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Abstract

Within the frame of this work, coloured films based on single layered titanium oxynifié¢,O,) compounds were prepared.
The films were deposited by r.f. magnetron sputtering under variation of process parameters such as bias voltage and flow rate
of reactive gases. Colour varied from shiny golden type for low oxygen contehtsacteristic of TiN film3 to dark blue for
higher oxygen contents. The information on the composition was obtained by Rutherford backscattering spectrometry. X-ray
diffraction results revealed the development of a face-centred cubic phasélwiith) orientation(TiN type; lattice parameter of
~0.429 nm and traces of dispersed oxide phases. Nanoindentation experiments showed values of hardness between 20 and 40
GPa, strongly dependent on the composition and microstructure. Compressive stresses béwesml— 6 GPa were determined
by the deflection method.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction as high hardness, good wear- and corrosion resistance
and adhesion, which make them attractive for tribolog-
Modern science is fundamental to satisfy the steadily ical applications. At the same time, these mater(alg.
increasing demands of the society for new and high- TiN) reveal an intrinsic golden colour, which make them
quality products. In this respect, coloured films are good candidates for decorative application. On the other
needed for consumer products, such as eyeglass framedand, the apparent coloration of interference films
wristwatch casings and wristbands and several jewellery (TiO,, ZrO,, among othepsis primarily influenced by
parts. While enhancing the appearance and lending thethickness [2], and thus its use is less suitable as
surfaces attractive colorations the films are supposed todecorative coatings.
provide scratch-resistance and protection against Furthermore, the increasing demands for low-cost

corrosion.. _ o products and reduced material resources imply that the
Regarding the apparent coloration of thin films, one continuous change in target materials to obtain different
must distinguish between the inherent colorati@g.  coloured films is clearly non-suitable. Taking into con-

in nitrides, carbonitrides or boridesnd apparent col-  gigeration that the colour of a certain matefi@herent
oration due to interference effedts.g. transparent oxide coloun is due to their free electrons from higher wave-

or ultra-thin absorbing films [1]. Transition metal onqihs down to visible region, where they are deter-
T s and Sle=ae  Tined by e selecive absorpion begining at ese
brop ’ short wavelength§3], a new class of materials is gaining
" +Corresponding author. Tel.:+351-253510471: fax: +351- importance for th_efse decorative applications, _the So-
253510461, called metal oxynitrides, MeN ((Me= early transition
E-mail address: fvaz@fisica.uminho.ptF. Va2). meta).
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Despite the huge amount of published scientific work Table 1
on thin films of metallic nitrides and oxides over the Thickness and composition of the samples prepared with the same
L . bias voltage(—50 V) and variation of the gas mixture flow
last 20 yeard1], the area of metal oxynitrides is poorly

explored so far. To our knowledge and as it 'is clear sample Ti N o dpare  Thickness
from the published workg1-3], the understanding of (at% (at% (at% (sccm  (wm)

the fundame_ntal mechgnlsm that t_axplal_n_both structural 3; (adhesion laydr 100 _ — 0301
and mechanical behaviour is yet insufficient. In fact, a Tjy 5043 5043 -  p,=3.3 17402
basic understanding of the gas-phase and thin-film oxy- TiN g0 .36 4543 39+3 1643 10.0 1.140.1
gen and nitrogen incorporation chemistries facilitates TiNosOos7 4243 34+3 2443 115 1.0:0.1
the processing of oxynitride and carbonitrides nanostruc- TiNos® oss 413 33£3 26+3 125 1.%0.1
¢ h desirabl ties. Taking this int i TiNood 117 35+3 24+3 41+3 135 0.70.1
ures with desirable properties. Taking this into consid- ;\°>5""% 3543 2413 4113 140 2.6:0.2
eration, the main purpose of this work consists on the TiNg 6O 1 25 35+3 2243 43+3 145 0.9:0.1
study of the structural, optical and mechanical properties TiNg ¢ &, 39+3 27+3 34+3 16.0 0.9+0.1
of coloured TiN Q films as a function of gas mixture. TiOz 333 - 67£3 $o,=12" 0.8+0.1

aSamples TiN and Ti@Q were prepared with a gas flux of only
2. Experimental details N, and O, , respectively.
P Unbiased sample.

The TiN,O, samples were deposited by reactive r.f.
magnetron sputtering from a high purity Ti target ment, both before and after coating depositif8].
(99.731% onto polished high-speed ste@AISI M2), Coating hardness was determined from the loading and
stainless steel, single crystalline silicéh0 0) and glass ~ unloading curves carried out with an ultra low load
substrates. Prior to all depositions, the substrates weredepth sensing nanoindenter—Nano instruments nanoin-
ultrasonically cleaned and sputter etched for 15 min in denter 1l [9], equipped with a Berkovich diamond
a 0.4 Pa Ar atmosphef@00 W r.f. powe). Depositions  indenter, operating at a constant displacement rate of 5
were carried out under an AN,+O, atmosphere inan nm/s up to a constant indentation depth of 100 nm.
Alcatel SCM650 apparatus, and the substrates wereThis indentation depth was kept within the recommend-
rotating at 60 mm over the target at a constant speed ofed value of roughly 10-20% of the film thicknegk0].
4 rpm. The base pressure in the deposition chamber wad-ilm elastic modulus was estimated by the slope of the
approximately 104 Pa and rose to values of approxi- initial portion of the unloading curvgl1,13. Hardness
mately 4x10~* Pa during depositions. A pure titanium Vvalues were obtained from the average of 20 measure-
adhesion layef600 W r.f. power in Ti target, substrate ments at different positions. Ten more measurements
temperatureT,, of 300 °C and —50 V bias voltag®, were performed for samples showing greater dispersion.
with a thickness of approximately 0.30m, was depos-
ited in each sample in order to improve the adhesion of 3. Results and discussion
the films to the substrates. Substrates were heated up to
T,=300°C and d.c. biased from-50 V up to grounded  3.1. Chemical analysis
state. Films were prepared with variation of the gas
mixture (N,+0O,) flux, using constant values of tem- RBS composition determination using the RUMP
perature(300 °C) and bias voltage —50 V). Fluxes code simulationd13] revealed a homogenous in-depth
varied from 3.3 to 16 sccm, with a partial pressure composition for all layers[14], which is difficult to
ranging from 0.02 to 0.05 Pa. The working gas flow obtain in this system when comparing the high reactivity
(argon was kept constant at 100 sccm. of oxygen with that of nitrogeii2]. Table 1 presents the

The atomic composition of the samples was measuredcomposition and thickness of the samples.
by Rutherford backscattering spectromet®BS). An
average number of five ‘ball cratering’ experiments 3.2. Structure
were carried out in each sample in order to determine
its thickness. X-ray diffractiofXRD) experiments were Fig. 1 shows the XRD patterns for the TiN O
used for texture characterization, using a Philips PW samples, as well as for reference samples: titanium
1710 apparatu$Cu Ko radiation. Film colour was (adhesion layer titanium nitride (base material and
computed from spectral data acquired using a hyper-titanium oxide. All these reference samples were pre-
spectral imaging system. Colour specification under the pared under the same conditions of tempera(id@0
standard CIE illuminant D65 was computed and repre- °C), rotation (4 rpm), polarization of the substrate
sented in the CIELAB 1976 colour spaf&5]. Further (—50 V), power (800 W) and working gas(argon
detailed information can be found elsewhééé. flow (100 sccn). The results reveal a strong dependence

Residual stressesy,, were calculated from Stoney of the TiN,Q, film texture on the oxygen content. The
equation [7], using substrate curvature radii measure- sample with lower percentage of this eleméhé at.%9
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phase is visible, leading to the conclusion that phase
mixing is most likely a consequence of adatom mobility
variations. The absence of the ion bombardment and the
low deposition temperaturé< 300 °C) do not provide

Ti-N-O phase]

TiO,(112)

(Anatase) <]

& - TiN (200)
1

Ti the necessary mobility for the species that will ensure
E JTiN the complete phase segregation, being this segregation
& 16at. % O the main reason that explains the formation of this Ti—
£ J26at. %0 O-N structure. Consequently, with increase in surface
= bility provided by the increase in temperature And
S 34at.% O mobiity p y P

E o or ion bombardment, phase segregation is enhanced and
41 at. % O - .
thus one can observe the formation of TiN polycrystal-

41 at. % O (unbiased) line grains, although traces of that-TO—N phase are
43 at. % O still visible.
TiO,

34 35 36 37 38 39 40 41 42 43 44 3.3 Colour

Angle 20 (°)

i _ _ o Fig. 2 shows the average specular colour, represented
Fig. 1. ®-20 XRD patterns of TiN Q films with different oxygen in the CIELAB 1976 colour spack.4,5]. From this graph
contents. it can be seen that low oxygen contents produces a

) L ) . bright yellow-pink colour, which gradually shifts to dark
reveals a crystalline structure, which is basically consti- golden yellow as the oxygen content increases. For
tuted by(11 1) oriented TiN grains. _ larger contents of oxygen the colour produced is a dark

The increase of the oxygen percentage is followed by e It is worth notice that the colour of the unbiased
a S|g_n|f|cant loss of crystallinity, being the f|Irr_15 with sample (although thicker, the colour does not change
the highest oxygen contenf84 and 43 at.%practically  ¢or |ower thicknesse$20]) is shifted towards a white
amorphous. This amorphization of the films is related melic ton. These results indicate that not only com-
with the increase of the oxygen content promoted by nqsition but also the phase is influencing the colour of
the increase in the gas flow keeping in mind that oxygen tne films. In fact these result@oped phasésrevealed
is more reactive than nitrogen. The increase of the the possibility to produce different decorative coatings

the possibility of crystallization(mostly that of TiN.  yoltage, keeping constant the experimental conditions at
The extended deformation of the titanium nitride struc- the sputtering target.
ture, resulting from the incorporation of oxygémferred A careful observation of the results in both graphs

here as Ti—-N-Qhase, increases the number of defects, shows that even equal compositions can develop signif-
and then facilitates the amorphization. This oxygen
doping explains the broadening of the diffraction peaks,

as it can be evidenced for intermediate and highest I “""{Eh\
oxygen contents, where the peak broadening indicates 70 [ — N N
the existence of microstrains and nanometer grain size. 65 | - \\N
The asymmetric profile may be related to peak overlap 60 — T | 6af % 9._\\ N
corresponding to phase structures with different lattice —1T | 4at—‘;/:-() \\\\
parameters. In-depth structural inhomogeneities assump- 55 | — N N
tion may be rejected since RBS results indicate homo- * 50 | 6 '%9.,___\\\\
geneous in-depth concentrations. L 45 1 | . NN
Although the doping of TiN matrix with other ele- % = \\\
ments has been claimed in different studies, such as 40 0 — N \\
those of Ti—Si—N[16] and Ti—Al-Si—N[17], the exact 35 41 ht. © ﬁ.\\
nature of this other phas€Ti—-N-O) is somewhat 30 1 N
difficult to evaluate, but it cannot be matched by any 0
known compound formed with Ti and N elements, or *4 ~
from various phases of titanium oxidd8]. This fact a 8 0 8 16 24 32
12 24 -16 -8 %

provides evidence for the possible formation of an
already claimed titanium, oxygen, nitrogen phase, Ti—
O-N [19], where some of the oxygen atoms are most Fig. 2. Average specular colour in the CIELAB 1976 colour space for

”k?|y OCC_Upying nitrogen pos_itions in thfec TiN lattice. the samples under the standard CIE illuminagt D . Open symbols
Without ion bombardmentFig. 1) only the TI-N-O correspond to projections in the b* plane.

b
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stress state, although very reduced. The explanation for

TN ' ' ' this result might be in the presence of the oxygen in

this sample. This element is well known for its high

$r ] reactivity and thus, it is easily incorporated in the
existing structures of TiN, occupying, most likely, some

%l \ ] of the positions of nitrogen atoms. These structural

defects are then responsible for the compressive stress
state development, even without ion bombardni&at,

4L ] such as the case of this particular sample. Regarding the
evolution of the stresses with increasing oxygen content,
an accentuated decrease in the value of this parameter

Residual stresses, o, (GPa)

2F ﬁ o - is observed.
Though a complete fundamental understanding of the
g g physical mechanisms involved in stress evolution is still
0F unbiased 1 lacking, a large set of knowledge has been assembled,
L L L ! L some of which are summarized by Windishmdax].
0 10 20 30 40 In the particular case of films prepared by sputtering,
Oxygen content (at. %) Windishmann reported on the effect of parameters such

as substrate temperature, working gas pressure, working
Fig. 3. Residual stresses in TiN,O films as a function of the oxygen gas composition, source-to-substrate distance, substrate
content. The lines are guides for eyes. bias and angular distribution of adatoms. By the analysis
) ) ) of the published results, he suggested that for low
icantly different colours as in the case of the gyrface mobility of adatoms, the microstructure and
TiNo e 117 sample. The two samples with this same ntrinsic stresses in a film prepared by sputtering are
composition(that prepared with 13.5 sccm gas flux and mostly determined by the normalized momentum deliv-
—50 V bias and that unbiasgdevealed very different  gred at the growing filmp* ,=y(ME)*2, where M is

colours, being the negatively biased sample dark blue,the massg is the energy ang is the energetic particle
while the unbiased developed a white metallic colour. adatom flux ratio.P*, is thus a function of several
Other evidences of equal ComDOSitionS and very differ- deposition parameters. At h|gh gas pressures, low tem-
ent colours can be found in other works of this group peratures and without ion bombardment during film
[14]. growth, the value ofP*, is low. The surface mobility
These results indicate that composition, although of adatoms is thus weak and films are characterized by
important, is not the main parameter that accounts for porous columnar microstructurés4] and the developed
coating colour variation. lon bombardment seems to be stresses tend to be small, lying in the region of very
a much more important parameter, inducing the conclu- small compressive stresses or even tensile. At higher
sion that the different structures and film growth con- p* the surface mobility of adatoms increases due to
ditions are influencing significantly the colour poth the collisions with the energetic particles that arrive
variations. The presence of the referree-N—-O phase  at the growing film, and also the larger kinetic energy
is influencing significantly the coating colour. The sam- of the adatoms itself. With this higher adatom mobility,
ples with a clear TiN phaséalthough with traces of  yoids collapse to dimensions comparable to the range
oxygen doped phases, seen by the peak broadeningof interatomic forces and the stresses tend to change
developed a gold-brown colour, which is consistent with from tensile to compressive. This void decrease, both in
that of TiN. These results indicate that minOStrUCture, size and in number, results from the |arge adatom
influenced primarily by the preparation conditions, mobility, and thus the interatomic forces, which would
namely ion bombardment, is ruling the coating colour, otherwise lead to tensile stresses, are significantly
which in turn leads to the conclusion that one can tailor reduced. Compressive stresses preva” as the film

this easily preparedi¥N—-O mating system with a wide  pecomes denser by the so-called atomic peening effect

variety of colours. [22].
In the case of this work, and according to Windish-
3.4. Mechanical characterization mann [21], the residual stress is determined mainly by
the normalized moment of the particles that arrive at
3.4.1. Residual stresses the film in growth. With the reduction of species

Fig. 3 shows the evolution of residual stresses as amobility, resultant from the increase of the material that
function of the deposition parameters. From this graph arrives at the film in growth(increase in the reactive
it is clear that all coatings are in a compressive stressgas mixture flow, the superficial mobility of deposited
state. The unbiased sample developed also a compressivatoms(adatom$ is small, and thus the films developed
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due to film densification and to the presence of lattice

S LT defects in the film’s structure, which acts as an obstacle

ig: TiN 1 for dislocation motion[23,24.

b T 3 It is worth noting thel case _o_f the unbiased sample,
—30b ] whose hardness value is significantly Iowe_r than those
& 36k ] of the biased samples. The absence of the ion bombard-
>t 3 ment promotes an unconstrained grain growth in this
§ 30k 3 sample, which explains, not only the low stresses in this
£ 27k TiO, 3 sample and the correspondent low hardening, but also
T 24 : large structural defects and thus low resistance to exter-

21k nal loads. The use of a negative bias converts the porous

18F TN ke and open columnar structuresuch as that of the
15F unbiased unbiased samplél4]) to more dense and close packed
T FPTS FEPPY PPPVT TYPT PP PRV FRPOTFPPOT W VPV FESY FEOY PP structures, increasing film hardng$20. A closer look

12k
0 10 1520 25303540455

to Table 1 and Fig. 4 shows that, although the oxygen
Oxygen content (at. %)

content of this unbiased sample is the same as another
one prepared with—50 V bias voltage, the hardness
value is relatively lower. This fact reveals that, although
the oxygen content is important, it is not the only factor
to take into consideration if one intends to study hard-
ness in theseiFN-O compounds.

a porous columnar growtfil4] and a strong tendency A third factor that deserves some attention is the

for stress reduction, as in fact is observed. L . . e
Furthermore, as the percentage of oxygen increasesdrain size. In this work, it was extremely difficult to

the distortions of the TiN crystalline lattice increase, 3};faluaFe the grain _T_'ﬁe eyolutlonffrom tn_e obLalned
leading to an increased tendency for film amorphization, ffiraction patterns. The mixture of crystaliine phases
as it can be evidenced by the diffraction patterns of Fig. 2nd the influence of several diffraction peaks did not
2. As a result of this increasing amorphization, the films allow an accurate analysis. TEM analysis in these

increase their capacity to accommodate the stressesS@MPIes is currently in progress in order to clarify the

leading to a reduction of its values. For the highest influence of _this parameter._ThQ evolution of the mod-
oxygen contents, the films are practically amorphous ulus of elasticity, illustrated in Fig. 4, follows the trend

and therefore the residual stresses are very low and dd®f the hardness. This type of behaviour is typical of
not suffer significant changes. hard and fragile materials, with brittle fracture. For such

materials, the theory of Griffith2] foresees that the
hardness is proportional to the modulus of elasticity.

Fig. 4. Hardness and Young's modulus of sputtered, TN O films,
measured by nanoindentation technique, as a function of the oxygen
content. The lines are guides for the eyes.

3.4.2. Hardness

The evolution of hardness as a function of the oxygen
content is illustrated in Fig. 4. The different structural
changes are consistent with the hardness evolution, as it

can be evidenced by the significant reduction of hardness 47/ 6 -5 -4 -3 -2 - 0,
with the increase of the oxygen content, varying from

. . . 3 4360
typical values of TiN films for the lowest oxygen -
contents, to those of TiO films for the highest concen- = 40 § unbiasedT 1320 &
trations of this element. In this sense, it seems evident & 3¢ % {2802
that the increase of oxygen acts as a softening factor in 3/ 240 &
these coatings, and the results of both TiN and,TiO are & \ 200 =
consistent with the results obtained for the different & 28 1160 E
oxygen contents in the TiN O films. = 24 »

If it clearly seen that there is a strong dependence of 1120 &
the hardness on the percentage of oxygen in the films, 80 E
it is also noticeable that the decrease in hardness seems 16 F . % 40

- T unbiased

to be similar to what has been reported for the variation |, : : : . . . 0
in the residual stresses. Fig. 5 shows a plot of hardness -7 6 5 4 3 -2 - 0
variation with the compressive stress fields, showing a Residual stresses, 6, (GPa)

strong correlation between the film compressive stresses
_and ha_rdness. Hardness Increases ?lm_OSt ||'_"ear|y Witheig. 5. Evolution of hardness vs. residual stresses in, TN O films.
increasing compressive stresses, which is believed to beThe lines are guides for the eyes.
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4. Conclusions

Thin films within the T-N—-O ternary system were
prepared by r.f. reactive magnetron sputtering. All sam-
ples were prepared with a constant r.f. pow@d0 W—
2,55 W/cn?) at a Ti elemental target. Structural
characterization results reveal a strong dependence of
the film texture on the percentage of oxygen. The sample
with lower percentage of this eleme(it6 at.%9 reveals
a crystalline structure, which is basically constituted by
(11D TiN grains. The increase of the oxygen percent-
age is followed by a significant loss in crystallinity,
being the films with the highest oxygen contents amor-
phous. However, for intermediate and higher oxygen
contents, the diffraction peaks seem to indicate a mixture
of pure TiN crystalline lattice and other phases with
oxygen incorporation, aiF¥N-0O phase.

Regarding colour variations, it was observed that for
low oxygen contents a bright yellow—pink colour was
obtained, which gradually shifts to dark golden yellow
as its oxygen content increases. For larger contents of
oxygen the colour produced is a dark blue.

All coatings are in a compressive stress state. The
unbiased sample developed also a compressive stress [9]
state, although very reduced. The increasing amorphi- [10]
zation of the films with the increase of the oxygen [11
content is the main parameter that seems to rule this [12
behaviour, increasing the films’ capacity to release the
stresses, leading to a reduction of its values. Hardness
measurements reveal a significant reduction of hardness
values with the increase of the oxygen content, varying
from typical values of TiN films for the lowest oxygen
contents, to those of TiO films for the highest concen-
trations of this element. The oxygen content and stresses [16]
seem to be the main parameters that explain this [17]
behaviour.

The simple method used to prepare the samples wit
different colours together with the relatively high hard- ;g
ness values and moderate compressive stresses, lead to
the conclusion that one can tailor this easily prepared [20]
Ti—N—-O mating system with varied colours to apply in  [21]
a wide variety of decorative applications.
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