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B oannoit pabome npedcmagiensl uccied06anus a3omco0epHcAuux HaAaHONJIEHOK OUOK-
cuoa mumana (N-TiOy). Hccnedosanue HAHONIEHOK, PEKOMEHOYEMbBIX 0/ OUOMEOUUUHDL 6 Kaye-
cmee OUONOKpbIMUs, 6bI36AHO GANCHOCMbIO NPOOIEMbl NOGLIUIEHUA PE3UCHEHMHOCIU MEOUUUH-
cKux umnaanmamos. buonokpeimusa ocaxcoanuco memooom peaKmugHo20 MAzHeMPOHHO20 PACHbI-
JneHua npu paziuunom Hanpaxcenuu cmeujenuna Uy = 0-100 V. Jlonuposanue azomom OKcuoHoli
NJIeHKU, C MEeXHOI02UYeCKUM 3aMeieHuem KUC0po0a HaA amombl a30ma, MeHsaem ceolicmea mame-
puana: nposAeIAOMCA AHMUMPOMOOZEHHbIE KAYecmea U 603pacmaem ypoeeHs 2eMoCo8MeChUMO-
cmu. llosviumaromcesn koppozuonnsle nokazamenu niaenku. Ilpu e3aumooeiicmeuu c ouonozuneckumu
HCUOKOCIMAMU RPOUCXOOUM HACHUYHOE PACMEOPEHUEe OUONOKPbIMUA C O0albHeluum ebvloee-
Huem\oopazosanuem coeounenuil co céazvio N-O, Komopole AGNAIOMCA BANCHEUWIUMU COCOUHEHU-
AMU 014 JHcU3HedeameabHocmu uenoeeka. /[na uccaedosanus hazo6o2o nepexooa u KpUcmaaiuiHo-
CMu HAHONJIEHOK UCROJIb308AIU MEM 00 peHmzeHo6ckoil ougpaxyuu (XRD). Ilpu ompuyamenvrnom
CMewenuy 8 IMUX nAeHKax oomunupyem ¢haza pymuna (68%), oovemnan dona Komopozo nepma-
HEHMHO PACHEm ¢ POCHOM COOEPHCAHUS A30Md 8 COCABe PEaKMUBGHO20 2a3d, 00beMHAA 0011 aHd-
maza ymenvuwaemcea 00 10%. Mopghonozua nosepxnocmu ucciedo6ana ¢ NOMOULbI0 CKAHUPyIOueil
INEeKMPOHHOU MUKPOCKORUU. YCMAHOBIEHO, YN0 HIICHKU, OCAHCOCHHbIE NPU HEHYJ1e6bIX HANPAJICe-
HUAX cMeweHUs, 001adarom bojlee MeaKO3EPHUCHON CIMPYKMYPOil, YeM RPU OMCYMCMEUU cmeule-
Hua. Xumuueckan cmaduabHOCHb U I1eMEeHMHbBLI COCAE8 OUEHUBATU C NOMOWbIO PEHMZEHOPTY0-
pecuyenmnoii cnekmpomempuu (XFS) u amomno-smuccuonnoii cnexkmpomempuu (AES). Ilpeocmas-
J1eHbl OaHHble UIMEPEHUTI KOHMAKMHO20 Y2id U ROBEPXHOCMHOIU IHepzuu. Pezyivmamot uccnedosa-
HUA NOKA3anU 6IUAHNUE HANPANCEHUA CMeuleHUA Ha (ha3oeviil cocmaes, mophonozuio nosepxnocmu
u xumuueckue ceoucmea nanonienok N-TiOx Ananusz IKcnepumenmanbHolX OAHHHIX YKA3Al, YMO
paccmampusaemsie niaenku N-TiO2 mozym uzpams pons deno okcuda azoma HeNOCPEOCHBEEHHO 6
odacmu namonozuu, eciu OHU CAYHcam ROKPbImueM UMnianmama.

KiioueBnble cjioBa: HaAHOIUICHKHU, NUOKCHJ THUTaHa, TOIMHHWPOBAHHWEC a30TOM, XMMUUYCCKaA yCTOfI‘-IH-
BOCTb, aHATa3, pyTHUI
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The results of study of nitrogen-containing titanium dioxide nanofilms (N-TiO.) are pre-
sented in this work. These nanofilms are used in biomedicine as a biocoating of the implants that
is why the problem of increasing resistance is very essential. Biocoatings were deposited by reactive
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magnetron sputtering at different bias voltages U, = 0-100 V. Doping of the oxide film with nitro-
gen, with technological replacement of oxygen by nitrogen atoms, changes the material properties:
antithrombogenic qualities appear and hemocompatibility rates increase. The corrosion resistance
rates of the film are also increased. The biocoatings are partially dissolved, when interacting with
biological fluids, with a further release/formation of compounds with an N-O bond, which are es-
sential for human activity. X-ray diffraction (XRD) was used to study the phase transition and
crystallinity of nanofilms. The rutile phase dominates (68%) when a negative bias in these films
was used. The volume of the fraction increases permanently with increasing of nitrogen content in
the composition of the reactive gas, while the volume fraction of anatase decreases to 10%. The
surface morphology was studied using scanning electron microscopy. It was established that the
films have a more fine-grained structure than at the displacement equals zero. Chemical stability
and the presence of elements were observed using X-ray fluorescence spectrometry (XFS) and
atomic emission spectrometry (AES). The results of measurement of the contact angle and the sur-
face energy are presented. The results of the study showed the influense of bias voltage on the phase
composition, surface morphology and chemical properties of N-TiO; nanofilms. The analysis of
the results suggests that N-TiO; films under consideration may play the role of nitric oxide depot

directly in the field of pathology if they serve as implants coating.
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INTRODUCTION

Nanofilms are widely used in recent years in
different fields of technologies, especially in medicine
[1, 11]. The methods of thin films deposition are com-
monly in demand for the obtaining of new materials,
including nanostructures. The films for medical pur-
poses, used for many kinds of implants and vascular
stents, should improve qualities of the products: bio-
compatibility, stability of properties and composition,
reducing the impact on the surrounding tissue [2]. The
complex Ti-O-N films are one of the most promising
coatings for coronary stents [3, 4, 18, 19].

In this work we have studied N-doped titanium
dioxide (N-TiO2) nanofilms obtained by reactive mag-
netron sputtering by using UVN-200MI laboratory
system [5, 6]. The aim of this work is to investigate the
sputtering conditions influence, particularly, the bias
voltage Uy = 0-100 V on changing chemical properties,
composition, and surface morphology of the N-TiO,
nanofilms under prolonged contact with physiological
liquid (0.9% NacCl solution).

MATERIALS AND METHODS

In the present work the N-TiO; nanofilms were
deposited on the NaCl crystals (plates 10x10x1 mm)
and stainless steel substrates using the reactive magne-
tron sputtering method. The description of laboratory

system and using method were given in [5, 7]. The fol-
lowing parameters were used for the nanofilms depo-
sition: cathode material is Ti, operating pressure in the
chamber is 0.1 Pa, power is 1.2 kW, current is 3 A,
working gas leakage rate is 5 ml/min, bias voltage is 0 V
and -100 V. The partial pressure ratio of pure plasma-
forming gases N, and O is p(O2)/p(N2) = 1/1, deposi-
tion time is 90 minutes [19].

Influence of deposition parameters on the sur-
face morphology of the N-TiO, nanofilms was investi-
gated by the scanning electron microscope (SEM,
Philips XL30 ESEM FEG) [9]. The X-ray diffraction
(XRD) was used to characterize the structural changes
and phase transitions in the nanofilms using XRD-
7000 diffractometer (Shimadzu) with grazing angle
mode (a = 1°) under Cu K-a radiation. The average
crystallite size was calculated using Scherrer’s equation:

A
b= p - cosO

where D is the crystallite size, 1 is the X-ray wave-
length (1.5418 A), B is the full width at half maximum,
and @ is the diffraction angle. PDF-4 database of Inter-
national Center for Diffraction Data (ICDD) was used
for the phase analysis (ICDD: anatase #21-1272, rutile
#21-1276).

For studying of chemical properties stability
the samples were exposed of prolonged interaction
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with saline (0.9% NacCl), which simulates approximate
blood composition of a living organism. The required
volume of NaCl solution (4 ml) was determined ac-
cording to 1ISO 10993-12 [8]. After 30 days the samples
were removed, the solution was filtered through a "blue
tape" filter and analyzed for the film elements pres-
ence. For this purpose we used X-ray fluorescence
(XRF) and atomic emission spectrometry (AES) anal-
yses [10]. Sample with nanofilm not-immersed in
NaCl solution was served as a control. XRF spectra
were obtained by using X-ray fluorescence analyzer
Thermo Electron QUANT'X (EDXRF, USA). The
AES analysis was performed using atomic emission
spectrometer ICAP 6300 Duo (USA). As standard ref-
erence solutions we used the state standard samples
(MES-1 and MES-2).

Wettability of the nanofilms were measured by
the OCA 15 (Plus Data Physics Instruments GmbH)
with sessile drop method, where liquid drop is set on a
surface and the contact angle is measured from the
drop shape [12,13]. The wetting angle from the inter-
facial surface tensions was calculated by Young's
equation. It describes the interactions between the co-
hesion and adhesion forces referred as surface energy
[14].

The Owens, Wendt, Rabel and Kaelble method
(the OWRK) was used for calculating the surface free
energy using several liquids such as deionized water
(), glycerol (&), and diiodomethane (6&i). The
OWRK method calculates the surface free energy and
its polar (¢°) and dispersion (¢°) parts, according to [14].

RESULTS AND DISCUSSION

SEM images illustrated in Fig. 1 demonstrate
the surface morphology of the N-TiO; nanofilms at 0 V
and -100 V. The nanofilms prepared at 0 V have fine-
grained structure on the surface (Fig. 1a). It can be ob-
viously observed that the fine-grained structure has
changed for a quasi-homogeneous texture of surface
(Fig. 1b). The morphology changes and amorphous
phase emergence caused by bias voltage are attributed
to the ion bombardment managed by substrate bias, ac-
cording to [9].

Fig. 2 shows XRD patterns of the N-TiO. nan-
ofilms prepared at different bias voltage values. As ob-
served in the XRD patterns, the nanofilms deposited at
Uy = 0 V consist of 75% rutile and 12% anatase phase
mixture. When the negative bias voltage (-100 V) is
applied, the films structure changes to a low amor-
phous/crystalline phase and consists of 78% anatase
and 18% rutile mixture including amorphous part.
There are some peaks from steel substrate in XRD pat-
terns. The crystallite size (characterized by A (101) and
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R (110) reflections) is about 14 nm for all nanofilms.
As XRD analysis showed the rutile-anatase transition
occurs at bias voltage mode. The rutile phase volume
has decreased from 75% to 18%, while the anatase one
has increased up to 78% [17].

30000x

30000x — 700 nm —

b
Fig. 1. SEM images of N-TiO2 nanofilms prepared at 0 V (a) and
-100 V (6) bias voltages
Puc. 1. COM uzo6paxenust N-TiO2 rieHOK, HOTy4eHHBIX TIPH
HanpspkeHusx cmemerns 0 B (a) u -100 B (0)
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Fig. 2. XRD patterns of N-TiO2 nanofilms deposited at different
conditions: grounded substrate (Up = 0 V) and negative bias volt-
age (Up =-100 V). A — anatase; R — rutile, S — substrate

Puc. 2. Perrrernorpammsr HaHOT1eHOK N-TiO2, OCaI€HHBIX B
Pa3NnYHBIX YCIOBUSX: 3a3emieHHas nomnoxka (Up =0 B) u otr-
punarensHoe HanpsbkeHue cMereHus (Up = -100 B). A-anaras,

R-pytui, S-cyberpar
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A typical X-ray fluorescence spectrum of the
sample is shown in Fig.3, XRF spectra interpretation —
in Table 1[15].

Table 1
The XRF results of the samples after 30 days
Taonuya 1. Pesyabratel XRF o0pa3uos nociae 30 queii

E.JI. Botinosa, JI.A. JleonoBa, A.A. ITycToBaoBa

The presence of Na and Ti ions in solution
were proved using AES analysis (Table 2). AES results
as well as XRF indicate expected high Na concentra-
tion in the solution, and trace amounts of titanium (at
Up = -100 V) which confirm our assumption about the
possibility of Ti yield into solution from the N-TiO;
nanofilm.

Table 2
The AES results of the samples after 30 days
Tabnuya 2. Pesyabtathl AES 06pa3uoB nociae 30 aneii

Energy of radiation lines E, keV
Element U=0V Up =-100 V
film solution film solution
Na 1.04-1.07 | 1.04-1.07 |1.04-1.07| 1.04-1.07
Cl 2.5-2.8 2.5-2.8 2.5-2.8 2.5-2.8
Ti 4.5-5 - - 4.5-5
’ \
4 \
! T
Na !
A /
4 e
27 L~ - 2 3 4 75
ﬁ" S et E, keV
|
| A /\/L_—_.\'
0.00 keV 5.12 keV 10 21{ keV 15‘36! keV i 20,4_3! keV

Fig. 3. XRF spectra of the sample
Puc. 3. CriekTpsI peHreHOIIyOpECIIEHTHOTO aHajIn3a 00pa3oB

The elements identification of film/solution
was performed using the maximum energy of analyti-
cal signal [16]. This value on the given spectra equals
2.5-2.8 keV (Table 1), which corresponds to Cl from
NaCl crystal (film) and from NaCl solution (solution).
The characteristic radiation lines of titanium with en-
ergy 4.5-5 keV are intense enough, while the line cor-
responding to Ti is absent in the spectrum of N-TiO;
film sample obtained at U, = -100 V (Table 1). This
can be explained by the fact that the negative bias volt-
age (U, =-100 V) leads to the amorphous phase growth
in contrast with the nanocrystalline structure (at U, =0 V),
which is not registered by XRF analyzer.

XRF spectrum of the solution after contact
with N-TiO- film sample obtained at U, = 0 V is rather
different from the XRF spectrum of N-TiO, film sam-
ple obtained at U, = -100 V (Table 1). The difference
is the presence or absence of titanium characteristic ra-
diation line at 4.5 keV. We suppose that in the first
case, titanium being in a more stable rutile form shows
chemical resistance -and does not pass into solution
from the sample surface. While the anatase form of ti-
tanium dioxide formed at the negative bias voltage ap-
plied to substrate is less stable and can pass into solu-
tion [20].

Deposition | Average value of the element concentra-
modes tion in the test solution, mg/I
Up,V Na Ti
0 119600 0
-100 120500 0.0039

Table 3
Contact angle and surface energy data of the nanofilms
Taonuya 3. JanHble 00 yrje KOHTAKTAa H IOBEPXHOCT-
HOM JHEPIruv HAHOIVIEHOK

Sample |6y (deg.) | 6y (deg.) | 64 (deg.) | o (mN/m)
N'OT\'/OZ 116+0.2 | 108+0.4 70+0.2 20+0.8
N-TiO;

100V 92+0.2 | 104+0.4 68+0.1 20+0.6

Table 3 presents the data of contact angle and
surface energy measurements. It can be seen that the
negative bias does not influence the surface energy val-
ues. The water contact angle of N-TiO; nanofilms de-
posited at -100 V decreased up to 92 degrees. Probably,
it can associate with different surface topography.

CONCLUSIONS

Thus, the bias voltage influence applied to sub-
strate on changing of the composition, the surface mor-
phology, and chemical stability in NaCl saline of the
N-TiO; nanofilms was found out. The negative bias
voltage leads to the anatase phase increasing and amor-
phous part emergence. The fine-grained surface mor-
phology changes to the quasi-homogeneous texture.
By means of modern spectroscopic methods of analy-
sis (XRF, AES) it is proved corrosion-resistant proper-
ties of N-TiO; film obtained at U, = 0 V and does not
change the gqualitative and quantitative composition of
the saline. Both methods of analysis are in good agree-
ment with each other.
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