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Abstract: Ti-EN films of various composition and crystalline structure have been 
synthesized by titanium ion implantation into sub-stoichiometric and stoichio- 
metric hexagonal boron nitride films. Due to the relatively low penetration depth 
of Ti+ ions these films can only be prepared with limited thickness, of the order 
of several hundred nanometers. Ti-EN films were also prepared by ion-beam 
mixing of multilayer coatings of the sequence Ti/BN by argon ion bombardment. 
With these methods, inhomogeneous coatings with respect to their composition, 
in particular at low fluences, were obtained. All films were investigated by glan- 
cing angle X-ray diffraction. SEM, SNMS and ESCA/Auger analysis were also 
performed on some of the samples. Hardness and Young’s modulus were deter- 
mined by an ultra-low load, depth-sensing nanoindenter. Most of the results can 
be understood by examination of the chemical composition and crystalline 
structure of the films. 

1 INTRODUCTION 

The interest in titanium boron nitride coatings 
is due to their outstanding properties, such as 
ultra-high hardness in combination with high 
toughness, high temperature stability, good wear 
and corrosion resistance. These properties origi- 
nate to a great part from the fact that this material 
exists in the form of a two or multiphase system.’ 
No ternary compounds are known. Multiphase 
systems may offer considerable advantages over 
single phase systems since they often display better 
material properties than would be expected simply 
from the properties of the single phases of which 
they are composed. 2,3 By a suitable choice of com- 
bination of phases it is even possible to optimize 
properties such as hardness and toughness.4 To do 
this it is necessary to synthesize the coatings with a 
well defined stoichiometry which is not possible 
with many of the deposition techniques currently 
in use. Ion implantation and ion-beam mixing are 
methods which offer in this respect a high degree of 
flexibility. 

Up to the present, Ti-B-N films have been 
prepared by CVD,’ PACVD,6,7 arc PVD8,9 and 
sputtering. lo-l3 Several other methods have been 

335 

applied, such as interdiffusion of Ti/BN multilayer 
films,14 co-sputtering from Ti and BN targets15T16 
and sputtering from a heterogeneous Ti/BN tar- 
get.” Recently the first results of Ti+ implantation 
into BNo,5 and BN layers were reported, as well as 
of ion-beam mixing of Ti/BN multilayers.18~19 

In this paper the preparation of Ti-B-N films 
by Ti+ ion implantation into h-BN films and by 
ion-beam mixing with multilayers of the sequence 
Ti/BN will be treated in more detail. The films were 
investigated by SEM, glancing angle X-ray diffrac- 
tion (GAXRD), SNMS, ESCA/Auger analysis and 
nanoindentation. 

2 EXPERIMENTAL 

Boron nitride and titanium films were magnetron 
sputter deposited in a commercially available sput- 
tering machine (MRC, type 8667A) in a pure Ar 
atmosphere from h-BN or Ti targets. Both targets 
were of a purity better than 97.5 at%. The dia- 
meter was 21 cm and the distance from the target 
to the substrate holder was 9 cm. An Ar flow of 
50 seem was maintained during deposition giving 
a total pressure of 0.5 Pa. The partial pressure of 
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the working and residual gas was measured by 
a quadrupole gas analyser, which was connected 
to the sputter chamber by a pressure converter. 
Gas contaminations were of the order of 0.3%. 
Evacuation to 5 x 10e5 Pa was accomplished by 
a 3000 litre/s cryogenic pumping system. Prior 
to deposition the targets were sputter-cleaned for 
approximately 20 min. 

BN films were deposited on to polished silicon 
(111) wafers and Ti/BN multilayers on to glass 
substrates. Cleaning was performed with tri- 
chlorethylene and isopropanol in an ultrasonic 
bath, and before sputter deposition the substrates 
were subjected to a sputter etch for about 1 min. 

Multilayer films were deposited positioning the 
substrate holder sequentially under the Ti and 
the BN targets. The sputter power was 300 W 
at the titanium target and 1 kW at the BN target. 
The time under the target was chosen according to 
the desired thickness of each layer. The thickness 
of the BN films was between 200 and 300 nm. 
Sub-stoichiometric films of composition BNo.5 and 
stoichiometric BN films were used. The multi- 
layers consisted of five bilayers of 20 nm of Ti and 
8 nm of BN, with an extra layer of Ti at the glass 
interface. 

Ion implantations were performed using a vari- 
able source high current implanter (Danfisik 1090) 
at an energy of 200 keV at low current (100 PA) in 
order to maintain the samples at low temperatures. 
Various fluences were used ranging from 5 x 1016 
to 3 x lOi* ions/cm2 for Ti implantation into BN 
films, and from 1 x lOi to 1 x 1017 ions/cm2 for 
Art ion-beam mixing of the multilayers. 

X-ray microstructural analysis of the samples 
was performed with the glancing angle X-ray 
diffraction (GAXRD) apparatus described 
previously,22 using CuK, radiation. The angle 
of incidence of the incident beam on the sample 
surface was 0.5”, which results in theoretical pene- 
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tration depths of about 5.5 pm in boron nitride 
and 0.5 pm in titanium, titanium nitride and tita- 
nium diboride. 

The composition of the coatings was investi- 
gated by ESCA-Auger spectroscopy with a Perkin 
Elmer spectrometer type ESCA-SAM. The ele- 
mental concentrations were determined from the 
areas under the Ti 2p, N 1s and B 1s peaks, 
respectively, using atomic sensitivity factors. SNMS 
depth profiles were obtained with a Leybold INA 
machine. 

Hardness and Young’s modulus were deter- 
mined by an ultra-low load depth-sensing nano- 
indenter (Nanoindonter II, from Nano Instruments 
Inc.) from the loading and unloading curves.2o The 
loading curve was measured three times by keeping 
the indentation rate constant (3 rim/s)) and mea- 
suring the displacement until a total depth of 50, 
100 and 200 nm was reached. A hold period of 180 s 
followed, to allow for a relaxation of the induced 
plastic flow. Finally the unloading curve was mea- 
sured, decreasing the force at a constant rate of 
about 40 ~N/s. Elastic contributions were deter- 
mined from the unloading curve. These were used 
for the calculation of Young’s modulus and to 
reduce the loading curve to its plastic component 
alone. The measurements were calibrated with a Si 
(111) wafer assuming a modulus of 157 GPa, inde- 
pendent of penetration depth. Under these condi- 
tions a penetration depth independent hardness of 
12 GPa was obtained for the Si wafer. 

3 RESULTS 

SEM images were taken of the surfaces of selected 
Ti implanted BN films in order to observe any 
macroscopic effects of the implantation. Two such 
images are presented in Fig. 1, one of a BN film 
implanted with a fluence of 1 x lo’* Ti+/cm2, 

Fig. 1. SEM micrographs of (a) a BN film implanted with a fluence of 1 x 10 Ix Ti+/cm* and (b) of the same film following 
annealing for 3 h at 500°C. 
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and the other of the same film following a post- 
implantation annealing for 3 h at 500°C. The sur- 
face of the implanted film displays many crack-like 
features of the order of 10 pm in size. We believe 
that this is probably stress-related cracking caused 
by a change in the density of the surface during the 
formation of new phases. Following the annealing 
treatment a “self-healing” effect becomes evident 
(Fig. l(b)), the cracks reducing in size with time of 
annealing. This is probably due to atomic diffusion 
at the higher temperature, and related recrystal- 
lization. The depth profiles of the various atomic 
constituents of as-deposited and ion-implanted BN 
films, as well as of unimplanted and implanted Ti/ 
BN multilayers, were investigated either by the 
SNMS or Auger techniques. Figure 2 shows the 
SNMS profiles of an as-deposited BN film (a), and 
of an identical film following implantation with 1 
x lOI8 Ti+/cm2 (b). The profiles (logarithmic scale) 
display a full width at half maximum, which is 
nearly extended over the whole BN film. Figure 3 
shows Auger depth profiles of two Ti/BN multi- 
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layers, one unimplanted and the other ion-beam 
mixed with 10 l6 Ar+/cm2. Due to the depth 
resolution of the Auger technique it is difficult to 
follow subtle changes at the Ti/BN interfaces. A 
definite smearing of the interfaces is however 
apparent in the mixed specimen. Due to the inter- 
ference of the Ti 2p and N 1s lines it is difficult to 
determine the relative concentration of N in the 
depth profile. 

The structure of all unimplanted and implanted 
specimens was examined using GAXRD. This 
technique is much more surface-sensitive than stan- 
dard XRD; however it should be noted that only 
those phases containing Ti are detectable in the 
cases under consideration here due to the weak 
scattering power of B and N. Figure 4 shows the 
GAXRD spectra of BN0.s films implanted with flu- 
ences of 1 x 10r7, 3 x 10t7, 1 x 1Or8 and 3 x 1018 
Ti+/cm2. The width of all the diffraction peaks is 
large indicating that the implanted region is com- 
prised of one or more nanocrystalline phases. The 
peaks have been identified as shown in the figure. 

105 implanted BN, 10’8 Ti+/cmz 

800 

time / set 

Fig. 2. SNMS profiles of (a) an as-deposited BN film, and (b) an identical film following implantation with 1 x 10lx Ti+/cm2. 
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Fig. 3. Auger depth profiles of (a) an unimplanted Ti/BN multilayer, and (b) a Ti/BN multilayer ion-beam mixed with lO”j Ar+/cm2. 
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Fig. 4. GAXRD spectra of BNo,5 films implanted with various 
fluences of Ti+ ions. 

Figure 5 shows the GAXRD spectra of stoi- 
chiometric BN films, implanted with fluences of 
8.2 x 1016, 1.8 x lOI and 4 x 1017 Ti+/cm2. The 
obvious difference between these sets of spectra is 
the lack of TiB2 peaks in the spectra of the 
implanted stoichiometric BN films. 

The spectra of ion-beam mixed Ti/BN multi- 
layers after various ion fluences are shown in Fig. 6. 
The spectrum of the unmixed sample shows only 
the Ti peaks as expected. The broad scattering 
feature near 213 z 26” is probably due to penetra- 
tion of some of the X-rays through to the glass 
substrate. After 1015 ions/cm2 no obvious new 
phase has formed (spectrum not shown), while 
implantation with 3 x 1015 ions/cm2 causes 
a change in shape of the main group of peaks near 
28 z 40”, indicating the possible formation of 
a second Ti-containing phase. The structure of 
this phase is immediately obvious following 1016 
ions/cm2 where it appears that practically all of the 
metallic Ti phase has disappeared in order to form 
a TIN phase. Further ion implantation rapidly 
destroys this phase, leaving an amorphous surface 
presumably containing Ti, N and B with some 
residual Ar. 

Additional structural information was obtained 
from XPS measurements. These showed that for 
the BNe.s coatings implanted with a fluence of 1 x 
lOi* and 3 x lOI Ti+/cm2 (Fig. 4) the Ti 2psi2 line 
is split into two components at approximately 
454.3 and 455.2 eV indicative of TiB2 and TIN, 
respectively, showing that Ti is present in two 
different phases. 

Hardness, H, and Young’s modulus, E, of 
as-deposited BNo.5 coatings and coatings which 
were annealed for 4 h at 400°C are shown in Fig. 7 
as a function of the Ti+ fluence.19 In the figure 
curves obtained at different penetration depths are 
displayed. These all show a similar form, indicating 
that the films are rather homogeneous in chemical 
and phase composition. H and E obtained from the 
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Fig. 5. GAXRD spectra of stoichiometric BN implanted with 
various fluences of Ti+ ions. 
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Fig. 6. GAXRD spectra of Ti/BN multilayers mixed by 
various Art ion fluences. 

Ti + -implanted stoichiometric BN films and from 
the mixed multilayer films are displayed in Figs 8 
and 9, respectively. 

4 DISCUSSION 

Figure 10 shows a simplified phase diagram of the 
system Ti-B-N at 1500°C.’ Two features have to 
be noted: (i) no ternary phases occur, and (ii) there 
is only a small boron solubility in titanium nitrides 
and a negligibly small solubility of nitrogen in the 
titanium boride phases. The crystal structures of 
the phases are the hexagonal A1B2-type for the 
TiB2 phase, the NaCl-type for the TIN, TIN,,_, 
and Ti(BN)l_, phases, the orthorhombic, FeB- 
type for the TiB phase and the Mg-type for the Ti 
and phases and their solid solutions. The stable 
crystalline structure of boron nitride is a graphite- 
type structure. 

The points plotted in Fig. 10 represent the aver- 
age composition of the coatings prepared by Ti+ 
implantation into BNo.s (open circles) and stoi- 
chiometric BN films (filled circles) as calculated 
from the Tif fluence and thickness of the film 
assuming that all impinging Ti+ ions remain in the 
film (projected range for 200 keV Ti+ ions in BN 
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Fig. 7. Hardness and Young’s modulus of Tit-implanted 
BNo.5 films measured with a nanoindenter at various 

penetration depths. 
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Fig. 8. Hardness and Young’s modulus of a Ti+-implanted 
stoichiometric BN film. 

M 170 nm). Due to the relatively flat Ti+ implan- 
tation profile (Fig. 2) the local deviations from the 
average value should be within f 30%. 

In spite of the limited validity of phase diagrams 
for coatings deposited under “non-equilibrium” 
conditions, the experimentally identified phases are 
in good agreement with the phase diagram for the 
Ti-EN system: only binary phases were observed 
(TiB* and TiN) and the evolution of the phase 
composition with implantation fluence (Figs 4 and 
5) can be roughly described by 

h - BN + TiB2, TIN + Ti, TIN, TiB2 

as expected for the compositions corresponding to 
the different film compositions plotted in Fig. 10. 
The difference in the GAXRD spectra of Figs 4 
and 5 for nearly equal fluences of 3 x 1017 and 
4 x lOi Ti + /cm2 can easily be understood from 
the different nitrogen concentrations in the films: 
both films are located in that zone of the phase 
diagram where the TiB2, TIN and BN phases co- 
exist. However, the stoichiometric film is expected 
to have at equal Ti + fluence a higher TIN phase 
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Fig. 9. Hardness and Young’s modulus of Ar+-mixed Ti/BN 
multilayers. 

Fig. 10. Phase diagram (simplified) of the Ti-B-N system. The 
compositional locations of the implanted films are shown by 

open circles (BN,,) and filled circles (stoichiometric BN). 

fraction, since the free enthalpy of formation of 
TIN is a factor of 1.5 more negative than that for 
TiB2. 

Concerning the ion-beam mixed multilayer films 
it is not possible to attribute to them an approx- 
imate film composition as we have done for the 
implanted BN films. This is due to the fact that 
ion-beam mixing gives only at very high fluences 
(which could not be realized in our experiments) 
a sufficiently homogeneous mixing. Nevertheless, it 
is interesting to note that the films become highly 
X-ray amorphous at fluences above 3 x 1016 
Ar+/cm2 (Fig. 6) in contrast to the implanted BN 
films at comparable fluences (see Figs 4 and 5). 
This behaviour is possibly a consequence of an 
accumulation of Ar+ ions in the film. These may 
introduce high compressive stress and crystal dis- 
order and lead to an effective decrease of crystallite 
size. 

The observed dependence of hardness and 
Young’s modulus (Figs 7-9) can also be qualita- 
tively understood from the phase diagram. The 
hardest phases in the system are TiB2 (H, 4000) 
and TiN (H, 2500). Higher hardness, and possibly 
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also higher toughness, might be obtained if the 
films have a multi-phase composition2,3 with the 
restrictive condition that soft phases such as h-BN 
and Ti should be absent. These conditions are ful- 
filled if the chemical composition corresponds 
approximately to TiBN0.5.4 In this case the coating 
is composed only of the two hard phases TiB2 and 
TIN in equal parts. The experimental results 
displayed in Fig. 7 confirm these expectations: 
highest hardness is actually observed at a fluence of 
about 1 x lOI Ti+/cm2 (for the post-annealed 
films) corresponding to a composition of TiBNO,S. 
However, only relatively moderate values for H and 
E of about 20 and 200 GPa were observed in com- 
parison to about 50 and 500 GPa for Ti-B-N coat- 
ings which were synthesized by other methods.‘5,‘6 
The softening observed at very high fluences of Ti + 
implantation into BNo.5 films is probably due to 
the appearance of the the metallic Ti phase. The 
observation that at low fluences H and E are 
decreasing (Fig. 7) might be due to the fact that the 
relatively hard (up to 20 GPa21) sub-stoichiometric 
boron nitride is decomposed under the effect of 
ion bombardment. Stoichiometric films do not 
show such a behaviour (Fig. 8). The hardness and 
Young’s modulus behaviour displayed in Fig. 9 for 
the ion-beam mixed multilayers can be understood 
from the GAXRD spectra of Fig. 6. The highest 
hardness corresponds to the appearance of the TIN 
phase at a fluence of lOI Arf/cm2. 

5 CONCLUSIONS 

Titanium ion implantation into boron nitride films 
is a suitable method to synthesize Ti-EN coatings 
of variable composition. Ion-beam mixing of multi- 
layer coatings of the type Ti/BN by argon ion 
bombardment generates coatings which are 
compositionally inhomogeneous. 

The implanted films are featureless at low 
implantation fluences, but show many crack-like 
features at higher fluences due to stress-related 
effects. Following an annealing treatment, a self- 
healing effect becomes evident. 

Glancing angle X-ray diffraction investigations 
have shown that the identified phases agree well 
with the prediction of the phase diagram for the 
system Ti-B-N. 

Only relatively moderate values for H and E 

of about 20 and 200 GPa, in comparison to 60 
and 600 GPa for Ti-B-N coatings which were 
synthesized by other methods, were observed. 
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