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Abstract The effects of 100 keV Ar*" ion irradiation on
the structure and stability of multilayered dc sputtered and
annealed thin films of (Ti,Al)N/Ti,AIN, have been inves-
tigated with X-ray diffraction and transmission electron
microscopy. It is shown that the multilayer structure is
preserved as well as the crystalline structures of both
components. This demonstrates a high tolerance of the
Ti,AIN, MAX phase in multilayers to damage induced by
nuclear elastic interactions. It is suggested that damage
recovery may originate from native nitrogen vacancies and
from the interfaces that act as sinks for point defects, like
Frenkel pairs, created during the irradiation.

Introduction

MAX phases form a group of nanolayered compounds with
chemical formula M, 1AX,, with n = 1, 2, or 3, where M
is an early transition metal, A is an A-group element
(mostly IITA and IVA), and X is either C and/or N. These
layered ternary compounds combine both ceramic and
metallic properties [1], and exhibit excellent thermal and
mechanical properties [2, 3]. Their synthesis, under a thin
film form, has been extensively studied in the last 10 years
[3]. Concerning specifically the synthesis of Ti,AlN, the
MAX phase here studied, single-phased thin films were
demonstrated to grow by reactive magnetron sputtering at
temperatures higher than 675 °C [3-8]. Also, even though
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MAX phase layers can be directly deposited in a multi-
layered structure by magnetron sputtering [9] or by reactive
CVD [10], multilayers can be a way to induce the nucle-
ation of Ti,AIN layers from temperatures as low as 500 °C
[11-13]. In particular, the annealing of TiN/TiAl(N) mul-
tilayers was shown to lead to the formation of (Ti,Al)N/
Ti,AIN, multilayers from 600 °C, in which the (Ti,ADN
layers have the cubic structure of TiN while the Ti,AIN,
MAX phase layers are nitrogen deficient [13].

Recently, thanks to their exceptional thermal and
mechanical properties, MAX phases have attracted atten-
tion for potential applications as structural materials in
nuclear reactors. Indeed nuclear fission and fusion reactors
require materials that can survive extreme environments
such as high irradiation rate, high temperature, oxidation,
and stress. However, up to now, little is known about the
MAX phases behavior under irradiation. As far as authors
know, only three different studies have been reported about
the MAX phases behavior under ion irradiation [14-16].
They are all related to heavy ion irradiation, at energies in
the order of some tens of MeV, in 312 compounds Ti3SiC,,
Ti3Sig.90Alp.10Cs, and Tiz(Si,Al)C,. In particular, the work
of Nappé et al. allowed to consider irradiation damage
induced by nuclear elastic and electronic inelastic inter-
actions at room temperature in Ti3SiC, [14]. Concerning
elastic collisions, a preferential sputtering of the surface is
observed as a function of the crystallite orientation and an
amorphisation phenomenon occurred for a fluence of
10'* Au/cm?. On the other hand, electronic interactions are
shown to induce the formation of hills, an expansion of the
¢ lattice parameter and a partial amorphisation from 10'
Xe/cm?. Interestingly Liu et al. evidenced an expansion
along the c axis, the appearance of microstrains, but,
contrary to the work dedicated to Ti;SiC, [14], no clear
occurrence of amorphisation in TizSiggpAlg10C2 up to
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2 x 10 Xe/em? [15]. Also a TEM investigation of
Xe-irradiated Tiz(Si,Al)C, by Le Flem et al. confirmed a
retained crystalline structure up to 2 x 10"° Xe/cm?
without amorphisation and also showed the apparition of
hills at the surface.

Even though carbides seem to be cladding materials of
choice for future fuels of gas cooled fast reactors, nitrogen-
based MAX phases shall also be considered from a fun-
damental point of view. As shown in previous work [13],
the induced transformation of (Ti,A)N/Ti,AIN, multilay-
ers is a way to synthesize the Ti,AIN, MAX phase. Also,
because of their low thickness (typically a few hundred
nm), thin films such as (Ti,A)N/Ti,AIN, multilayers are
very well designed for low energy ion irradiation experi-
ments. Furthermore, no information is reported about low
energy (~100 keV) ion irradiation of MAX phases.
Therefore, the primary aim of this article is to investigate
the resistance to damage induced by nuclear interactions in
the (Ti,Al)N/Ti,AIN, multilayer system and especially to
focus on the stability of the Ti,AIN, layers.

Experimental details

In a first step, a TiN/TiAl(N) multilayer was deposited at
room temperature onto a single crystalline (100) silicon
wafer using a computer controlled NORDIKO-3000 dual
ion beam sputtering system (the notation TiAl(N) indicates
that TiAl layers contain some nitrogen). The details of the
deposition setup can be found in reference 13. In the
present study, the [TiNg ,n/TiAl(N)ig nm]s multilayer
consists of five periods of alternate TiN and amorphous
TiAI(N) layers with a modulation wavelength A = friy +
friainy = 16 nm, the thicknesses of the TiN and TiAl(N)
layers being, respectively: frixy = 6 nm and friaiN) =
10 nm. The deposition starts with a TiN layer and a 6-nm
thick TiN capping is added at the end (total thickness of the
film: 86 nm) to prevent TiAl oxidation during annealing.
The as-prepared multilayer was then annealed in vacuum at
720 °C for 150 min (pressure: 10~* Pa) resulting in the
formation of a (Ti,Al)N/Ti,AIN, multilayer [13]. It should
be noted here that the so obtained MAX phase is expected
to be nitrogen deficient. Indeed, a 0.53 nitrogen atomic
ratio was measured for an annealing temperature of 600 °C
[13]. This ratio should be of the same order of magnitude
for an annealing temperature of 720 °C, which was chosen
to promote a better crystallization of the Ti,AIN, layers. It
is also worth mentioning that the nucleation of the MAX
phase is accompanied with an expansion of the TiAl(N)
layers, the TiN layers kept their initial thickness of 6 nm
and the film was about 120-nm thick after annealing. The
sample was then irradiated with Ar*" ions at room tem-
perature using an ion implanter EATON operating at a base
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Fig. 1 SRIM simulations of Argon concentration and damage profile
induced in (Ti,Al)N/Ti,AIN, by 100 keV Ar*" jons for a fluence of
1.8 x 10" Ar/fem? [17]

pressure of 107> Pa. The ion current density was kept
below 0.4 wA/cm? to prevent sample heating, and the Ar*"
ions were accelerated up to 50 kV (energy: 100 keV). This
energy value was selected on the basis of SRIM simula-
tions [17] with an ion projected range slightly exceeding
the total film thickness, as illustrated in Fig. 1. The cor-
responding primary recoil energy was 57 eV/ion/A on
average, and the multilayers were successively irradiated at
different ion fluences ranging from 1.8 x 10" up to
1.8 x 10" Ar/cm®. The highest fluence corresponds to a
maximum dose of approximately 12 displacements per
atom, assuming an average threshold energy of 30 eV.

To investigate the microstructure of the multilayers,
X-ray diffraction (XRD) characterizations were performed
in the Bragg—Brentano geometry, in the 260 range between
20° and 56°, using a Bruker D8 diffractometer (Cu K,
source, 40 kV, 40 mA). In such geometry and large angles,
the depth investigated by X-ray is much deeper than the
thickness of the film, the latter being thus entirely probed.
The measured XRD patterns before and after irradiation for
jon fluences ranging from 1.8 x 10" to 1.8 x 10" Ar/
cm?® are shown in Fig. 2. Transmission Electron Micros-
copy (TEM) cross sections were examined with a TEM
JEOL 2200FS microscope operating at 200 kV. An in
column Q filter enables the chemical analysis by Electron
Energy-Loss Spectroscopy (EELS). Spectra were dark
count corrected and deconvoluted from multiple scattering
using a Fourier-Ratio technique [18].

Results and discussion
After thermal annealing (spectrum at the bottom of Fig. 2),

the sample exhibits several diffraction peaks related to TiN
and Ti,AIN. One also notes two additional peaks located at
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20 ~ 41° and 26 ~ 51° which may be attributed to the
(116) and (200) reflections of the ternary compound
Ti;AlsSiy, [19]. This last phase can simply originate from
the diffusion of some Ti and Al atoms inside the silicon
substrate. One can observe a single texture (200) for TiN,
as it was already the case before annealing. For Ti,AIN, the
diffraction peak at an angle of 20 = 26.37° stems from the
(0004) reflection, and one can think that Ti,AIN, phase is
textured according to the (000¢) planes. The angular
position of this peak corresponds to a value of the c lattice
parameter of (13.52 £ 0.01) A, a value lower than the bulk
one (13.62 A [20]). This points out for a possible com-
pressive stress along the ¢ axis and, due to Poisson effect,
for tensile stress in the basal planes. This low ¢ value may
also arise in part from a non-negligible amount of vacan-
cies on the N-sites. The diffraction peak at 20 = 40° can be
attributed to a mix-up of the reflections on the (0006) and
(1013) planes, the (1013) reflection being referred as the
most intense.

A typical bright field cross-sectional TEM micrograph
of the 720 °C annealed multilayer, prior to ion irradia-
tion, is shown in Fig. 3a. The total thickness (120 nm) of
stack is larger than for the as deposited one (86 nm).
Whereas the thickness of the TiN sub-layers corresponds
to the as deposited one (6 nm), the Ti,AIN, sub-layers
are much thicker than 10 nm: their average thickness is
16 nm. The major contribution to this expansion origi-
nates from the phase transformation of the amorphous
TiAI(N) into the hexagonal Ti,AIN, during annealing.
Furthermore one can observe that TiN grains are clearly
visible in the top half of the multilayer structure, whereas
the contrasts of the grains close to the substrate disap-
pear. Therefore, the 50 nm closer to the substrate appear
to be strongly perturbed, particularly the second Ti,AIN,-
based layer which is much thicker than the other ones.
It likely comes from diffusion processes during annealing

26 (9 26 ()

between the substrate and the film, the nitrogen deficient
first TiN layer being not efficient enough as a barrier of
diffusion [13]. A slight diffusion of some Al and Ti
atoms toward the silicon substrate could be responsible
for these perturbed TiN and Ti,AIN, sub-layers close to
the substrate. This last point is confirmed by the obser-
vation of some Ti;AlsSij, grains at the multilayer/Si
interface (not shown here).

However, Si diffusion cannot explain the anomalously
thick second Ti,AIN, layer because the related EELS
spectrum (Fig. 3b) clearly reveals the nitrogen K edge at
400 eV and titanium L,; edges at 455 eV while the silicon
L,3 edges (~100 eV) were not observed in this area.
In short, the questions raised by the inter-diffusion pro-
cesses occurring during annealing at the film/silicon inter-
face are not yet fully understood but are beyond the scope of
this article. EELS measurements were also performed to
investigate the chemical composition of the grains. Unfor-
tunately due to the important roughness of the interfaces it is
very difficult to quantify the chemical composition of the
Ti,AIN, layers because of some TiN grains leaking under
the Ti,AIN, ones. Even if the values for the Ti/N ratio vary
between 2 and 2.5, no precise value of x can be given from
these measurements. In particular, it is not sure that the
Ti,AIN, sub-layers characterized in this study are as
nitrogen deficient as it was unambiguously the case after
thermal annealing at 600 °C of similar multilayers [13].

To have a better insight of the microstructure of the
multilayers, High Resolution TEM (HRTEM) observations
of this cross-section were achieved. A typical micrograph
is shown in Fig. 3c as well as the Fast Fourier Transform
(FFT) corresponding to the zone indicated by the square in
inset. One can clearly identify on this FFT the (000¢) spots
typical of the MAX phase. The c lattice parameter deduced
from this FFT is 13.5 & 0.1 A, a value in good agreement
with the one deduced from XRD measurements.
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Fig. 3 Bright field X view of the annealed [TiNg m/TiAI(N)10 nmls
multilayer (a); high energy-loss EELS spectrum of the area indicated
by the circle (energy range: 380-510 eV) (b); HRTEM of the 720 °C
annealed [TiNg ,m/TiAI(N){o nmls multilayer showing a Ti,AIN grain
(Inset: FFT of the area indicated by the square) (c)

The resistance to irradiation damage of the multilayer
was characterized by XRD and cross-sectional TEM
observations on the same sample irradiated with a fluence
increasing from 1.8 x 10" to 1.8 x 10" Ar/cm®. On the
XRD pattern shown in Fig. 2a, one can observe that the
angular positions of the Ti,AIN, (0004) and (0006)/(1013)
diffraction peaks vary when the fluence is increased. After
the lowest fluence, both Ti,AIN, peaks move slightly
toward lower angles as it is clearly shown in Fig. 2b, c.
Based on the angular positions of the (0002) (not shown
here) and (0004) reflections, we find that ¢ increases from
(13.52 £ 0.01) A (virgin) up to (13,55 + 0.01) A
(1.8 x 10" Ar/cm?®). Even if ¢ remains far from the bulk
value, such a phenomenon clearly reveals a relaxation
of the internal stresses induced by thermal annealing.

@ Springer

For larger fluences, on the opposite, these peaks are shifted
toward larger angles indicating a decreasing of the ¢
parameter that ends at 13.46 + 0.01 A. A so low value is
difficult to explain: one can evoke the existence of native N
vacancies that precipitate in vacancies loops under irradi-
ation resulting in a collapse of the structure along the ¢
axis, but it remains an assumption quite difficult to confirm
from TEM observations owing to the overlap and limited
size of the Ti,AIN, grains. Furthermore the intensities of
the Ti,AIN, (0004) and (0006)/(1013) diffraction peaks
decrease as the fluence is increased from 9 x 10" to
1.8 x 10" Ar/cm?. This phenomenon is accompanied by a
slight broadening of the peaks Full Width Half Maximum
(FWHM) (see Fig. 1b). These two observations indicate
the creation of micro-distorsions inside the layers and/or a
small decrease of the finite size of the coherent domains of
diffraction in the direction of growth. Nevertheless, as
demonstrated by the presence of the diffraction peaks, one
can already conclude that Ti,AIN, grains survive a damage
rate as high as 12 dpa. We can therefore safely exclude a
significant amorphisation of the MAX phase, an observa-
tion in good agreement with high energy ion irradiation of
Ti3SigoAlp C, and Tiz(Si,AI)C, from Liu et al. and Le
Flem et al. [15, 16].

More informations on the microstructure of the multi-
layer after irradiation were obtained from a cross-sectional
TEM observation of the sample irradiated with the largest
fluence (1.8 x 10" Ar/cm?). On the typical bright field
cross-sectional view shown in Fig. 4a, one can observe that
the multilayer structure remains unchanged. Indeed, the
diffraction contrasts and the modulation length are similar
to those observed prior to irradiation (Fig. 3a). Figure 4b, ¢
shows HRTEM micrographs obtained in Ti,AIN, sublayers
with the FFT corresponding to the area inside the square in
inset. This leads to the lattice parameter values
a=@3B0=+0.1)A,in good agreement with the reported
value a =299 A [20], and ¢ = (133 £ 0.1) A. Con-
cerning the ¢ parameter it is lower than the value prior to
irradiation, ¢ = (13.52 4 0.01) A. Such a reduction of the
¢ parameter with increasing doses is in good agreement
with XRD measurements. The presences of Ti,AIN, as
well as the remaining multilayer structure are thus entirely
confirmed by the HRTEM.

For the last decades, TiN has been extensively investi-
gated as a coating for improved tribological properties.
Recently, it was also studied for its structural, thermal, and
electro-conductive properties [21-23], its ability as diffu-
sion barrier [24] or the effect of MoS, addition on its wear
resistance properties [25]. The effects of ion implantation
and irradiation in TiN single phase coatings have also been
investigated to study the influence of grain size effect [26],
residual stresses [27], wear [28], or hardness improvement
[29]. As a general trend, it turns out that TiN is strongly
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Fig. 4 Bright field X view of the (Ti,A)N/Ti,AIN, multilayer after
ion irradiation at a fluence of 1.8 x 10" Ar/cm? (a) and HRTEM of
two differently orientated Ti,AIN, grains after ion irradiation at a
fluence of 1.8 x 10'> Ar/cm? (Inset: FFT of the area indicated by the
square) (b, ¢)

resistant toward ion irradiation damage. The behavior
under irradiation of a wide range of multilayer systems
containing TiN has been studied so far. They dealt with
structural modifications, interface mixing and stresses
induced by irradiation [30-33]. More generally, ion irra-
diation effects in multilayers were intensively investigated
to study ion-induced stresses relaxation and mixing at
interfaces [34—37]. Figure 2 shows that the (Ti,Al)N (200)
diffraction peak is almost unaffected by the irradiation,
whatever the fluence. This result is in good agreement with
previously reported studies about ion irradiation of TiN,
either as coatings [26] or as multilayers [30, 33]. This
clearly displays the strong stability of (Ti,Al)N with respect
to ion irradiation induced damages.

Ti,AIN, appears to be highly tolerant to Ar ion irradi-
ation. However, this behavior might be exacerbated by
different aspects. First, the interfaces in the multilayer
structure are known to be generally more irradiation
resistant than the bulk counterparts [38]. Indeed interfaces
in nanometric systems, such as Cu/Nb nanocomposites,
play a crucial role as pathways for diffusion of implanted
species and enhance the annihilation of vacancies and

interstitials induced by irradiation [38, 39]. Second, one
cannot exclude the effect of diffusion process between the
film and the substrate. Finally native nitrogen vacancies
should contribute to the important tolerance to irradiation
damage. Indeed the vacancies initially present in the lattice
and those induced by collision cascades could provide
additional contributions to the annihilation of Frenkel pairs
as well as the creation of Ar-vacancy complexes. In order
to check the validity of this latter hypothesis, the deposition
of N-deficient single-phased Ti,AIN, thin films should be
performed for irradiation purposes. This remains a chal-
lenge since only the synthesis of stoichiometric Ti,AIN is
currently controlled [3-8].

Conclusion

The behavior of a (Ti,ADN/Ti,AIN, multilayer structure
was investigated under 100 keV Ar*" ion irradiation at
room temperature. XRD in Bragg—Brentano geometry and
TEM evidenced a strong tolerance of Ti,AIN, with respect
to ion irradiation damage induced by nuclear elastic col-
lisions, the multilayer structure being conserved for
fluences up to 1.8 x 10" Ar/cm?. It is shown that Ti,AIN,
does not seem to be sensitive to amorphisation up to a dose
of 1.8 x 10" Ar/cm? and the MAX phase nanolaminated
structure is retained. This study of ion irradiated Ti,AIN,
shows promising results for further investigations of the
behavior of nitride based MAX phases under ion
irradiation.
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