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Abstract

In this work; the formation of titanium oxynitride (TIOzN,) thin films during a
reactive d¢ magnetron 'sputtering process, was investigated. TIONy thin films were
deposited on-glass substrates different sputtering current density at 10, 20 and 30
mA/cm’. The structural;; surface’ 'morphology, ‘chemical-bonding-and  mechanical
properties were_ analyzed by grazing incident x-ray. diffraction (GIXRD), atomic force
microscope (AFM), x-ray.photeelectron spectrascopy: (XPS), Hall affect measurement
and nano-indentation technigues, respectively. The study found out that the thin
film of titanium ‘oxynitride “can . be applied in the coating material is beautiful to

prevent oxidation of the target.

Keyword: Titanium oxynitride,.reactive dc magnetron.sputtering.
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TiN Titaniumnitride
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2.4 N299aN53ANLIIDLADY Atomic Force Microscope (AFM)
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Atomic Force Microscope (AFM) JutaSasiiefldsuntadauinermansssiuun
Tulpsawizwuideniufu STM uslin¥es AFM g Tusim&ainiedes STM uavadns
Punshevdnmsiuguieaiusuiedes STM Tnewdes ARM avanunsovineuldlaensld
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(cantilever) | fignunsnlassesaliindauidudaluvuiiuiiavosing @aunsofiazia use
navvhivanuauve stwsuliirossivumisennlusesouiufian)  uagaadsslond
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2.4.1 ¥ANAITAIIUTDUATES AFM

naNNTYINTRIATEs AFM mskulatawasiuliiududarsuna (tip) voIATU
Juiilvunasyiuozneulusreyng Fsdaudarsunanvosatutuaglududauuunszanly
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STM  (waglaendnmisiienfuidiannsafildvatsumanvesauilunisadiousudn e
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Atomic Farce Microscopy (AFM) :
Genernl Components and Their Functions
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2.5 N1539ANULYS (Hardness Testing)
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2.5.1 Msnagauaaudauuy Brinell

1. MIvaaouANLlsuuuUTiG (Brinell Hardness Test) 35Ms Ao 1¥gnueaindn
rinunsyuudanedned sdisTugugnan 10 . naasuuiiSeuvestaniaria Tae
Tdus9 3000 nn.  dwiuTanuds wag 500 nn. dwmsuianeou lasldinan 30 Juidt 1u
NIATFIU mnﬁ‘ju"i’mLﬁuﬁhuquéﬂmwaﬁaaqy (Indentation)  AMAMLLDILTILUVUTLUE

(Brinell Hardness Number) ﬁlﬂ‘if’qmﬁ’m’aiuﬁaﬁﬁa

Bl L‘Lj‘dﬁrh!fﬂﬂ‘ _ P ©
WUNTANTRELH (ﬁsz)(D—\/m
dle  Bhn = Brinell Hardness Number fiuiaeiduuss/muaefiuil
P - usaiildng
D = durgudnalavesgnuea (Indenter)
d = UHAUINA19T ISRy
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2.5.2 MIMAFBUAINLIILUY Rockwell
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2.5.3 NINAFDUANNLIILUY Vickers

nsvadeukuUiAnesiadefuusualundiiin . aildfusnsduseninaus iy
siofuiivessesnn usishsufianaiildiduimessulseiin useilifdous 5-120 nn. Tuey
fuAUUTIVRTAR N13AUIMAT Vickers Hardness Number (VHN) %38 Diamond-

Pyramid Hardness (DPH) ’L"i’fqm’i

18544 F
DPH = —2— . (3)
D
Tedl  F =i widnding (n)
D = mmamaﬁwauﬁuwmamu (mm)

1.8544 e 2 sin (0/2)1818.0 = yaszminamimssiueanes Jq = 136°

e

& |
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2.5.4 MSVAFBUAUUTILUY Knoop

nsmedeuLuUAILiUY Knoop 1umsiaenadiuyuresiuiifansanisida
saUﬂmm%m’amaLé’ﬂgﬂasmmnsﬁﬁuﬁ'maﬁa@LLUULﬁ&nﬁ'u Fasnaninnisvadeuauuds
WU Vickers A5sfanauuy Knoop wdumhnamysitszlngudmasusundenu Tned
dumussud e udusinefudusnsda 7:1 figu uadlddminnalugae 25 3600
n§u MsvadeuULUU Knoop ldUselesilunismageuninuudsfuiusuiiivundnuasd
fiufiiafidnquuiunuitesmeasy lneAAuudaraglugasszuta 60 - 1000 Tunis
neasulithiusuiiagiinmaasunsivuimageu niuuiuszerinfausindos
qavssa udAsuwiunagouiomsumilsiivsnageuuutunu amulasstminnea
wanmsviaumiautunisvaaeuauuluuy Vickers @3audviinisindinnugnves
Wuvusaavessegnaduealumuimmgasauudaiaunis
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KHN :1'42—:(}:— .. (4)
oy KHN  #eo dranuuds Knoop (ke/mm’)
F fia shwinne (kg)
L A ANUEMIUNUEILATLEIVBITOENA (Mm)

Operating
position

U 2.13.(1) 1n3anaaoun s
(2) SNEULIMNALAYIRENAYDINISVAFDUA LTI U Knoop
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2.6 Lﬂ‘s"a\i‘il,ﬂsﬂzﬁﬁ'a'aaq X-ray Photoelectron Spectroscopy (XPS)

XPS \Uustiauesdnding X-ray Photoelectron Spectroscopy #ionauvaidulnele
1 "awnlasalallvesoyniedidnnseungniantasesesdiond” xps Wumedadnse
adsnunmuasd wWsvain flanusalvidoyaantinwadilsyduinvesaglunaiouum
iy vilnuazdniusinesidsznan lassaimnied vlaiussnanil naganuzoendiadu
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Adeuly vdsgnnssnusasniuiou avsiell lesau wanaut wie §ed UV (udu mein
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Aoudnies wodluas ui wandind & a1sidou nszary wiln 17 1desdrens flu nszgn
184 ailgnanunssunansUssnnineta #eaTes XPS LU gRANMNTIUTOEUA LUALAGS

#151A8 Favenouianes 1A5e9d019 Tulasdilanvsadind 91115 uia N7 Usluvasdy

a a ¢

vaaali usseinel nszatvwazld wolluesuaswanadin Asiud Tave vav

2.6.1 #&nN159N9IUVB AT XPS

WAV UNEN R ATDY XPS qmﬁmﬁuﬁamﬁﬁ@ﬁmn%?wé’qmm?imiaﬁaqﬁ
Foen1sinsendediondiinensuAmdssussauuaunsznananrasn i weTuay
paulavgiun W t’hLﬂuagﬁLﬁamﬂﬁ’%’qﬁmﬂ%ﬁﬁwﬁwm 1486.6 eV usdnduuuniideuay
ifwdea 1253.6 ev $edendnguiianaglumniifonds soft X-rays (inmeuiingseilugu
200-2000 eV) Ssdlondilderannvonmulsmeriaduminiidonia Hard  Xerays 715
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wasulugy 10000 eV wananvasadidualuniivivnelangmin siwinvsawunaz laile
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lectron Spectroscopy*®
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2.7 Hall effect measurement
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NMIINBIABI0WY FOWAUE %a’[ummsﬁguﬁmq 24 T 1dwun diediududadiuiedisl
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4.5 Hall effect measurement
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Titanium nitride and titanium oxynitride films were deposited by varying the plasma current density
from 10 mA/cm? to 40 mA/cm? using DC magnetron sputtering at constant gas flow rate and deposition
time. Samples were characterized by Grazing Incidence X-Ray Diffraction, XPS, Nanoindentation and
colorimetric analysis. Different coloured films like golden, blue, pink and green were obtained at
different current densities. At lower current density (10 mAfem?), golden coloured stoichiometric tita-
nium nitride film was formed. At higher current densities (20, 30 and 40 mA/cm?), non stoichiometric
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ﬁ?;:gff:mnimde Titanium oxynitride films of colour blue, pink and green were formed respectively. The thickness of the
Thin film films increased with plasma current density from 43 nm to 117 nm. It was found that the colour variation

was not only due to thickness of the film but also due to oxygen atoms replacing the nitrogen positions in
TiN lattice. Hardness and Young Modulus of the films were found to decrease from 17.49 GPa to 7.05 GPa
and 319.58 GPa-246.77 GPa respectively with increasing plasma current density. This variation of
hardness and Young Modulus of the films can be speculated due to change in crystal orientation caused
by oxygen incorporation in the films. The film resistivity increased from 16.46 = 107%t0 3.28 » 107! QO cm

Plasma current density

for increasing plasma current density caused due to oxygen incorporation in the crystal lattice.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

TiN films due to its hardness, properties of barrier diffusion,
chemical stability and attractive colours have gained importance in
wide range of applications like cutting tools, MEMS, solar reflector
and decorative coating etc. [1-5]. Titanium nitride and titanium
oxynitride coloured films are attracted due to its. consumer
demands in ornament industries [6]. These films have been
prepared by various chemical & physical depositian techniques but
mass production of coloured films at short interval is a challenging
task for this industry. Titanium nitride and oxynitride film is not
only important for its colour but also important for electrical
properties at interface between two layers. Recent work on tita-
nium nitride films show low electrical resistivity and also good
ohmic contacts to silicon |7-9], whereas titanium oxynitride films
provide a retarding diffusion barrier at the interface between
a metal and silicon. It mainly occurs due to blocking of fast diffusion
path by oxygen, which is leaving strong influence on the barrier
performance [ 10]. If we could control the amount of oxygen inside
the titanium nitride film, it will fulfill to the desired requirement in

© Corresponding author,
E-mail address: skmahapatra@bitmesra.ac.an {S.K. Mahapatra).

0042-207X/S ~ see [ront matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/).vacuum.2009.12.004

different industries. Hence in this work one attempt has been made
to incorporate oxygen in TiN film.

Literature indicates that mechanical properties, electrical
properties and. colours of the TiN film mostly depend on film
thickness and oxygen content in the film [11-14]. A number of
reports are available on the deposition of TiN & TiON films obtained
by different plasma parameters. But a very few reports are available
on deposition of titanium nitrides in presence of a very small
amount of oxygen at deferent plasma current density.

In the present paper attempts has been made to deposit tita-
nium nitride and oxynitride thin films under trace of oxygen
available in deposition chamber using DC magnetron sputtering.
Theplasma current density was varied from 10 mA/cm? to 40 mA/
cm?, at constant gas flow rate of (Ar: N3) and a small incorporation
of oxygen for a constant deposition time. The hardness, colour and
resistivity of the deposited films could be controlled by varying the
plasma current density.

2. Experimental details
2.1. Deposition

A schematic diagram of the DC magnetron sputtering deposition
system is shown in Fig. 1. This system consists of a vacuum chamber,
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Fig. 1. Schematic Diagram of DC magnetron sputtering system (a) Vacuum chamber (b) Cathode (c) Target {d) Gas inlet through MFC (e) Pirani and Penning Gauge () Connected to
rotary and diffusien pump (g) Insulation (h) Faraday Cup (i) Wilson seal (j) Substrate and (k) Substrate holder,

cathode, mass flow controller, sample holder, Faraday Cup and view
port. Pure Ti target of size 50 mm diameters, 5 mm thick, was
mechanically clamped to the magnetron cathode of the sputtering
system.,

Silican substrates of size 10 = 10 mm? were obtained by cutting
silicon wafers of thickness ~0.5 mm. The substrates were ultra-
sonically cleaned and dried at room temperature prior to deposi-
tion. Silicon substrates were mounted on the sample holder and
evacuated upto a base pressure of ~ 10~ mbar. The surface of the
target was sputter etched by Ar at 100 W for 20 min to avoid
contamination prior to deposition. After sputter cleaning, the
argon, nitrogen and oxygen gas flow rate was maintained at
14 scem, 6 scem and 0.5 sccm respectively. The deposition was
carried out at working pressure of ~2 x 1072 mbar and deposition
time of 1 h. In this way, four films were obtained at four different
plasma current densities (10, 20, 30, 40 mA/cm?) and constant
deposition time and gas flow rates. The depesition conditions are
shown in Table 1.

2.2. Measurements

2.2.1. Plasma current density

A special type of arrangement was made to measure plasma
current density just before the deposition. In this arrangement
a metallic rod is mounted to one end of a ceramic plate and the
other end was fitted to the Faraday cup of size 20 mm x 20 mm.
This ceramic plate was used to electrical isolate (electrical) Faraday
cup from metallic rod. The metallic rod is passed through the
Wilson seal, which is connected to one port of the deposited
chamber. Before deposition, the faraday cup was aligned to plasma
zone to record plasma current density. The schematic diagram of
the arrangement is shown in Fig. 1.

222 Crystallinity

Crystallographic analysis of the deposited films was done by
GIXRD (Model: PAN analytical X'Pertpro 3040/60). X-ray from Cul(,
{wavelength 0.154 nm) was used for the measurement and oper-
ated in Bragg-Brentano geometry. GIXRD spectra of the deposited
films are shown in Fig, I,

2.2.3. Chemical compositions

XPS “analysis _was performed using an Omicron EIS2000,
employing a hemispherical analyzer. The analyzer was operated in
the constant analyzer energy (CAE) mode. The pass energy was
kept at 50 and 25 eV for wide and narrow scans, and the scanning
steps-was 0.2 eV. The incident radiation was un-monochromated
MgKa (1253.6 eV), the source running respectively at conditions of
15 KV and 20 mA_ Ar’ ion beam etching was performed using
a standard ionization gun operating at 1500 eV incident energy and

Table 1
Deposition Parameters for TiN (D.C. reactive Sputtering).

Objects Specification
Target Ti pure (99.99%)
Substrate Si wafer

Target to substrate distance 6.5cm

Base pressure 1.0 » 107° mbar
Operating pressure 2 % 1072 mbar
Argon 14 scem
Nitrogen 6 sccm

Oxygen 0.5 sccm

10, 20, 30 and 40 mAjcm?
Room Temperature, no external
heating was provided

1h

Current density
Substrate temperature

Depasition time
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Fig. 2. GIXRD diffractograms of deposited films prepared at different current densities;
(a) 10 mAjcm?, (b) 20 mAfcm?, (c) 30 mAjcm?, and (d) 40 mA/cm?.

a sample current of 6-10 pA. Core level XPS spectra of the deposited
samples are shown in Fig. 3 (1) and (II).

2.2.4. Colour

Photographs of the deposited samples were taken by digital
camera and shown in Fig. 4 (1). In addition to this, Colours of the
samples were computed from the spectral data, acquired by
a hyper spectral imaging system (Hunter Lab, USA) Colour Flex.
Measurements were made against the white standard BaS0Oy4 at
10 nm intervals. Sample area of 5 % 5 mm? was analyzed with
a spatial resolution of 12 wm/pixel. Colour specification under
the standard CIE illuminant D65 was computed and represented
in the CIELAB 1976 colour space for each individual pixel in the
area. The average specular .in the colour flex is shown in
Fig. 4 (11).

(I

Intensity (a.u)

B4 36 3% 400 402

Binding energy (eV)

2.2.5. Thickness

Thickness of the films was measured using Ellipsometer (Nano-
View Inc., Korea; SEMG1000-VIS). The thickness of each sample is
represented by + 6 nm error bar shown in Table 2,

2.2.6. Hardness and Young’s modulus

Hardness and Young's modulus of the deposited films were
determined by low load depth sensing Nano-indenter (Nano-
instruments MTS, USA). Variations of (a) Hardness and (b) Young's
modulus of the deposited films is shown in Fig. 5.

2.2.7. Resistivity

The film resistivity was measured using standard four-point
probe method. The resistivity was calculated using Van der Pauw
method [15] according to which the resistivity is given by,

v
pkaTxt

where k= CF; x CF,; CF; and CF; are the two geometric correction
factors [15,16], V{I is the slope obtained from four-point probe
voltage & currentmeasurements and ¢ is the film thickness. In our
study, the applied correction factor (k) is taken as 0.95 {17]. Vari-
ation of resistivity is shown in Fig. 6.

3. Results
3.1. GIXRD analysis

The GIXRD pattern of the films deposited at 10, 20, 30 and
40 mAjcm? plasma current densities are shown in Fig. 2. The
crystallinity of the deposited films was confirmed using the JCPDS
data tables. In Fig. 2(a) peaks observed at 20 — 35.31% 43.41° and
37.20% correspond to (111). (200) and (220) planes of stochiometric
TiN (JCPDS card No. 74-1214), TizN (JCPDS card No. 77-1893) and
TiNgg0op.4 (JCPDS card No. 49-1325) respectively. Fig. 2(b)-(d), show
peaks observed at 24 = 25.32° and 46.55° corresponding to crys-
talline anatase phase of TiOp oriented at plane (101) (JCPDS card No.
84-1286) and Ti (NO3)4 oriented at plane (133) (JCPDS card No. 74-
0948) respectively. The spectra also illustrate that the peak inten-
sity of Ti(NO3)s increases and gets shifted from 20 = 46.55 to
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Fig. 3. (1) N'® core level XPS spectra of deposited ﬁims at current densities; (a) 10 mA/cm?, (b) 20 mA/cm?, (¢) 30 mA/cm?. and {d) 40 mA/cm?. 3 (11). Ti*" core level XPS spectra of
deposited films at curtent densities; (a) 10 mAjcm?, (b) 20 mA/cm?, (c) 30 mA/cm?, and (d) 40 mA/cm®.
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Fig. 4. (1) Colour pho(ugraphs of deposited films prepared with different current

densities (a) 10 mA/cm?, golden; (b) 20 mA/cm?, blue; (c) 30 mA/cm?, pink and (d)
40 mA/cm” green. 4 (11), The average specular in the Colour Flex Hunter Lab, USA for
the prepared samples with different plasma current densities; (a) 10 mA/cm?, golden;
(b) 20 mAjem?, blue: (c) 30 mAfem?, pink and (d) 40 mAfem? green. Open symbols
correspond to projections on a* b* plane.

2() = 46.27 with increase in plasma current density from 20 to
40 mA/cm?® The possible formation of metastable Ti(NO3)4
compound and the XRD peak shifting may be due to the oxygen
atoms most likely replacing nitrogen position in fec TiN lattice
[6.18]. Since, the Gibbs free energy for oxidation of Titanium is
smaller than TiN [ 19.20], even the number of oxygen present inside
the deposition chamber working at a wvacuum~10-2 mbar is
sufficient to form oxide or oxynitrides [19].

3.2. XPS analysis

The chemi:al compositions of the deposited films were inves-
tigated by X-Ray photoelectron spectroscopy. The N'* and TiP core
level spectra of each sample deposited at different plasma current
densities of 10, 20, 30 and 40 mA/cm? are shown in Fig. 3 (1) and (1)
respectively. Fig. 3 (1) (a) shows a significant peak at 396.8 eV [ 14] of
N'* corresponding to TiN. However, NS peak shows in Fig. 3(1) (b)
and (c) shows a silent feature and almost no signature in Fig. 3 (1)

Table 2
Thickness of the deposited films.

Current density (mA/cm?) Film Thickness (nm)

10 43
20 67
30 98
40 117
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Fig. 5. Variations of (a) Hardness and (b) Young's modulus of deposited films prepared
with different current densities,

(d). It mdlcates that nitrogen content is more on the film depos;ted
at10'mA/cm? than the films deposited at 20, 30 and 40 mA/cm?>.

The Ti*P core level spectra of the film deposited at 10, 20, 30 and
40 mAjem?, are shown in Fig. 3 (11). In Fig. 3 11 (a), a broad peak is
observed (rang:ng from 454 to 468 eV) for the sample prepared at
10 mA/cm?. This peak was deconvoluted and fitted to two peaks at
binding energies of 4556 eV and 458.8 eV. The Ti?P 32 peak
at 455.6 eV corresponds to TiN [11], whereas the 'l‘iz"uz peak at
458.8 eV corresponds to TiON [13]. It indicates the presence of
titanium nitride and titanium oxynitride in the samples deposited
at 10 mA/cm? plasma current density. Fig. 3 (11) (b, ¢ and d) show
peaks at binding energies 458.8 eV and 464.5 eV corresponding to
TiON and TiO; [13] respectlvely observed from the films deposited
at 20, 30 and 40 m/—‘\;‘cm The peak intensity of TiON and TiO»
increases with increasing current densities. The peak at 455.6 eV
corresponding to TiN is absent for the films deposited at 20, 30 and
40 mA/em? plasma current densities. The results indicated that
stoichiometeric TiN with small impurities of oxygen was formed
only in film deposited at10 mAfem?. It was expected since higher
current density signifies for more ionization of the oxygen atoms in
the plasma and forming stable oxides along with oxynitrides. It is
observed that the colour of the films changes to golden, blue, pink
and green as the current density changes from 10, 20 and 30-
40 mA/cm?,

0.1

0.01 o

p(Q2-cm)

1E-3 o

current density (rnA/cmZ}

Fig. 6. The variation of the resistvity of deposited films prepared with different
current densities.
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Table 3
L™ a’h" space colour coordinates for samples prepared at different plasma current
densities

Sampie Sample Plasma L as b®
Colours Current

density

(mAfcm?)
TiN Golden 10 19.67 + 1.4 0.44 + 1.2 1.44 + 0.7
TioN, T{NO3)s Blue 20 1367 = 1.13 -0.56 + 1.02 -10.46 + 09
TizN, Ti(NO3); Pink 30 1041 + 106 3.16+08 -0.14+05
Ti;N, Ti{NO3); Green 40 129 £+ 1.3 468 £ 09 1.86 + 0.29

3.3. Colour characterization

The colour characterization of the thin films was carried out by
colorimeter (Colour Flex Hunter Lab, USA). Table 3 shows the colour
variation and the optical space colour coordinates (L, a* and b*) of
the prepared samples at different current densities corresponding
to areas of 5 x 5 mm? and spectral resolution of 10 nm. The
photographs of respective coloured films deposited at different
current densities are shown in Fig. 4(1). The actual colours of the
films are well in agreement with the positions in the colour space
coordinates as determined from colorimetric analysis. Fig. 4(Il)
shows the average colour in 3D colour space coordinate for the
samples deposited at four different current densities. Low plasma
current density (10 mAj/cm?) produced golden coloured films,
whereas, with increase of the current densities (20, 30 and 40 mA/
cm?) colour of the films changed from blue, pink and then to dark
green. In addition the film thickness was also found to vary from
43 nm to 117 nm [Table 2] due to current densities. It is observed
that low oxygen content in the films have a bright yellow colour

(golden) which gradually changes to blue, pink and green as its
oxygen content increases. But thickness is also thought to affect the
colour of the films [8].

According to the report of Y. L. Jayachandra et al. { 11] only golden
colour of the titanium nitride films was observed for the film
thickness varying between 82 and 160 nm. However, the colour
variation (golden to green) observed in the present films corre-
sponds to their respective film thickness varying from ~45 to
120 nm. This observation helped to conclude that apart from the
film thickness oxygen contained in the film plays dominant role in
the respective colour variation of the present deposited films [8].
XPS results indicated a good correlation between oxygen incorpo-
ration in the TiN films with their respective colours. The results
indicate that the change in colour of the films is interferential due
to change in thickness along with oxygen content in the films
[21,22].

3.4. Nano-hardness

The variation of hardness and Young's modulus of the deposited
films is shown in Fig. 5. It shows that the hardness decreases from
17.49 GPa to 7.05 GPa and Young's modulus decreases from
319.58 GPa to 246.77 GPa with increase in current density
from 10 mA/cm? to 40 mA/cm?. The variation of hardness & Young's
modulus of the as deposited films can be explained in terms crystal
orientation changes due to variation of oxygen content in the films.
Itis well known that the TiN films having a (111) preferred orien-
tation possess maximum hardness in comparison to any other
orientation [23]. Hence, hardness decreases in the filim deposited at
current density due to increase of oxynitrides compounds [13,24],
which changes the crystal. The XRD and XPS data in (Fig. 2) and
(Fig. 3) show that the TiN (111) orientation is obtained only in the

Cathode
(Target)

o @ \°

JAnode

(substrate)

Fig. 7. Mechanism of deposited thin film at different current densities. (a) At low current (I), cathode to anode voltage (V'ca = 400 V), number of ionized oxygen atoms inside
plasma zone (NO",). (b) At high current (Iy), cathode to anode voltage (V" ca = 600 V), number of ionization oxygen atoms inside plasma zone (NO'")).
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iow current density (10 mA/cm?) whereas oxides and oxynitrides
are formed for higher current densities.

3.5. Resistivity

The variation of the resistivity of the films with the current
density is shown in Fig. 6 plotted in log scale. It shows that the
resistivity increases from 16.46 = 10 % to 3.28 = 10~' Q cm with
increase in current densities. This is expected as in accordance of
the increase in oxygen content in the film. TiN along with very less
amount of oxynitride produced at 10 mAf/cm? is semiconductor
having less resistivity, where as, with increase in current density
the oxygen incorporation in the films increases which enhance the
ceramic property of the films [9,25]. Hence the resistivity increases.

3.6. Discussions

When the atoms get sputtered out from the Ti target, the atoms/
ions will get directed towards the anode for deposition. During
their motion, the sputtered atoms/ions will react with imparted
gas, nitrogen and oxygen present inside the chamber. The vapour of
the compounds formed gets deposited atom by atom on the
substrate through heterogeneous nucleation. The growth process is
driven by the solid - vapour transformation through the heat
released to the substrate [26G]. The conceptual diagram of the
deposition mechanism is shown in Fig. 7.

The formation of TiN, TiON and TiO; at lower (10 mAjcrnz) and
higher (20, 30 and 40 mA/cm?) plasma current densitiesis governed
by the sputtering rate of Ti and the ionization probability of 0, and
Ny in the reaction zone. At low current density, the percentage of
sputtered Ti atoms is less and the ionization probability of oxygen
(NO(*) present inside the plasma is also less than that at higher
current density designated as (NO{**) in Fig. 7. Abundance of
nitrogen and insufficient-number of ionized oxygen (NOJ*) cause
the formation of TiN, TiION and not the stable Ti0,. However, at
higher current densities, more Ti atoms get sputtered and the
ionization probability of oxygen (NOy**)is also higher. Since, the
enthalpy of formation of TiO, (A Hy = —944 /mol) is much lesser
than TiN (A Hy = —338 kJ/mol) [27.28] and also that the availability
of ionized oxygen is more at higher current density, the oxides are
more readily formed at higher current densities.

4. Conclusions

Titanium nitride and titanium oxynitride coloured films were
prepared at different plasma currentdensities using DC magnetron
sputtering system at a constant gas flow rate and deposition time. It
is observed that the change in colour of the films is interferential
due to change in thickness along with oxygen content in the films.
It could be speculated that the variation in the hardness of the films
was due to the change in the crystal orientation on account of

oxygen incorporation in the films. The oxygen content in the films
was also found to be responsible for the change in resistivity. The
results indicate that optimization of the plasma current density can
produce of controlled hardness, resistivity and colour of titanium
nitride and oxynitride films.
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Titanium oxynitride coatings (TiN,Oy) are considered a promising material for applications in dental
implantology due to their high corrosion resistance, their biocompatibility and their superior hardness.
Using the sputtering technique, TiN,O, films with variable chemical compositions can be deposited.
These films may then be set to a desired value by varying the process parameters, that is, the oxygen
and nitrogen gas flows. To impraove the control of the sputtering process with two reactive gases and
ta achieve a variable and controllable coating composition, the plasma characteristics were monitored
in-situ by optical emission spectroscopy.

TiN,Oy films were deposited onto commercially pure (ASTM 67) microroughened titanium plates by
reactive magnetron sputtering. The nitrogen gas flow was kept constant while the oxygen gas flow was
adjusted for each deposition run to obtain films with different oxygen and nitrogen contents. The physical
and chemical properties of the deposited films were analyzed as a function of oxygen content in the
titanium oxynitride. The potential application of the coatings in dental implantology was assessed by
monitoring the proliferation and differentiation of human primary osteoblasts.

© 2014 Elsevier B.V. All rights reserved,

1. Introduction

can be employed to form thin films of different composition on the
implantsurface to further improve their mechanical properties and

Commercially pure titanium and two of its alloys (TigAlsV, Ti13-
18Zr) are the main class of materials used for load-bearing dental
implants | 1]. They are suited for this application because of their
high corrosion resistance, low weight and suitable mechanical
properties but first and foremost, due to their ability to "osseointe-
grate", that is to interface directly with the surrounding bone bed
without intervening connective tissue. This phenomenon results
from a passive titanium oxide surface film naturally formed upon
contact with air. Surface treatments resulting in coating deposition
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wear resistance. Among them, magnetron sputtering was demon-
strated to be a suitable method to allow a deposition of complex
chemical compounds with variable compositions.

Among such complex materials are titanium oxynitride (TiN,Oy)
coatings, whose oxygen and nitrogen contents can be adjusted by
the process parameters.

Recently, titanium oxynitride thin films deposited by reac-
tive magnetron sputtering have attracted much attention due
to their high application potential in biomedical devices (den-
tal and orthopaedic implants) and many reports were dedicated
to the biological response of TiN,O, [2]. It has been shown that
commercially-available titanium oxynitride coated stents (Titan™,
Hexacath, France) demonstrated a better clinical performance
compared to uncoated stainless steel stents. In-vitro studies indi-
cated lower platelet adhesion and fibrinogen binding compared
with stainless steel [3.4]. Karjalainen et al. [5,6] provided detailed
comparative clinical studies of TiNyO, coated stents and drew pos-
itive conclusions regarding the performance of the coatings for
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cardiovascular applications. Durual et al. | 7.8] made a first assess-
ment of sputtered TiNyO, coatings deposited on CrCo and Ti
substrates for dental implants applications. Bone cells prolifera-
tion was increased by 1.5 times while advanced differentiation
stages were maintained on TiN,O, coatings when compared to
bare substrates. These effects translated in vivo into more rapid
initial osseointegration [9|. A general conclusion of this study was
that TiN,O, coatings stimulate the proliferation of human primary
osteoblasts, accelerate osseointegration and are effective indepen-
dently of the underlying substrate material.

The aim of the present investigation is to produce titanium
oxynitride coatings with variable yet reproducible chemical com-
positions and to evaluate their physical and chemical properties as
well as their biological activity. This study is a first step in opti-
mizing titanium oxynitride coatings for their application in dental
implantology. It aims at finding an optimum balance between the
coatings' mechanical properties and their biocompatibility.

The coatings were deposited by reactive magnetron sputter-
ing on commercially pure (CP-4) microroughened titanium. The
composition of the reactive gas in the plasma, namely oxygen and
nitrogen, was progressively modified according to a fixed specific
OES signal in order to obtain TiN,Oy coatings with different oxygen
contents (O/(O+N)). The chemical composition, chemical states,
structure, morphology, surface tension and mechanical properties
of the films were studied to set the relationship between pro-
cess parameters and coating functionalities. The proliferation of
osteoblasts on the coatings was determined to ascertain their suit-
ability for applications in dental implants.

2. Materials and methods

The substrates used for film deposition were Si (100) wafers
and commercially-available microroughened (Ra=2.49 + 0.34 pm)
titanium plates (CP-4, ASTM 67), 11 mm x 11 mm x 0.6 mm in size.
The titanium samples were prepared using a specific procedure
(sand-blasting, sulphuric +chlorhydric acid etching) |7} In dental
medicine, this surface is known as SLA(Sandblasted, Large grit, Acid
etched).

The sputtering experiments were performed in a laboratory-size
PVD reactor A450 from Alliance Concept evacuated by a pumping
unit down to the pressure of 2 x 107 Pa. TiN,O, thin films were
deposited by reactive direct current (DC) magnetron sputtering
from a metallic Ti target (99.99% purity, 100 mm diameter) using
N3 and O3 as reactive gases (purity 99.995%). The depositions were
carried out in constant power mode (P=300W). Prior to film depo-
sition, the target was sputter-cleaned in an Ar (purity 99.995%)
plasma at pressure of 0.5Pa (30 scem) during 10 min. After a tar-
get cleaning procedure, the substrates were Ar plasma-cleaned for
10 min by applying a negative RF bias voltage (200 W).

To deposit a wide range of TiNxO, coatings with variable and
controllable compositions in the range located between TiN and
TiO,, a monitoring of the plasma state by optical emission spec-
troscopy (OQES) was used. This was necessary because titanium
oxynitride is a complex material whose composition and proper-
ties must be controlled by the process parameters to ensure the
reproducibility between deposition runs. Problematically, the sput-
tering of metallic targets in a mixture of two reactive gases of very
different reactivities towards a metal such as 0; and N is an intri-
cate endeavor [ 10]. The deposition conditions are often unstable as
the sputtering mode may switch between “metallic” (unpoisoned
target) and “oxide" or “nitride"” (poisoned target) thus preventing
the formation of the intermediate regions, that is those which
are required to obtain the oxynitride. The adjustment of the reac-
tive gases partial pressures as a function of plasma characteristics,
controlled by OES, prevents instabilities in the process, as plasma

characteristics are independent on the target erosion and pollution.
The OES measurements of plasma were performed with a Speedflo
2.1 spectrometer (Gencoa, UK). The optical sensor was fixed in the
PVD reactar 20 mm of distance from the substrate holder.

The process control was achieved by observing the peak inten-
sity (Iy;) of the titanium spectral line situated at 500+ 5nm. The
optical filter used was a narrow band filter analyzed by spectropho-
tometry. The peak intensity It; depends on the surface chemical
composition of the target (metallic, nitrided or oxided mode), it
decreases when the sputtering process purposely switched from
metallic to nitride and then to oxynitride mode. Therefore, the
intensity ratios (lg/lyn, and Iyiflying, Where Iy, Inn. and fino
are titanium line intensities at 500nm in metallic, nitride and
oxynitride sputtering modes, respectively) have been used for
monitoring the Ny and O flux. The targeted values of intensity
ratio corresponding to each sputtering mode were defined previ-
ously. Then, the deposition experiment has proceeded as follows.
First, the nitride mode was stabilized by setting Iy /I3jy to 1.85 for all
depositions, and then Iyi/[1iyo was fixed between 2.56 and 3.22 to
obtaina specific oxynitride mode. By adjusting the partial pressures
(actually: the flows) of the reactive gases by using the feed-back
provided by the QES signal permits the formation of predefined
oxynitride compositions in the film.

Always monitoring the OES signal, the nitrogen gas flow was
adjusted to a constant value of 3.0 & 0.2 sccm for all depositions,
while the oxygen flow was varied between 0.8 and 4.2 sccm. The
Ar gas flow was kept constant for all depositions at 30sccm. In
this way, TiNyOy films with different oxygen and nitrogen contents
were deposited. The total gas pressure during the sputtering pro-
cess varied between 0.3 and 0.6 Pa, depending on oxygen gas flow.
The depositions were conducted in static mode.

During the deposition, the substrates were electrically
grounded. No heating was applied to the substrate holder.
The target-to-substrate distance was 75mm. The deposition
time was adjusted to obtain films with a specific thickness. Two
sets of films were prepared. The first set (films deposited on
micro-roughened Ti) was used only for biological analyses. The
film thickness of this set was in the range of 250 nm. In line with
our previous results, this thickness is optimal for enhancing the
biclogical activity of cells. The second set of films was used for all
other analyses except biological tests. These films had thickness
between 0.8 and 1.5 pm and they were deposited onto Si (100)
wafer. This second set of films was required because of the diffi-
culty to perform physico-chemical and mechanical tests on very
thin TiNxO, layers deposited on rough titanium substrate. Film
thickness was measured by profilometry (Alpha-Step, Tencor).

The chemical compesition of the films was determined
by Electron-Probe Microanalysis (EPMA, Camebax Microbeam,
Cameca, France) using wavelength-dispersive X-ray spectroscopy
(WDS). The energy of incident electrons was 5 and 15kV in order
to accurately determine both light (O) and heavier (Ti, Si) elements.
Because of the superposition of Ti and N emission lines, the atomic
concentration of N was obtained by subtraction after having deter-
mined all other elements. To calculate the atomic concentration
of elements in the film (Ti, O, N) and in the substrate (5i), the
STRATAGem program from SAMx was used. This program employs
a PAP correction model to calculate X-ray intensities taking into
account the absorption of emitted X-ray, fluorescence effects and
ionization depth.

The chemical bonding of three different TiN<Oy coatings was
investigated by X-Ray Photoelectron Spectroscopy (XPS). XPS spec-
tra were generated under ultra-high vacuum condition using an
Axis Ultra instrument (Kratos Analytical, Japan), with a monochro-
matic AlKa X-ray source (1486.6eV). The source power was
maintained at 150W (10mA, 15 kV). The emitted photoelectrons
were sampled from a square area of 750 um x 350 wm. Energy
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windows were recorded for each constituents of interest (tita-
nium, oxygen and nitrogen) with an augmented resolution. The XPS
measurements were conducted first on pristine surfaces without
any cleaning procedure and then on cleaned surfaces. To remove
surface contaminations, an Ar* etching ion gun was used (605s).
Etching was stopped when the peak attributed to carbon coming
from the surface pollution decreased down to 10% as compared to
non-cleaned sample. As the carbon atoms are only absorbed in the
first few nanometers of the surface, the XPS spectra after Ar* etch-
ing correspond to 2-5nm in depth. XPS spectra deconvolution has
been carried out using the CasaXPS software (version 2.0.0.1). No
smoothing has been applied to raw data. Binding energy referen-
cing was performed with the C 1s peak (C—C bonds set to 284.8 eV ).
The charge effect was taken into account during the calibration
procedure. Shirley background subtraction was used on all spec-
tra. For peak fitting, typical Gauss-Lorentzian line shape (GL30) was
used. To compare results for all samples, peak intensities have been
normalized with the software option.

The cross-section marphology of the films on Si substrates was
observed by Scanning Electron Microscopy (SEM, JEOL JSM-6400)
and the surface topography by Atomic Force Microscopy (AFM,
Nanosurf Nanite, Nanoscience Instruments, USA) in contact-mode.
The scanned area was 1pm x 1 wm. The structure of the films
was studied by X-ray diffraction (XRD) with an INEL, XRG 3000
diffractometer at a grazing incidence angle of 4° and using a CuKcx
radiation.

The nanoindentation hardness (Hj ) and the elastic modulus
(E;¢) of the coatings were measured by a depth-sensing technique
using a Berkovich-type diamond indenter (CSM Instruments). The
measurements were performedon thicker coatings (800-1500nm)
deposited on Si (100) wafers and the maximum load used (5 mN)
was chosen to insure a penetration depth (maximum 80nm) of
less than 10% of the coating thickness. The values of Hj, and £
were determined using the method described by Oliver and Pharr
[11]. The contact angle measurements of the films deposited on
sterilized (ethylene oxide) Si substrates were performed using the
static sessile drop method (KSV Cam 100 Contact Angle-Meter) by
recording images of water drops.

A detailed account of the biological assays has been published
previously [7{. Briefly, human primary osteoblasts (HOBs, 2600
cells/cm?) were grown an plates made of roughened Ti (Ti-SLA)
or TiN,Oy-coated roughened Ti (Ti-SLA- TiNxOy ) for periods of 3 or
21 days. The plated were sterilized by ethylene oxide. Resazurine
absorption was used to monitor the proliferation kinetics of HOBs.
HOB morphology and adhesion was assessed by SEM. For each
period, 3 independent experiments were conducted in triplicate
(a total of n=9) up to day 3. For TiNp.250; 29, the experiments were
pursued until 21 days after seeding. At each timepaint (day 3, 7,
14 or 21), differences between Ti and TiN,O, were assessed using
Student’s ¢ test for unpaired samples. Brackets, p < 0.05.

3. Results and discussion
3.1. Chemical composition

The chemical composition (in at. %) as determined by EPMA of
thick TiNxO, films deposited on Si substrate is presented in the
ternary diagram of Fig. 1. The binary compounds, TiN, TiO and TiO;
(not deposited), are shown for reference. The same chemical com-
position versus process parameters (i.e. oxygen and nitrogen gas
flows)is shownin Table 1. Table 1 also provides additional informa-
tion about film composition: N/Ti, O/Ti ratios, the oxygen content
of the non-metallic film, O/(O+N), the non-metal-to-metal ratio,
and (O + N)/Ti. This information aids in understanding the compe-
tition between the oxidation and nitriding processes during the

N f

0.0 0.2 0.4 T 0.6

TiN

Fig. 1. Ternary diagram representing the chemical composition of the deposited
TiN,O, films (black circles) together with the reference compounds TiN, TiO and
TiQ (white circles).

sputtering of metallic Ti targets and the formation of complex
phases such as titanium oxynitrides. The chemical composition
of the films ranges between TiN and TiO. It is expected that the
films' structure (and ensuing properties), are progressively chang-
ing from the TiN to the TiO;-type.

The evolution of different atomic ratios in the films with reactive
gas composition, 02/(0z +N3), is shown in Fig. 2. With increasing
oxygen content in the plasma, the O/Ti, (O+N)/Ti and O/(O+N)
atomic ratios progressively increase, while N/Ti decreases. The
O/Ti and N/Ti atomic ratios indicate that the films' composition
changes from N-rich of composition TiNgg40p 35 to O-rich of com-
position TiNgggQg. Concerning the evolution of the (O+N)/Ti
ratio, whichevolvesfrom 0.99(in TiN)to 2.00(in TiO, ) with increas-
ing oxygen content in the plasma, shows the same trend as that
of OfTi thereby indicating that the oxidation process supersedes
the nitriding process during sputtering. This is also well illus-
trated by the fact that the oxygen content in the plasma (e.g. at
0,/(05 + N2 )=0.21)always results in much higher oxygen contents
in the films, Of(0O+N)=0.36. This is because the oxygen's affinity for
titanium is much higher than that of nitrogen. This behavior is typ-
ical for other previously studied metallic oxynitrides, e.g. Ta—0O—N
[12],Fe—0—N | 13], Nb—O—N {14}, Zr—O—N [15].

25
o O/
X (Q+N)/Ti
2.0 9
o A O/(O+N) 6
E O NI
Q15 X
£
b4 &
® y X
w10
E a 24
Los A
0.0 . —— ] ¢

0.00 0.10 020 030 040 050 060 070
Oxygen content in plasma, O,/(0,+N,)

Fig. 2. Evolution of the chemical composition of the films, expressed in terms of
different atomic ratios, as a function of the composition of the reactive gas mixture.
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Table 1
Reactive gas content vs. TiN, O, film composition and different atomic ratios.
0y (scem) N {scem) 02/{0; +N3) Tiat% N.at% 0, at.% NITi OfTi O[O0 +N) (0O+N)T
0.8 3.1 0.21 50.0 32.0 180 0.64 0.35 0.3b 0.99
1.6 30 0.35 46.0 20.0 34.0 043 0.75 0.64 1.18
1.8 3.0 0.38 44.0 17.0 380 0.39 0.87 0.69 1.25
3.0 29 0.51 39.0 10.0 51.0 0.26 1.29 083 1.55
64.0 0.08 1.92 0.96 2.00

4.2 3.1 0.58 33.0 2.7

3.2. Chemical bonding

The chemical bonding of three selected oxynitride coarings
with different O/(O+ N) ratios were investigated by X-Ray Photo-
electron Spectroscopy. The selected films are: TiNpg40g 35 {with
oxygen content O/(0+N)=0.36), TiNg3909g7 (O/(0+Nj=0.69) and
TiNgpgOy.92 (O/{O+N)=0.96). A good correlation between XPS data
and oxygen content in the films has been found.

The XPS measurements were performed first on virgin surfaces
without any cleaning procedure and then on cleaned (Ai*-etched)
surfaces. In the case of virgin surfaces, as shownin Fig. 3.1 (spectra
a,b,c), the progressive introduction of oxygen into the film modifies
the Ti 2p spectra indicating changes of film chemistry. The decon-
volution of the Ti 2p spectrum of the film with the lowest /(N + Q)
ratio=0.36 (film TiNgga0p35) shows six peaks referring to three
pairs of spin-orbit split doublets (Iig. 3.1-a). According to the data
reported in the literature [ 16], the peak centered at binding energy
BE=455.2 + 0.2 eV is assigned to Ti—N binding states. The peaks at
BE=457.0+0.2eV and BE=458.3 +0.2 eV indicate O—N and Ti—0Q
binding states respectively. Increasing the O/(N+Q) ratio in the
film to 0.69 (Alm TiNp390gg7) decreases the Ti-N peak (Fig. 3.1-
b) intensity until its complete disappearance when the Of(N+ Q)
ratio reaches 0.96 (film TiNgggO1.92., Fig. 3.1-c). Only O—N and Ti—0
binding states are present on the Ti 2p spectra of this film, indi-
cating that no pure Ti—N bonds are formed. In the same time, the
intensity of the Ti—0O peak progressively increases with increas-
ing O/(0O+N) ratio indicating that the oxidation process gradually
prevails against nitriding during film growth. Similar observations
have been reported by Mu-Hsuan Chan et al. | | G].

After cleaning the samples' surfaces by Ar* etching, the XPS Ti
2p spectra of three samples still present the same peaks (Fig. 3.1-
d, e and f). However the intensity the Ti—N peak of the films with
low and intermediate O content (Fig. 3.1-d and e) increased as com-
pared to the same virgin samples. A reasonable argument holds that
the top surface contains much more oxygen compared to deeper
layers. As to the O-N peak, it is detected at all O/(N+ Q) ratios, how-
ever a slight shift to higher binding energies is noticeable (from
456.5+ 0.2 to 457.0 +£ 0.2 eV). Identical shifts of O—N peaks are
observed on Ar' etched samples indicating that O—N bonds are
formed during film growth and not only at the surface when the
film is exposed to air. This shift to higher energy levels with increas-
ing O content indicates a progressive replacement of N by O ions in
the oxynitride film.

Regarding the O1s spectra shown in Fig. 3.2, peaks located at
BE=530.1+0.2eV and BE=531.4+0.2 eV correspond to Ti—O and
O—N bonds, respectively. The virgin and cleaned samples show the
same trend, an increase of the Ti—0 peak intensity and a decrease of
the O-N contribution to the peak with increasing O/(O + N) fraction.

f1v. 3.3 shows Nls spectra of the films. The deconvolution
of the N 1s spectrum resulted in the identification of three
main peaks, attributed to the following chemical bonds: Ti—N
(3962 +0.2eV), Ti—0—N(396.5+0.1eV)and O—N(397.0 £ 0.2 eV).
In addition, a small peak at 398.8+0.2eV, corresponding to a
chemically adsorbed N, can be seen on the spectra of all films.
The films TiNg 400 35 and TiNg 3900 57 exhibit predominantly Ti—N
(396.2+0.2eV) and O—N (397.0+0.2eV) peaks with different
intensity ratios, while the film TiNggO;.92 shows principally one

Ti—O—N peak (396.5 + 0.1 eV). As a result, a shift of N 1s peak to the
lower energies is observed for this film. This situation is observed
in both “as-deposited” and “Ar*-etched" samples.

As the oxygen content increases, the formation of Ti—N and O—N
bonds is replaced by the formation of the Ti—O—N bonds, since
two peaks, corresponding to Ti—N and O—N bonds transform into
one peak at about 396.5+0.1 eV (Ti—O—N). This might indicate a
transition from an O-doped TiN-type film (films TiNgg40g35 and
TiNg 390087 Jtoa N—doped TiOz—type film (film TiNO.DSOLSZ ).There-
fore, we attribute a shift of N 1s peak to lower binding energy with
increasing O content in the films due to structural effects. These
observationsare in good agreement with the complementary Ti 2p
and O 1s spectra.

To summarize, the chemical states of the coatings depend
strongly on the O/(N + Q) ratio. At O/(N+0)=0.36, Ti—N bonds are
preferentially formed along with Ti—O—N and Ti—0 bonds. For
O/(N+0)=0.96, no Ti—N bonds are formed, as only Ti—O—N and
Ti—0 bonds are evidenced on the XPS spectra.

Itis worth noting, that the top surfaces of the films contain more
oxygen relative to the deeper layers obtained after 60 s of Ar* clean-
ing. This may affect cell adhesion. Therefore, XPS analyses can help
in understanding the biological activity of the oxynitride films.

3.3. Film structure and morphology

Fig. <} shows the cross-section morphology of selected TiNxOy,
films. The N-rich TiNg 514 0p.35 film exhibits a well-developed colum-
nar structure typical of sputtered TiN coatings. The observation
of the film surface by AFM (Fig. 5, scanned area 1pum x 1wm)
shows irregular grains of average roughness in the 7 nm range. [n
the films deposited at an intermediate oxygen fraction in plasma
(TiNg390087), the columns are less pronounced and the surface
topography is smoother, with average roughness values decreasing
to about 5 nm. Finally, the film deposited with the highest oxygen
fraction in the plasma, TiNg0gO1.92, Shows the very smooth and fea-
tureless surface and cross-section morphologies that are typical of
amorphous (glassy-like) materials (Ra = 3.3 nm). This behavior has
beendescribed for most sputtered transition metal oxynitride films
{12-151 Note the slightly inclined columnar growth observed for
the film TiNg19O0gg7, which is a consequence of an unintentional
misalignment between the target and the substrate holder.

The crystal structure of the films has been investigated by XRD.
The XRD spectra of the three selected films are shown in Fig. 6. The
diffraction lines of TiN (fcc) are shown for comparison.

The X-ray diffractogramme of the film deposited with low oxy-
gen content in the plasma (Fig. Ga), shows 4 peaks which can be all
attributed to the fcc TiN phase. The full-width-at-half-maximum
of the strongest (11 1) peak indicates that the grain size of the film
is in the range of a few nanometers. The lattice parameter, cal-
culated from (111) and (200) peak position 26, is a=0.4225nm.
This value is slightly lower (0.4%) than the lattice parameter of a
reference TiN polycrystalline material, calculated using the same
peaks (a=0.42417 nm, JCPDS card number 38-1420). This can
be explained by the presence of a small amount of oxygen ions
incorporated in the film during the deposition. Oxygen ions being
smaller than nitrogen ions can substitute nitrogen ions in the
TiN lattice, resulting in the decrease of lattice parameter. Another
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Fig. 3. 1.Ti-2p XPS spectra obtained on virgin film surfaces (a=c) and after Ar* cleaning (d-f): TiNggaOq s (a and-d); TiNo 3900 s7 (b and e)and TiNggs Oy g2 (€ and f). 2. 0-15 XPS
spectra obtained on virgin film surfaces (a-c) and after Ar* cleaning (d-f): TiNg g1 Qoss (a and d): TiNg330gs7 (b and e) and TiNo s O o2 (c and ). 3. N-1s XPS spectra obtained
on virgin film surface (a—c) and after Ar' cleaning (d-f): TiNos4Ou35 (a and d): TiNo 300057 (band e) and TiNg gsOy02 (c.and f).

reason may be a lattice compression due to the internal stresses
present in the film.

For the film deposited at intermediate oxygen flow (¢, Gb) the
TiN-type fcc structure remains, however the peaks’ position shifts
to the higher angles due to afurther decrease of the lattice param-
eter. The lattice parameter calculated using (1 1 1)and (2 00) peaks
isa=0.4177nm, which is 1.5% lower than a lattice parameter value
of areference TiN. Again, this can be explained by the replacement
of nitrogen ions by the smaller oxygen ions. Also, the peak becomes
smaller and broader indicating the decrease of the grain size for this

Si substrate |

HV: 30 &V [ST) WD 8 mm - A=8-1a 1

Si substrate

H 20RV (SET WD S e S ReS2-12 1

film. Finally, the XRD spectrum of the film deposited at the highest
oxvgen flow (Vig 6c) shows no peaks, which correlates with the
SEM results exhibiting the amorphous, glassy-like morphology of
this film,

To understand the biological activity of the film, it is of impor-
tance to evaluate the films' structure, morphology and surface
topography, as these are key factors which may influence cell
adhesion. Therefore, it is interesting to see whether there is a rela-
tionship between [ilm morphelogy and biological response. This
issue will be discussed in Section 3.6,

-

Sisunstrate

T 2S000 1

Fig. 4. Cross-section SEM micrographs of three films: (a) TiNocaQo3s: (b) TiNg390g g7, and (¢) TiNg g0 s2.
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Fig. 10. Typical SEM micrographs of the human osteoblasts on TiNp2604 .29 coated
plates at day 3 (a and b) and day 14 (c).

3.5. Water drop contact angle measurement

The water drop contact angle test was performed on steril-
ized TiN,Oy films deposited on Si substrates. Results are shown
in iv. & This test provides a good estimate of surface tension. All
coatings exhibit poor hydrophilicity, which, however, is sufficient
to promote cell adhesion on the coating surface. The contact angle
decreases from 30 to 72 with the increase of the oxygen ratio
in the film. Without attempting a deep analysis of these results, it
is worth noting that micro-roughened titanium reference samples
(generally showing good bioactivity) exhibit lower contact angles
(typically 657).

3.6. Bioactivity

All deposited films were tested as to their cellular response.
Human osteoblasts were seeded on plates coated by oxynitride
films of various compositions. Cell viability was assessed 3 days
later using resazurin assays. The Ti-SLA surface was set as refer-
ence standard. None of the specimens tested presented signs of
cytotoxicity as the values from the viability tests were equal to
those on Ti-SLA and polystyrene (PS). Cells that grew on the bot-
tom of the polystyrene wells (i.e. in areas that were not covered
by the metal plates) established contact with the metallic sam-
ples without any inhibition or morphological signs of apoptosis or
necrasis. One TiNg2601.20 film was tested for 21 days with weekly
assessments of cell viability and proliferation. HOB proliferation
on TiNg 2601 29 Was equal to that on Ti-SLA at day 3. At day 7 and
14, a 1.3- and 1.2-fold increase was measured as compared to Ti-
SLA (¥ic. 9). This difference was statistically significant but was no
longer observable at day 21. Control cultures on polystyrene wells
showed a similar profile for cell growth that confirmed the lack of
toxicity of the surfaces tested as well as the success of the experi-
ment, thus confirming a smooth experiment ({'ig. 9). SEM analyses
atday 3 onTiNg 2601 29 showed individual cells that adhered tightly
to the surface and grew extensions (g, 10a and b). At day 14, cells
grew to-a confluent layer that covered the entire surface. No mor-
phological differences were noted as compared to cells seeded on
Ti-SLA.

Only one film composition was tested for 21 days. Still, in line
with data previously generated {7-9], it is reasonable to presume
that all deposited TiN,O, coatings induce an augmentation of cell
proliferation. Further tests are needed, though, to better differenti-
ate the bioactivity of the coatings depending on their chemical and
physical makeup. These tests are currently in progress. At this time,
it can be concluded that TiN,Oy coatings are highly biocompatible
over a broad range of compositions.

4. Conclusions

Titanium exynitride coatings with chemical compositions ran-
ging from TiN to Ti0; were deposited by magnetron sputtering
using ametallic Ti target and a mixture of Oy + N as reactive gases.
By varying the composition of the reactive gas mixture in plasma,
the coatings with a controllable oxygen content (O/(O+N))and spe-
cific physical, chemical, mechanical and structural properties can
be produced.

AllTiNgO, coatings show a significantly higher level of bioactiv-
ity as compared to bare Ti substrates (1.2-1.4 fold increase in cell
proliferation). However, despite variations in surface chemistry,
topography and surface tension observed on films as a function
of chemical composition, no significant differences in the films'
biological activity were observed after 3 days of testing. Another
approach is needed to establish the relationship between the films’
composition and the observed augmentation in bioactivity. By
understanding the mechanisms by which titanium oxynitrides alter
the cells' metabolism, an optimal balance between mechanical
resistance and biological properties may be determined. Both are
required in coated dental implants.
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