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Abstract

Within the frame of this work, r.f. reactive magnetron sputtered, TIN O films were deposited on steel, silicon and glass
substrates at a constant temperature of 3D0The depositions were carried out from a pure Ti target, under the variation of
process parameters such as, the substrate bias voltage and flow rate of reacti@ gaixésre of N/O,). Film colours varied
from the glossy golden type for low oxygen contefitharacteristic of TiN film$ to dark blue for higher oxygen contents. X-
ray diffraction (XRD) results revealed the development of a face-centred cubic phase ity orientation(TiN type; lattice
parameter of approx. 0.429 nmand traces of some oxide phases. Scanning electron micro$&&y) revealed a mixture of
very dense and columnar type structures. All these results have been analysed, and are presented as a function of both
deposition parameters and the particular composition, and crystalline phases present in the films.
© 2003 Published by Elsevier Science B.V.

Keywords: X-ray diffraction; Scanning electron microscopy; Glass substrates
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1. Introduction yellow; HfN, pale greenish yellow{3]) or titanium
carbonitrideq3,4]. 59
In the last ten years, an emergent field of research, The colour tones attainable are, however, largely so
within the thin film technology, is gaining more and restricted to these golden yellows, various shades ofs1
more importance—the so-called decorative coatings. grey and blacK4,5], although some attempts have been &2
Coloured films on high-quality consumer products, such made in order to obtain other colours, based on borides,s3
as eyeglass frames, wristwatch casings and wristbandsZrB12 (rosy-red, LaB6 (reddish purple¢ and YB6 64
are supposed to provide both scratch-resistance andblue-grey [5]. The increasing demands for low cost s
protection against corrosion, while enhancing their products and reduced material resources, implies thatss
appearances, and at the same time lending their surfacethe continuous change in target material, to obtain 67
attractive colorations. Regarding the apparent colorationsdifferent coloured films is clearly non-suitable. Taking es
of thin films, one must distinguish between the inherent into consideration that the colours of certain materials 6o
colorations (e.g. in nitrides, carbonitrides or borides  (inherent colouy, is due to their free electrons from 7o
and apparent colorations, due to the interference effectsonger wavelengths down to visible region, where they 71
(e.g. transparent oxide or ultra-thin absorbing filnid]. are determined by the selective absorption, commencingzz
Since the apparent colorations of interference films are 5t these short wavelengtiis], a new class of materials 73
primarily influenced by thicknesf], their use appears s gaining importance for these decorative applications, 74
to be less suitab[e choices as dgcorqtive coatings, thaihe so-called metal oxynitrides, MeN, dMe=early 75
the formers. Until now, decorative films are mostly {ransition metal. This importance results from the fact 7
based on elemental material3i, Mo, etc) and also  {hat the presence of oxygen allows the tailoring of film 77
binary nitrides (TiN, golden yellow; ZrN, greenish  n nerties between those of ‘pure’ covalent metal nitride, 7s
" +Corresponding author. Tel.:+351-253510471: fax: +351- and_ those of _the _Iqrgely porresponding ionic oxides. 79
253510461, Tuning the oxidénitride ratio allows one to tune the so
E-mail address: fvaz@fisica.uminho.ptF. Va2). band-gap, bandwidth, and crystallographic order s1

0257-8972/03/$ - see front matt@ 2003 Published by Elsevier Science B.V.
doi:10.1016/S0257-8972(03)00416-X
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13t
between oxide and nitride, and hence the electronic samples were prepared with a constant argon flux of
properties of materials and thus the optical ones, includ- 100 sccm. 13
ing here the colour. The atomic composition of the as deposited samplesis
Nevertheless, the subject is fairly important in terms was measured by Rutherford backscattering spectrome-s
of industrial application, and thus the public knowledge try (RBS). Experimental spectra were fitted with the 13
is very short. Recent publications suggested that theRUMP code [10]. An average number of five ‘ball 14
performance of these oxynitrides depends not only on cratering’ (BC) experiments were carried out in each 14
the deposition method, but also on both the concentra-sample in order to determine its thickness. X-ray dif- 14
tion and distribution of the nitrogen atoms incorporated fraction (XRD) experiments were used for texture char- 14
into the matrix[6—9]. As far as it is concerned, to our acterisation, using a Philips PW 1710 apparatGs 14
knowledge, these explanations are clearly insufficient, K, radiation. 14
and it is clear from the published works that the  Colour of the samples was computed from the spectral 14
knowledge of the fundamental mechanism, which data, acquired using a hyperspectral imaging system.is
explains the observed behaviour, both structurally and Samples were illuminated at®&y radiation, from a 14
mechanically, is yet insufficient. In fact, a basic under- Xenon lamp coupled with a tuneable birefringent filter 14
standing of the gas-phase, thin-film oxygen and nitrogen (VariSpec, model VS-VIS2-10HC-35-SQ, Cambridge 15
incorporation chemistries, facilitates the processing of Research and Instrumentation, Inc, USAineable over 15
oxy- and carbonitrides nanostructures with desirable the wavelength range 400—-720 nm with a half-height 1s;
properties. Taking this into consideration, the main full-width of 10 nm at 500 nm. Specular reflected light 1s
purpose of this work consists of the preparation of was acquired with a high-resolution monochrome digital 1s
coloured films, based on single layered metal oxynitri- camera(ORCA-ER, Hamamatsu, Japarwith a spatial 15
des, MeN Q (Me=Ti). The relationships between col- resolution of 13441024 pixels and 12-bit intensity 1s
our and the physical, structural and mechanical resolution. Measurements were made against the whiteis
properties will be an important goal in this work. standard BaS© at 10 nm intervals. An area of3377 15
mm was analysed with a spatial resolution of 1&1/ 15
pixel. Colour specification under the standard CIE illu- 1e
minant D65 was computed, and represented in theis
CIELAB 1976 colour spac¢11,19 for each individual 16

2. Experimental details

TiN,O, samples were deposited by reactive r.f. mag- pixel in the area. 16
netron sputtering from a high purity Ti targed9.731%
onto polished high-speed ste€AISI M2), stainless 3. Results and discussion 16
steel, single crystalline silicor{f100) and glass sub-
strates, which were sputter etch€db min in a pure Ar 3.7 Chemical analysis 16
atmosphere; 200 W r.f. power souyc®epositions were
carried out in an AfN,+O, atmosphere in an Alcatel The simulations revealed a homogenous composition 1

SCM650 apparatus. The depositions were conducted inprofile in depth for all layers, which is one of the 16
rotation mode(substrates were rotating at 60 mm over (difficulties in this system due to the high reactivity of 16
the target at a constant speed of 4 jprithe base  oxygen when compared to that of nitrogé#. Fig. 1 16
pressure in the deposition chamber was approximatelyshowed the results obtained for two samples, which are17
10~* Pa and rose to values approximately ' Pa  analysed in this work. Tables 1 and 2 presented the17
during depositions. A pure titanium adhesion lay@®0 composition and thickness of the two groups of samples. 17:
W r.f. power in Ti target,7,=300 °C and —50 V bias

voltage), with a thickness of approximately 0.30m, 3.2. Structure 17
was deposited in each sample, in order to improve the

adhesion of the films to the substrates. Substrates were Fig. 2a shows the XRD /20 diffraction patterns for 17
heated to 300°C and dc biased from-50 V up to samples prepared with variation of gas mixtuié,+ 17
grounded state. Two sets of samples were prepared: theD,) flow, as well as for reference samples: titanigfor 174
first group was prepared with variation of the gas the adhesion laygr titanium nitride (base matrix and 17
mixture (N,+O,) flux, using constant values of tem- titanium oxide. All these samples were prepared under 17:
perature(300 °C) and bias voltagel —50 V). Fluxes the same conditions of temperatuf800 °C), rotation 17
varied from 3.3 to 16 sccm. Gas mixture partial pressures (4 rpm), polarisation of the substrate-50 V), power 18
ranged from 0.02 to 0.05 Pa. Second group was prepared800 W) and working gas flow(100 sccm. Results  1s
with variation of the bias voltage, a fixed temperature revealed a strong dependence of film texture on the is:
of 300°C and a constant gas flow of 14 sccm. Deposi- percentage of oxygen. The sample with lower percentagezs:
tions were carried out with a constant r.f. power of 2.55 of this element{16 at.%9 revealed a crystalline structure, 1s.
W/cn? (800 W) applied to the Ti target. Both sets of which is basically constituted b§111) TiN grains. 18
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Fig. 1. Rutherford backscattering spectra of 1.7 and 2.0 MeV protonsxgratticles, respectively, at normal incidence and scattering angles of
140 and 180 The full lines represents the RUMP simulations.

194

The increase of the oxygen percentage is followed by increases dc supersaturatiti8], reducing the possibil-

a significant loss of crystallinity, the films with the ity of crystallisation(mostly that of TiN. The extended 195
highest oxygen contents beir(@4 and 43 at.% prac- deformation of the titanium nitride structure, resulting 19
tically amorphous. The reason for this increasing amor- from the incorporation of oxygen, increases the number 197
phisation of the films is related with the increase of the of defects, facilitating the amorphisation. In fact, this 198
oxygen content, promoted by the increase in the gasoxygen doping explains the broadening of the diffraction 199
flow (and by the fact that oxygen is much more reactive peaks, as it can be evidenced for intermediate and2oo
than nitrogen. The increase of the available oxygen highest oxygen contents, where the peak broadening iseo1

Table 1

Thickness and composition of the samples prepared with the same bias (ct&@eV) and variation of the gas mixture flow
Sample Ti (at.%) N (at.%) O (at.%9 Grmixturecnp+0,) (SCCM) Thickness(um)
Ti (adhesion layer 100 - - - 0.3-0.1
TiN 50+3 50+3 - ¢N2=3.5’* 1.7+0.2
Ti(N 70 39 45+3 39+3 16+3 10.0 1.%0.1
Ti(N g0 59 42+3 34+3 24+3 11.5 1.0:0.1
Ti(N gdO 69 41+3 3313 26+3 12,5 1.%0.1
Ti(N ggO1.17 35+3 24+3 41+3 135 0.A40.1
Ti(N 680129 35+3 22+3 43+3 14.5 0.9+0.1
Ti(N 6O g7 39+3 27+3 34+3 16.0 0.9+0.1
TiO, 33+3 - 67+3 do, =12 0.8+0.1

“ Samples TiN and Ti@ were prepared with a gas flux of only N and O, respectively.

Table 2

Thickness and composition of the samples prepared with the same gas mixtur@flQw n,+ o, =14 sccm and variation of the bias voltage
Sample Ti (at.%) N (at.%0) O (at.%) Viias (V) Thickness(wm)
Ti(N g¢O1.17 35+3 2443 4143 0 2.6+0.2

Ti(N 0117 35+3 2443 41+3 -10 1.24+0.1

Ti(N 760109 36+3 28+3 36+3 -30 1.240.1

Ti(N 720 79 40+3 30+3 30+3 -50 0.9+0.1
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Fig. 2. XRD diffraction patterns of TiN O films prepared &&) constant bias voltagé—50 V), r.f. power(800 W) and different gas mixture
flows; and(b) constant r.f. powef800 W), gas flow(14 sccm and variation in bias voltagé0, —25, —50, —75 and—100 V).
21!

a clear indication of a mixture of lattice parameters. different studies, such as those of Ti-Al-Si{,14,
This mixture of a pure TiN crystalline lattice and also the exact nature of phase 2 is very difficult to be 21
others with oxygen incorporation, which one might call evaluated, but it cannot be matched by any known 21
as phase 2, is even clearer in the diffractograms of thecompound formed with Ti and N, or from various phases 2
samples prepared with different bias voltagégy. 2b). of titanium oxide[16]. 21

For these samples, and for both the abségeeunded This fact provides evidence for the possible formation 22
sample and low ion bombardment cases, the diffraction of a titanium, oxygen, nitrogen phase, Ti-O-N, where 22
peak appears at an angular position of approximatelysome of the oxygen atoms are most likely occupying 22:
37°, which shifts towards that of TiN with increasing nitrogen positions in thefcc TiN lattice. This last 22
ion bombardment. In fact, at 50 V it is already clear  assumption has been mentioned in the upper mentionec2.
that a mixture of two phases, which would correspond works [17], but also for recent works concerning 22
to that of the phase mixture. Although, the doping of (Ta,SIN coatings[18] in order to explain the XRD 22
TiN matrix with other elements has been claimed in results, but no clear experimental evidence was given.22
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Fig. 3. Average specular colour in the CIELAB 1976 colour space for
the samples under the standard CIE illuminagf D and prepared with:
(a) different gas flows, andb) different bias voltages. Open symbols
correspond to projections id a” b plane.

Without ion bombardmentsee lower diffraction pattern
in Fig. 2b), only phase 2 is visible, leading to the
conclusion that phase mixing is most likely a conse-
guence of the ion bombardment.

The absence of the ion bombardment and the low
deposition temperaturé<300 °C) do not provide the
necessary mobility for the species that will ensure the

65
Table 3
CIE 1976 L a b space colour coordinates for samples prepared with 66
the same bias voltage-50 V) and variation of the gas mixture flow. 67

The colour variation for each sample is representedttly2 S.E.M. 68
(standard error of the meaacross an area of 3:73.7 mm analysed 69
with a spatial resolution of 12 m/pixel 70

71
Sample Gas flow L~ a b -
TiN én,=3.3  69.243.5 6.0+1.6 30.9£1.2 77
Ti(N 70 3¢ 10.0 59.5:3.1 10.2t4.5 19.6+3.4 78
TiNgOs) 115 54.6+1.9 9.9+1.9 18.0+1.9 79
TiNgOed) 125 51.8:1.7 11.4:1.2 10.1+1.1 80
Ti(NedO119 135 40.3t2.7 0.5+24 —-17.1+1.2 81
TiNgO,,9) 145 43.9r23  0.9+2.9 -9.8425 82
TiNeOg)  16.0 45111 10.4:0.9 2.8+0.8 83

84
242
line grains, although traces of that Ti-O-N phase are

still visible at —50 V. Beyond this main finding of 243
phase mixtures, several reflections corresponding to2s4
Ti—O structures were also indexed. These structures als@as
tend to disappear with the increase in the oxygen 246
content, which is again a consequence of the difficulty 247
in growing ‘pure’ structures with the gas mixture. 248

3.3. Colour characterisation 249

Fig. 3a and Table 3 show the average specular colour,2s0
represented in the CIELAB 1976 colour spddd, 17, 251
for each of the samples prepared with variation in the 252
reactive gas mixture flow. In Table 3 the colour variation 253
for each sample is represented #yl/2 S.E.M. (stan- 254
dard error of the meanacross an area of 333.7 mm 255
analysed with a spatial resolution of 32m/pixel. It 256
can be seen that low oxygen contents produces a brights?
yellow-pink colour, which gradually shifts to dark gold- 258
en yellow as its contents increases. For larger contentszsg
of oxygen, the colour produced was dark blue. 260

Fig. 3b and Table 4 show the average specular colour2s1
for each of the samples prepared with the same gasze
mixture flow (dbmixwren+ 0, =14 sccm, and variation 263
of the bias. In the table, the colour variation for each 264
sample is represented by1/2 S.E.M. (standard error 265
of the mean across an area of 373.7 mm analysed 266
with a spatial resolution of 1am/pixel. 267

Low negative voltages produced bluish colours, which 2es
was shifted towards a whiter metallic as the absolute 269

89
Table 4
CIE 1976 L' 4 b space colour coordinates for samples prepared with 90
the same gas mixture floWd mixwren, +0, =14 Sccm and variation 91
of the bias voltage. The colour variation for each sample is represented92
by +1/2 S.E.M. (standard error of the mearacross an area of 93

complete phase segregation, this being the main reasors.7x3.7 mm analysed with a spatial resolution of lL&n/pixel 94

that explains the formation of this new Ti—-O-N struc-

95

ture—phase 2. This phase could be called as a solidSample Bias(V,) L° a b 9

solution. Consequently, with increase in the surface

Ti(N 60117 0 37.3r2.6 0.7+2.4 4.9+1.3 101

mobility, provided by the increase in temperature And T?EN.GQOHS) -10 44.6:24 12t26 -83+17 102
r ion bombardment, ph r tion is enhan ’ n@ N 76010 —-30 43.8+2.2 2.8+25 —8.1+0.6 103
or ion bombardment, phase segregation is enhanced, al iNoS “ro 430020 5918 _53516 o4

thus one can observe the formation of TiN polycrystal-

105
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value of the voltage increased. These results indicated4. Conclusions
that not only composition, but also the bias voltage
significantly influenced the colour of the coating. In Thin films within the Ti-N—O ternary system were 32
fact, these results also indicated that it is possible to prepared by r.f. reactive magnetron sputtering. All the 32
produce very different decorative coatings, only by samples were prepared with a constant r.f. po(&£0 32
varying the gas flow mixture and keeping the experi- W-2.55 W/cn?) at the Ti elemental target. Colour 32
mental conditions of the bias voltage constant, at the variation was obtained by varying the,MNO, gas 32!
sputtering target. Furthermore, a careful observation of mixture and bias voltage. Structural characterisation 33
the results in both the graphs shows that even equalresults revealed a strong dependence of the film texturess:
compositions can develop significantly different colours, on the percentage of oxygen. The sample with lower ss;
as in the case of the N 0,,,) sample. The two  percentage of this eleme(it6 at.99 reveals a crystalline  33:
samples with this same compositi¢that of graph in  structure, which is basically constituted i6911) TiN 33
Fig. 3a prepared with 13.5 sccm gas flux ard0 V grains. A significant loss in cryst_alllmty, the films with  3a:
bias, and that of graph in Fig. 3b prepared with 14 sccm the _hlghest oxygen contents, being amorphous, follows ss
and 0 V bias voltagerevealed very different colours, _the increase of the_oxygen percentage. Howevgr, for_theaa-
the negatively biased sample being dark blue, while the intermediate anq h.|gher oxygen contents, the diffraction 33
unbiased developed a white metallic colour. Moreover, P€2KS seem to indicate a mixture of lattice parameters. 33
—10 V bias samplesFig. 3b) also have the same This mixture of a pure Tll_\l crystglllne Iatthe and 34
composition, but the colour is also tending for blue. others with Oxygen Incorporation, whlch_one might call 34

These results indicate that composition, although as phase 2, is even clearer in the diffractograms _of34;
important, is not certainly the main parameter in coating 212séd samples. For the grounded sample and low ionas
colour variation. On the other hand, ion bombardment borr_ﬂ_)ardment, the.d|ﬁract|on pegk appears at an angularss
seems to be much more important for this colour position of approximately 37 which shifts towards the  3a:

. o . . TiN, with the increase in ion bombardment. In fact, at 34
variation, which induces the conclusion that the different o L ; _
. I .y —50 V it is already clear that it is a mixture of two 34

structures and film growth conditions are significantly

il ing th | its. Thi b " phases. 34
influencing the colour results. This can be easlly seen Regarding colour variations, it was observed that for 3
in Fig. 2b, where the samples preparedhw@ V and

, " low oxygen contents a bright yellow-pink colour was 35
__10 V, although with the same compos!non as Men- qntained, which gradually shifted to dark golden yellow 3s:
tioned before, developed very different microstructures. 5« its contents increased. For larger contents of oxygen s
The difference is correlated with the presence of that {he colour produced was dark blue. Variations in the s
referred phase 2, which is particularly evident in the pias voltage revealed bluish colours that shifted towards zs.
biased sampléV,=—10 V). In fact, the presence of 5 whiter metallic, as the absolute value of the voltage ss
this phase revealed by the diffraction peak-~a87° is increased. These results indicated that beyond compo=ss
influencing significantly the coating colour. A closer sition, microstructure was influenced primarily by the 3s
look at both the plots of Fig. 2a and b, shows that preparation conditions, namely ion bombardment, is the ss:
samples prepared at10 and— 30 V (Fig. 2b), together main parameter that rules the coating colour, which ss
with that prepared at-50 V, with a gas flow of 13.5 induces the conclusion that one can tailor this easily 3s
sccm have clearly developed this phase, and all theprepared Ti—-N—O coating system with the desirable ze

results were revealed in dark blue colour. colour. 36:
Furthermore, the-50 V sample of Fig. 2b also has

some traces of this phase, although the phase segregatioReferences 361
promoted by the ion bombardment is already present.

Again, the colour of this sample is slightly blue. The [1] R. Fraunchy, Surf. Sci. Rep. 32000 195. 36:
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system with the desirable colour. (1995 3495. 37



378

379
380
381
382
383
384
385
386
387
388

ARTICLE IN PRESS

F Vaz et al. / Surface and Coatings Technology xx (2003) xxx—xxx 7

(9]

[10]
(11]

[12]

[13]

W.L. Hill, E.M. Vogel, V. Misra, P.K. McLarty, J.J. Wortman,
IEEE Trans. Electron Devices 43996) 15.

L.R. Doolittle, Nucl. Inst. Meth. B9(1985) 344.
Colorimetry, CIE Publication, 15, 197{Comission Interna-
tionale de L'Eclairagg

Recommendations on Uniform Color Spaces, Difference—dif-
ference equations, psychometric color terms, CIE Publication,
15 (1978 Suppl. No. 2—-70(Comission Internationale de
L’Eclairage).

Y. Imai, M. Mukaida, A. Watanabe, T. Tsunoda, Thin Solid
Films 300(1997) 305.

389
[14] F. Vaz, Ph.D. Thesis, Minho University, Portugal, 2000.

[15] S. Carvalho, L. Rebouta, A. Cavaleiro, L.A. Rocha, J. Gomes, 390

E. Alves, Thin Solid Films 398—3962001) 391. 391
[16] Powder Diffraction File of the International Center for Diffrac- 392
tion Data, PDF-ICDD cards. 393

[17] F Vaz, L. Rebouta, P. Goudeau, T. Girardeau, J. Pacaud, J.P.394
Riviére, et al., Surf. Coat. Technol. 146—142001) 274, and 395
references therein. 396

[18] J.W. Nah, S.K. Hwang, C.M. Lee, Mater. Chem. Phys. 62 397
(2000 115. 398



	Preparation of magnetron sputtered TiNxOy thin films
	Introduction
	Experimental details
	Results and discussion
	Chemical analysis
	Structure
	Colour characterisation

	Conclusions
	References


