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Abstract

In the present work we focus on the mechanisms involved in 7'i3SiC, MAX phase thin-film formation and on the
impact of stoichiometry and thickness/element quantity correlation. TiAl, thin-films, with x = 0 — 2, 100 — 300 nm
thick, were deposited by magnetron sputtering on a SiC — 4H (0001) substrate. Samples were annealed at 1000°C
for 30 minutes and analysed by XRD, AFM, SEM and TEM. The MAX phase Ti3SiC, was formed at 1000°C in
accordance with thermodynamic considerations. Moreover, an epitaxial relation between the film and the substrate
occurred as follows (0001)y4x//(0001)s;c and [1210]44x//[1210]sic due to the formation of an earlier TiC phase
by species interdiffusion. The catalytic role of Al has been demonstrated and explained by the formation of 7'i,AIC as
precursor for Ti3AIC, and for T3S iC;. Finally, second phases and continuity of films have been controlled by x and
thickness factors. Indeed, the MAX phase film continuity is obtained for Al richer films, whereas the purest MAX

phase have been synthesized for the thinnest layer of TiAl, deposited.

Keywords: MAX phase, thin films, epitaxy, TEM, magnetron sputtering

1. Introduction

M, 1AX, phases (n = 1 —3) consist in a large class of
nanolaminated materials where M is an early transition
metal element, A is an A-group element and X is either
CorNI[l1,2,3,4,5 6,7]. Forn = 1,2,3 the MAX
phases are called 211, 312 and 413 respectively due to
the periodic arrangement of their structure: McX octa-
hedrons separated by A element layers in a hexagonal
structure. This particular arrangement gives to the MAX
phases a unique combination of metal and ceramic prop-
erties, opening the way to a large field of applications
[8,9, 10].

The Three Miles Island (1979, USA) and Fukushima
Daiichi (2011, Japan) nuclear powerplant accidents
demonstrated the importance to improve nuclear reac-
tor safety. Thus, the concept of Accident Tolerant Fuel
(ATF) has been introduced in order to improve the prop-
erties (oxidation, irradiation and corrosion resistance) of
the Zircalloy full cladding during a cooling failure. In
that way, some MAX phases are good candidates, in-
deed the Ti3SiC, and Ti,AIC MAX phases have been
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extensively studied due to their excellent properties, in-
cluding irradiation resistance [11, 12, 13, 14, 15], oxida-
tion resistance [16] and very specific mechanical prop-
erties [17]. The use of thin-film MAX-phase on SiC as
cladding for nuclear fuel is one promising way. More-
over, Ti3SiC, MAX phase thin-film on S iC can be used
as ohmic contacts due to the very low contact resistance
[18, 19, 20]. Several different techniques have been
used to synthesize bulk MAX phases. Among these
techniques, the most widespread is hot isostatic pressing
(HIP) [5]; however, various techniques have been de-
veloped for the growth of MAX phase thin films using
magnetron sputtering technology, either from elemen-
tal targets or from compound targets on various sub-
strates [21, 22, 23, 24]. As shown on our recent pa-
pers, the co-deposition of T'i and Al on SiC — 4H sub-
strates leads, depending on annealing conditions, to the
formation of either Ti3SiC, or Ti,AIC. Since mech-
anisms leading to each MAX phase remain a source
of debate, it’s difficult to predict product characteris-
tics: MAX phase nature and microstructure [18, 25, 26].
The use of Al seems to be helpful to the synthesis of
Ti3SiC,, although the mechanism is not well known
[27, 20]. In the present study, we focus on the mecha-
nisms involved in MAX phase formation at a high tem-
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perature especially on the catalytic role of Al. We study
the growth mechanisms of the 735 iC, MAX phase de-
pending on both, the stoichiometry and thickness of the
fresh-deposited TiAl, layer. Ti3SiC, formation was
studied by XRD, AFM, SEM, STEM-HAADF, EDS
and HRTEM in order to obtain relevant microstructure,
chemistry and morphologies characterization, proper-
ties. The aluminium effect on the MAX phase thin film
properties will be discussed by considering thermody-
namic and kinetic effects.

2. Experimental Methods and Protocol

SiC — 4H substrates, single crystal (0001), n-type,
supplied by TANKEBLUE, were used in this study.
Al and Ti were co-deposited at room temperature onto
SiC substrates by magnetron sputtering using pure Al
(99.999%) and T'i (99.995%) targets in a high vacuum
system (residual pressure < 2.10~7 Pa, Ar working pres-
sure 0.3 Pa). Deposition parameters are summarized
in table 1. Before deposition, the substrate was in situ
cleaned by an etching at 60V during 600 s. Composition
and thin film thickness have been checked using X-ray
reflectometry (3000 Seifert) and SEM-EDS technique
(JEOL 7001 TTLS) (Table 1).

Phases | Ti Al Working | Thickness
power power pressure | (nm)
(WDC) | WDC) | (Pa)
Ti 144 - 0.3 100
TiAl | 300 158 0.3 100/300
TiAlL, | 144 166 0.3 100/300

Table 1: Growth parameters used during magnetron sputtering depo-
sition of all samples.

The samples were annealed in a vacuum lamp fur-
nace (heating rate close to 20°C.s~"). Homogeneity of
the samples (composition and thin film thickness) has
been checked using X-ray reflectometry and SEM tech-
niques. The structural investigations were performed by
using X-Ray Diffraction (XRD) and Transmission Elec-
tron Microscopy (TEM). Diffraction experiments were
conducted on a D8 Brucker AXS diffractometer operat-
ing in the Bragg-Brentano geometry under atmosphere
environment. Diffractometer operates with a Cu tube
and the Kj radiation is absorbed by a Ni filter in order
to obtain a pure Cu K, radiation (1 = 0.15418 nm). The
LynxEye detector is used for w — 26 scans with a slight
offset to avoid SiC reflections (w — 6 = 0.2°). Rock-
ing curves have been achieved to investigate mosaicity

of thin films with a classic scintillator detector. Con-
ventional, High-Resolution TEM and Scanning Trans-
mission Electron Microscopy (STEM) images were ac-
quired using a JEOL 2200 FS (Schottky-FEG, 200 kV).
The diffraction patterns and HRTEM micrographs were
studied using JEMS software [28]. Using an Energy
Dispersive x-ray Spectroscopy (EDS) detector (Bruker
Quantax X flash 6) and an analytic single tilt-holder, Al,
Ti and Si atomic composition were studied. Due to
the carbon contamination induced by STEM, the car-
bon was detected but not quantified. TEM samples
were prepared by Focus Ton Beam (FIB) using an FEI-
HELIOS dual-beam using the lift-out classical method
[29]. The surface morphology of the films was im-
aged after deposition and measured using a Nanoscope
[T Multimode Digital Instruments atomic force micro-
scope (AFM) operating in tapping mode under air envi-
ronment. All images were post-processed with WSxM
software [30]. The surface roughness and lateral grain
size were determined from Z-profile acquisitions. Sur-
face analysis, topology and chemistry were achieved us-
ing SEM JEOL-7001F TTLS equipped with an EDS de-
tector. SEM images were achieved at 5 keV for 100 nm
sample thick and at 10keV for 300 nm sample thick,
while EDS analysis were acquired at SkeV considering
L series of T'i and K series of Al, Si and C elements in
order to limit bulk contribution.

3. Results
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Figure 1: w — 26 XRD diffractograms of 7'i (100 nm), TiAl and TiAl,
(both100 nm and 300 nm thick) onto 4H — SiC annealed at 1000°C
during 30 min. Black, blue and red dashed lines correspond to theo-
retical diffraction peak position for a pure 7i3SiC, , TisS iz and TiC
powder respectively.



Fig.1 shows X-ray diffractograms of TiAl — TiAl,,
100 — 300 nm thick and 7'i — 100 nm thick on SiC an-
nealed at 1000°C for 30 min. Diffractogram of 7'i de-
posited on SiC presents an intense peak at 35.9° at-
tributed to (111) reflection of T'iC structure. In order
to obtain a more readable figure we show only the base
of the peak allowing correct observations of other peaks
present. Moreover, two weak peaks observed at 10.0°
and 40.9° could be respectively attributed to (0002) and
(0008) reflections of the T'i3S iC, MAX phase. The four
other diffractograms exhibit four peaks at 10.0°, 20.1°,
30.4° and 40.9° corresponding, respectively, to (0002),
(0004),(0006) and (0008) reflections of the Ti3SiC,
MAX phase structure. Thus, all samples annealed,
whatever thickness or stoichiometry, lead to formation
of MAX phases. However, secondary peaks could be
observed and are attributed to secondary phases. For
TiAl 100nm, two very weak peaks are detected at
13.14° and 40.08°. These peaks could correspond to
a slightly strained T'i;AIC structure. Considering 7iAl
300 nm the only secondary phase is 7iC with the (111)
reflection. In the case of TiAl,, 300 nm, two reflections
of TisSi; are detected at 42.16° and 42.69° attributed
to (300) and (112) planes respectively. Moreover the
(111) reflection of T'iS i, — C54 structure [31] is also ob-
served at 27.74°. Finally, we can identify a broader peak
for (0008) T3S iC; reflection often explained by Al sub-
stitutions or interstitials. Moreover, the rocking curves
achieved on the (0002) Ti3SiC, peaks for all samples
show a full width at half-maximum (FWHM) of 0.3°
indicating a weak misorientation of the films as shown
Fig.2 for the example case of TiAl, — 300 nm.
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Figure 2: w - scan at 26 = 10.0° corresponding to the (0002) T'i3SiC»
peak. The full width at half maximum (FWHM) is 0.3° for the four
samples.

Fig.3 shows the SEM micrographs of the top-viewed
microstructure of samples after annealing at 1000°C
during 30 minutes. EDS analyses reveal nude SiC ar-
eas without films on 100 nm samples. Statistical study
reveals a MAX phase covering rate close to 75% and
60% in the case of TiAl 100 nm and 300 nm respectively,
95% and 100% in the case of TiAl, 100 nm and 300 nm
respectively. Moreover, for the TiAl, samples SEM
micrographs reveal grain boundary contrasts attesting
to a polycrystalline film. Grains constituting films are
faceted exhibiting hexagonal shape. More complex to-
pography is observed on TiAl sample without clear
grain boundary contrasts. Discontinued films present
many terraces on the surface but seem monocrystalline.

Figure 3: SEM micrographs of a) TiAl—100 nm, b) 300 nm, ¢) TiAl, -
100 nm and d) 300 nm annealed 1000°C — 1x30min. EDS analysed
points are marked by letters from A to K.

Global and local EDS analyses have been achieved
on these four samples and summarized in Table 2. As
shown in this table the initial deposited ratio T'i/Al is
not conserved. Indeed, the global Ti/Al ratio is much
higher than ten, indicating a loss of aluminium dur-
ing annealing. Local EDS analyses have been done on
many areas in order to accumulate statistical data. We
only show here average results per sample respectively
named from A to K. As shown on Fig.3 and Table.2 the
points A and G only probe SiC substrate. All the others
points show the presence of Al, T'i, Si, and C elements.

As shown on Fig.4 the T'iAl samples exhibit some ag-
gregates which are not present on the TiAl, samples.
For the four specimens the RMS is close to 2 nm for
clean surfaces and close to 12 nm for areas containing
aggregates. The average height of terraces is close to
80 nm, 170 nm, 70 nm and 70 nm respectively measured



Al(%) | Ti(%) | Si(%) | C(%) | 0O(%) || Ti/Siratio | Si/C ratio
TiAI100 nm | 1 27 32 38 2 0.84 0.84
A 0 0 50 50 0
B 2 37 26 35 1 1.4 0.74
C 1 47 20 31 1 2.35 0.65
TiA1300 nm | 1 17 37 44 1 0.45 0.84
D 5 28 25 40 2 .12 0.63
E 2 50 11 35 2 455 0.31
F 2 53 15 29 2 3.53 0.52
TiAl, 100nm | 0 18 40 41 0 0.45 0.98
G 0 0 50 50 0
H 1 29 29 40 1 1 0.73
I 1 2 20 37 0 2.1 0.54
TiAl, 300 nm | 1 15 43 40 1 0.35 1.08
J 1 44 22 32 1 2 0.69
K 3 55 33 9 3 1.83 333

Table 2: Local EDS results, bold letters correspond to the average composition of the entire sample and regular letters correspond to precise

composition at the point letter.

on Fig.4a, 4b, 4c and 4d with a WsXM software plu-
gin [30]. The highest point is respectively at 220 nm,
370 nm, 170 nm and 450 nm.
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Figure 4: Surface morphology images of TiAl a) 100 nm, b) 300 nm
and TiAl, c) 100 nm, d) 300 nm annealed at 1000°C — 1x30min.

Fig.5 shows the thin films obtained on SiC — 4H.
The diffraction patterns obtained and the analysis of
HRTEM micrographs show that the thin films corre-
spond to 312 MAX phase structure. Moreover the MAX
phase grows in epitaxy with S iC—4H following the rela-
tion (0001)y4x//(0001)s;c and [1210]pax//[1210]s;c-
The average thickness of the thin film is close to 130 nm,
220 nm, 50 nm and 100 nm for the samples A, B, C and

D respectively. The film is very flat (Fig.6) and exhibits
a very good crystallinity, however some areas without
thin film on S'iC — 4H are also observed on samples A
and C as expected from SEM images.

XTi;SiC,

a) Z 0 SiC-4H

~ TiSIC,
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Figure 5: HRTEM micrograph of TiAl — 100 nm annealed 1000°C —
1x30min a) and associated diffraction pattern b). The diffraction pat-
tern can be indexed using SiC —4H and T3S iC, structures on [1120]
zone axis.

EDS analyses Fig.7, done on samples, show that the
composition of the film is close to 75%Ti for 25%Si
which corresponds to Ti3SiC,. Moreover, the Al pres-
ence at the interface between SiC and the Ti3SiC, is
observed for the samples B, C and D. The aluminium
profile is spread over ten nanometers with a maximum
value close to the SiC corresponding to 60%, 5% and
5% respectively for the samples B, C and D.



TizSiC,

Figure 6: a) STEM micrograph of TiAl, — 300 nm annealed 1000°C —
1x30min. b) BF-TEM micrograph of TiAl — 300nm annealed
1000°C — 1x30min.
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Figure 7: EDS line scan along growth direction for TiAl a) 100 nm,
b) 300nm and TiAly ¢) 100 nm, d) 300 nm annealed at 1000°C —
1x30 min.

4. Discussion

4.1. Aluminium effect on Ti3SiC, thin film formation

The results obtained on the 7'i — 100 nm sample show
that it is very difficult to form 7i3SiC, using only
Ti thin film even though all the elements are present.
Moreover, the very intense peak of (111) TiC indicates
that the T'i can easily interact with the SiC to form TiC
by the following reaction:

SiC+Ti—>TiC+Si (1)

as indicated by the negative free Gibbs energy AG? =
—107 kJ [32]. It seems that the formation of TiC struc-
ture in a silicon-rich environment is not enough to ob-
tain Ti3SiC, structure. As shown, the addition of Al
strongly increases the amount of 7'i3S iC, obtained with
the same annealing conditions. We assume that the role

of aluminium in this mechanism is to obtain the 211
Ti,AIC MAX phase by the following reaction:

2TiC + Al — Ti>AIC + C 2)

Which is in a good agreement with DFT simulations
[33]. Since the Ti,,1SiC, system does not have the
211 phase, the silicon cannot be incorporated in the
Ti,AIC MAX phase [34]. We assume that the silicon
will segregate above the Ti,AIC. In a second time, the
Ti,AlC structure turns into a T'izAIC, structure. This re-
action can be considered as a simple re-arrangement of
the Ti,AIC structure by releasing aluminium. At high
temperature, it is well known that the 312 MAX phase
is more stable than the equivalent 211 MAX phase [1].
Thus, the next step of the reaction is:

2T AIC — Tiz3AIC, + (Ti, Al) 3)

Once the Ti3AIC, phase has been created, silicon
above the Ti3AIC; thin film diffuses through it, lead-
ing to substitution between Al and Si to form T'i35iC,
MAX phase. The exchange of the A element of MAX
phase has already been observed to form Ti3AuC, start-
ing from Ti3SiC, [35]. By this way we assume that,
in our conditions, the T'i3S iC, structure is more stable
than the Ti3AIC, structure.

TizAlC, + Si— TizSiCy + Al “)

The formation of the Ti3S5iC, structure is therefore
highly enhanced by the Al presence due to the formation
of 211 and 312 Ti,,1AIC, MAX phases as summarized
Fig.8.

4.2. Effect of aluminium stoichiometry on thin film
growth mode

As shown by SEM and AFM on Fig.3 and Fig.4 the
TiAl, stoichiometry has an important effect on the thin
film growth mode. Indeed, for a defined thickness, the
x-value of TiAl, tailors the surface morphology. In fact,
for x = 2 the MAX phase layer appears continuous with
terraces while for x = 1 some surfaces stay uncovered
by the MAX phase. This observation might mean low
Al concentration leading to higher surface diffusivity of
both elements. Moreover, the uncovered areas have a
different chemical composition depending on the thick-
ness. Indeed, for the 100 nm sample the uncovered areas
consist in S iC while for the 300 nm sample, they consist
in TiC according to EDS-SEM and TEM analyses (Ta-
ble 2 and Fig.6). A brief observation of the Ti—Al phase
diagram reveals that stoichiometry conditions to obtain
TiAl or TiAl, are a little bit different. Indeed, tolerance



of Al concentration to obtain TiAl, is less drastic than
for TiAl formation. In other words, in the case of T'i
depletion for the T'iAl phase, the structure will be easily
accommodated due to the large stoichiometry range of
TiAl stability in its diagram. However, the TiAl, phase
is stable on a fine stoichiometry range of the diagram,
thus depletion of 7'i or Al could lead to phase changing
subsequently leading to more complex diffusion mech-
anisms for A/ and 7T'i. Thus, diffusion mechanisms of
both elements and subsequent film growth morpholo-
gies depend on Al stoichiometry.

4.3. Effect of titanium quantity on MAX phase thickness

The main difference between TiAl and TiAl, con-
sists in the formation of secondary phases containing
silicon or not. Moreover, the thickness of Ti3SiC,
thin film grown is higher for TiAl than TiAl,. In our
magnetron sputtering chamber the amorphous deposited
thin film has a density close to the theoretical one of
the equivalent bulk crystal (oria;, = 3.53g.cm™ and
priar = 4g.cm™). As such, for a similar thickness,
TiAl is two times titanium-rich than TiAl,. For a simi-
lar T'iAl, fresh-deposited film thickness, the synthesized
MAX phase is thicker for TiAl than TiAl,. Considering
AFM/SEM results and TEM observations we assume
that the total quantity of MAX phase produced is higher
for TiAl than TiAl,. As shown by TEM experiments
the MAX phase layer is two times thicker for TiA/ than
for TiAl, (Fig.7). Moreover, statistical studies achieved
using SEM experiments showed that the MAX phase
covering rate is higher than 50% for TiAl.

4.4. Effect of TiAl, thickness

TiAl stoichiometry leads to a very pure Ti3SiC,
MAX phase for the 100 nm sample and to T3S iC; plus
TiC for the 300 nm sample. TEM observations, corre-
sponding to a D region of Fig.3, have shown that the
TiC has grown on SiC surface (Fig.6), which is in a
good agreement with our assumptions about the first
steps of MAX phase formation. Moreover, the presence
of this phase could be explained by the lack of Al, not
allowing the formation of 7'i,AIC and then the T3S iC,
phase.

TiAl, stoichiometry leads to the formation of a very
pure and flat T'i3S iC, MAX phase with a high coverage
rate. For the 300 nm sample we also observe secondary
phases containing titanium and silicon like 7'iS i — C54
or T'isS i3 above the MAX phase corresponding to K re-
gion on the Fig.3.

The impact of thickness reagents has been already
studied for a Ti — Si — C system [36]. In this case the

Al lack prevents the fast formation of MAX phase be-
low 1 um of Ti. However, the increase of the thickness
seems to help the increasing of 7'i3SiC, formation vol-
ume as observed on our systems.

4.5. Al presence after annealing

Surprisingly, only few traces of Al are detected on
all samples by global and local SEM-EDS and by
TEM/STEM -EDS techniques. Aluminium disappears
from the bulk and the surface of thin films, indeed,
it’s not detected anymore either in MAX phases or in
secondary products such as TisSis and TiSi, — C54.
However, a poor quantity of aluminium was detected at
the interface for three different samples: TiA/-300 nm,
TiAl,-100 and 300 nm. The aluminium and silicon dif-
fusion mechanisms toward a MAX phase T3S iC is the
last step of our model. We assume that this process
occurs from the surface to the interface. Thus, if the
diffusion length is too long and the annealing time too
short, it’s not possible for all the aluminum sites to be
substituted by silicon atoms. In this case, a very low
quantity of Al is still trapped at the interface, not al-
lowing formation of Ti3SiC, but rather the conserva-
tion of Ti3AlC,. The conservation of this one could be
considered as Al substitution and interstitial defects in
the T'i35iC, MAX phase. Defects presence has been al-
ready suspected with XRD analysis with the broadening
of the diffraction peak corresponding to (0008) plane of
Ti3SiC, for the sample TiAl, — 300 nm (Fig. 1).

In the case of TiAl — 100 nm we can admit that the
thickness of the MAX phase is thin enough for silicon
and aluminum co-diffusion, moreover, many lateral free
surfaces exist (as shown on SEM image Fig. 3) creat-
ing more diffusion pathways. For the other three cases
the MAX phase is thick enough to trap Al at the inter-
face (hy = 200 nm for TiAl,-300 nm) or not possess free
lateral surfaces due to the continuity of the film (TiAl,-
100 nm).

Moreover, we noticed at each annealing that the
crucible containing the sample was covered with alu-
minium, indicating that the aluminium was coming out
of the sample.

5. Conclusions

In the present work a two-step method to obtain
epitaxial Ti3SiC, thin film onto SiC — 4H using mag-
netron sputtering deposition of TiAl, was studied for
x =0, I and 2. It was demonstrated that the addition of
Al strongly increases the amount of Ti3SiC, obtained
by the formation of T'i,AIC as a precursor for Ti3SiC,.
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Moreover, increase the amount of aluminum modifies
the growth of 7i3S iC; thin film and subsequent surface
morphology from a discontinuous to a continuous layer.
For x = 1 discontinuous films are monocrystalline and
a lot of terraces emerge at the surface while x = 2
stoichiometry leads to continuous and polycrystalline
films. Finally, the formation of secondary phases was
observed for the 300 nm samples, especially TiC for
x=1and TiSi; — C54 plus TisS i3 for x = 2.

It seems that the stoichiometry is not the only rele-
vant parameter: thickness seems to play a major role in
MAX phase formation. The interdependence between
stoichiometry and thickness on the 7'i and Al quantity
makes it possible to tailor the morphology, thickness
and microstructure of the final MAX phase films. More-
over, the adjustment of these two interdependent param-
eters will be necessary in order to avoid secondary phase
formation and obtain a pure and high quality MAX
phase.
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