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Abstract

Multilayered TiAIN/Mo coatings were deposited by dc reactive magnetron sputtering in a custom-made chamber. In order to assess the
composition of these coatings, a combined study of Extended X-ray Absorption Fine Structure (EXAFS) and Rutherford Backscattering
Spectrometry (RBS) experiments were performed. Through the simulation of the EXAFS spectra, giving the local environment of the
titanium atoms inside the nitride (TiAIN), a cubic phase has been evidenced with aluminium atoms occupying titanium sites. For modulation
periods in the range of 3.6—11.8 nm, RBS simulations on these multilayers also enabled the determination of the level of intermixing that
occurs at the interfaces as a function of the negative bias voltage and number of layers. It was observed that the intermixing width could be as
high as 2.1 nm for the roughest samples (larger periods) or as low as 0.4 nm for those with the sharpest interfaces (smaller periods).

© 2004 Elsevier B.V. All rights reserved.

Keywords: Multilayers; EXAFS; RBS; Simulations; Roughness; Atomic environment

1. Introduction

Multilayer coating design is a field of never-ending
solutions for a vast range of applications [1]. In order to
optimise the mechanical performance of these structures for
the wear protection coating industry, the mechanical and
physical properties need to be understood. In our case, we
combine alternate layers of a hard nitride (TiAIN) together
with a softer metal (Mo). When using a ductile layer in the
bilayer system, this stacking feature should improve the
strength of the coating by inhibiting crack propagation
through the introduction of multiple interfaces capable of
deflecting or absorbing the crack tips.

The investigation for the optimum deposition parameters
undergoes inevitable microstructural changes in the alloy
formation of TiAIN that can be either extended or at an
atomic scale. Despite X-ray diffraction (XRD) being a very
versatile structural probing tool, it is however not well-
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suited for analysing the atomic environment. The Extended
X-ray Absorption Fine Structure (EXAFS) is a well-known
technique able to finely characterize the local order around
the absorbing atom. This effect is detected as an oscillatory
structure in the X-ray absorption coefficient (on a large
energy scale), and these oscillations contain quantitative
information about the local environment of the absorbing
atom. Subsequent modelling of the EXAFS spectra yields
valuable information on the chemical bonds and the average
interatomic distances from the central atom to the nearest
neighbours.

On the other hand, Rutherford Backscattering Spectrom-
etry (RBS) has also been used to study both the composition
of the TiAIN/Mo multilayers and the average interlayer
roughness as a function of the number of bilayers and of
the multilayer period (A) [2—4]. Using grazing angles for
both ingoing and outgoing ions in the RBS analysis, it was
possible to increase the depth resolution and hence the
sensitivity to roughness in this technique.

In this study we combine both EXAFS and RBS in
grazing geometry to profile the interface roughness and
mixing of TiAIN/Mo multilayers at an atomic level. RBS
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Table 1
Important deposition parameters for the production of the PVD-grown
TiAIN/Mo multilayers

Base pressure 5x107° Pa
Argon partial pressure (TiAIN) 0.35 Pa
Argon partial pressure (Mo) 0.5 Pa
Nitrogen partial pressure (TiAIN) 0.1 Pa
Temperature during deposition 250 °C
Target-to-substrate distance 65 mm

Bias voltage range 0to —120V
Modulation period range 3.6-11.8 nm
Relative thickness of the Mo layer in a bilayer ~ 56%

simulations were performed with a code where roughness is
explicitly taken into account [5]. Using Mo and Tig 4Alp N
densities, the modulation period and individual layer thick-
ness were also evaluated.

2. Experimental details

TiAIN/Mo multilayer coatings were deposited on (100)
silicon wafers using a custom-made reactive sputtering
automated system operating in static mode, with the exper-
imental conditions presented in Table 1. An automated gas
inlet system enabled the continuous adjustment of the Ar/N,
atmosphere, nitrogen being introduced only during the
nitride deposition. Before deposition, the substrates were
in situ sputter-etched in an argon atmosphere. Additional
information on these experimental techniques can be found
elsewhere [6,7].

RBS experiments were performed using a 2.0 MeV He"
beam from a 2.5 MV Van de Graaff accelerator. The
backscattered particles were detected by a surface barrier
detector with an energy resolution of 15 keV at FWHM
placed at 160° to the beam direction, in the Cornell
geometry. The beam spot was 0.2 x 0.6 mm?. The energy
resolution at the surface was 1 nm for 85° grazing angle of
incidence, as calculated with the code DEPTH [8]. The IBA
DataFurnace code [9,10] was used to simulate the RBS
spectra. Roughness leads to a broadening of spectral fea-
tures. Quantitative determination of roughness can be made
by comparing the width of the multilayer peaks to the width
they would have if no layer roughness or intermixing would
be present. The implementation of roughness models in the
simulations is described in detail elsewhere [5]. The main
assumptions used in this work are that all interfaces are
equivalent, and that the roughness or mixing follows a
Gaussian distribution.

X-ray absorption measurements were performed at
LURE (Orsay, France) using the synchrotron radiation from
the DCI storage ring operating with an energy of 1.85 GeV
and a current of 230 mA. The absorption spectra were
collected over 1000 eV above Ti—K edge (4970 eV) on
EXAFS-I station (D-42 beam line) equipped with a Si(111)
double crystal monochromator. The conversion electron
mode was used since the thickness of the studied films is

of the order of the probe depth CEEXAFS technique
(typically 70 nm). The electron yield spectra were recorded
by using a detector operating at liquid nitrogen temperature
[11]. This device allowed EXAFS amplitude improvements
by reduction of thermal agitation. The EXAFS oscillations
were analysed according to a standard procedure described
in detail in Refs. [12,13]. Fourier transformation was per-
formed over the range 2—12 Al using nodal points for the
Hamming window function, k&* weighted. The EXAFS
contributions of the different coordination shells can be
separated, singled out and back-transformed in & space;
then their real part was simulated using formula (1),
reported later.

3. Results and discussion

The EXAFS technique consists in a measurement of the
X-ray absorption coefficient on an energy range including
the edge energy of the chosen chemical specie. For illustra-
tion, the raw data of a (TiAIN)/Mo X 100 multilayer mea-
sured at Ti—K edge are given in Fig. 1 (for the sake of
clarity, these data are normalised to 1 above the absorption
edge). The principle of EXAFS relies on the behaviour of
the electron ejected from a central atom after an X-ray
photon has been absorbed. The outgoing wave function of
the ejected electron is then backscattered by the surrounding
atoms giving rise to a system of constructive or destructive
interferences depending on the wavelength of the incident
X-ray beam and the distances to the neighbouring atoms. In
the most recent theories, the EXAFS signal is treated in
terms of curved waves and theoretical simulations take into
account the multiple scattering of the photoelectron [14].
Nevertheless, in this work, the EXAFS phenomenon is
analysed using the single scattering EXAFS formula since,
when the study is limited to the first two peaks of the
Fourier transform, the multiple scattering can be neglected.
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Fig. 1. Ti-K edge absorption coefficient as a function of X-ray energy
measured for a (TIAIN/Mo) X 100 multilayer sample with A= 7.9 nm.
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The information appears as structural parameters in the
plane-wave EXAFS signal ky; [15], together with other
quantities which depend on the electronic structure of the
material:

kyi(k) = — Zﬁzj |fi(m, k)| - exp(—zaékz)

jolu
. exp(—ZF%) - sin(2kry; + (k) (1)

where & is the wave number, N; |f(m,k)| is the backscatter-
ing amplitude of N; atoms of type j surrounding the
absorbing atom of species i, a distance r;; apart; o7 is the
mean square relative displacement (MSRD) assuming a
Gaussian distribution; the term exp( — 205—1{2) is also called
the Debye—Waller factor; exp( — 217;/k) is a mean free path
term taking into account inelastic effects; ¢,(k) is the sum of
the central and backscattering phase shift. The amplitude
|f(m,k)| and the total phase shifts ¢;(k) used here are
theoretical values calculated by McKale et al. [16]. These
parameters, successfully tested on Ti, TiN and TiAl refer-
ence samples, are very similar from those extracted from the
FEFF software package [14], which takes into account
multiple scattering paths.

In Fig. 2, one can see the radial distribution Fourier
transform extracted from the X-ray absorption spectrum
measured at the Ti—K edge on a (TiAIN/Mo) X 100 mul-
tilayer sample. This sample was produced in the same
conditions as in Table 1, with a modulation period of 7.9
nm and grown with a bias voltage of —60 V. For
comparison, the TiN reference sample spectrum has also
been included. The symbol (*) marks the maximum
corresponding to the first neighbours (first shell) of Ti,
that is assigned to the nitrogen atoms. The symbol (**)
marks the maximum corresponding to the second shell of
nearest neighbours of Ti, which happen to be Ti—Ti bonds
according to the reference sample.
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Fig. 2. Radial distribution Fourier transform at the Ti—K edge measured on
a (TiAIN/Mo) X 100 multilayer sample (with 4="7.9 nm) compared with a
TiN (111) reference sample. The first maximum (*) is attributed to the first
coordination shell, which is assigned with the Ti—N bond, whereas the
second maximum (**) refers to the Ti—Ti and Ti—Al bonds.
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Fig. 3. Simulation of the experimental EXAFS filtered spectra of a TiN
reference sample. Extracted parameters are reported in Table 2.

The simulation of the filtered experimental EXAFS
spectrum (limited to peaks noted * and **) of the TiN
reference sample is shown in Fig. 3. The structural param-
eters related to this fit, an estimation of its uncertainties, the
amplitude reduction factor (S3), shift energy (E,) and the
residue value (which characterize the quality of the simula-
tion) are given in Table 2. One can notice that the expected
environment (6 N atoms located at 2.14 A, 12 Ti atoms
located at 3.0 /&) is obtained. The low value of the residue
confirms that the retro-diffusion parameters (amplitude and
phase shift) that were used are suitable. It also indicates the
validity of a single scattering treatment on this kind of
structure, even on the second coordination shell. The first
peak of the studied (TiAIN/Mo)Xx 100 sample, characteris-
tic of the first Ti—N coordination shell, is clearly the same as
on the reference sample (Fig. 2). The agreement between the
experimental signal characteristic of this peak and the
theoretical one (Fig. 4), obtained with six atoms of nitrogen
located at 2.15 A from the central atom, confirms that the Ti
atoms are completely surrounded by N atoms. Consequent-
ly, Al atoms substitute Ti in the TiAIN phase. All the
parameters extracted from this previous simulation are
reported in Table 2. Additionally, the existence of a hexag-
onal AIN phase with Ti substitutional atoms on Al lattice
can be ruled out because in that case the Ti—N bond length
should be 1.9 A; as it was confirmed through the XRD
patterns of the same sample [6,7].

The important attenuation of the second peak amplitude in
the case of the studied sample (see Fig. 2, peak noted **)
confirms the existence of Al substitutional atoms on a Ti
lattice. Indeed, the Ti—Ti and Ti—Al phase shifts ¢,(k) that
appear in the EXAFS formulation are out-of-phase, thus
leading to a destructive interference and subsequent decrease
of the EXAFS amplitude. In order to confirm this qualitative
study, a simulation of the EXAFS and Fourier transform
spectra of the second peak has been performed taking into
account the composition derived from the RBS experiments:
Tig 4Aly ¢N. For the second shell, corresponding to 12 atoms
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EXAFS simulation results on a TiN reference sample and on a (TiAIN/Mo) X 100 multilayer sample with a modulation period of 7.9 nm and grown with a bias

voltage of —60 V

Chemical Number of Distance (A) MSRD (A) Ey (eV)
specie neighbours S¢
Residue
TiN reference sample N 6+2 2.14 £ 0.05 .07 4+0.01 3
Ti 12+1 3.0£0.02 .075 £ 0.005 1
0.02
(TiAIN)/Mo sample N 6+ 1 2.154+0.05 .075 £0.01 2
1
0.3
Ti 4.8 2.93+.03 .08 £0.005 5
Al 7.2 2.94 + .02 .086 + 0.005 1
0.07

for a fcc lattice, this composition leads to 4.8 titanium
atoms and 7.2 aluminium atoms. The quality of the
simulation shown in Fig. 5 with these coordination numb-
ers validates the composition extracted from the RBS
measurements. The other parameters related to this simu-
lation are reported on Table 2. The rather low values of
the MSRD, and close to the ones obtained for the TiN
reference sample, are characteristic of a well crystallized
phase. The lattice parameter (a=4.14 10\) extracted from
the next nearest neighbours distance of the TiAIN phase
(2.93 A) is fairly in agreement with the one obtained
through the XRD patterns of the same sample [6,7]. From
these different results, one can conclude that TiAIN has a
NaCl Bl-type TiN phase, where Al atoms substitute Ti
atoms. However, the lattice parameter of the TiAIN phase
is lower than the one attributed to TiN (4.24 A) [17]. This
discrepancy can be justified since Al atoms are smaller
than the Ti atoms. One can also add that the presence of
Mo next-nearest neighbour in some Ti environments
cannot be ruled out since it can contribute to the reduction
of the EXAFS amplitude of the second peak.

The Mo layers are quite homogeneous, resulting in a
composition of ~ 99%, which is indicative of very low
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Fig. 4. Simulation of the EXAFS filtered spectra corresponding to the first
neighbours (first shell) of Ti, shown in Fig. 2. Extracted parameters are
reported in Table 2.

oxygen content. For the determination of the individual
layer thickness and calculation of the elemental percentage,
in Table 3, the densities that were used (priamn=9.9 X 10%
atoms/cm? and PMo = 6.4 X 10?? atoms/cm?) were obtained
from the RBS fits to monolithic thin films of TiAIN and Mo
grown in the same conditions. From the results in Table 3,
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Fig. 5. Simulation of the experimental spectra of a TIAIN reference sample:
(a) EXAFS filtered spectrum simulation; (b) Fourier transform simulation.
Extracted parameters are reported in Table 2.
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Table 3

RBS composition simulation results from a series of (TiAIN/Mo) X 50 multilayer samples grown with in the same conditions as stated in Table 1, except for the

bias voltage

A (nm) ¢ (at/cm?) Mo (at.%) Ti (at.%) Al (at.%) N (at.%) frian/fvo (nm) Bias (V) Composition

11.8 49x10" 37 13 19 31 6.2/5.6 0 Tip 40Aly 60N o
11.0 44x10" 42 11.5 17.5 29 5.2/5.8 —60 Tig.40Alo.60N1.0
10.5 42x10" 36 13 19 32 5.3/5.2 —120 Tip41Aly 50N o

The elemental compositions are in atomic percent. A is the modulation periodicity, while AN, and fy, represent, respectively, the nitride and Mo thickness,

t being the atomic density of the multilayer.

one notices that there is a significant decrease in the nitride
layer thickness (tr;a1n) as the bias voltage changes from 0 to
— 60 V, which is due to the enhancement of the flux of
heavier ions and of the ionic energy of Ar’. Additionally, as
the negative bias is increased, a re-sputtering mechanism
resulting from the increase of the ion bombardment takes
place in the substrates and accounts for the drop in layer
thickness.

The interfaces of these TIAIN/Mo multilayered structures
depend strongly on the nucleation and growth mechanisms
of each layer on the previous one, and on their physical and
chemical interaction. Understanding the origin of these
effects requires knowledge of the interface structure, where
the interfacial roughness is of prime importance. Following
this, RBS was used to study the average interlayer rough-
ness as a function of the number of bilayers for a particular
series of TiAIN/Mo multilayers grown in the same con-
ditions, with a bias voltage of — 100 V and with a
periodicity A = 3.6 nm. The calculated standard interfacial
width (o) of these films has revealed that this roughness is
practically unchanged with the increasing number of
bilayers from 10 (6=0.5 nm) to 50 (¢=0.6 nm), hence
revealing smooth planar interfaces. In Fig. 6, the RBS
spectra was recorded for the thinnest sample (10 bilayers),
at different tilt angles from the surface normal. As the tilt
angle increases from 75° to 85° the in-depth resolution also
increases as a function of 1/cosf and therefore the modula-
tion inherent to the first layers is discerned. The simulation
(solid line) was performed in order to obtain the individual
layer thickness and the modulation period. Except for the
higher tilt angle (85°), the interfacial roughness was not
taken into account.

In Fig. 6, for the tilt angle of 85° with enhanced in-depth
resolution, a simulation has been performed in order to
determine the interfacial width which is indicative of the
level of chemical intermixing from TiAIN and Mo at the
interfaces. Since the outermost layer of the multilayer is a
Mo layer, the backscattered signal from the Ti atoms in the
first Tip4Aly¢N layer is shifted towards lower energies. A
RBS simulation was performed assuming a standard inter-
face width of ¢=0.4 nm, which in turn was obtained from
the element depth profile mixing measured by RBS. An
interface width of this order is indicative that the interface
has a low content of chemical intermixing.

On the other hand, similar calculations performed on a
sample with a larger periodicity (A4 =11.1 nm, 50 bilayers,

bias=— 60 V) resulted in larger interfacial width of 0=2.1
nm, as seen on Fig. 7. It seems that the limiting size of the
bilayer inhibits a three-dimensional growth and thus pre-
vents the enhancement of the waviness of the interfaces. On
this last sample, the roughness value was higher due to two
important factors: target-to-substrate distance and bias volt-
age. It was produced with a target-to-substrate distance
higher (110 mm) than the lower-period samples (65 mm),
being this distance factor responsible for the variation of the
Tip 4Aly¢N layer crystalline texture from a weak [111] to a
weak [100] preferred orientation. This re-orientation of
crystal structure plays an important role in the accommoda-
tion of internal stress and interfacial mismatch between the
two lattices. The difference in the average lattice parameters
of Tig 4Alp ¢N and Mo, measured by XRD, correspond to an
optimised lattice misfit of about 8%, upon a 45° rotation of
the crystalline cubic cells of both materials. Additionally,

energy (keV)
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tilt 80°

RBS yield (a.u.)
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N
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A experimental simulation

Fig. 6. RBS spectra recorded on a (Tip4Aly sN/Mo) X 10 multilayer with a
modulation period of 3.6 nm at different tilt angles from the surface normal.
The simulation (solid line) was performed in order to obtain the individual
layer thickness and the modulation period. For the case of a tilt angle of
85°, the simulation was performed assuming an interlayer mixing (standard
interfacial width) of 0.4 nm at the interface.
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Fig. 7. RBS spectra recorded on a (Tip 4Alg ¢N/Mo) X 50 multilayer with a
modulation period of 11.1 nm at a tilt angle of 80°. The dotted line
represents the RBS simulation assuming abrupt interfaces, while the solid
line is the RBS simulation assuming a mixing (standard interfacial width) of
2.1 nm at the interfaces.

the change in texture from (111) to (100) in this multilayer
system is also achieved by increasing the negative bias
potential [7], thus enhancing the ion bombardment and
flattening of the surface topography; as was the case of
the lower-period samples grown with a bias of — 100 V.

4. Conclusions

Experimental and numerical EXAFS and RBS techni-
ques enabled separate determination, with a good agree-
ment, of the average composition of TiAIN/Mo
multilayers. Additionally, RBS proved to be very useful
as a structural tool to evaluate the level of chemical mixing
at the interfaces. From the results, it was concluded that
this level of intermixing decreased as the multilayers were
grown with smaller periods, due to the fact that the
limiting size of the bilayer inhibits a three-dimensional
growth and thus prevents the enhancement of the waviness
of the interfaces. The mechanism involved with surface
roughening is mainly related to growth mechanisms, which
are in turn related to deposition parameters, such as bias
voltage, working pressure, the relatively low substrate
temperature during deposition, and the target-to-substrate
distance. From this, it was concluded that both a decrease

in target-to-substrate distance and an increase in the
negative bias potential led to the growth of sharper
interfaces within the multilayer.
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