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Characterization of Ti-B-C-N films deposited
by dc magnetron sputtering of bicomponent
Ti/B,C target

Quaternary Ti—B—C-N films have been deposited onto Si (100)
substrates by dc magnetron sputtering of bi-component Ti/B,C target in an Ar/N, gas
mixture with different amounts of nitrogen in the mixture (from 0 to 50%). The X-ray
diffraction, X-ray photoelectron spectroscopy, indentation, and scratch tests have been
employed to characterize the films. The films have been found to have the
nanocomposite structure composed of Ti/TiB nanocrystallites (nc) solely when
sputtered in argon or of nanocrystallite nc-TiN/nc-TiB/nc-TiO, phases embedded into
an amorphous a-C/a-CN/a-BN/a-BC matrix when nitrogen is added to the gas mixture.
The latter structure is specific of all the films deposited with nitrogen irrespective of
the nitrogen amount in the gas mixture. It has been found that the Knoop hardness of
films first increased with added nitrogen reaching maximum value of 33 GPa at
25% N, in the gas mixture, and then decreased. The friction coefficient of films
changed little with the added nitrogen, while with 25% N, exhibited the lowest value.
The Ti—-B—C-N films showed increased adhesion strength on silicon compared with Ti—
B—C coatings.

Keywords: magnetron sputtering, nanocomposite, structure, mecha-
nical properties.

INTRODUCTION

Nanostructured multicomponent and multiphase thin films or
coatings are now extensively studied in the development of new engineering
materials [1-3]. These materials are formed by a mixture of components, which
typically consist of nanometer sized crystals embedded into an amorphous or
nanocrystalline matrix. Among a variety of these materials the Ti transition metal
nitrides and carbides (such as TiN and TiC) of binary and Ti—~C—N and Ti-B-N
ternary systems are attractive materials because of their high hardness, high
melting point, chemical inertness, good wear and corrosion resistance [4—7]. For
these reasons, they have been used for hard wear-resistant coatings in machining
industry, diffusion barriers in microelectronics, and electrodes in semiconductor
devices. The demand for advanced coatings with further improved mechanical,
corrosion, and tribological properties has recently led to more complex coatings, in
particular of Ti-B—C—N system [7—12].

Nanocomposite coatings of the Ti-B—C-N system can be obtained by a variety
of methods, such as dc or rf reactive (in the mixture of argon and nitrogen gases)
magnetron sputtering of TiB,/TiC composite target [7], Ti/B4C compound target
[8], separate C, Ti, and TiB, targets [9], separate C, Ti, and B,4C targets [10], single
Ti and TiB, targets (in this case sputtering is carried out in the mixture of argon,
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nitrogen, and acetylene gases) [11]. The methods of cathodic arc plasma
evaporation [9] and CVD (in which various precursors are used) [13—15] have also
been applied for deposition of coatings of the Ti—-B—C—N system.

In this work we propose an alternative rather simple approach for deposition of
hard Ti-B-C—N films, based on the dc magnetron sputtering in an Ar/N, gas
mixture of targets composed of elements that form the film. This method allows
controlling the content of constituting elements through the variation of amount of
them in the target. The Ti—-B—C-N films were synthesized on silicon substrates by
dc magnetron sputtering of single bi-component target. The X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), indentation and scratch tests
were used to study the microstructure, phase composition, binding state and
mechanical properties of Ti-B—C—N films.

EXPERIMENTAL
Multicomponent film deposition

The Ti—-B-C-N films were deposited onto Si (100) substrates by dc magnetron
sputtering of bi-component Ti/B4C target in an Ar/N, gas mixture. The base
component of target was titanium as a disk (60 mm in diameter and 3 mm in
thickness), in the sputtering zone of which platelet chips of boron carbide (B4C)
were attached. The chips had the size of about 4x4 mm. By this approach the
composition of deposited films could be varied through the ratio between surface
areas of titanium and boron carbide in the target. In our experiments the amount of
B,4C chips was unchanged, and the Ti to B4C surface area ratio was about 10:1.

The dc magnetron operated at sputtering power of 100 W. The distance between
target and substrates was 50 mm. The substrates were preliminarily chemically
etched in a 10 % aqueous solution of hydrofluoric (HF) acid in order to remove the
oxidized layer from the substrate surface, and then ultrasonically treated in a bath
of ethanol and acetone mix (50:50) and dried. The working chamber was pumped
to residual pressure of 2.7-10"° Pa. The substrate surface was pre-sputtered by Ar
ions at a negative bias voltage of 600 V for 15 min prior to a film deposition. For
the film deposition the chamber was first filled with argon to a pressure of 0.4 Pa,
and then the nitrogen was added to gas mixture in various amounts, so that the
component ratios in Ar/N, mixture were 75% Ar + 25% N,, 60% Ar + 40% Ny,
and 50% Ar + 50% N,. For comparison we also deposited the film in 100% Ar
plasma. The bias voltage was not applied to the substrates, but were under floating
potential during the deposition. The substrates were not preheated, however, during
the deposition the substrate temperature reached a value of about 200°C due to the
plasma heating. A total of four films have been deposited of 0.7-2.0 um in thick-
ness differing in composition.

Characterization of Ti-B—C—N films

The film thickness was determined using a Micron-Alpha (Ukraine) optical
profilometer with an accuracy of 5 nm via a step formed in the film due to
masking of the substrate surface before the film deposition. The crystal structure of
as-deposited Ti-B—C—N films was examined by XRD (DRON-3 diffractometer) in
©-20 configuration using CuKo radiation. The crystallite sizes of the films were
evaluated from the broadening of peaks in X-ray diffraction spectra using the
Scherrer formula. The chemical bonding status of the films was observed by XPS
(UHV-Analysis-System ES-2401, Russia) using MgKa radiation (£ = 1253.6 eV).
The base pressure in the sublimation chamber was less than 10 mbar. Prior to
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XPS analysis, argon etching of film surface was performed at incident energy of
1.5 keV and current density of 11 uA/cmz. The XPS spectra were accounted at
constant pass energy of 20 eV. The Au 4f;,; and Cu 2ps, peaks with binding
energy at 84.0+0.05 eV and 932.6610.05 eV, respectively, were used as references.

M echanical properties

The hardness of films was determined through indentation tests by a Micromet
2103 (Bluehler Ltd., Japan—Germany) microhardness tester at a load of 100 mN.
This load was chosen in order to provide a prominent plastic deformation of film
while avoiding the influence of the substrate material. Six indentations were made
on each sample. The scratch tests were carried out by using the Micron-Gamma
tester equipped with a Vickers pyramidal tip having a rounded radius of about
1.0 um. The tests have been carried out at the loading rate 0.01 N/s over 158—
230 um distance. From these tests the friction coefficient and the critical load of
delamination were evaluated. The tests were performed at room temperature and
about 50% humidity.

RESULTSAND DISCUSSION
Microstructure and chemical composition

The phase composition of Ti—-B—C-N films was examined by XRD. Figure 1
shows the X-ray diffraction patterns of films deposited at various nitrogen contents
of sputtering gas mixture. The XRD pattern for the film deposited in 100% Ar
plasma exhibited only one narrow intense peak at 20 = 38.2° corresponding to Ti
(101) and TiB (111) crystalline phases [16]. So, that film is supposed to contain
both Ti and TiB phases. The average crystallite size estimated by the Scherrer
formula is about 17 nm. Therefore, these phases can be considered as
nanocrystalline (nc) ones.

With addition of nitrogen in the amount of 25% to the gas mixture the Ti/TiB
peak at 20 = 38.2° disappeared in diffraction pattern, and less intensive and
broadened peaks centered at 20 = 36°, 20 = 42°, and 20 = 61.8° appeared. The
first two peaks span from about 2@ = 35.2° to 20 = 36.9° and from about 20 =
41.3° to 20 = 43.2°, respectively. The broadening of those peaks can be caused by
two factors, namely, the multi-component nature of the film and small size of the
crystallites. The average crystallite size estimated by Scherrer formula for that film
was about 3.5 nm. So, it is evident that addition of nitrogen to the sputtering gas
mixture resulted in a noticeable grain refinement. Based on the reference data [16],
the above peaks can be attributed to the following crystalline phases: TiN,, TiB,,
TiC, TiO,.

With increasing nitrogen amount in the gas mixture up to 40% the peak
centered at 2@ = 36° virtually disappeared; whereas the peaks centered at 20 = 42°
and 2@ = 61.8° became sharper. The average crystallite size estimated by Scherrer
formula with peak at 20 = 42° was about 3.5 nm just as in the film deposited with
25% N, in the gas mixture. The analysis of the above peaks with the reference data
[16] showed that the film deposited with 40% N, contained the same phases as the
film deposited with 25% N,.

An increase of the nitrogen amount in the gas mixture up to 50% resulted in
further changes in a diffraction pattern. In particular, the intensity of peaks cen-
tered at 2@ = 42° and 20 = 61.8° decreased noticeably, whereas the peak at 20 =
43.4° became more prominent. The latter peak corresponds to TiO phase (20 =
43.37° [16]). And again, analysis of peaks by reference data [16] showed that this
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film contained the same phases as the films deposited with 25% and 40% N, in the
gas mixture.
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Fig. 1. XRD spectra of Ti-B—C-N films deposited with different amounts of nitrogen in Ar/N
gas mixture; Ti (O), TiB (&), TiO ('¥), TiN (M) and TiC (@) phases are indicated.

To get information about the bonding state of deposited Ti—-B—C—-N films, the
XPS analysis has been carried out using peak assignments from the published data
[10, 17-21]. The XPS spectra for all the deposited Ti-B—C—-N films were similar
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and typical Ti2p, N1s, Cls and Ols core-level spectra and their fittings are shown
in Fig. 2.
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Fig. 2. Typical XPS spectra of the Ti2p (a), N1s (b), Cls (¢) and Ols (d) regions of the Ti-B-C—
N films under study.

The deconvoluted Ti2p spectrum (see Fig. 2, a) clearly indicates different
chemical environments of titanium atoms. In particular, the spectrum contains
Ti2ps/, features at 455.5 eV and Ti2p,; at 461.0 eV, which can be assigned to Ti-N
bonds in TiN [10, 17], and Ti2p;, features at 457.4 eV and Ti2p, at 463.5 eV,
which can be assigned to Ti-N—O bonds [10, 18]. The feature at 455.5 eV can also
be associated with TiO and TiC compounds (455.3 eV [21]).

The N1s spectrum shown in Fig. 2, b is typical to that for TiN [17] and consists
of two ?eaks centered at 397.0 eV and 398.8 eV. These peaks arise from Ti—N [18]
and sp"C-N [20], respectively. The feature at 398.8 eV can also indicate the
presence of B-N bonds [21]. The tail to higher binding energies can be caused by
N-O bonding [17]. The Cls spectrum (see Fig. 2, ¢) can be fitted bzy two peaks
centered at 283.1 eV and 284.8 ¢V and associated with B—-C and sp"C—C bonds,
respectively [10, 17]. Finally, the deconvoluted Ols spectrum (see Fig. 2, d)
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contains three features, which can be attributed to Ti—O (530.5 eV and 531.2 eV)
and B-0 (532.2 e¢V) bonds [21].

As the XRD pattern shows, the film deposited in merely argon plasma most
likely contained pure Ti and TiBy crystalline phases. Addition of nitrogen to a gas
mixture resulted in a change of the film structure. Based on the XRD pattern and
Ti2p and N1s spectra, we can assume the nanocrystalline phase TiN with (111) and
(200) preferential orientations to be dominant in the structure of Ti—-B—C-N film
deposited from a gas mixture with 25% N,. With further increase of the nitrogen
amount in the gas mixture up to 40%, the TiN phase with only (200) preferential
orientation formed in the film structure. However, taking into account the
broadening of XRD peaks and the Cls and Ols spectra it is reasonable to suggest
that boron, carbon, and oxygen atoms replaced some nitrogen atoms in TiN grains,
thus resulting in multicomponent crystalline phase Ti(N,B,C,0), in the film
structure. The N1s and Cls spectra revealed the C-N, B-N, B-C, and C—C bonds
in the Ti-B—C—N films. But XRD pattern didn’t show any crystalline carbon, BN,,
or CN, phases, implying that carbon, carbon nitride, and boron nitride may be in
the amorphous form, i.e., as a-(BCNO).

As stated above, we suggested the formation of TiC crystalline phase based on
the analysis of an XRD pattern. However, we didn’t detected Ti—C bonds by XPS
(Cls spectrum). So, we suppose that the XRD peaks, which we associated with
TiC phase, originate most likely from TiB phase since these compounds exhibit
close XRD lines.

Summarizing the above discussion, we can now propose the structure of Ti—-B—
C—N films to be a mixture of nc-TiN/nc-TiB,/nc-TiO, phases embedded into an
amorphous a-C/a—CN/a—BN/a-BC matrix. It should be noted that the existence of
TiN amorphous phase was also considered to be feasible based on the Ti-B-N
ternary phase diagram [5].

Mechanical properties

Now, with the structural and chemical bond information on the films under
study it is reasonable to discuss the hardness measured of the films. There was a
clearly observable increase in the hardness of the Ti—-B—C-N film prepared with
25% nitrogen in Ar/N, gas mixture in comparison with the film deposited in pure
Ar atmosphere (Fig. 3). An increase in the film hardness with an addition of
nitrogen to a gas mixture can be related apart of TiB, phase to the formation of the
nanocrystalline phases TiN and TiO, in a film, which exhibit a high hardness.
However, further increase of the nitrogen amount in the gas mixture resulted in a
noticeable decrease in the film hardness. The formation of an amorphous matrix at
high nitrogen content in a work gas mixture is suggested to occur at the expense of
a decrease in the percentage of hard TiN and TiB, phases [5]. So, the amorphous
phases, which surround hard nanocrystals, don’t favor blocking of these hard phase
grains, thereby inducing softening of the film. The decrease in hardness of Ti-B—
C—N films deposited by magnetron sputtering of Ti/B4C target with increase of the
Ny/Ar ratio in the working gas mixture was also observed in [8], where the target
composed of external ring of titanium and internal rounded disk of B,C was used.

By scratch testing, a significant increase in adhesive strength of
multicomponent Ti—-B—C—N films was evidenced in terms of critical load values
compared to the film deposited in pure Ar atmosphere (30 cN vs. 7 cN,
respectively). Note that increased adhesion strength was a result of an addition of
nitrogen to the gas mixture, i.e., even the film deposited with 25% N, in gas
mixture exhibited the increased adhesion strength, and further addition of nitrogen
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in a higher amount had virtually no effect on that parameter. An improvement of
the scratch resistance of Ti-B—C—N films could be associated with a decrease in
stress gradient between the film and the substrate [22].
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Fig. 3. Knoop hardness of Ni-B—C—N films as a function of a nitrogen fraction in the gas mix-
ture.

Friction is a complicated phenomenon, which is governed by many parameters
such as surface roughness, applied load, sliding speed, contact geometry, etc.
Generally, the friction performance is evaluated in terms of friction coefficient.
The film, which mainly consists of nanocrystalline Ti and TiB phases, deposited in
pure Ar atmosphere has the friction coefficient 0.29. With addition of nitrogen to
the working gas mixture the friction coefficient of films slightly decreased (0.24
for 25% N in the gas mixture). This can be explained by the fact that amorphous
CN has lubricating properties due to its graphite-like structure and low hardness
[23]. Amorphous carbon also contributes to lowering hardness of Ti—-B—C-N films
under study. Further increase in the nitrogen amount in Ar/N, gas mixture resulted
in some increase in friction coefficient (0.27 for film deposited with 50% N, in a
gas mixture). As is seen, the friction coefficient changed a little with addition of
nitrogen, and this can be the result of low content of amorphous C and CN
components in the film structure.

CONCLUSIONS

Hard quaternary Ti—-B—C-N films have been deposited onto Si (100) substrates
by a dc magnetron sputtering of the bi-component Ti/B4C target. From XRD and
XPS study it could be suggested that the films had composite microstructure
consisted of Ti/TiB nanocrystallites solely or of nc-TiN/nc-TiB,/nc-TiO, phases
embedded into the a-C/a-CN/a-BN/a-BC amorphous matrix. The Knoop hardness
exhibited the maximum value 33 GPa for the film deposited with 25% nitrogen
content of the working gas mixture. The friction coefficient of films changed little,
and with 25% N, exhibited the lowest value. The Ti-B—C-N films showed the
increased adhesion strength compared with Ti—-B—C coatings.

IInisxu 6 uemeepniii Ti—-B—C—N cucmemi naneceno na Si (100) nioknaoxu
MemoOOM MACHEMPOHHO20 HA NOCMIUHOMY cmpymi posnunenus ogoxkomnonwenmmuoi Ti/B,C
miweni 6 cymiwi 2eazie Ar/N; i3 pisnoio xinvkicmio azomy 6 cymiuii (6i0 0 0o 50 %). Ilniexu ooc-
JLOACYBANU MEMOOAMU PEHMeHIBCHKOI OUPPaKyii, peHmeeHi8cbKoi pomoenekmpouHoi cnexkm-
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pockonii, indenmyeanus ma wkpsabanns. Bemanosneno, wo nnisku maiomv HAHOKOMNO3UMHY
CmMpYKmMypy, AKa ck1aoaemucs auwe iz Hanokpucmanimis (nx) Ti/TiB, saxuo ocaddicenns npogo-
ounocs 6 wucmomy apeoui, abo iz namokpucmaniunux ¢paz Hx-TiN/uk-TiB,/ux-TiO,, omouenux
amopgnoio a-C/a-CN/a-BN/a-BC mampuyero, npu ocadoiceni nuieox 6 cymiui Ar/N,. Ocmanns
CMPYKMypa € monogor 015 yCix Ni6oK, He3ANeNHCHO 6i0 KiNbKOCMI a30my & 2a308ill cyMili.
Teepoicmo nnieox no Kuyny cnouamxy s0inbutyéanacs npu 000a6anHi azomy 8 2azo8y CyMmiul,
oocsenysuu makcumanvrozo snavenns 33 I'lla npu 25 % azomy 6 cymiwi, a nomim 3smenuiysa-
aace. Koeghiyienm mepms niisox 3min08aecs HeicmomHo npu 000a8aHHi pizHoi KitbKOCmI a30-
my 6 cymiw, i npu 25 % N, suseue naiimenuie 3navenns. Aozesiina miynicmo Ti—B—C—N-nnieok
Ha kpemHii euseunacs euworo, nigie y Ti—-B—C-nnigok.

Knrouosi cnoea: macnemponne posnuieHHs, HAHOKOMNO3UM, CMPYKmMypa,
MEXAHIUHI 61ACMUBOCHMI.

IInenxu 6 uemeepnotii cucmeme Ti—B—C—N ocasrcoenvt na Si (100) nooroswcku
MemoooM MAzHempoOHHO20 HA NOCMOAHHOM mokKe pacnulienus ogyxkomnonenmuou Ti/B,C mu-
wenu 6 cmecu 2azo8 Ar/N, ¢ pasuvim konuvecmeom azoma 6 cmecu (om 0 0o 50 %). Ilnenxu
UCCTED08ANU  MEMOOAMU PEHMEeHOBCKOU OU@PPaKyuu, PeHMeeHOBCKOU (HOmod1eKmMpOHHOL
CHeKmpOCKONUYU, UHOEHMUPOBAHUS U Yapanauus. YcmaHnoseneHo, 4mo nieHKU UMelom HAHOKoM-
HO3UMHYIO CIPYKIMYPY, COCMOAWYIO MONbKO U3 Hanokpucmannumos (k) Ti/TiB, ecnu ocadxcoe-
HUe NPOBOOUTIOCH 6 YUCTIOM apeoHe, Ul U3 HaHokpucmaniyeckux ¢as ux-TiN/uk-TiB,/uxk-TiO,,
oxpyacennvix amopgnoii a-C/a-CN/a-BN/a-BC mampuyeii, npu ocadcoenuu nieHoxk 6 cmecu
Ar/N,. Ilocneousns cmpykmypa xapakmepha 0is 6cex njieHOK He3asUcUmMo om KoIuvecmea azomd
6 2aszoeoll cmecu. Teepoocms nnenok no Kuyny cnauana eospocna npu dobaenenuu azoma
2a308y10 cmechb, 0ocmuzHy8 makcumanvno2o snavenus 33 I'lla npu 25 % azoma 6 cmecu, a 3a-
mem cHudcanacs. Kosgpuyuenm mpenus nieHox usMeHAINCS He3HAUUMENbHO npu 00basienuu
Ppasnozo Koauvecmea asoma 6 cmecw, u npu 25 % N, nokaszan naumenvuee 3nauenue. Ao2e3uon-
Has npounocme Ti—B—C—N-nnenox na kpemuuu oxasanace eviuse, yem y Ti—B—C-nneHok.

Knrouessle cnosa: MACHEMPOHHOE pacnbvllenue, HaHOKoMno3um, cmpykKmy-
pa, mexanuveckue ceoticmaa.
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