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Processes in reactive plasma during the magnetron deposition of tantalum oxynitride with ICP activation of reac-
tive gas are studied in dependence on Oxygen fraction. Results of spectroscopic study of optical emission from the
plasma and of mass-spectrometry of gas composition in the vacuum chamber in response to ignition of magnetron
discharge and inductively coupled plasma are presented. It is shown that dissociation level of all species grows with
the magnetron current increase while its dependence on oxygen/nitrogen ratio is non-monotonic.
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INTRODUCTION

Ta-based materials such as Ta,Os, TaN, TaON have
great potential as coatings for biomedical applications
due to their excellent biocompatibility, corrosion re-
sistance and stability.

In the studies carried out in [1-5], the formation of
coatings from ternary oxynitride structures TaOxN, was
performed by the method of reactive magnetron sputter-
ing at different flows of reactive gases, Oxygen and
Nitrogen. In [1] photocatalytic and antibacterial proper-
ties of tantalum oxynitride obtained by the method of
RF magnetron sputtering was investigated. In [2], the
multiphase structure of stable (Ta,N, Tas;Ns) and meta-
stable (TaN, TayNs, TasN,) tantalum nitride compounds
and its corrosion resistance were studied. In [3], the
structural changes of the TaOxN, system were investi-
gated as a result of changes in its stoichiometry and
photocatalytic properties.

The results of these studies demonstrate that, despite
TaO«N, compounds have common name, tantalum ox-
ynitride, they demonstrate a wide range of modifications
in the structure and elemental composition depending
on the deposition conditions.

Most of the researchers focus on studying the proper-
ties of coatings. However, durimg reactive magnetron
synthesis of such coatings, a complex set of processes in
plasma occurs, which has not been studied in detail.
Therefore, in this work, the physicochemical processes
in plasma are investigated during the reactive magne-
tron deposition of tantalum oxynitride in the widest pos-
sible range of oxygen/nitrogen ratio.

1. EXPERIMENTAL SETUP

The experiments were carried out on the setup de-
scribed elsewhere [6], using plasma activation of reac-
tive gases (O,, N,) by inductively coupled plasma
source (ICPS). The reactive gases was fed through the
ICPS while Argon was injected to the vacuum chamber
immediately, with the flow directed to the magnetron
target. The Ar mass flow was 60 sccm in all the experi-
ments with Argon partial pressure of 1 mTorr. Variation
of Oxygen fraction in the input gas mixture was carried
out keeping total reactive gas flow constant. The total
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oxygen and nitrogen mass flow was 50 sccm. All the
researched parameters were measured in dependence on
Oxygen fraction in reactive gas input.

b

Fig. 1. Scheme of the experimental setup (1 — substrate
holder, 2 — magnetron, 3 — RF ICP source) (a);
Photo of the ICP source and magnetron discharge in
simultaneous operation (b)

Mass-spectrometric research of the gas mixture sam-
pled from the discharge chamber was performed using
the ROMS-4 mass-spectrometer pumped by an ion
pump with 100 /s throughput.

To study optical emission from plasma, we used the
spectrometer Horiba iHR-320 with 1800 lines/mm dif-
fraction grating allowing the plasma emission spectrum
measurement in the 200...1000 nm range with resolution
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better than 1 A. The optical fiber was equipped with a
focusing lens placed at a fixed position outside the
chamber at the distance of about 50 cm from the glow-
ing plasmas. In the process of measurements the focus
point was sequentially set in two different positions:
ICP or magnetron plasma.

2. EXPERIMENTAL RESULTS

The first part of this section presents dependence of
general discharge parameters on oxygen fraction in re-
active gas mixture. Next part of the section describes the
results of mass-spectrometry investigation of gas com-
position in the vacuum chamber in response to ignition
of magnetron discharge and ICP. All the measurements
were conducted in dependence on Oxygen fraction in
reactive gas input. The final part exhibits the results of
spectroscopic study of optical emission from the plasma
during TaON coating deposition.

It is known that reactive gas addition to magnetron
discharge changes the discharge voltage. Fig. 2 shows
magnetron discharge parameters change in dependence
on oxygen fraction variation. Magnetron voltage in-
creases with the nitrogen replacement by oxygen. At the
same time, magnetron current decreases keeping electri-
cal power approximately constant.

During reactive magnetron sputtering, the growing
film absorbs the reactive gas that can cause significant
drop of partial pressure of reactive gas in the process
chamber. Thus, the total gas pressure measured by a
vacuummeter can drop down to the base argon pressure.
One can see from the Fig. 2 that the gas pressure in the
vacuum chamber decreases monotonically with the ox-
ygen fraction increase. This means that oxygen is ab-
sorbed more effectively than nitrogen.
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Fig. 2. Magnetron discharge parameters change
in dependence on oxygen fraction in input
reactive gas

Current-voltage characteristics of magnetron dis-
charge at different Oxygen fractions are shown in the
Fig. 3 in comparison with the corresponding characteris-
tic without any reactive gas. It is well seen that reactive
gas addition to magnetron discharge with tantalum tar-
get leads to magnetron voltage increase in contrast to
Aluminium target case [6, 7]. The characteristic for pure
Oxygen exhibits non-monotonous N-like shape.
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Fig. 3. Current-voltage characteristics of magnetron
discharge at different oxygen fractions
(Qar= 60 sccm, P, = 1.05 mTorr)

The changes in partial pressure of reactive gases not-
ed above are also seen in mass-spectrum taken from the
exhaust gas mixture (Fig. 4). Ignition of magnetron dis-
charge reduces the both partial pressures of oxygen and
nitrogen. Similarly to the pressure curve in Fig. 2, for
the oxygen peak this phenomenon is more pronounced.
Unexpectedly, the both peaks of oxygen and nitrogen
decrease after ignition of ICPS. The reason for this is
nitrogen oxide creation in plasma that is revealed by the
peak growth of M = 30.
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Fig. 4. Evolution of mass-spectrum of gas mixture in the
vacuum chamber in response to ignition of different
discharges (50 % oxygen, 50 % nitrogen)

Fig. 5 shows the dependencies of N,, O,, and NO
mass peak intensities on the oxygen fraction with both
the ICPS and the magnetron discharge switched on as
well as the same dependencies without plasma.

One can see that oxygen and nitrogen peaks are
changed approximately proportionally to the corre-
spondent gas fraction in the input flow. NO production
rate is nearly constant at oxygen fractions of between 20
and 80 % while decreases at the range limits due to lack
of one of the reactants.
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Fig. 5. Dependence of N, O,, and NO mass peak inten-
sities on the Oxygen fraction with and without plasma
(magnetron discharge and ICP act simultaneously)

The reactive gas absorption ratio is also dependent on
partial pressure of the gas. N, and O, absorption by the
growing film and NO mass peak intensity in depend-
ence on the oxygen fraction are shown in Fig. 6. Inter-
esting fact is that the absorption of any reactive gas rises
up to 100 % at the lowest gas concentrations. Typical
absorption values in the mid range are about 60...70 %,
but the oxygen absorption is higher within the major
part of the range.
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Fig. 6. N, and O; absorption by the growing film and
NO mass peak intensity in dependence on the oxygen
fraction
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Since the reactive gas is absorbed by the growing
film, this diagram allows estimation of content of the
reactive gases in the TaON coating. It is seen from
Fig. 6 that oxygen fraction in the film possesses almost
the same value as the oxygen fraction in reactive gas,
with slight nonlinearity. The reactive gas with lower
concentration (both oxygen and nitrogen) is absorbed
preferentially. Particularly, for the oxygen-nitrogen gas
mixture, which is present in natural air (21 % of O,), the
gas flow ratio is about 4:1, but due to better oxygen ab-
sorption the resulting N/O atom ratio in the film is 2.8:1
with mass ratio of 2.5:1.

Typical emission spectra from the magnetron plasma
and ICPS during TaON coating deposition are shown in
Fig. 7. One can see that the spectra are quite different.
The ICP spectrum contains only the lines of gaseous
species, while the major part of magnetron plasma spec-
trum is Tantalum emission. Further, for comparison of
oxygen and nitrogen emission we shall use the lines
746.7 nm for nitrogen atom 357.4 nm for Nitrogen mol-
ecule and 777 nm for oxygen atom.

Fig. 8 presents dependencies of main peak intensities
of magnetron discharge emission on the discharge cur-
rent for different reactive gases: pure Oxygen, pure Ni-
trogen and their mixture. All the signals are normalized
by the integral emission intensity over the full measured
spectrum.
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Fig. 7. Optical emission spectra from gas-discharge
plasma: a — from ICP source,
b — from magnetron discharge
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Fig. 8. Dependencies of main peak intensities of magne-
tron discharge emission on the discharge current with
different reactive gas mixtures: a — pure oxygen,
b —pure Nitrogen; c — 1:1 mixture of oxygen and
nitrogen

One can see that the dependence of the atomic oxygen
signal is non-monotonic (has a maximum), in contrast to
the pressure, which changes monotonically. At low cur-
rents, there is a lot of oxygen, but the fraction of atomic
oxygen is small. At higher magnetron currents, the
atomic oxygen signal decreases in correlation with the
pressure drop caused by the oxygen absorption by the
growing film. Atomic nitrogen demonstrates similar
behaviour, but with the peak shifted to higher currents.
For oxygen/nitrogen mixture, the picture looks similar
to the pure Oxygen case.

Dependencies of peak intensities of Ar, Ta, Ta+ on
the magnetron current for pure nitrogen case are shown
in Fig. 9,a. Argon emission decreases with the current
increase while tantalum emission is growing. lonized
tantalum line intensity grows much faster at high cur-
rent.
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Fig. 9. Dependencies of main peak intensities and their
ratios on the magnetron current for pure nitrogen case

12 T T T T

4

—A—0 A/

104 N, / J
—e— N R

81 —0— N/N2 T

Normalized peak intensity, arb. units

6 N, T T T
54 —*—N °/\o
—_—0— N/N2 /
4 —i—0 /o |
e
(S

~e-0—

Normalized peak intensity, arb. units

Oxygen %
Fig. 10. Dependencies of main peak intensities and their
ratios on oxygen fraction in reactive gas:

a —from magnetron discharge; b — from ICP source

In order to find regularities in these dependencies the
main peak ratios are plotted in Fig. 9,b. One can see that
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nitrogen dissociation, tantalum ionization and Ta/Ar
ratio are growing functions versus magnetron current.
At high currents significant part of ions bombarding the
magnetron target are the Ta" rather than Ar” ions.

Fig. 10 presents the main peak intensities and their ra-
tios in dependence on the oxygen fraction in reactive
gas. The results are shown separately for magnetron
discharge and ICP source. In magnetron plasma, the O
and N peaks change in correlation with the correspond-
ent gas species concentration in the input mixture while
nitrogen dissociation ratio shows non-monotonic de-
pendence. In ICP, the emission of nitrogen and oxygen
atoms depends non-linearly on the reactive gas compo-
sition. Atomic nitrogen emission even grows with N,
fraction reduction down to 20...30 %. The atomic oxy-
gen signal demonstrates parabolic dependence on the
molecular oxygen fraction. The N/N, ratio increases by
almost an order of magnitude after the oxygen fraction
change from 0 to 100 %.

CONCLUSIONS

Thus, we have studied processes in reactive plasma
during the magnetron deposition of tantalum oxynitride
with ICP activation of reactive gas. The research results
show that the plasmas of magnetron discharge and of
inductively coupled plasma source are well separated in
chemical sense. Mass-spectrometric investigation of gas
mixture in the vacuum chamber in response to ignition
of magnetron discharge and inductively coupled plasma
show that the plasma ignition changes the gas composi-
tion dramatically. Oxygen and nitrogen partial pressures
are reduced due to generation of nitrogen oxide in ICP
and due to reactive gas absorption by condensing film.
It has been shown that the oxygen fraction in the film is
almost the same as the oxygen fraction in reactive gas,
but with slight nonlinearity. Optical emission spectros-

copy has allowed to investigate dissociation and ioniza-
tion dependencies on the oxygen fraction. It is shown
that dissociation level of all species grows with the
magnetron current increase while its dependence on
oxygen/nitrogen ratio is non-monotonic.
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ONTUYECKHUE U MACCOBBIE CIIEKTPbI PEAKTUBHOM IJIA3MbI IPU MATHETPOHHOM
HAHECEHUHN OKCUHUTPUIA TAHTAJIA

C. AIyoun, C. Axosun, A. 3vikos, H. E¢humenko

I/IBY‘ICHH npoueccnl B peaKTHBHOﬁ Ija3Me IMpu MArHeTpoOHHOM OCaXJACHHWU OKCHHUTpHJA TaHTalla C ICP-
aKTHBaHHCﬁ PCAKTUBHOI'O I'a3a B 3aBUCUMOCTHU OT INPOLUCHTHOT'O COACPIKAHHA KUCI0POAa. HpHBCI[eHBI peE3yIbTaThI
CIICKTPOCKOIINYCCKUX PICCJ'IeZ[OBaHI/Iﬁ OIITUYCCKOI'0 U3JIYyYCHUA IJIa3Mbl U MACC-CIICKTPOMETPUHN COCTABA ra3a B Ba-
KyyMHOﬁ KaMepe Ipu 3aKUTraHUU MArHETPOHHOI'O pa3psaa U UHAYKTUBHO CBSI3aHHOM IIJIa3MEL. HOKaBaHO, 4TO ypo-
BCHb AHCCOLUAIINUN BCEX MOJICKYJ PAaCTCT € YBCIMYCHHUCM TOKa MArHe€TpoHa, a €ro 3aBUCUMOCTb OT COOTHOILICHUSA
KHCJ’IOpOI[/aSOT HCMOHOTOHHA.

OIITUYHI TA MACOBI CIEKTPA PEAKTUBHOI IVIA3MHY ITPU MATHETPOHHOMY
HAHECEHHI OKCHHITPUAY TAHTAJY

C. /lyoin, C. Axogin, O. 3uxkos, H. Ehumenko

BuBuaroThcs mporiecH B peakTHBHIN IJIa3Mi MijJ 9ac MarHEeTPOHHOTO OCA/DKEHHS OKCHHITpuay Tantamry 3 ICP-
AKTHMBAIlI€I0 PEAaKTHBHOT'O a3y 3aJ€XKHO BiJl YACTKH KUCHIO. [IpescraBieHi pe3yabTaTH CIEKTPOCKOMIYHOTO J0CHi-
JOKEHHSI OIITHYHOTO BUIIPOMIHIOBAHHS 3 IIa3MHU Ta Mac-CIIEKTPOMETPii Ta30BOTO CKJIay y BaKyyMHIl Kamepi y Bij-
TIOBiIb Ha 3allalOBaHHS MarHETPOHHOTO PO3PSIy Ta IHAYKTHBHO 3B'13aHoi ruia3mu. [lokaszaHo, mo piBeHb Jucomia-
i1 BCIX MOJIEKYJI 3pOCTa€ i3 301BLICHHSIM CTPYMY MarHeTpOHA, TO/I SK HOTo 3aJIeKHICTh Bijl CIiBBIAHONIECHHS KH-
CEeHB/a30T € HEMOHOTOHHOIO.
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