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Development of segmented titanium oxynitride layer
with spinform surfaces exhibiting antibacterial properties

Masami Hashimoto1,³, Norio Yamaguchi1, Soma Hashimoto1, Hidenobu Murata1, Satoshi Kitaoka1,
Daisaku Yokoe2, Taishi Ito2, Takeharu Kato2, Hiroyasu Kanetaka3 and Hideki Kakisawa4

1Materials Research and Development Laboratory, Japan Fine Ceramics Center, 2–4–1 Mutsuno, Atsuta-ku, Nagoya 456–8587, Japan
2Nanostructures Research Laboratory, Japan Fine Ceramics Center, 2–4–1 Mutsuno, Atsuta-ku, Nagoya 456–8587, Japan
3Graduate School of Dentistry, Tohoku University, 4–1 Seiryo-machi, Aoba-ku, Sendai 980–8575, Japan
4National Institute for Materials Science, 1–2–1 Sengen, Tsukuba, Ibaraki 305–0047, Japan

We have developed the titanium oxynitride (TiON) layer which exhibits antibacterial activity against
Escherichia coli without sunlight irradiation. This TiON layer with the segmented structure was formed on a
pre-oxidized Ti substrate by the electron beam physical vapor deposition method while spraying the substrate
and Ti target with N2-0.1% O2 gas. An XRD pattern of the surface of the segmented layer revealed that the layer
has a rock salt structure, which is preferentially deposited in a [111] direction to the substrate surface. TEM
observation of the TiON layer showed that the columnar segments have a feather-like structure. The width of the
segments near the surface was 100–500 nm, and their outermost surfaces were covered with nanometer-sized
spines of 10–50 nm width. The TiON layer contained about 20 at% nitrogen as determined by XPS, and the
surface was slightly negatively charged with a zeta potential of ¹0.9mV at pH 7.2. The maximum average
pressure in the elastic deformation region for the layer was over 100MPa, which was much higher than the
average occlusal pressure (<10MPa). It is concluded that the segmental structure of the film facilitates the elastic
deformation without distorting of the unique surface structure in response to external stress.

Key-words : Segmented TiON layer, Spinform, Electron beam physical vapor deposition, Antibacterial property,
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1. Introduction

Ti and its alloys have extensive experience as a dental
implant or an artificial hip joint because of its excellent
corrosion resistance and biocompatibility due to the for-
mation of a strong passive layer. Implant surfaces are
required not only to bond to the alveolar bone, but also to
have antibacterial properties, and other functions.

As a method to impart antibacterial properties to Ti and
Ti alloys, immobilization of ions such as copper,1) sil-
ver2–5) or iodine6,7) in the surface oxide layer is used to
impart antibacterial properties to Ti implants, etc., and a
controlled slow release of these ions, that is safe for living
organisms is required. It has been reported that the anti-
bacterial property is due to the release of these ions. When
the antibacterial property is expressed by elution of ions, it
is important to control the amount of immobilized ions and
the elution rate.

There is also a method to immobilize a photocatalyti-
cally active film on Ti and Ti alloys to develop antibac-
terial properties. First, pure titanium is heat-treated in an

ammonia atmosphere to form a nitrogen-incorporated
titanium dioxide layer that exhibits antibacterial properties
in response to visible light.8) Second, TiON sputtered poly-
ester surfaces are activated by sunlight irradiation, result-
ing in accelerated bacterial inactivation within minutes.
The absorption in Kubelka–Munk units of the TiON film
was observed to be directly proportional to the time of
inactivation of Escherichia coli as determined by diffuse
reflection spectroscopy.9) These methods require exposure
to light to develop antibacterial properties.
Recently, focusing on the fact that insect wings have a

strong bactericidal effect, it was found that mimicking their
surface shape can produce a very high bactericidal ef-
fect.10–17) This function is expressed by transforming the
surface of the component into a structure with a forest of
spines of the order of several tens of nanometers in width,
which rupture the cell membranes of bacteria attached to
the surface of the spines. If the nanostructure can be simu-
lated on the surface of an implant, it is expected to produce
a revolutionary antibacterial property that is not dependent
on drugs or other agents.
However, a load of approximately 100 kN is typically

applied during tooth occlusion, and there is concern that
such a ceramic layer with thin spines may be easily
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worn away by stress concentration caused by repeated
occlusion.

Here, we focused on the electron beam physical vapor
deposition (EB-PVD) technique, which enables coating
with a unique surface structure.18,19) For example, a target
source of Y2O3 solid solution ZrO2 (YSZ) is irradiated and
the tip part is molten by an electron beam, and then a YSZ
vapor deposited film is formed on a substrate placed at a
predetermined position. The microstructure of the seg-
ments, such as the crystal orientation, void amounts, and
spacings, and segment surface morphology, can be con-
trolled by adjusting the deposition conditions, such as
electron beam power, heating temperature and substrate
rotation speed. This not only leads to the expectation that
nanoscale spine surfaces will be formed, but also that the
porous segments will exhibit deformation tolerance to
external stress due to their low apparent Young’s modulus.
In other words, the destruction of the surface morphology,
which has a spine structure with antibacterial properties,
can be suppressed by relieving the stress concentration
through local deformation of the contact area due to tooth
occlusion.

We attempted to form a biocompatible TiO2-based film
with a spine structure on the surface of Ti, but considered a
composition in which N was introduced to suppress diffu-
sion and facilitate the formation of the spine structure.

In this study, we first explored the possibility of creating
surface modified layers of TiON segments with spine sur-
faces of tens of nanometers on Ti substrates using EB-
PVD, and then evaluated the antibacterial property without
sunlight irradiation and the deformation tolerance of the
segments to external stress.

2. Experimental procedure

2.1 Formation of TiON segmented layer by
EB-PVD

A substrate for coating was prepared from high-purity
Ti (Ti = 99.5%, TI-452664, Nilaco Co., Tokyo, Japan),
which is used as a model material for Ti implant alloys.
After the substrate was cut to ¯10 © 3mm, the coating
surface was polished to a mirror finish. In this study, to
improve the adhesion between the Ti substrate and the
TiON film, the mirror-polished substrate was pre-oxidized
at 700 °C for 1 h in a N2 atmosphere (PO2 = 10¹17 Pa) with
PO2 adjusted by an oxygen pump according to the method
described in Ref. 23) to form a rutile-type TiO2 layer with
a thickness of 70 nm on the substrate. This layer showed
an exceptional ability to form apatite in artificial body
fluids and to induce osteoblasts.

The pre-oxidized substrates were then mounted on a Ti
jig in a chamber of an EB-PVD system with a semicon-
ductor laser heating system. High-purity Ti (Ti = 99.5%,
¯40 © 100mm, TI-452791, Nilaco Co., Tokyo, Japan) of
the same grade as the substrates was used as the Ti target
source. The distance between the target and the substrates
was 600mm. The substrates and the target were sprayed
with N2 gas containing a small amount of O2 gas (N2-
0.1% O2) for sample A and O2 gas for sample B at a flow

rate of 100 cc/min. The fixture holding the substrates was
rotated at 30 rpm during coating with a 12 kW electron
beam power applied to the target. By rotating the substrate
at this time, the deposition surface is periodically shad-
owed against the highly directional flow of the material
vapor (shadowing effect), resulting in the formation of
segments with a longitudinal crack structure in the thick-
ness direction. The coating surfaces were heated to ap-
proximately 550 °C by laser irradiation and radiative heat
transfer from the molten pool of the target. The total pres-
sure in the chamber during coating was in the order of
0.1 Pa.

2.2 Surface structure analysis
The surface morphology of the samples was observed

by scanning electron microscopy (SEM; SU8000, Hitachi
High-Tech., Tokyo, Japan). The crystalline phases of the
surface layers formed by the pre-oxidation and the sub-
sequent coating were characterized by powder X-ray dif-
fractometry with Bragg-Brentano geometry (SmartLab,
Rigaku Corporation, Tokyo, Japan) with CuK¡ radiation
at 40 kV and 50mA. Incident slit was 1° and detector was
D/tex Ultra 250. The surfaces were etched by Ar ion
(4 kV) for 4min at sputtering rate of 0.01 nm/min, and
then the composition of the etched surface layers was eval-
uated by X-ray photoelectron spectroscopy (XPS; PHI X-
tool, ULVAC-PHI, Kanagawa, Japan). The X-ray source
was monochromatic AlK¡ radiation at 14 kV and 25mA.
The binding energy was calibrated using the C 1s photo-
electron peak of contamination carbon at 284.8 eV as a ref-
erence. XPS peak analysis was performed, Gauss-Shirley
background was subtracted from all spectra before fitting.

2.3 Surface potential measurement
The zeta potential was measured under wet conditions,

which corresponded to the electrostatic potential in the
liquid medium. The Ti plates (¯10 © 3mm) were prepared
for zeta potential measurement as described in section 2.1.
The pre-oxidized Ti and the surface coated by EB-PVD
were electrically grounded to allow any stray charge to dis-
sipate, and immediately placed in a zeta potential measure-
ment apparatus (ELSZneo; Otsuka Electronics Co., Shiga,
Japan) using a glass cell for the plate sample. The zeta
potentials of three samples were measured in a 10mM
NaCl solution at pH 7.2.

2.4 Cross-sectional analysis of the segment-
ed TiON layer

The Pt thin films on the outermost surfaces of the cross-
sectional images were coated to prevent damage to the
edges during cross-sectional processing with an ion mill-
ing device. The TiON layer formed on the pre-oxidized Ti
substrate was thinned in a Hitachi NB5000 focused ion
beam (FIB) scanning electron microscopy system at an
accelerating voltage of 40–2 kV. Then, Ar ion beams with
an accelerating voltage of 1–0.1 kV were then applied to
the thinned specimen to remove the FIB-damaged layers
on it using a Gatan PIPS II. Nanostructural character-
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ization of the TiON layer was performed using a conven-
tional transmission electron microscope (TEM) (JEM-
F200, JEOL, Tokyo, Japan) equipped with dual EDS
detectors having a total solid angle of 1.7 sr. Quantitative
chemical composition maps of characteristic X-rays of Ti-
K¡, N-K¡ and O-K¡ were obtained using the EDS sys-
tem. Each pixel of these composition maps has the quan-
titative values of Ti-K¡, N-K¡ and O-K¡, respectively.
Ti/(N + O) and O/(N + O) value maps corresponding the
compositional maps were drawn using Python (to study
the distribution of N and O in the TiON).20)

2.5 Evaluation of antibacterial activity
As a preliminary test, a qualitative test for antibacterial

susceptibility test was performed with n = 2. A nutrient
agar was used in Petri dishes (Falconμ plastic dish for
general bacteria, Corning Inc., New York, NY, USA) in 15
mL aliquots. Physiological saline was prepared by dissolv-
ing 8.5 g of sodium chloride (NaCl, Nacalai Tesque, Inc.,
Kyoto, Japan) in 1 L of ultrapure water, which was used
after sterilization at 121 °C for 20min in a high-pressure
steam sterilizer. Escherichia coli (E. coli, JCM5491) was
used as the test bacterial assay. It was used after being
cultured on the nutrient agar medium at 37 °C for 24 h. The
bacterial mass of the cultured E. coli was collected with a
platinum loop and dispersed in physiological saline to pre-
pare a stock bacterial suspension (= 106CFUmL¹1). The
bacterial suspension was seeded on each substrate (Ti, pre-
oxidized Ti, sample A and sample B), followed by adhe-
sion of the film and incubation at 37 °C for 24 h. After
incubation, the samples were stained with acridine orange,
a viable stain, and incubated at 37 °C for 1 h in the dark.
After gentle rinsing with sterile PBS to remove excess
staining agent, the live (green) bacteria on the substrates
were examined under a fluorescence microscope (CKX53;
Olympus, Tokyo, Japan).

2.6 Deformation property of films
Apparent Young’s modulus, penetration depth, and

average pressure were evaluated within an elastic defor-
mation range during load application using the nano-
indenter (TI 950 Triboindenter, Hysitron, MN, USA). The
spherical indenter was used with a radius of 9.85¯m. The
elastic deformation region satisfies Sneddon’s expression
(1),21,22) where Pm is the mean pressure, P is the applied
load, R is the radius of the spherical indenter, h is the
penetration depth of the indenter, and E is the apparent
Young’s modulus of the film.

Pm ¼ P

³Rh
¼ 4E

3³

h

R

� �0:5

ð1Þ

Since E remains constant in the elastic deformation, the
region where (3P)/(4R0.5h1.5) remains constant as a func-
tion of h is assumed to be in the elastic deformation region.
Therefore, the average value of the E and the correspond-
ing Pm were determined at the maximum values of P and h
in this region. The contact radius of indenter, rc, is defined
as rc = Rh0.5 for field swan approximation (hc = h/2,

where hc is contact depth).

3. Results and discussion

3.1 Films formed by EB-PVD
Figure 1 shows the XRD patterns of the surfaces (a)

before and (b) after the pre-oxidation of the Ti substrates,
and the film surfaces of the samples (c) A and (d) B
formed by the EB-PVD. Rutile-type TiO2 was formed by
the pre-oxidation of the substrates. For sample A as shown
in Fig. 1(c), the diffraction peaks assigned to Ti phase
becomes significantly smaller, and strong diffraction peaks
identified to TiON with a rock salt structure (PDF#04-002-
0430) were detected. This film is strongly oriented in the
direction of the [111] plane. On the other hand, for sam-
ple B in Fig. 1(d), rutile-type TiO2 phase with a very weak
diffraction peak was detected instead of the peaks assigned
to TiON.
Figure 2 shows the surface and cross-sectional SEM

images of samples A and B. Sample A has segments about
2¯m thick with a vertical crack structure, and the width of
each segment is several 100 nm, and the surface is com-
posed of sharp edges. In contrast, sample B has a film with
a thickness of about 1¯m was formed, and its surface was
relatively smooth. In addition, the segment structure is not
clear compared with that of sample A, and there are inho-
mogeneous vertical cracks in the direction of the film
thickness at intervals of several micrometers, as shown by
the arrows in the surface image.
Figures 3(a), 3(b), and 3(c) show the cross-sectional

TEM image of sample A and the electron diffraction pat-
terns of insets (i) and (ii) in the image, respectively. The
near-surface carbon and W layers were coated to prevent
edge damage during the cross-sectional milling of the
sample. Both (i) and (ii) in the insets refer to TiON. The
TiON segments show a feather-like structure with a pyra-
midal tip and their surfaces covered with nano-spines.
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Fig. 1. X-ray diffraction patterns of the surfaces of (a) before
and (b) after the pre-oxidation of the Ti substrates, and the film
surfaces of the samples (c) A and (d) B formed by the EB-PVD.
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The widths of the segments increase toward the surface.
The widths of the top of the segments measured in the
image in Fig. 3(a) are between 100 and 500 nm, and those
of the spines are between 10 and 50 nm. The film consists
of a TiN layer, a TiO layer, and a TiON layer in order from
the side of the Ti substrate. The TiN layer progresses due
to the nitridation reaction at the Ti–TiO2 scale interface
when the Ti substrate is pre-oxidized in an N2 environment
under low PO2 conditions at 973K. It is thermodynami-
cally formed with a PO2 of 10¹23 Pa or lower.23)

When a film is deposited by the EB-PVD method, the
surface temperature of the film to be deposited is generally
exposed to high temperatures of 500 °C or higher due to
the radiant heat associated with the melting of the surface
of the target source by electron beam irradiation. The con-
cern here is that the spines on the surface may disappear
due to accelerated surface diffusion on the film during
high-temperature deposition, resulting in a smooth surface.
But covalent bonding characteristics in a Ti–O film, which
is expected to have biocompatibility, can be strengthened

by N-doping in the film, resulting in the formation of the
spine surface.
Figure 4 shows the high-resolution TEM image of the

tip of the segment of sample A. The lattice spacing of the
TiON layer is 0.245 nm, which corresponds to the lattice
spacing of the (111) plane of TiON (ICSD426340) with
rock salt structure. The TiON crystal is oriented in a direc-
tion of the [111] plane relative to the substrate, which is
consistent with the XRD pattern of Fig. 1(c). The surface
energy of TiON is highest in the (111) plane, followed by
the (110) and (100) planes, in that order. The (111) plane is
unstable because it is composed of the same type of atoms
and the surface is highly charged. The (100) layer is the
most stable layer because the Ti, N, and O atoms alter-
nate like a checkerboard, and their positive and negative
charges cancel each other out. The (110) plane, with alter-
nating rows of Ti atoms and rows of O and N atoms, is
electrically neutral but not as stable as the (100) plane. The
TiON layer produced by EB-PVD grows preferentially
towards the (111) plane, which has a high surface energy,

Sample A Sample B
Gas N2 - 0.1%O2 O2

Surface

Cross-
section

500 nm500 nm

1 μm 500 nm

PtPt

Ti Ti

Film Film

Fig. 2. SEM photographs of the surface and cross-section of the samples A and B.

(a) (b) (c)

Fig. 3. Cross-sectional TEM image of the sample A (a). (b) and (c) are the electron diffraction patterns
collected from the region marked with a white circle in the TEM image (i) and (ii), respectively. Insets (i) and (ii)
show the TiON.
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and also forms the (100) and (110) planes, which have a
low surface energy, and are thought to form a sharp-tipped
surface.

Figure 5 shows the bright field STEM image and the
corresponding elemental ratio maps using the EDS ele-
mental distribution data of the cross section of sample A;
(a) STEM image, (b) Ti/(N + O), (c) vertical average of
Ti/(N + O) ratio, (d) O/(N + O) and (e) vertical average
of O/(N + O) ratio. The film consists of a TiN layer, a TiO
layer, and a TiON layer in order from the side of the Ti
substrate. As shown in Figs. 5(b) and 5(d), the surface of
the TiON segments is oxygen rich compared to the inte-
rior, and the interface between the segments and the sub-
strate is nitrogen rich. In addition, the Ti/(N + O) ratio
near the surfaces of the segments is about 0.8, which is
oxygen-rich compared to 1.0 for the insides. When a Ti
substrate was preoxidized at 700 °C in N2 gas with an
extremely low O2 concentration controlled by an oxygen
pump, a layer with a rutile structure with a only 70 nm
thick was formed on the substrate as shown in Fig. 1(b),
and a TiN layer was also formed just below the scale.23)

Therefore, the nitrogen-rich layer just above the substrate
in Fig. 5 is considered a TiN layer. However, the thick-
ness of the O-rich layer in Fig. 5 is sufficiently greater than
that of the rutile scale formed by the pre-oxidation. The
oxygen-rich segments are probably formed, because the
oxygen partial pressure became locally high near the coat-
ing surface due to the reduction of the oxide in the initial
stage of the segment deposition at 550 °C.
The surfaces of samples A and B were each analyzed by

XPS, and the compositions were analyzed based on the
binding energy values obtained from the photoelectron
spectra. Figures 6(a) and 6(b) show the Ti2p and N1s XPS
spectra of samples A and B, respectively. Only sample A
contained nitrogen, and the composition of the layer was
Ti45.2O31.8N23.0. Ti/(O + N) is 0.82, which means that the
surface of sample A was Ti poor structure, which is con-
sistent with the EDS result as shown in Fig. 5(c).
In the case of Ti2p3/2 level of sample A, the binding

energy of TiN, TiON and TiO2 were determined to be
454.5, 456.3 and 458.3 eV, respectively.9) The fractions of
TiN, TiON and TiO2 determined from the deconvoluted

Fig. 4. High-resolution TEM image of the tip of the segment of sample A.

Fig. 5. Bright-field STEM image and the corresponding elemental ratio maps using EDS elemental distribution
data of the cross-section of the sample A; (a) STEM image, (b) Ti/(N + O), (c) vertical average of Ti/(N + O)
ratio, (d) O/(N + O) and (e) vertical average of O/(N + O) ratio.
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spectrum were 40.8, 14.3 and 11.5 area%, respectively.
The presence of N in the sample A was characterized by
using XPS, the major Ti–N bond in TiON and the minor
chemisorbed N–O bond in N1s core levels were located at
397.4 and 401.7 eV, respectively as shown in Fig. 6(a).
Therefore, the oxygen was incorporated into the rock salt
TiN structure during the deposition process under N2-
0.1%O2 gas flow. Furthermore, it suggests the presence of
trace amounts of TiO2 near the surfaces of the segments.
On the other hand, the composition of the layer of sam-
ple B was Ti33.7O66.3. In the case of Ti2p3/2 layer of sam-
ple B, the binding energy of TiO, Ti2O3 and TiO2 were
located at 454.5, 456.1 and 458.3 eV, respectively.24) The
fractions of TiO, Ti2O3 and TiO2 determined from the
deconvoluted spectrum were 35.7, 36.0 and 28.3 area%,
respectively.

The average zeta potentials at pH 7.2 for samples A and
B were ¹3.7 « 1.1mV and ¹23.5 « 0.4mV, respectively.
The fact that the zeta potential of sample B was more
negative than that of sample A suggests that the surface of
sample B is covered with a greater number of negatively
charged oxygen ions.

3.2 Antibacterial property
After 24 h of the incubation, fluorescence microscopy

images showed that (a) the Ti substrate, (b) the pre-
oxidized substrate, and (d) the sample B are covered with
numerous and scattered viable bacteria as shown in Fig. 7.
In contrast, a few live bacteria were observed on sample A
as shown in Fig. 7(c). As for the reason why sample A
developed antibacterial properties, firstly, the zeta potential
of the segmented TiON membrane is slightly negatively
charged (¹0.94 « 1.62 eV), which is believed to cause an
electrical repulsion between it and the negatively charged

bacteria. However, the zeta potential of pre-oxidized Ti
and sample B were ¹6.6 « 0.25 and ¹6.45 « 1.36 eV,
respectively. On sample A, it is unlikely that bacteria
adhesion is reduced due to electrostatic repulsion between
the substrate and bacteria. Possible denaturation mecha-
nisms of bacterial proteins related to antimicrobials include
oxidation by the Mars-van-Krevelen mechanism,25,26) S–S
bond cleavage,27) acid-base reactions,28) and hydrogen
bond cleavage.29) The TiON film does not contain Mg, Fe
or Cu elements that affect protein denaturation. There are
reports that the number of bacteria on TiON9) and TiN30)

with a smooth surface is reduced by about 50 to 60% even
in the dark. However, as shown in Fig. 7(c), almost no live
bacteria are observed on spiny TiON, so there may be a
cause for the antibacterial properties that does not appear
on smooth surfaces. Therefore, another factor may be in-
volved in the antibacterial susceptibility.
The TiON layer consists of 100–500 nm segments with

10–50 nm spines on the surface [Fig. 3(a)]. Segmental
structured surfaces produced by the EB-PVD process have
spikes on the surface that are equivalent in size to those
effective for antibacterial properties. In order to kill bac-
teria that come in contact with the surface, research is un-
derway to control the surface topography (physical geom-
etry, nanostructure, nanotexture) of Ti.31–34) The nano-
structured surfaces have earned their reputation as mecha-
nobactericidal surfaces, independent of chemical effects,
because the functionality (ability to kill bacteria) has been
shown to persist across different materials. Thus, we
believe that when bacteria adhere to the spicule, their cell
membranes are destroyed and killed, thus inhibiting bac-
terial growth and causing the development of antibacterial
properties.
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Fig. 6. Ti2p and N1s XPS spectra of the surfaces of samples (a) A and (b) B.
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3.3 Deformation property of films
The nano-spiked segments were found to have anti-

bacterial properties. In order to understand the deforma-
tion tolerance of the segment under occlusal conditions,
the deformation characteristics of the elastic deformation
region were investigated using the nanoindentation tech-
nique with the spherical indenter. Figure 8(a) shows the
typical indentation load P versus penetration depth h
curves for samples A and B. The maximum applied load
(Pmax) was set to 1,000¯N. The maximum penetration
depth (hmax) at the Pmax for sample A is greater than that
for sample B. The reproducibility of the p-h curve for sam-
ple A is good, but for sample B it varies widely. This is
presumed to be because the through cracks exist unevenly
in the film thickness direction of sample B. Assuming that
Sneddon’s equation21,22) is satisfied within the elastic de-
formation range of the films, the apparent Young’s mod-
ulus (E) for elastic deformation and the maximum defor-
mation depth (he-max) within the deformation range are
obtained. Figure 8(b) shows the relationship between

(3P)/(4R0.5h1.5) and h for each curve in Fig. 8(a). The E
and he-max (arrows in the figure) for each curve are deter-
mined from the region where a value on the longitudinal
axis in Fig. 8(b) is constant. The length of the flat area in
Fig. 8(b), sample A has a longer elastic deformation range.
Figure 9 shows (a) E, (b) he-max, and (c) average pres-

sure at he-max within the elastic deformation region of
samples A and B. Each value is the average of three data.
The E value of sample A is 1/4 of that of sample B, and
the he-max of sample A is larger than that of sample B.
Since the average maximum indentation depth he-max of the
indenter in the elastic deformation region of sample A is
23 nm, the indenter contact radius rc is 475 nm and the
indenter contact area S is 0.708¯m2. Assuming that the
segment width (diameter) is 150 nm, the number of seg-
ments in the above contact area above is 40. On the other
hand, since the average he-max of sample B is 12 nm, the rc
is 343 nm and the S is 0.369¯m2. As previously men-
tioned, the variability in the load-depth curves of sample
A was smaller than that of sample B, and the apparent

(a) (b)

(c) (d)

200 μm 200 μm

200 μm 200 μm

Fig. 7. Viable bacteria stained with live assay on (a) before, (b) after the pre-oxidation of the Ti substrates,
(c) sample A and (d) sample B (n = 2).
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Young’s modulus of the sample Awas lower with a longer
elastic deformation range. In the case of sample A, each
segment deforms slightly in response to the indentation by
the indenter, which reduces the stress concentration at the
indenter contact area, allowing the entire film to undergo
significant deformation. On the other hand, in sample B,
where the segments were thicker and less deformable, the
stress is more likely to be concentrated at the indenter
contact area, making it more susceptible to the influence of
the segment shape at that area.

4. Conclusions

The electron beam PVD method deposited TiON layer
oriented in the [111] direction on the pre-oxidized Ti sub-
strate by heating at 550 °C while blowing N2-0.1%O2. The
N content in the TiON layer was about 20 at%, and the
width of the top surface of the columnar segments con-
stituting the layer was 100 to 500 nm. The width of the
spines ranged from 10 to 50 nm. The TiON layers showed
antibacterial activity against E. coli. This may be mainly
due to the disruption of the cell membrane by the spiky
structure. The TiON layer is easily deformed by external
stress. The average pressure at maximum load in the elas-
tic deformation zone of the layer is much higher than the
average occlusion pressure. In the future, it will be nec-
essary to develop TiON films that are not only antibacte-
rial, but also biocompatible.
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