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This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
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ABSTRACT

Composite nitrides (such as BN, TiN) are widely used in various industrial applications
because of their extreme wear and corrosion resistance, thermal and electrical properties. In order
to obtain composite materials with these optimal properties, it is important to elucidate whether any
chemical reactions occur at nitride/metal interfaces, e.g., those involving BN-T/TiN. Materials of
interest include the deposition by PVD of Ti and TiN on BN substrates. Some of these systems
were then subjected to varying degrees of physical and thermal alteration. Detailed X-ray
photoelectron spectroscopy (XPS) has therefore been rendered of these interfaces using cross-
sectional display and sputter etching. Resulting structural and morphological features have been
investigated with transmission electron microscopy (TEM) and X-ray diffraction (XRD).
Diffusion of the nitridation, oxynitride formation and interfacial growth are of general interest.

INTRODUCTION

Nitrides of various elements play a major role in today’s industry, science and technology
for their interesting and useful resilient properties. Cubic boron nitride (c-BN) which, similar to
diamond® is thermodynamically stable under high pressure and high temperature, has unique
characteristics, such as, high hardness (>50 Gpa), strength, chemical stability, wear resistance and
chemical inertness. Thus the c-BN is expected to be a promising material which can have a wide
range of usage in cutting tools and electronic device industries. Recent studies has been focused
into manufacturing thin films of ternary compounds to improve the mechanical properties of binary
coatings. In an attempt to improve the film/substrate adhesion and other mechanical properties,
research is continuing into BN based transition metal coatings, including Ti-B-N. The inclusion of
a transition metal in the coating introduces metallic bonding which may increase the probability of
better adhesion between the coating and the substrate.® Also TiN is widely accepted in industry

- on its own right as a surface coating because of its high hardness, good wear and corrosion
resistance.*” The synthesis of Ti-B-N coatings has recently attracted considerable attention from
many researchers who have adopted various chemical and plasma vapor deposition (CVD and
PVD) techniques for preparing the coating.*'® The phase diagram for Ti-B-N gives the
composition for a particular stoichiometry at a thermodynamic equilibrium.*” However coatings
deposited by PVD technique are considered to be in a non-equilibrium state due to the high
quenching rates occurring during deposition.

Some of the most important properties of these coatings occurs due to the presence of the
resulting binary and ternary phases TiN, TiN,, TiB,, BN, TiB,N,.*¥ These multiphase systems
are often analogous to bulk composite materials, i.e., generally showing better hardness and
toughness properties than single phase materials. Auger electron spectroscopy (AES), X-ray
photoelectron spectroscopy (XPS), electron energy loss spectroscopy (EELS) and cross-sectional
transmission electron microscopy (XTEM) methods have been used to characterize the
interfaces."“'” From these investigations, it appears that the nature of any adhesion is strongly
related to the extent of any physicochemical interactions, that occurs at the interfaces,?"?? but the
information is often conflicting or incomplete from the point of view of characterization of both the
spectra and the material composition.

The intention of this work was to explore the types of chemical interactions found in these
B-N-Ti systems and further explore any changes in features during thermal treatment. Detailed
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XPS has been rendered of these surfaces and interfaces using both sputtering and cross-sectional
display to clarify the origin of the different phase components that comprise the Ti(2p), N(1s),
B(1s), O(1s) levels in B-N-Ti systems. Also the structural and microstructural features of the BN-

"TiN based material were examined with an analytical transmission microscope and a x-ray
diffractometer. '

EXPERIMENTAL

In this study the substrate materials were cubic BN, preépared from h-BN by pressing the as
received powder into preshaped 6 mm diameter and 2 mm thick disks and heating to a temperature
of 2800°K,, at a pressure of 9 GPa. The BN disks were then ion plated with Ti/TiN in a NNW6.6
coating apparatus with 3 cathodes (located in the Institute of Metal Cutting, Poland) using the arc
PVD method.®” Following ion deposition, a few of the coated specimens were subjected to
postdeposition annealing in a quartz tube at 1000°C and 1400°C for 2 hours in a high vacuum
furnace to identify surface modifications in the specimens.

Surface analytical spectra were generally performed on a Hewlett-Packard (HP) ESCA

5950A spectrometer with a high-resolution X-ray monochromator, using Al Ka (1486 eV)
radiation, with the analyser operating in the constant analyzer pass energy mode. The spectrometer
was calibrated using a binding energy scale specified by Au(4f7/2) = 83.98+0.05 at a linewidth of
< 1.0 eV. The charging shifts produced by the insulating samples were removed by a
combination of electron flood gun adjustments and fixing the C(1s) binding energy of the
hydrocarbon part of the adventitious carbon line at 284.6 eV.?® We have measured the Ti(2p),
B(1s), O(1s), N(1s) of the deposited layers and the interfaces (TY/TiN on BN) to examine the
chemical interactions between BN and Ti/TiN. For calibration XPS was also carried out on
standard (i.e., pure and clean) samples of Ti, TiN, BN and TiB,. The samples were also sputtered
with 2.5 KeV argon ions to determine the chemical state of the subsurface and interfacial features

of the deposited film as a function of depth. Curve fitting program of the data was performed after .

a Shirley background subtraction®®, using a 2 point box curve fitting program with a
Guassian/Lowrentzian product function.

Additionally, x-ray diffraction studies using Philips PW 1710 X-ray diffractometer) were
carried out on these samples to determine the film crystallinity and structure. Microstructural
observations and chemical microanalysis were also performed in a Philips CM20 TWIN (200 kV)
traqsmis(zssien electron microscope equipped with a Link Ex1 1 energy dispersive spectroscopy
system. :

RESULTS AND DISCUSSION

_ TEM observations of thin films have shown that the matrix of the material is mainly ,

composed of tightly packed TiN and BN grains (Figure 1). At the interface of BN and TiN, a thin
layer of columnar grain structure has been observed. Selected area electron diffraction pattern and
and X-ray microanalysis confirmed this phase as a TiB, crystal lattice and exclude other boride or
nitride phases.®’

The chemical state data obtained from XPS analysis of Ti-B-N films enables information
regarding the phase composition of the material. XPS was employed to investigate the changes in
chemical states in Ti(2p), N(1s), B(1s), O(1s) in Ti-B-N systems at 1000°C and 1400°C for 2
hours respectively. The Ti(2p) XPS spectra (not shown) of Ti-BN (1000°C) revealed the expected
presence of TiO, on the surface due to air induced surface oxidation of the Ti. Neither boron (B)
or nitrogen (N) was found on the surface. When heated to 1400°C for 2 hrs, distinct changes in
the XPS (Ti(2p), N(1s), B(1s), O(1s)) spectra exhibits the formation of various phases such as,
%‘iBz, TiB,N,, TiN, BN, some oxynitrides,?**” as well as the oxides of B and Ti (Table 1, Figure

a and 3).

In conjunction, XRD studies also confirms the material crystallinity and formation of these
phases occurred during the growth process.?” This suggests that at higher temperatures B and N
species have diffused towards the surface and reacted with Ti, forming TiN and TiB, compounds,
and also with O, producing B,O, (Figure 3). The B(1s) peak separation between TiB, and BN is
sufficient large enough to identify the presence of these chemical states. XPS N(1s) spectrum (not
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shown) at 399.13 eV suggests the presence of weakly oxidised oxynitrides in the air oxidized
layer. We also observed the presence of moderate amounts of TiO, and B-O containing species in
the surface layer. The boron oxide peak has a higher binding energy than that of BN due to the
more ionic nature of B-O bonds (compared to B-N). Different chemical species forming in the B-
N-Ti system during heat treatment have drawn various interpretation in the literature.?**
Ermolieff et al.,®*? suggested an oxidation of suboxides at the interface between the oxide and the
nitride, while Ernesberger et al.,*® label oxinitrides as the principal species resulting from TiN
oxidation.

Table 1: Binding energies (+ 0.2 eV) for representative Ti-B-N deposition systems. Binding
energies are referenced to C(1s) =284.6 eV.

No | Materal | Ti(2p),, (V) N(1s) (V) B(1s) (eV) O(ls) (eV)

X=1000C | "T1",TiN e | TIN, “TIN 0. 'TiB,, ‘BN, 'T1-O, ’B-0, °Si-0,
Y=1400C *TiN, ‘”I‘ii32 °BN, ‘BN,O,, | *TiB,N,, ‘BN,0O,, | “Oxynitrides, *OH/C-

x 'y y —z

STi-oxynitrides, | *Ti-oxynitrides ’BO, °B.0, 0-C
‘TT___THBN [ 45897 | Nil Nil ~1530.3, °532.66
2 | "Ti+BN | 4588, °455.5, |'397.25, 398.1, | 1187.57, 190.38, | '530.22, 1532.8,
) *454.5, T TiB,N, “399.13 3189.44, 191.8, *530.5-531.6
5192.4, €193.1
3 | *TIN+BN| 4588, 4565 | 13973, 7396.5, Nl 53007, 5328,
*455.5 5400.2-398.3 *530.8-531.5 "

4 |"TIN+BN| 14582, 7456.7 | '397.2, 2396.2, Nil 752992,
’455.6, °457.2 (%) °398.5 *530.7-531.8, °533.8
I i i ’) .

a1 BindingEnergy (V) 4501
Figure 1: TEM micrograph showing columnar Figure 2. XPS Ti(2p) spectra: (a) Ti+BN
layer of TiB, grains between the TiN and BN. and (b) TiN+BN (treated at 1400C, 2 hrs).

Possible peak identifications: (1) TiO,, (2)
TiN,, (3) TiN and (4) TiB,, (5) Ti-oxynitride
(may be), T TiB N, x =1.8
The XPS binding energies of 1000°C and 1400°C heat treated BN+TiN systems are also
listed in Table 1. From Table 1, from the resulting N(1s) lines, we find two types of chemical
species for N atoms in TiN film: (1) one, designated as TiN, with apparently stoichiometric bonds
with titanium (Ti atoms surrounded by N atoms: N(1s), = 397.3-397.2 eV for 1000°C and
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1400°C respectively) and (2) one, designated as TiN,, with non-stoichiometric N-Ti bonds (i.e.,
N/Ti >1 and different bonding due to the excess nitrogen) (N(1s), ¢ = 396.8 and 396.2 eV for
1000°C and 1400°C respectively). The 0.6 eV downfield BE shift of N(1s) in TiN, (1400°C) is
due to a nitrogen composition difference, 1.8 N atoms (i.e., TiN, ; ) in the former as compared to
1.5 N atoms (i.e.,TiN, ;) in the latter case. The fraction of N with non-stoichiometric bonds with
Ti may be one of the principal factors for determining film quality. It was shown that coatings
with the best tribological properties contained the smallest fraction of “excess” nitrogen bonds with
titanium.®*? No TiN_-type compounds were found in the Ti+BN system. Only nitrogen seems
to be sensitive to the non-stoichiometry, and therefore, Ti+BN may exhibit better tribological
properties than TiN + BN due to the absence of TiN, in the former case. Also, the intensity of N
in the 1000°C treated BN+TiN sample is 4 times lower than the one treated at 1400°C. This
suggests that the mobility of N atoms is higher at higher temperature to form the titanium nitrides.
Also, the probability of surface TiB, formation in TiN/BN is minimal and is due to the less
availablity of free Ti atoms (which are strongly bonded to N atoms in TiN). In all of the coated
samples XPS Si(2p) spectra shows a definitive surface presence of Si-O, Si-C and Si,N, which
has apparently occurred during the heat treatment of these samples in a quartz tube, indicating
migration of Si from the quartz tube to the sample surface. :

In order to analyze the chemical state of the subsurface region, Ti coated BN sample was
repeatedly sputtered with Ar*ions at 2.5 KeV followed by XPS analysis of the resulting surface.
After ion etching, the level of carbon (primarily adventitious) concentration decreased dramatically
with time (Figure 4), but the O(1s) line remained significant, suggesting a diffusion of oxygen
throughout the entire film during heat treatment. The contribution of oxygen containing phases is
maximal at the surface and decreases to a small extent with depth. A decrease in the silicon
concentration following modest sputtering, suggesting it to be a surface impurity. From the XPS
quantification and the binding energy of Ti(2p) (458.9 eV) pertains to that of TiO, on the surface of
the implanted Ti film. After Ar* ion sputtering for 6 minutes (~ 6 A°) the very thin layer of TiO,
was removed and the Ti(2p) binding energy suggested primarily TiN. The atomic % of Ti(2p) and
N(1s) calculated by XPS were listed in Figure 4. During 1 minute of sputtering (~ 10 A®) we
found the presence of oxynitrides that disappeared after 50 minutes of sputtering (~ 500 A°) ,
apparently resulting in a phase separation into stoichiometric and non-stoichiometric TiN, plus
some interfacial TiO,. Earlier, studies have proposed the presence of suboxides at the interface
between the oxide and the nitride.®® In our case we find XPS evidence of TiN films oxidized to
TiO, with a suggested sublayer of Ti-oxynitrides, a similar feature was also reported by other
researchers.” After sputtering off ~ 2300 A°, B was detected (Figure 4). With further sputtering
the B and N content increased while the Ti content in the film decreased. This suggests the near
completion of any Ti and N reaction. However in this region, a mixture of TiB, (B(1s) 5 187.57
eV), TiB,N (B(1s) , =189.44 eV) and BN (B(1s) 5 ;=190.38 eV) was found to be present,
suggesting that with depth the Ti-N reaction is replaced by a reaction between Ti and B. At lower
temperature of treatment, the formation of TiB, is well undemeath the surface, whereas at higher
heat treatment temperatures the formation of the boride phase is most likely to appear on the
surface. The resulting metallic boride provides high hardness and resistance to corrosion. From
the XPS analysis we found that the inner region of the coating was primarily TiN and TiN, (x>1),
while the region near the substrate (BN) /coating (Ti) interface consists of a mixture of TiB,N,
,TiB, layer along with boron oxide.

As a result of ion bombardment, the line shape and FWHM are changed in all of the Ti(2p)
spectra. These changes are caused by the appearance of additional chemical states, which, based
on analogy with previous studies,®” were characterized as Ti**, Ti** and is perhaps due to sputter
induced reduction reactions. Deeper in the film (> 8000 A°), the TiB, phase disappears, while the
relative XPS quantification of the BN phase increases. In addition the relative amount of TiN, (or
TiN) decreases with increasing depth of sputtering.

CONCLUSION

XRD revealed the presence of crystalline TiN and TiB, phases in the Ti-B-N systems.
TEM observation exhibited a compact structure in the TiN+BN systems showing the formation of
TiB, at the BN/TiN interface. XPS analysis of 1000°C treated Ti+BN showed no TiN on the
surface, but the formation of TiN and TiB, was evident during the 1400°C treatment, suggesting

- e mo/vaawo

Y SVARY



the migration of boron to the surface at higher temperatures. Thus the thermal treatment do play an
important role in the chemical interaction of Ti-B-N systems. Also XPS data indicated the
formation of both stoichiometric TiN and nonstoichiometric TiN, and oxynitrides on the surfaces
of Ti/TiN coated BN substrates. XPS data of sputtered Ti+BN systems has enabled the clear
identification of TiN and TiB, phases in the inner layer of the coating/substrate interfaces.
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Figure 3: B(1s) spectra of Ti+BN treated at Figure 4: Approximate XPS sputter depth
1400°C, 2 hrs. Possible peak identifications:(1)  profile of Ti thin film deposited on BN
TiB,, (2) TiB,N,, (3) BN, (4) BN,O,, (5) B-O  substrate, heated at 1000°C for 2 hrs.

and (6) B,0,.
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