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The enhanced interest to synthesis of thin and extra-thin films using for surface materials modification continue
to be quite actual up to now. A special attention is drawn to coatings having important for practical applications
characteristics with costs-effective production. These may be the films of binary compounds of certain metals,
particularly, titanium nitride and titanium oxide. The last compound possesses the utmost significance due to wide
range of its unique physical, chemical and biological properties. Functional coatings of titanium dioxide synthesis
with nanoscale thickness is of considerable interest since it allows essential economy of the material and the
increase of manufacturing productivity with the decrease of production cost. To create a scientific basis of
nanotechnologies researchers explore different coatings methods, including the ion-plasma methods. Among them,
reactive magnetron sputtering seems to be promising: DC magnetron coating allows to deposit titania in amorphous
and crystal phase and control results by variation of deposition conditions. The substrate material influences coating
phase, as well as discharge characteristics. The thermal linear expansion coefficient does not influence line blue shift
in Raman spectra of deposited films in our experiments. The influence of film annealing after deposition up to

800°C on dioxide crystalline phase of the film is shown.
PACS: 81.15.-z, 52.77.Dq; 81.10.Pq, 68.55.-a

INTRODUCTION

To create a scientific basis for modern nanotechnolo-
gies, researchers study various coatings deposition
methods, including the ion-plasma methods. Among
them, reactive magnetron sputtering seems to be promi-
sing: it uses only a metallic target and a reactive gas
(N, O,) as an addition to a plasma forming gas (Ar) to
synthesize coatings. Absence of toxic chemical
solutions and gaseous reagents makes this method
maximally friendly to environment and does not require
creation of deactivating facilities for recycling a waist of
chemical reactions. We present the synthesis deposition
method of TiO, nano- films in different phase by DC
inverted cylindrical magnetron and influence of
deposition process parameters on the result. Earlier we
have shown existence of peculiarities in behavior of
intensities of spectrum lines of the magnetron discharge
plasma emission in presence of substances participating
in the synthesis of TiO, nano-films [1, 2]. Existence of
correlation between emission spectra peculiarities and
electrophysical discharge parameters enables reliable
control of operating point of titanium dioxide deposition
in cylindrical magnetron, and ensures synthesis
stoichiometric titanium dioxide films. It was noted [1]
that at cold substrate one can obtain only amorphous
titanium dioxide film in our range of the deposition
parameters. At the same time, heating the substrate
above 350°C causes reliable anatase synthesis.
Variations of the gas discharge parameters and the
substrate temperature enable obtaining anatase films of
different density, photocatalytic activity and with
different crystal size [2-4].

Necessity of the substrate temperature rise above
400°C does not enable use of borosilicate glasses for the
synthesis of rutile films. Due to that, we used substrates
made of high temperature materials for making possible
their heating up to higher temperature values. Fused
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silica substrate served as a test one for comparison with
earlier obtained results.

1. SETUP AND METHODS

Setup in details is described in [5, 6]. The original
DC inverted cylindrical magnetron is described in [7].
Films deposition was controlled with a Plazma Spec
optical spectrometer, which is based on charge-coupled
devices and has a resolution of 0.6 nm in the
wavelength range A=350...820 nm. The optical
spectrum recording time was 5 ms, and we were able to
record an entire spectrum and its selected lines [8].

The Raman spectra of the films were recorded in
the backscattering geometry at room temperature. To
excite vibrations, we used line 785.0nm of an
RANISHAW In Via Raman Microscope. The
surface morphology and the roughness of the films we
explored with a NanoScope Illa Dimension 3000 atomic
force microscope (AFM). The thickness and the
refractive index of the films were measured by
ellipsometry on an LEF3M1 ellipsometer at A =
632.8 nm [1-4], and by method of [9] using optical
transmission.

2. RESULTS AND DISCUSSIONS

To define the suitable conditions to synthesis of
rutile films the experiments with heated substrates were
carried out. For the results to be considered, the
substrate was heated up to 560°C. At that, different
results were obtained on different substrates. Fig. 1
represents Raman spectrum of the film deposited onto a
fused silica.

The spectrum is separated from the substrate lines.
Frequency positions of the lines in the spectrum
correspond to 158.2cm?, 413.2cm?, 513 cm’,
645.7 cm *. Taking into account blue shift of the lines
for nano-crystal anatase samples, it agrees with the data
of Ohsaka et al. [10] for anatase: Eg(1) 144 cm™,

145



Eg(2)197 cm®, B,g 399 cm™, (A;g +B.g) 514 cm?,
Eg(3) 639 cm™. The last enables identification of the
film on fused silica substrate as one composed of
anatase phase with the lines having blue shift. All the
lines, with an exception of [A;g +B1g(2)], possess
essential blue shift, which is inherent to a very fine-grain
samples [11]. Half-width of G lines Eg(l) comprises
31.2 cm™, which is essentially more than the half-width
G=8.6 cm * for rough-grain anatase powder [12].

Eg(1), 158,2 cm™
-

-1
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Fig. 1. Raman spectrum of the TiO, film deposited on a
fused silica substrate at temperature of 560 °C and
argon pressure of 3+70°2 Torr after separating the
substrate spectrum. Above the spectrum lines, their
frequency positions are shown on a basis of the results
of the lines approximation by Lorentzian function

The result for the film on corundum is shown in
Fig. 2. The lines 378.7 cm ' (Eg), 427.2 c¢cm ' (Eg),
643.6 cm™' (Alg) belong to corundum substrate. In the
film spectrum one can clearly see the line 157.9 cm™,
which, taking the blue shift into account, may be
considered as line Eg(1) 144 cm™ of solid polycrystalline
anatase. The other lines, which were determined for the
film on fused silica as B;g 413.2cm™, (A,g +Blg)
513 cm™, Eg(3) 645.7cm™ in case of corundum are
masked by the bases of the substrate lines.

It is illustrated by comparison with the film spectrum
on fused silica shown in Fig. 2 as dotted line. Position
0=157.9cm™ of line Eg(l) and its half-width
G=29.1 cm™ for anatase film on corundum are close to
the position and the half-width for the film on fused
silica (=158.2 cm™, G=31.2 cm™).

Fig. 3 presents the spectrum for the film on fluorite.
Line at 320 cm* belongs to fluorite.

Frequency positions of the lines in the spectrum of
TiO, film on CaF, substrate are, as follows: 160.2 cm™,
238.7cm™, 377.5cm™, 473.0cm™, 592.3 cm™ .

Taking into account possible shifts of the lines in
nano-crystal anatase and rutile samples, these may
correspond to the following lines: 159 cm™ — anatase
line Eg (1) 144 cm™ with blue shift, 238.7 cm™ — rutile
line 235cm™ (two-phonon process), 377.5cm™ and
473.0cm™ — are not defined, 592.3 cm™ — rutile line
A;g 612 cm ™ with red shift.

It is known from published data [13] that in rutile
with crystallite dimensions less than 25 nm, lines Eg
(447 cm™) and A,g (612 cm™) exhibit red shift with
decrease of the dimensions. Besides, the lines are
broadened, and their intensity decreases. In [14] also
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were determined red shift of rutile line A;g (612 cm™?)
and blue shift of rutile line 235 cm™ with the decrease of
crystal dimensions. On a basis of all said above, on can
consider the film as one of rutile and anatase mixture.
At that, blue shift of line Eg(1) 159 cm is practically
analogous (a bit more) to those for the films on
corundum (up to 157.9 cm*) and on fused silica (up to
158.2 cm Y.

417,2
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643, 6
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Fig. 2. Raman spectrum of the TiO, film deposited on a
corundum substrate at temperature 560°C and argon
pressure 3+10°2 Torr. Frequency positions are shown
above the lines. The dotted line shows the spectrum of

TiO, film from Fig. 1 deposited on the fused silica
substrate under the same conditions

Intensity, a.u.
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Fig. 3. Raman spectrum of the TiO, film deposited on a
CaF, substrate at temperature 560°C and argon
pressure of 3+70°° Torr. Spectral lines were fitted by a
Lorentzian function. Above the lines, their frequency
positions are shown

It should be notes that for Al,O5 (corundum), thermal
linear expansion coefficient (TLEC) at 300 K equals
5,6 x 10°%/K parallel and 5x 10°/K perpendicular to
optical axis, which is close to anatase TLEC
(4,47x10" %K parallel to a axis and 8,43x10 /K parallel
to ¢ axis [15]). For SiO, (fused silica) TLEC at 300 K
comprises 0.55x10°/C [16], which is almost an order of
magnitude less than that for anatase. It means that
anatase films deposited onto fused silica at higher
substrate temperature, and after that cooled down to
room temperature, are in stretched state. For CaF,
(fluorite) TLEC comprises 18.9 x10°°/K at 300 K [17],
which is 3 to 4 times more than that for anatase. Thus,
anatase films after deposition onto heated fluorite, and
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subsequent cooling down to room temperature, are in
compressed state.

For rutile film on three chosen substrate types, the
same tendencies for tensions in the films take place since
rutile TLEC at 300 K comprises 7.14 x10°/K parallel to a
axis and 9.19 x10°/K parallel to ¢ axis [18].

Thus, difference in thermal linear expansion
coefficients for the substrates has no significant
influence on blue shift value for line Eg(1) in Raman
spectra of anatase films, although average TLEC for
polycrystalline anatase (5.79x10 °/K) is almost an order
of magnitude more than that for fused silica, and 3 to 4
times less than that for fluorite.

After annealing of the films in air subsequently for 3
hours at 700°C temperature and for 3 hours at 800°C,
Raman spectra for the films on fused silica and corundum
did not show presence of rutile. Blue shift of the lines
decreased, which is considered by us as a consequence of
grain dimensions growth after the annealing. Intensity of
the lines increased, which can be attributed to improvement
of the substance order due to annealing of the defects and
decrease of contribution of grain boundaries.

For the film on CaF, substrate another situation
occurs (Fig.4). Changes in Raman spectrum are
observed after the annealing. Frequency positions of the
lines now are: 154 cm™, 238 cm™, 321 cm*, 395 cm™,
520 cm, 649 cm™?, which, taking the shifts into
account, may correspond to: 154 cm® — anatase line
Eg(1) 144 cm™ with blue shift, 238 cm™ — rutile line
235cm?, 395 cm™ —anatase line 399 cm™ Blg,

649 cm™ — anatase line Eg. (3) 639 cm ™ with blue shift.
Line at 321 cm ™ belongs to fluorite.

Thus, we again have the film with anatase and rutile
mixture. At the same time, for anatase line Eg. (1) the
blue shift decreased from 160.2 to 154 cm™), the
intensity increased, and the half-width decreased.

Anatase line 649 cm™ is clearly visible. Observed
changes can be due to growth of the crystallites and
annealing of the defects.
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Fig. 4. Raman spectrum of the TiO, film deposited on a
CaF, substrate at temperature of 560°C, under an argon
pressure of 3+707 Torr, and then annealed in air at
700 C for a 3 hours. Above the spectrum lines, their fre-
quency positions by results of approximation are shown

Rutile appearance at annealing of the samples only
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on CaF, can be due to both appropriate influence of the
substrate material, and presence of contraction tension
in the film due to different TLEC values for the
substrate and the film. As it is known, rutile is titanium
dioxide modification with higher density.

We study the surface states of the deposited samples
with atomic force microscope (AFM). The results are
presented in Table. Ra value are calculated with
exponent g =1 and absolute values of the data (zero
mean), as for the Rms this exponent is q = 2. S is the
area of scan window, S, — the area of film surface.

Statistic data on surface characteristics of the test films

Ra, Rms, S,/S
Substrate type nm Nm
Fused silica 3.6 4.55 1.4
Corundum 5 6.4 1.6
Fluorite 10 13.5 1.7

One can see from the table that the maximum
roughness is observed for the films on fluorite. High
substrate temperature at deposition of the films
promotes formation of larger grains and developed
surface [2]. In general, usual stochastic relief is formed
without specific peculiarities.

CONCLUSIONS

Presented results enable to conclude that the substrate
material influences the formation of particular polymorphic
modification of titanium dioxide at magnetron-based
deposition of the films. Chemical elements contained in the
film can shift boundary temperature of anatase-to-rutile
transition. TLEC of the substrate in a wide range does not
have essential effect on the shift of anatase Raman spectrum
lines. The shift and the half-width of the lines can be used for
an estimation of crystallite dimensions, similarly to that in
case of powders. Synthesis of amorphous titanium dioxide
and its polymorphic modifications anatase and rutile are
possible in direct current magnetron at proper choice of the
substrate material and the synthesis conditions.

This work is supported in part by Grant Ne 86/14-H
of Presidium of NAS of Ukraine.
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A. looposeonsckuii, A. I'onuapos, E. Kocmun, E. ®ponosa

B Hacrosiiiee BpeMsi MPOIOIDKAET COXPAHSITHCS 3HAUYUTEIBHBIH MHTEPEC K CO3IAHMI0 TOHKHX U CBEPXTOHKHX
IUICHOK, MOTU(UIMPYIONIMX MOBEPXHOCTHBIC CBOWCTBA MaTepuasnoB. Oco00e BHUMAHHE YACIACTCS MOKPBITHSIM,
MMEIOIINM Ba)KHbIE Ul IPAKTUYECKOTO NMPUMEHEHHS XapaKTepPUCTUKU TPH HEBBICOKON ceOECTOMMOCTH Ipoliecca
ux cuHTe3a. K TakuM MOXKHO OTHECTH ILUIEHKHU 6I/IHapHI>IX COe,Z[I/IHeHI/Iﬁ HCKOTOPBIX XUMHWYCCKU aKTUBHBIX METAJIJIOB,
HarpuMmep, HUTPUZOB U OKCHIOB TUTaHa. llocienHue MMEIOT 0co0oe 3HAaueHHWe B CHIIy LIMPOKOTO CIEKTpa
YHUKAJBHBIX (U3UKO-XUMHYECKHX W OHOJIOTHMYECKHX XapaKTepucTHUK. OTHENbHBIH HMHTEpPEeC NPEACTABISACT
nosydeHre (pyHKIMOHATBHBIX IUICHOK AMOKCHAA THTaHA HAHOPA3MEPHOW TOJIIMHEL, YTO MO3BOJACT CYILECTBEHHO
9KOHOMHTb MaTepHal U YCKOPATH OCaXKACHHUE TOKPBITHI NPH CHU)KEHUH UX cebecTonMocTH. B mpouecce co3nanus
Hay4HbIX OCHOB COBPEMEHHBIX HAHOTEXHOJOTHH HCIOJIB3YIOTCS Pa3IndHble METOIbl OCAXKICHHS ITOKPBITHIA, B TOM
YHClie W HMOHHO-IUIa3MeHHble. Cpean HHUX IepCIEeKTUBHBIMHU SIBISIOTCS METO/BI PEaKTHBHOTO MAarHETPOHHOIO
ocaxaenus. Ocaxxnenne B DC-MarHeTpoHe MO3BOJISIET CHHTE3UPOBATh MOKPHITUS U3 IMOKCHIA THTAaHA B aMOPhHOI
U KpUCTANIMYEeCKol (ha3ax B 3aBUCHMOCTH OT YCJIOBHH OcaxJeHusl. Marepuai MoJJIoKKH OKa3bIBaeT BIMSHHE Ha
BO3MOXHOCTh TOJIYUEHHS pyTUJIa Hapsiiy C YCIOBUAMH OcaxaeHHs. MI3MeHeHre B HIMPOKUX Mpejenax JUHEHHOTo
ko3(puUIeHTa TEPMUIESCKOTO PACHIMPECHUS TOMJIOKKH HE OKa3bIBACT CYIIECCTBCHHOTO BJIMSHHUS HA CABHI JIUHHUN
PaMaHOBCKOTO CIIEKTpa IUIEHOK aHara3a. IlokazaHo BiamsHue oTxura B Boszayxe m0 800°C mocne ocaxaeHHs Ha
HNONMUMOP(HYI0 MOTU(PHKAIMIO JUOKCUJIA TUTAHA B TUICHKAX.

CUHTE3 PI3HUX ®A3 TiO, Y DC-MATHETPOHI
A. looposonvcokuii, O. I'onuapos, €. Kocmin, 0. @ponosa

OcTtaHHIM YacoM 30epiraeThes MiABHIICHA yBara 10 CTBOPEHHS TOHKHUX Ta HAJATOHKHX IUTIBOK, 1[0 3MIHIOIOTh 110-
BEpXHEBI BIacTUBOCTI MarepianiB. OcoOiuBa yBara mpuaisiETbCs MOKPUTTSM, IO JIEMOHCTPYIOTh XapaKTEPUCTHKH,
BaXJIMBI JUIsl IPAKTHYHOTO 3aCTOCYBaHHA. /[0 TaKMX MOXKHA BIJIHECTH IUIIBKM OIHAPHUX CIOJYK JESKUX XIMIYHO
AKTHBHUX METaJB, HAIIPUKIIAJ, HITPUIIB Ta OKCHIIB TUTaHy. OCTaHHI MalOTh OCOOJMBE 3HAYEHHS Yepe3 IUPOKUI
CHEKTp iX YHIKaJbHUX (I3UKO-XIMIYHMX Ta OIOJOTIYHMX XapakTepucTHK. OKpeMy 3allikaBlIeHICTh BHKIIMKAE
oJiep>kaHHs (YHKIIOHAIBHUX IUIIBOK JBOOKHCY TUTAHY HAHOPO3MipHOi TOBIIMHM. Lle 103BOJIsIE CYTTEBO EKOHOMUTH
Marepiajl Ta NPHUIIBUALIMTH OCAKEHHsS IOKPHUTTIB 3 OJHOYACHMM 3MEHIICHHsM iXx cobiBaprocti. Y mpoueci
CTBOPEHHSI HAYKOBHX OCHOB CYYaCHHX HaHOTEXHOJIOTIH BHKOPHCTOBYIOTHCSI Pi3HI METOIM OCAIKEHHS IOKPHTTIB,
30KpemMa ¥ ioHHO-Tu1a3MoBi. Cepex HHMX NEPCHEeKTHBHHUMH € METOIM PEaKTHMBHOTO MarHeTPOHHOTO OCaJDKCHHS.
Ocamxennst B DC-MaraeTpoHi 103BOJIsSIE CHHTE3YBaTH MOKPUTTSA 3 IBOOKHCY TUTaHy B aMop(Hiil ado kpucTaivyHii
(hazax y 3aJe)KHOCTI BiJf yMOB OCa/DKeHHs. Marepialil migKiIagKky BIUIMBAa€ HA MOXKJIHMBICTh YTBOPEHHS 3 PYTHIY Ha
piBHI 3 yMOoBaMHM OCaUKeHHS. 3MiHM B IIMPOKOMY Jiana3oHi JiHIHHOTO KoedillieHTa TepMiYHOTO PO3IMHPEHHS
CyTTEBO HE BIUIMBAIOTh Ha 3CyB JIiHIH pPaMaHIBCHKOTO CIEKTpa IUTIBOK aHaTta3y. I[loka3aHO TaKoX BIUIHMB
BignamoBaHHA B moBiTpi A0 800°C micist ocamkeHHS Ha MOTIMOp(HY MOIUdiKaIio IBOOKHCY THUTAaHY B IIIiBKax.
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