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Titanium nitride films are prepared by plasma enhanced chemical vapor deposition method on titanium foil using N»
as precursor. In order to evaluate the effect of oxygen on the growth of titanium nitride films, a small amount of O is
introduced into the preparation process. The study indicates that trace O, addition into the reaction chamber gives rise to
significant changes on the color and micro-morphology of the foil, featuring dense and long nano-wires. The as-synthesized
nanostructures are characterized by various methods and identified as TiN, TipN, and TiO; respectively. Moreover, the
experiment results show that oxide nanowire has a high degree of crystallinity and the nitrides present specific orientation

relationships with the titanium matrix.

Keywords: nitride, oxide, nanostructure, crystalline, plasma-enhanced chemical vapor deposition system

(PECVD)
PACS: 81.15.Gh, 61.46.Km, 61.46.Df

1. Introduction

Plasma nitriding technology has been widely used in in-
dustrial and medical areas to improve the poor tribological
properties of titanium alloy.!'® One study by Tarnowski et
al. discussed that the nitride layer presented many advantages
such as low coefficient of friction, low penetration depth and
good adhesion to the matrix.!!! The investigation by Yilbas et
al. showed that TiN/Ti;N layers were formed after nitriding
treatment and the wear resistance was considerably increased
via pin-on-disc wear test. (2] [n Tamura’s work, the outstand-
ing mechanical properties of nitrided titanium were evaluated
by various tests and verified via hypodermic implantation.!
Lakshmi et al. reported that titanium alloy was nitrided by
direct-current plasma method and the coating showed higher
anti-corrosion property in acid environment.!®! Therefore, the
nitriding process could significantly improve the anti-wear and
anti-corrosion properties of the titanium alloys.

In the nitriding process, the leakage of air and O; into the
reaction system is inevitable, and the reaction tends to form ti-
tanium oxide rather than nitride due to the more active feature
of 0,.11 The hardness of oxidized surface is much lower than
that of nitrided, with the values of around 1000 HV and up to
3000 HV respectively, which will give rise to the degradation
of the surface wear resistance.!!*-!2] Consequently, it is worth
to study the effect of oxygen on the nitriding process from the
microscopic perspective, however few works focus on this is-
sue. In this brief report, we studied the influence of oxygen on

the microstructure, morphology and composition of TiN films,
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through adding trace O, into N in the plasma-assisted chemi-
cal reaction. By employing various analysis methods, the crys-
talline phase and micro-morphology of the coating layer were
investigated in details. These results have further significance
for the preparation of high quality TiN films by plasma nitrid-

ing.

2. Experimental procedure
2.1. Preparation of titanium nitride on titanium foil

The experiment was carried out in a home-built plasma-
enhanced chemical vapor deposition system (PECVD), the
pressure of which was pumped to 1x10~! Pa, as shown in
Fig. 1. The leakage of the oxygen is estimated at 0.00134 sccm
via comparing the vacuum variations due to the leakage and
intentional introduction (see supporting information for de-
tails). The titanium (Ti) foil was placed in the middle of the
furnace, and the nitrogen (N;) or oxygen (O;) gas was ion-
ized by the plasma coil at the upstream. The vacuum inside
the quartz tube was tuned by the flow controller and mechani-
cal pump. Firstly, the titanium foil was heated to 750 °C at
a rate of 20 °C/min under the protection of argon gas (Ar,
300 sccm, standard cubic centimeter per minute). Then the
argon flow was shut down and N,/O, was introduced into
the tube with turning on the radio frequency (RF) source at
a power of 300 W. After treatment for 60 min, the heating and
RF source were turned off and the inside atmosphere was shift
back to Ar.
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Fig. 1. The schematic illustration of the plasma-enhanced chemical vapor
deposition system.

2.2. Characterizations

The microstructure of the sample was characterized by
scanning electron microscope (SEM, Hitachi S-4800) and high
resolution transmission electron microscope (HRTEM, FEI
Tecai G2F20). The x-ray photoelectron spectroscopy (XPS)
analysis was conducted on Thermoescalab 250XI, utilizing
monochromatized Al-K « radiation at 150 W. The high resolu-
tion XPS spectra were recorded in the CAE mode with a pass
energy of 20 eV and a step size of 0.1 eV. The x-ray diffraction
(XRD) was carried out on Bruker D8, using Cu K« rays with
a wavelength of 0.154 nm and a scanning rate of 6°/min.

3. Results and discussion

Figures 2(a) and 2(b) are the photo images of the ti-
tanium foil after being treated by N, (10 sccm) and N,/O;
(10/0.1 sccm), showing the colors of yellow and blue respec-
tively. These images indicate that tiny amount of oxygen can
give rise to significant change of the reactions at the surface of
Ti foil. XPS is carried out to study the chemical compositions
of the two samples, as presented in Fig. 2(c) and Table 1. From
which we can obtain the atomic ratios of the nitride to oxide
are about 2:1 and 1:20 in yellow and blue samples respectively.
The blue surface consists of fewer nitrogen and twice percent
of oxygen compared with the yellow surface, proving that O,
is the key factor to the color difference.
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Fig. 2. (a)and (b) Photo images of the titanium foil after being treated by N,
and N,/O; respectively. (c) XPS curves of the yellow and blue surfaces.
The XPS analysis is surface-sensitive and only able to test
the sample several nanometers underneath the surface. There-
fore, we further carry out XRD measurement which has the
capability to detect much deeper of several micrometers and
get information about the crystal structure. The result is shown

in Fig. 3 and peaks are identified as TiO,, TipN, and TiN, indi-
cating that the oxidation and nitridation occur on both yellow
and blue surfaces. The O, is not intentionally introduced in the
preparation of the yellow sample, and the probable source is
the minor leakage of the vacuum system which is estimated at
0.00134 sccm. It is obvious that the intensity of TiO, peak (la-
beled by square) on blue surface is higher than that on yellow
surface, implying much more oxidation structures are formed
in the mixing N»/O, (10/0.1 sccm) condition. It should be
pointed that the O, flow of 0.1 sccm is the highest accuracy of
the flow-controller, therefore the minimum threshold value of
O, flow for bringing in the color change to blue is difficult to
provide.

Table 1. Chemical compositions of the yellow and blue surfaces by XPS
measurement.

Binding eneray (eV) Atomic percent (%)  Atomic percent (%)

(yellow surface) (blue surface)

Nls 397.16 21.67 1.04
Ti2p 457.64 24.41 22.82
Ols 530 22.53 46.81
B [} ® TiOy(#21-1276)
® TiyN(#17-0386)
.A TiN(#38-1420)
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Fig. 3. XRD curves of the yellow and blue surfaces, indicating struc-
tures of TiO, TipN, and TiN are formed on both surfaces.

The SEM measurement is used to characterize the micro-
morphology of the samples. As shown in Figs. 4(a) and
4(b), the yellow and blue surfaces feature sparse and dense
nanowires, respectively. According to previous report, the tita-

13.14] while

nium nitride usually shows the nanoparticle shape!
the titanium oxide tends to form nanowires.!'>!6] Then it is
reasonable to assign the nanowires as TiO, and the rough
substrate as TiN or TioN (labeled by arrows). In the ex-
periment we find higher oxygen flow rate contributes to the
faster growth of the nanowires, providing further evidence for
above assignment (see Fig. S4 in supporting information). The
length and width of the as-synthesized nanowires are around
1.5 pm and 50 nm. Moreover, the wires do not show obvi-
ous catalyst particles on their tips, indicating the growing pro-
cess abides by the vapor—solid theory (VS) rather than vapor—

liquid—solid (VLS).['®) During the reaction of titanium and
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nitrogen, a large amount of heat is released and many tita-
nium atoms or nano-particles are evaporated from the substrate
surface at the elevated temperature. These evaporated tita-
nium particles directly react with oxygen ions and form TiO;
molecules, which subsequently self-assemble into nanowires
on the substrate. The SEM results comply well with the afore-
mentioned XRD analysis since the dense nanowires on blue
surface give rise to higher peak weight of TiO,. Post-oxidizing
experiment is conducted by treating the grown yellow sample
at 750 °C for 120 min with a 0.1-sccm flow of oxygen into
the vacuum chamber. Although the O; is not ionized by RF, a
blue sample is also obtained (shown in Fig. S1 in supporting
information), further proving the high chemical sensitivity of
titanium to oxygen.

Fig. 4. (a) and (b) SEM images of the yellow and blue surfaces, featuring
sparse and dense nanowires, respectively.

The effect of reaction time and temperature on the nitrid-
ing process is investigated. The SEM and XRD results indicate
that the extension of time does not give rise to significant im-
pact on the reaction products. The SEM image features the
dense-nanowire morphology same as Fig. 4(b), and the XRD
curves only present a minor decrease in the peak weight of
Ti,N when the nitriding time is extended to 120 min (labeled
by arrows in Fig. S2 in supporting information). It is reason-
able to interpret this decrease as follows, TiO, nanowires are

1 0""11m

grown above the Ti;N layers, as the reaction time extending,
more TiO, nanowires form and weaken the signal of Ti;N at
XRD detection. Contrast to time, temperature play an impor-
tant role in the nitridation. As shown in Fig. S3 in supporting
information, the TiN peak (labeled by arrow) does not appear
in the XRD curves until the temperature is raised to 750 °C,
indicating that the reaction barrier of TiN is much higher than
that of TipN and TiO,.

We further utilize TEM to investigate the microstructures
of TiO,, TipN, and TiN. The TiO, nanowire is picked out
by tenderly scratching the blue surface with knife and ultra-
sonic dispersion in alcohol, while the Ti,N/TiN sample is pre-
pared by ion-beam thinning of the yellow surface. Figure 5(a)
shows an image of single nanowire with a length of around
1.3 um. This image further proves the lack of catalyst parti-
cle during the growth process. A high resolution image and
corresponding diffraction pattern are presented in Figs. 5(b)
and 5(c), from which the crystalline phase is determined as
the rutile TiO, with tetragonal structure (a = b = 0.4594 nm,
¢=0.2959 nm, & = 8 = y = 90°). This result also supports
the assignment of nanowire as TiO; in the above SEM discus-
sion. It is worth noting that this nanowire has a high degree of
crystallinity and a twin structure with (01-1) as the twinning
plane. Previously reported TiO, nanowire always exhibits a

e!1%17] and much effort has been devoted to grow

curled shap
straight wire.!'8] Therefore, our work provides an alternative
method to prepare straight titania nanowire without catalyst,
which has potential applications as the anode in batteries or

emitter in field emission.

Fig. 5. The TEM image of single nanowire. (b) and (c) High resolution image and corresponding diffraction pattern of the TiO, nanowire in

panel (a). [111] is the incident direction of the electron beam.

The yellow surface mainly consisting of titanium nitride
is also investigated by TEM, and the diffraction spots are
shown in Fig. 6. Two sets of patterns can be clearly identi-
fied in Fig. 6(a), which are labeled by solid and dashed paral-
lelograms respectively. After carefully calculation, the solid
pattern is assigned as «a-phase Ti with hexagonal structure
(a=b=0.2951 nm, ¢ = 0.4683 nm) and the other is Ti;N
with tetragonal structure (a = b = 0.4945 nm, ¢ = 0.3034 nm).

According to the above results, the crystal planes and incident
directions are determined, from which we can further get the
orientation relationship of Ti and Ti;N, which are (-112)y; ||(1-
10)1ion and [201] 7 ||[-1-1-1]mion. Making the same analysis to
Fig. 6(b), we can get two phases of a-phase Ti (solid) and cu-
bic TiN (a = b = ¢ = 0.4242 nm, dashed) with an orientation
relation of (110)y ||(02-2)1yn and [-112]7; ||[[011]rin. From

our discussion we have got a completely crystalline picture of
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the titanium nitride, moreover, the information extracted from
TEM results complies well with that provided by XRD, indi-
cating the high accuracy of these measurements.

[201Tical[-1-1-1T7in 2 L

2 1%
SIEERUNENE g —

Fig. 6. (a) The TEM diffraction pattern with two phases of hexagonal Ti and
tetragonal TipN. (b) Diffraction pattern of hexagonal Ti and cubic TiN. The
diffraction spots of Ti are labeled by solid parallelogram in both images.

4. Conclusion and perspectives

TiN, Ti;N, and TiO, are grown on titanium foil using
PECVD system. Titanium nitrides show yellow color, how-
ever, tiny addition of O, significantly changes the color to
blue due to the formation of dense oxide nanowires. Combin-
ing XRD and TEM analysis methods, the crystalline phases
of these nanostructures are determined. Furthermore, the as-
prepared TiO; nanowire shows a high degree of crystallinity,
and both of TiN and Ti;N form specific crystal orientations
with respect to Ti matrix. Our research presents numerous
details about the effect of O, on the preparation of titanium
nitride and may help to optimize the gas nitriding technology.
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