures (below 0.5 Pa) the plasma has collision-free
sheaths (sheath thickness d” 1mm, mean free path H” 20~
40 mm) and the measured distribution corresponds to the
distribution in the plasma at least for the ions coming from
the direction of the highest ion optics transmission.

An important problem arises since the spectrometer is
partially immersed in the vessel with relatively strong mag-
netic field. Since it is very difficult to protect the whole spec-
trometer (inside and outside of the vacuum chamber with
appropriate m-metal shield) from the effect of the magnet-
ic field, we performed calibration measuring the effect of

1 Dmis defined as the peak width at 10% of the maximum intensity
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magnetic field on the spectra of neutrals. As to be expect-
ed only light ions (m/q < 12 amu) are strongly affected. All
our results for the integrals of ion intensities and energy
distrioutions are corrected for the effect of the magnetic
field. Mass spectra are as measured, therefore hydrogen
ions (m/g = 1-3 amu) are relatively underestimated for
about 5-10 times regarding the peaks with m/q > 12 amu.

2.2 Description of the system

Energy resolved mass spectrometry studies were per-
formed in the commercial Balzers BAIl 730 triode ion plat-
ing system. This system uses a filament-based ionisation
chamber, which forms a low voltage {LV) arc expanding
into the reaction chamber. The power supply is electrically
floating with respect to the chamber walls

Its negative pole is connected to the arc cathode, while
the positive one can be connected to different anodes,
depending on the operation mode (heating, etching, and
evaporation, /6/).

The standard deposition process for M(C,N) hard coatings

in this system consists of 3 steps:

- heating with electrons in Ar plasma for about 60 min
up to above 350°C

- etching of the substrate surfaces with Ar ions for 15
min to improve adhesion

- deposition.

The standard prescribed conditions for TiN ion plating are:
arc current lar = 200 A, substrate voltage Ug = -125V,
argon pressure pa = 0.15 Pa (argon flow Fa ~ 90 cm®/
min), total pressure measured by ionisation gauge piot =
0.2 Pa (Fn2 ~ 120 cm®/min) and current in both coils I¢ =
15 A which corresponds to magnetic field of 7 mT meas-
ured at the centre of the vessel. A more detailed descrip-
tion of the system, effects of process parameters on to the
plasma parameters deduced from the electrostatic probe
measurements and energy resolved mass spectroscopy
are givenin /6, 11, 12/.

3 Results and discussion

3.1 Energy spectra of positive ions

The main advantage of the energy resolved mass spec-
troscopy is its ability to measure energy distribution of ions
and neutrals. In Fig. 2a the energy spectrum of selected
positive ions during TiN deposition under the standard
conditions in the above described system is shown. The
peak of the distribution at 55 eV corresponds to the meas-
ured plasma potential, Up. For comparison in Fig 2b the
energy spectrum in a very similar ion plating system, but
without magnetic confinement /5/, is shown. In this case
the energy distribution is a wide one, spreading from 12 to
about 35 eV, with Ar distribution centred at about 12 eV
and Ti spread over the whole energy interval. Peaks of the
energy distribution for this system correspond to the meas-
ured potentials in the system (Uy = 15 - 35 V) and are

positioned at a considerably lower energy than in the sys-
tem with magnetic confinement, (U = 55 eV). Consequent-
ly the average energy <E> and effective bias Uqt are lower
than in the previous system.

Calculations in /5/ show that a difference of some -75 V
in Upias is necessary to get the same average particle en-
ergy in the system without magnetic confinement. The dif-
ference in the effective bias was confirmed by the relation-
ship between the film properties (texture, stress-free lat-
tice parameter and in minor extend others such as micro-
hardness and internal stress).

3.2 Analysis of ion flux by mass
spectroscopy

In Fig. 3 mass spectra measured during the deposition of
Ti, TiN and TiC, i.e. in the working gas composed of Ar,
Ar/Nz and Ar/C2H2 mixtures, respectively, are compared.
Other parameters, the Ar pressure, corrected partial reac-
tant pressure and arc current were the standard ones for
TiN deposition.
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Fig. 2:  Typical energy spectra of selected ions during
deposition of TiN in two jon plating systems, a)
with magnetic confinement, b) without
magnetic confinement /5/

The mass spectrum for the Ti evaporation in pure Ar in Fig
3a reveals typical features of the plasma in the BAIl 730
ion-plating apparatus /13/. A high degree of ionisation is
notable for the evaporated Ti, highlighted by the fact that
the intensities of the ndoubly charged Ti?* ions observed
at the mass-to-charge ratios from 23-25 are of the same
order of magnitude as that of the singly charged Ti* ions
(peaks at m/q 46-50 amu). There is even a well-defined
peak of the triply charged Ti®* ions centred at m/q =16 amu
{not the oxygen O™1), as shown in the insert, measured at
higher resolution m/Dm. It is worth to note that we report-
ed even on the presence of the ions Ti** with peaks cen-
tred at m/q = 12 amu, but the intensity was about 100
times lower than that of Ti®*. The Ar ions constitute the
peaks at m/q = 40 amu (Ar’) and 20 amu (Ar'"). The peak
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atm/q = 41 amu (ArH") is due to the contamination of the
system with hydrogen during previous depositions.

When 110-130 cm®/min of nitrogen is added to the argon
{equilibrium partial pressure pnz = 0.08 Pa) strong peaks
appear in the spectrum (Fig. 3b), in addition to those peaks
discussed above. There are peaks at m/g = 14 amu (N*
and/or No2"), at m/qg = 28 amu (N2"), and at m/q = 7 amu
(N2*). The peak at 14 amu belongs, most probably, to N*
rather than N»2', since the ratio of the intensities of the
peaks at 14 amu and 28 amu is about 50. This is just the
opposite to the ratio of about 0.02 between the doubly
and the singly charged Ar ions at m/qg = 20 and 40 amu,
respectively. In the spectrum one can also see some hy-
drogen and hydrocarbon contamination. The peaks at m/
g = 15 amu and 29 amu are hydrogenated nitrogen and
argon, respectively, while the peak at m/q = 15 amu could
be NH™ and/or more probably CH3*, since it is accompa-
nied by weaker peaks of the CHp-04" ion family.

Much more pronounced changes in mass spectrum (Fig.
3c) resulted after the addition of CoH2 (85-80 om3/min,
the same corrected partial pressure 0.08 Pa) to argon. In
the previous case of ion plating in the Ar/N» mixture only
peaks belonging to N and N2 molecule appear. But now
the spectrum contains many additional peaks as expected
due to the complicated cracking pattern of the CoHo mol-
ecule. The most intense additional peak is at the mass
number m/q = 41 amu, which belongs to the hydrogenat-
ed argon ion ArH*, followed by the hydrogen peaks at m/
g = 1-3 amu. The hydro-carbon ion intensities are rela-
tively low, compared with nitrogen in the Fig. 3b. The most
intense peak is the carbon peak at m/q = 12 amu (C* or
C»%"), while the hydrocarbon peaks CHn=1-4" and CoHp=1.
4% have an order of magnitude lower intensities, with the
parent ion CoHz2™ (m/g = 26 amu) being the most intense
of these.

However, it must be noted that the possibly present peaks
atm/q = 24 and 25 amu {C2", C2H", respectively), could
not be distinguished because of the strong contribution of
the 48:°0T{2* isotope ions at these mass numbers. But on
the basis of our previous spectroscopic studies performed
during CrC ion plating /14/ we believe that they are of
lower intensity than the parent CaHz" ion.

It is necessary to point out that the mass spectra are not
corrected for the effect of magnetic field. It was already
mentioned that hydrogen peaks are underestimated for
about 5-10 times regarding the peaks with mass number
m/qg > 12 amu, which are more or less insensitive to the
magnetic field. Consequently, the intensity of the hydro-
gen peaks with m/g = 1-3 amu is comparable to the in-
tensity of the hydrogenated argon ion. The parent CoH»
molecules are dissociated under the standard condition
for the Ti evaporation (larc = 200 A) almost to its single con-
stituents, hydrogen and carbon. This is in agreement with
observations in a hollow cathode arc deposition system
/15/, where at the magnetic field comparable to that in
our system the C* ions appear to be the most abundant.
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Fig. 3:  lon mass spectra measured during Ti
evaporation at I3« = 200 A in pure argon (a),
mixture of argon and 120 cm®/min nitrogen (b)
and mixture of Ar and 87 cm®/min acetylene (c).

3.3 Mass spectra of the neutrals

The mass spectra of neutrals with near zero energy were
measured using the ionisation source of the spectrometer
(U = 70 V) before ignition of the discharge and during the
discharge with moderate lac = 175 A. The mass spectrum
in Fig. 4ais an example for the Ar/CsHp working gas mix-
ture at low acetylene partial pressure, pcanz,corr = 0.04 Pa,
Feorz = 14 cm3/min at lae = O A. Besides the usual peaks
of the background gas in an analyser belonging to water
(m/q = 17-18 amu), nitrogen (m/g = 28 amu) and CO»
(m/q = 44 amu), the spectrum taken before ignition of the
discharge contains strong peaks of argon (m/q = 40 and
20 amu) and of parent and fragment ions of CoHo (m/q =
24-27 and 13 amu). The source of hydrogen at m/g = 1
and 2 amu may be either CoHo and/or water.

After ignition of the discharge (the same pressure, Foonz =
34 cm®/min), the spectrum in Fig. 4 b. is greatly changed
in the CoHz-related peaks, while the intensity of the other
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peaks remains basically unchanged. Namely, the peak at
the mass number 26 amu (C2oH2) decreases by a factor of
about 100 while the hydrogen H» peak increases by the
same factor. The peaks of CH (m/q = 13 amu), C2 (m/qg =
24 amu) and C2H (m/q = 25 amu) fall below the detection
limit. In spite of problems with accurate quantitative inter-
pretation of such measurements, (e.g. the signal of radi-
cals with high sticking coefficient is much suppressed in
comparison with, say, argon), the large change in the rela-
tion between H» and CzH> signal after ignition of the dis-
charge allows to conclude that even during the discharge
at moderate arc currents the atmosphere is composed
mainly of argon and hydrogen, as a product of acetylene
dissociation with some traces of hydrocarbon radicals, CHs
and CHa. As a consequence of the high hydrogen con-
centration during the discharge, the pressure measured
by ion gauge is greatly overestimated. Therefore, the small
increase in the acetylene flow with the increasing arc cur-
rent is due to the decrease in the real pressure.

The acetylene dissociation is proportional to the arc cur-
rent. The degree of dissociation is very high under the
standard evaporation conditions. The hydrocarbons are
almost completely stripped of hydrogen leaving mostly C*,
some radicals CHy" and hydrogen. A high degree of acet-
ylene dissociation in the system can not be explained by
one-step electron impact dissociation. The acetylene—
related spectra of positive ions are substantially different
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Fig. 4: The mass specira of neutrals (i.e. using the
spectrometer ionisation source) before (a, Fcono
= 14 cm®/min) and during discharge (b, Fconz
= 34 cm®/min) in an Ar/C2H> working gas

mixture.

from the mass spectra of CoHz gas without discharge. Note
that even the peak at m/q = 6 amu (C*") is present and
that the peak at m/q = 12 amu (C*) is the most intense of
all hydro-carbon peaks in the spectra of positive ions. It
seems quite reasonable, that other reactions within the
volume of the plasma, like charge transfer and Penning
ionisation/dissociation, also play an important role.

On the other hand the high degree of Ti ionisation into dou-
bly, triply and even higher charged states can be explained
by electron impact ionisation, Ti"* + e | Ti™ " + 2¢ n=0-
3, within the electron beam of a few centimetre and with an
electron energy slightly above the threshold for the ionisa-
tion of the triply charged Ti ion, i.e. about 27.5 V.

3.4 Multiple ion detection

Energy resolved mass spectroscopy is also a viable too!
for process monitoring. For this purpose MID technique is
used. A very important step before the deposition of any
thin film is the cleanness of the substrates. Therefore, a
typical deposition process includes a preheating step, as
well as ion etching of the substrates without opening of the
vacuum chamber.

heating
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Fig. 5. Relative intensities of significant ions during the
heating and etching steps, prior to the ion
plating of hard coating

The question is when to terminate etching? An excessively
long etching step increases the roughness of the sub-
strates, while inadequately etched substrates suffer on poor
adhesion. In Fig. 5 typical example of MID spectra nor-
malized to Ar ions density for heating and etching step is
shown. It has to be noted, that the etching time was longer
than necessary to show the effect of over-etching. The
break in spectra between both steps is due to the change
in MID parameters as a result in different energy distribu-
tions. As already shown in /6/ the energy distribution of
ions has peaks (Ep) at different values, corresponding to
plasma potential. £, equals to 15 V for heating, 12 V for
etching and 52 V for deposition

From Fig. 5 it is clearly seen that during heating the inten-
sities of O*, H20" and O3* ions slowly decrease, for less
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than one decade per hour. This rate is independent on
temperature of dummy stainless steel substrates, which
rose to 250°C as measured by TC. During etching, the
intensities of O” and H20" ions drop in 15 min for aimost
two decades. The intensity of Q" ion decreases with the
same rate as before. The increase in intensity of Fe* ion
for 4 decades in first minutes of etching indicates the clean-
ing of the surface oxide. The native oxide is removed after
app. 15 min. This was indicated by the fact that the intensi-
ties of O", HoO" and Fe* ions become stable, while the
temperature of the substrates gradually rises to above
300°C. Any additional etching increases the surface rough-
ness, and should be avoided.

4. conclusions

Energy resolved mass spectroscopy is a very versatile meth-
od for the plasma characterisation. It enables the analysis of
ion energy distributions of selected ions (and neutrals). Pre-
viously published /5/ results show a good correlation be-
tween the average energy of the particles bombarding the
surface and the properties of the layer (texture, stress free
lattice parameter and in minor extend others, like microhard-
ness and internal stress).

Knowing the ion energy, mass spectra can be measured.
On this way the composition of charged plasma particles
and their degree of ionisation can be analysed. Using the
ionisation cell the thermal and energetic neutrals can be
analysed as well.

MID techniques provide real~time information on the proc-
ess. Substrate cleaning/etching can be terminated exact-
ly at the point, when the surface is clean, without unnec-
essary over-etching by monitoring O*, HoO* and Fe™ (sub-
strate) ions. It can be applied to the other plasma assisted
processes like etching and plasma cleaning.
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