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ABSTRACT
Ti2AlN MAX phase thin films have been deposited on MgO (111) substrates
between 500 and 750 oC using DC reactive magnetron sputtering of a Ti2Al compound
target in a mixed N2/Ar plasma. The composition, crystallinity, morphology and hardness
of the thin films have been characterized by X-ray photoelectron spectroscopy, X-ray
diffraction, atomic force microscopy and nano-indentation, respectively. The film initially
forms a mixture of Ti, Al and (Ti,Al)N cubic solid solution at 500 oC, and nucleates into
polycrystalline Ti2AlN MAX phases at 600 oC. Its crystallinity is further improved with
an increase in the substrate temperature. At 750 oC, single crystalline Ti2AlN (0002) thin
film is formed having characteristic layered hexagonal surface morphology, high
hardness, high Young’s modulus and low electrical resistivity. The mechanism behind the
evolution of the microstructure with growth temperature is discussed in terms of surface
energies, lattice mismatch and enhanced adatom diffusion at high growth temperatures.

Keywords: Ti2AlN; MAX Phase; Sputtering; Surface Diffusion; Surface Energy;
Temperature-dependent.
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1. Introduction
The Mn+1AXn (n = 1-3) or MAX phase materials are a group of about 60 nanolaminate
ternary carbides and/or nitrides (X = carbon or nitrogen) of transition metals (M), which are
constructed by vertically repeating two Mn+1Xn layers intercalated by one layer of a group 12-16
element (A) in between [1]. After their initial discovery in 1960s, this group of materials has
regained significant attentions since mid-1990s upon the discovery of their unique combination
of both ceramic and metallic properties. On one hand, like ceramics, MAX phase materials have
high melting points and high temperature oxidation resistance. On the other hand, like metals,
MAX phase materials have good electrical and thermal conductivity, high ductility, easy
machinability, superior thermal shock resistance and damage tolerance [2]. The distinctive
combination of these properties stems from co-existence of the strong covalent-ionic M-X bonds
and the weak metallic M-A bonds inside the layered hexagonal structures of MAX materials [13]. Their exceptional properties have led to the exploration of a variety of applications including
high temperature protective coatings on turbine blades [4], radiation-tolerant cladding material
for next generation nuclear power plants [5], and a candidate as Ohmic contact to SiC [6].
Relatively phase-pure MAX phase materials were initially synthesized by hot isostatic
pressing (HIP) of the respective starting powders (i.e., MX + AX, or MX + A, or M + A + X)
under high pressure and high temperature [1]. Some well-studied MAX phase materials include
Ti3SiC2, Ti2AlC and Ti4AlN3. Although there are presence of other minority phases as impurities
in the final products, this HIP fabrication method has offered the first hand opportunity to
characterize these MAX phase materials’ macroscopic properties including density, electrical
resistivity, heat capacities, hardness, Young’s modulus and oxidation resistance, etc [1]. Recently
thin film deposition technique primarily using sputtering has been employed to grow several
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carbide-based MAX phase materials including Ti3SiC2 [7,8], Ti2AlC [9], Cr2AlC [10,11],
Cr2GeC [12], Ti4SiC3 [13], Ti3GeC2 [13], Ti2GeC [13], Ti2SnC [13], V2AlC [14] and one nitridebased MAX phase material, Ti2AlN [3,15-22]. The setups in these sputtering chambers can be
pretty versatile to cater for different MAX phase material systems: from individual elemental
targets to compound targets and from pure Ar plasma to a mixture of Ar/N2 plasma. The
sputtering technique not only offers the possibility to grow single crystalline MAX phase thin
films so that their microscopic properties such as atomic structure and lattice arrangement can be
determined, but also offers the opportunity to engineer the stoichiometry of the thin films and to
grow multi-layer structures.
Single crystalline Ti2AlN thin films have recently been grown epitaxially on single-crystal
MgO(111) and Al2O3(0001) substrates through ultra-high-vacuum (UHV) DC magnetron
sputtering [3,15-22]. While carbon in the carbide-based MAX phase material is introduced from
sputtering a graphite or C60 solid targets, nitrogen in nitride-based Ti2AlN MAX phase material
is mainly introduced from the gaseous nitrogen in the mixed Ar/N2 plasma. Hence, considerable
attentions have been focused to establish a N2 partial pressure window so that the resultant thin
film can achieve an appropriate N concentration in order for the Ti2AlN MAX phase to nucleate
and grow [18,19]. The results showed that that nitrogen-deficient conditions typically yield thin
films with mixture of inverse perovskite Ti3AlN phase and intermetallic TiAl and Ti3Al phases,
while nitrogen-rich conditions yield the binary nitride TiN and/or the Ti2AlN [18,19]. By
comparison, little efforts have been devoted to understand the influence of the substrate
temperature on the microstructure of the resulting Ti-Al-N thin films [21]. Substrate temperature
has been reported to exercise significant effects during growth of several carbide-based MAX
phase thin films such as Ti3SiC2 [7], Ti2AlC [9], Cr2GeC [12], Cr2AlC [11] and V2GeC [14].
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Although the exact influences varies among different MAX phase materials, two common
observations are that high temperature (≥ 370 oC) is required for the nucleation of MAX phase
materials due to their large unit cell sizes (c ~13 Å for M2AX phase, c ~ 18 Å for M3AX2 phase
and c ~ 23-24 Å for M4AX3 phase) and that an increase in deposition temperature leads to a
greater loss of A elements (like Al, Sn, Ge, etc) due to evaporation from the thin films because of
their high vapor pressures [2]. For Ti2AlN MAX phase thin film, a growth condition (which
yields an amorphous Ti-Al-N thin film in a ratio of Ti : Al : N = 4 : 1 : 3 at room temperature)
has led to the formation of a layered polycrystalline Tin+1AlNn structure which maintained an
overall 4 : 1 : 3 stoichiometry but had both horizontal and nearly perpendicular orientations at
600 oC. By increasing the deposition temperature to 675 oC and above, the same growth
condition resulted in the formation a mixture of TiN and Ti2AlN instead [21]. Beckers et al
attributed the reason behind different phases with a change in deposition temperature to severe
loss of Al to vacuum at higher temperatures [21]. By comparing three independent studies, it is
perplexed but interesting to observe that while basal planes of Ti2AlN single crystalline films are
grown on MgO (111) substrates at 830 oC [15] and 750 oC [20] with an epitaxial relationship of
Ti2AlN{0001}< 1210 >//MgO{111}<110>, non-basal planes of Ti2AlN single crystalline film are
developed on MgO (111) substrate by lowering substrate temperature further to 690 oC, which
results in an epitaxial relationship of Ti2AlN{ 1012 }< 1210 >//MgO{111}<110> [17]. Beckers et
al explained the non-basal plane growth to be caused by different interfacial adaptation due to
kinetic restrictions of incoming atoms [17]. Hence, the growth temperature plays a significant
role in the formation of high quality Ti2AlN thin film but its contribution is yet to be clearly
understood.
Therefore, in this work, we investigate the effect of substrate temperature on the
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microstructure of resulting Ti-Al-N thin film deposited from 500 to 750 oC in-situ by X-ray
photoelectron spectroscopy (XPS) and ex-situ by X-ray diffraction (XRD), atomic force
microscopy (AFM) and nano-indentation. We will show that polycrystalline Ti2AlN MAX phase
starts to nucleate at as low as 600 oC. Its crystallinity further improves at 700 and 720 oC until it
transforms into single crystalline phase at 750 oC. The mechanism behind the evolution of the
microstructure with temperature will be discussed by considering various factors including
surface energy, lattice mismatch and enhanced adatom diffusion at high growth temperatures.

2. Experimental methods
Single crystalline MgO (111) wafers are chosen as substrates to deposit Ti2AlN thin films,
because MgO (111) plane has a very small lattice mismatch of only 0.57 % with Ti2AlN (0002)
plane and therefore is promising to facilitate the growth of epitaxial Ti2AlN (0002) single
crystalline thin film. The MgO (111) wafer were cleaned ultrasonically in acetone, isopropanol
and de-ionized water before being introduced in the growth chamber with a base pressure of 5.0
 10-9 mbar. They were further degassed at 800 oC for 1 hour and then cleaned by N2 atomic
source for 30 minutes to remove surface carbonaceous contamination. A three inch Ti2Al alloy
target (99.99 % purity) was used for deposition using direct-current (DC) magnetron sputtering
at a power of 90 W. While the partial pressures of Ar and N2 during deposition were fixed at 3.2
 10-3 and 6.0  10-5 mbar, respectively, the substrate temperature was monitored by pyrometer
and was set at 500, 600, 700, 720 and 750 oC at different batches in order to study the effect of
substrate temperature. After deposition, the samples were transferred to the analysis chamber of
VG ESCALAB 220i-XL XPS in-situ without exposing to air. A monochromatic Al Kα (1486.7
eV) X-ray with a diameter of 700 µm is employed while the photoelectrons are collected at a
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normal take-off angle (with respect to surface plane). After one hour deposition, the thicknesses
of Ti2AlN thin films were measured to be around 300 nm by a surface profiler. The crystalline
structures of thin films were investigated using Bruker general area detector diffraction system
(GADDS) XRD operated at a voltage of 40 kV and a current of 40 mA (Cu Kα X-ray, λ=1.54Å),
while the surface morphology of the films was examined by Bruker Dimension ICON AFM. The
hardness and Young’s modulus of the films were determined from a MTS Nano Indenter XP®
using a continuous stiffness measurement (CSM) technique with a Berkovich indenter (threefaced pyramid diamond). During the indentation test, the indenter was pressed from the surface
to 300 nm deep into the composite film with a constant strain rate (0.05 s-1), which was loaded
on the samples in order to avoid strain-hardening effect on the measurements. This method
allows stiffness of the film to be recorded continuously along the indentation depth. As such,
modulus and hardness can be derived and their profiles can be plotted against displacement into
surface [23]. The hardness and modulus values at the plateau within 10% of the total film
thickness, which is 30 nm from the surface, were recorded as films’ properties to ensure that the
values actually correspond to the films’ properties and do not influence by substrate or surface
effects. An average value based on ten indentations measurement at 100 µm apart on the Ti2AlN
thin film was reported for each temperature. It it worth noting that the measured modulus is a
reduced modulus (Er), which can be converted to the Young’s modulus of the test specimen (Es)
through the following equation:
1
𝐸𝑟

=

1−𝑣𝑖2
𝐸𝑖

+

1−𝑣𝑠2
𝐸𝑠

(1)

where Ei and νi are Young’s modulus (1140 GPa) and Poisson's ratio (0.07) for the diamond
indenter tip, νs is the Poisson's ratio (0.3) for the samples.
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3. Results
The XPS spectra of Ti 2p, Al 2p, N 1s, valence band (VB), Mg 1s and O 1s of the resulting
Ti-Al-N thin films at different growth temperatures of 500, 600, 700, 720 and 750 oC were taken
immediately after growth in-situ without exposing to air and are shown in Fig. 1. At 500 oC, it
can be seen that there were two components within Ti 2p3/2 peak after peak fitting: one at 454.4
eV and the other one at 455.0 eV. They represent a metallic Ti and TiN, respectively. A small
component at 457.8 eV is associated with Ti 2p shake-up satellite in TiN [24]. There are two
components inside Al 2p peak as well: one at 72.6 eV representing metallic Al and the other at
74.5 eV representing AlN [25]. There are also two components inside N 1s peak: a strong one at
397.3 eV representing nitrides (TiN and AlN) and a weak one at 398.3 eV representing oxygencontaining nitrides (O-TiN or O-AlN). Hence, the XPS results suggest formation of a mixture of
TiN and AlN together with excess metallic Ti and Al at 500 oC.
From 600 to 750 oC, only a single peak is detected in Ti 2p3/2 (454.4 eV at 600 ~ 720 oC,
454.6 eV at 750 oC), Al 2p (72.3 eV) and N 1s (397.5 eV) spectra, indicating a single chemical
state for Ti, Al and N. It is worth to note that the binding energy (BE) of Ti 2p3/2 in these
temperature region (600 ~ 750 oC) is close but lower than that in TiN (455.1 eV), although the
BE of N 1s in this region is the same as that in TiN (397.4 eV) [26]. BE of Al 2p is lower than
those in AlN (74.4 eV) and even metallic Al (72.9 eV) but higher than that in TiAl alloy (71.4
eV) [25,27]. In addition, there is clearly an increase in the intensity in the region of -0.4 and -1.6
eV in the VB (Fig. 1(d)) for samples deposited between 600 and 750 oC.

As discussed

previously, the BE of Ti 2p3/2 and Al 2p at 454.6 and 72.3 eV as well as the unique shape of the
VB in the region of -0.4 and -1.6 eV are actually characteristics of Ti2AlN MAX phase and can
be used to determine its formation [20]. Therefore, XPS result indicates that Ti2AlN MAX phase
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is formed when the substrate temperature is raised to 600 oC and above. Meanwhile, no Mg 1s
signals were detected while O 1s intensity remained fairly constant, implying that there is no
diffusion of MgO from substrate to the surface.
The composition of N (N %) decreased significantly from 42.3 % to 24.2 % (Fig. 1(f)),
when the temperature increased from 500 to 600 oC. At the same time, Ti % and Al % increased
from 22.5 % to 37.1 % and from 35.2 % to 38.7 %, respectively. At 700 oC, Al % started to
decrease from 38.7 % to 36.3 %, while both Ti % and N % increased from 37.1 % to 38.8 % and
from 24.2 % to 24.9 %.When the temperature was raised to 720 oC, Al further decreased to
29.3 % (vs 42.2 % Ti and 28.5 % N) and it decreased again to only 14.8 % (vs 45.2 % Ti and
40.0 % N) when the temperature was increased to 750 oC.
The crystalline structures of the resulting films between 500 and 750 oC were examined
using Bruker GADDS XRD, which employs an area detector to capture the diffraction patterns
over a 2 width of 36

o

per frame. Two consecutive frames covering 2 ranges from 10 ~ 46 o

and 41 ~ 77 o were captured and subsequently integrated over 2 and Chi () to obtain a 2
range of 10 ~ 77 o. The first frames covering diffraction patterns in the 2 ranges of 10 ~ 46 o
(from right to left direction) are shown in Fig. 2(a-e). After capturing the respective second frame
covering 2 ranges of 41 ~ 77 o and integrating these two frames, the complete XRD spectra
covering a range of 10 ~ 77

o

is shown in Fig. 2(f). It can be seen from Fig. 2(f) that the

crystalline phase in the thin film deposited at 500 oC was mainly composed of (Ti,Al)N cubic
solid solution [28]. Metallic Ti and Al phases, which are identified in Ti 2p and Al 2p high
resolution XPS spectra, might be amorphous or in nano-crystallite shape (Fig. 3(a)) and hence
are not detected by XRD. The single dot at Fig. 2(a) represents the diffraction spot from single
crystal MgO (111) plane at 2 of 37.1 o, while two weak diffraction rings at 36.8

o

and 42.8

o
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representing (Ti,Al)N (111) and (Ti,Al)N (200) planes can be vaguely identified. One advantage
of using an area detector in XRD is the capability to qualitatively determine the crystalline
quality by looking at the diffraction pattern: a single diffraction spot, a continuous diffraction
ring and a broken diffraction ring indicate single crystalline, polycrystalline and highly textured
polycrystalline phases, respectively.
At 600 oC, two diffraction rings at 34.7 and 40.1 o representing Ti2AlN (100) and Ti2AlN
(103) phases can be seen in the first frame captured by the area detector (Fig. 2(b)). After
integration with second frame, it can be seen that the phases at 600 oC includes intense planes
such as (103), (116) and (106), as well as some weak planes including (100), (104), (106), (110)
and (107). In agreement with the XPS results, Ti2AlN phase does form at 600 oC, and it is a
polycrystalline phase as shown by XRD results.
At 700 oC, two extra diffraction spots at 13.0 and 39.2 o appeared (Fig. 2(c)) besides the
two diffraction rings at 34.7 and 40.1

o

which were observed earlier at 600 oC. These two

diffraction spots correspond to Ti2AlN (002) and (004) planes, which imply formation of basal
planes of Ti2AlN at 700 oC.
At 720 oC, the diffraction ring at 40.1 o representing Ti2AlN (103) plane observed at 600
and 700 oC became four separated arcs which were distributed along the 2 position of the same
diffraction ring (Fig. 2(d)). This indicates that the Ti2AlN (103) plane has become highly
textured or ordered at 720 oC. After peak integration, it was observed that the intensity of Ti2AlN
(004) plane increased significantly, while Ti2AlN (116) plane decreased substantially.
At 750 oC, only two diffraction spots at 13.0 and 39.2

o

corresponding to Ti2AlN (002)

and (004) planes were observed (Fig. 2(e)), implying formation of single crystalline Ti2AlN
(002) phase at 750 oC. By scanning the pole figures of Ti2AlN { 10 1 3 } & { 10 1 1 } planes and
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MgO {111} planes using PANalytical X’pert PRO XRD, the orientation relationship between the
film and substrate has been determined to be Ti2AlN (0002)[ 1 2 1 0 ] // MgO (111)[011] as
reported in our previous work [20].
With the development of the crystalline plane and the stacking direction between planes
as a function of deposition temperature, the surface morphology and mechanical properties will
likely change as a result. Therefore, surface morphology and mechanical properties of the Ti-AlN thin films deposited between 500 and 750 oC were examined by AFM and nano-indentation,
and the results are shown in Fig. 3 and Fig. 4, respectively.
The surface of the Ti-Al-N thin film at 500 oC was relatively flat and mainly consisted of
circular domes having a diameter range of 50 ~ 100 nm (Fig. 3(a)). At 600 oC, the film became
much rougher (Fig. 3(b)). A closer look at the 2 × 2 µm2 image shows islands having a hint of
triangle shape (marked by blue circle). The edge of the triangle consisted of several layers with a
layer thickness of 28 - 50 nm. At 700 oC, the surface was still much undulated (Fig. 3(c)).
However, the triangle islands grew in size which made them easily discernible even in a 5 × 5
µm2 image. In the 2 × 2 µm2 image, equilateral triangle islands can be clearly seen. At 720 oC,
the surface has transformed into a wide-spread arrays of islands consisting of 2-5 layers with a
layer thickness of 40 ~ 80 nm (Fig. 3(d)). Each array was either parallel to its neighbor array or
forming an angle of 60 o / 120 o with its neighbor. Besides arrays of islands, flat areas marked by
black circles can be seen. By measuring the line profiles across the islands and the flat areas (e.g,
two lines marked in Fig. 3(d)), the islands can be found to sit on the flat area with an island
height of 40 ~ 60 nm. At 750 oC, the surface has evolved into flat terraced morphology with a
hint of hexagonal shape. Most of the step height was measured to be 1.4 ± 0.2 nm, close to lattice
constant of 1.3614 nm in c-axis [1] of one unit cell of Ti2AlN (0001). Thus, the morphology at
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750 oC revealed by AFM suggests a step-flow growth of single crystalline Ti2AlN (0001) basal
plane on MgO (111) substrate at 750 oC.
The evolvement of hardness and Young’s modulus of the Ti-Al-N films as a function of
deposition temperature are measured by nano-indentation and are shown in Fig. 4. At 500 oC, the
film had a hardness of 8.8 ± 2.9 GPa and Young’s modulus of 245.9 ± 72.2 GPa. Both two values
are lowest compared to the readings at the other four deposition temperatures. Between 600 and
750 oC where Ti2AlN phase is formed, the Young’s modulus remained roughly stable at 412.5 ±
45.6 GPa. However, the hardness increased linearly from 15.8 ± 2.6 GPa at 600 oC to 26.5 ± 1.8
at 750 oC, as the Ti2AlN films developed from mixed polycrystalline phases to pure single
crystalline phase.

4. Discussion
MAX phase materials typically have large c-axis parameters, i.e., >10 Å, which usually
requires higher deposition temperature so that the adatoms can gain sufficiently high kinetic
energy and mobility to diffuse and re-arrange themselves into the complex hexagonal structures
comprised of large unit cells. Hence, the lowest formation temperatures reported for MAX phase
so far are 370 oC for Cr2AlC [11] and 450 oC for V2GeC [14] thin films. For Ti2AlN, a substrate
temperature of 750 ~ 830 oC [15,20] is required for basal plane growth of single-crystalline
Ti2AlN (0002) thin films on MgO (111) substrate, as lowering substrate temperature further to
690 oC leads to non-basal plane growth of single-crystalline Ti2AlN ( 1012 ) thin film on MgO
(111) substrate [17]. A substrate temperature of 450 oC is not sufficient for Ti2AlN MAX phase to
nucleate, when Kim et al deposited Ti2AlN thin film by sputtering a Ti2AlN compound target
[29]. Through the systematic investigation of the Ti-Al-N thin films deposited at different
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temperatures in this work, it is clear by now that the nucleation of polycrystalline Ti2AlN MAX
phase can actually occur at as low as 600 oC. The crystallinity of Ti2AlN MAX phase is
improved with an increase in substrate temperature until the single crystalline Ti2AlN MAX
phase is achieved at 750 oC.
While an increase in substrate temperature improves the crystallinity of Ti2AlN phase, it
also leads to a significant decrease of Al % from 38.7 % at 600 oC to only 14.8 % at 750 oC (Fig.
1(f)). This is attributed to re-evaporation of Al from the surface due to its high vapor pressure. An
increase in substrate temperature from 600 to 750 oC leads to a dramatic increase in Al’s vapor
pressure from 3.74 × 10-8 mbar to 3.06 × 10-5 mbar, which exaggerates the loss of Al from the
surface of the growing film. Similarly, a decrease in Al % has been observed when the substrate
temperature was increased during deposition of Ti2AlC thin films using sputtering [9].
Nevertheless, the resulting Ti2AlN thin film is still able to maintain its MAX phase structure
despite losing part of Al atoms. The reason, shown by our recent density functional theory (DFT)
calculation, is that the Ti2AlN phase is able to maintain its structural stability even with loss of
up to 20 % Al [30]. Such structural tolerance to Al deficiency is also shared by another MAX
phase material, Ti2AlC, which is also able to remain its structural stability after losing not more
than 50 % of the Al atoms [31]. As a result, both Ti2AlC and Ti2AlN are subjected to
investigation of radiation tolerance capability in order to explore their application as cladding
material for future nuclear fuel [32-34]. Indeed, the calculation results have predicted both
Ti2AlC and Ti2AlN to be the two most competent MAX phases in tolerating radiation damage
[32], while experiments show that Ti2AlN does withstand 100 keV Ar2+ ion irradiation [33] and
0.1 displacement per atom of neutron radiation [34].
Another interesting development with an increase of deposition temperature is the shift of
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binding energy (BE) of Ti 2p3/2. Between 600 and 720 oC when polycrystalline Ti2AlN MAX
phase is formed, BE of Ti 2p3/2 stayed constant at 454.4 eV. However, it shifted to higher value
of 454.6 eV, when the deposition temperature was raised to 750 oC. This can be explained by the
Ti charge’s re-distribution due to significant loss of Al at 750 oC. Our previous DFT calculation
of charge transfer shows that in bulk Ti2AlN, each Ti atom loses 1.23 electrons and two of them
lose 2.46 electrons, with −1.75 and −0.71 electron transferred to N and Al atoms, respectively
[20]. Due to the loss of Al, the electron charge which is supposed to transfer to Al atom will be
re-distributed to a more electronegative atom, N, leading to higher electron loss from Ti, which is
reflected as the shift of Ti 2p3/2 BE to a higher value. Another supporting evidence is the
continual shift of Ti 2p3/2 BE to a higher value at 456.7 eV, after Al continues to lose from the
Ti2AlN thin film through desorption when the Ti2AlN thin film is heated up in the ultra-highvacuum chamber of XPS to 900 oC, where Al is decreased substantially to only ~4.3 % [35]. The
electron gain of N from Ti before and after partial loss of Al from Ti2AlN thin film is similar [35]
and hence BE of N 1s does not show any significant changes.
The triangular morphology observed in Ti2AlN thin films deposited between 600 and 720
o

C is associated with formation of non-basal Ti2AlN planes including (101), (103) and (116), etc

(Fig. 2). Due to six-fold symmetry of Ti2AlN hexagonal unit cell, {103} or { 1013 } plane has six
equal/symmetric counterparts by rotating 60 o about the c-axis. If { 1013 } planes are nucleated in
such a way assuming that the Ti2AlN unit cells are arranged vertically with respect to MgO (111)
plane, intersecting of three { 1013 } planes on a basal plane (i.e., a combination of ( 1013 ), ( 1103 )
and ( 0113 ) or a combination of ( 1103 ), ( 0113 ) and ( 1013 )) will form a tetrahedron, which
truncated by a (0002) basal plane will turn into equilateral triangular top as imaged by AFM or
SEM. Similarly, nucleation of other Ti2AlN planes including (116), (101), etc, provided that the

14

Ti2AlN unit cells are arranged upright will also lead to equilateral triangular surface morphology.
Tilted thin plates of other MAX phase materials including Ti3SiC2 [7], Cr2AlC [11],
Cr2GeC [12], Ti2SnC [13] and Ti2AlC [36] have been reported, and are attributed to non-basalplane growth of respective MAX phase thin films. Among them, the appearance of triangular
islands is similarly observed during growth of Ti2SnC (103) on Al2O3 (0001) at 720 oC [13],
Ti2AlC (103) and (106) on Al2O3 (0001) substrate at 770 oC [36] and Cr2GeC(103) on Al2O3
(0001) and MgO (111) substrate at 800 oC [12]. By considering Ti2AlN (103) and (116) planes
observed in this work, it can be seen that (103) plane is a common plane detected during the
nucleation and growth of these M2AX phase under non-basal plane growth condition. To
understand the reason behind the frequent observation of (103) plane, we evaluated the surface
energies of various planes using density functional theory (DFT) which was implemented by
Vienna ab initio simulation package (VASP) [37]. The projector augmented waves (PAW)
pseudopotentials and the generalized gradient approximation parameterized by Perdew, Burke
and Ernzerhof were employed [38,39]. Convergence criteria for energy and force were chosen to
be less than 1 × 10-5 eV and 0.01 eV/Å, respectively. The surface energy () was calculated using
the following expression:
1

𝑛
𝜎 = lim 2 (𝐸𝑠𝑙𝑎𝑏
− 𝑛𝐸𝑏𝑢𝑙𝑘 )
𝑛→∞

(2)

𝑛
where 𝐸𝑠𝑙𝑎𝑏
is total energy of a slab which contains n number of bulk unit, and 𝐸𝑏𝑢𝑙𝑘 is the total

energy of the bulk [40,41]. Surface was created by cleaving from the optimized bulk structure
and was relaxed by optimizing the atoms in the top layers while keeping the bottom three Ti2AlN
atomic planes fixed. The derived surface energies are listed in Table 1 (in ascending order from
top to bottom). It can be seen that the surface energies of (101) and (103) are very close and are
the lowest, followed by (002) and the rest.
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Table 1 Surface energy (, in J/m2) for various Ti2AlN planes
Ti2AlN Planes
(101)
(103)
(002)
(110)
(100)
(107)
(116)
(104)
(106)

Surface Energy (, in J/m2)
1.99
2.01
2.14
2.21
2.33
2.44
2.50
2.74
2.83

At a lower temperature between 600 and 720 oC where adatoms are energetically limited to
diffuse and re-organize freely on the surface, growth of non-basal planes like Ti2AlN (101) and
(103) planes offer the best option to minimize surface energy. When the temperature was
increased further to 750 oC and above, the adatoms gain sufficient kinetic energy to diffuse freely
on the surfaces and basal plane growth of Ti2AlN is prevailed since Ti2AlN (0002) plane only has
0.57 % lattice mismatch with MgO (111) plane and also offer relatively low surface energy.
Ti2AlN (101) plane is observed between 600 and 720 oC (Fig. 2) but its intensity is much weaker
than that of (103) planes due to its structure factor for XRD. This is consistent with the JCPDSICDD standard card of Ti2AlN (00-018-0070), where intensity of (101) plane is only one-tenth of
that of (103) plane. Due to the similar effect caused by the structure factor, Ti2AlN (100) and
(110) planes, although present and detected, are less prominent than (103) and (116) planes due
to their lower diffraction peak intensities.
Young's modulus, also known as the tensile modulus or elastic modulus, measures the
resistance of a material to elastic (recoverable) deformation under load. A material having a very
high Young's modulus is rigid. On an atomic scale, the magnitude of the Young’s modulus is a
measure of the resistance to separate two adjacent atoms (but before they break apart from each
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other) and relates to interatomic bonding forces [42]. A development of the structure from
polycrystalline at 600 oC to single crystalline at 750 oC does not alter the interatomic bonding in
the material and hence does not help to improve the Young’s modulus significantly (Fig. 4(a)).
On the other hand, the indentation hardness reflects a material’s resistance towards a permanent
inelastic deformation caused by constant downward impression of a sharp indenter from the top
surface, and it is therefore related to the material’s microstructure. With an increase in deposition
temperature, the thin film structure has evolved from intersecting of multiple planes at 600 oC, to
dominantly (103) planes on (002) planes at 720 oC and eventually to an ordered, layered stack of
single (002) planes parallel to substrate plane at 750 oC. Intuitively, an ordered stack of planes
certainly help a material resist the intrusion/penetration of an indenter from surface compared
with a mixture of different orientated planes which intersect each other and have gaps in
between. As a result, the hardness increased accordingly from 600 to 750 oC when the surface
order improved (Fig. 4(b)).
Lastly, we would like to compare the properties of Ti2AlN against some common metals
and ceramics to demonstrate its hybrid metallic-ceramic property (Table 2). The Young’s
modulus of single crystalline Ti2AlN is lower than the Young’s modulus of TiN and α-AlN.
However, it is significantly higher than those of metals including Al, Ti, Ni, steel and even those
of ceramics including ZrO2, MgO and MgAl2O4. The hardness value of single crystalline Ti2AlN
is higher than the hardness of single crystalline TiN single crystalline α-AlN, and is also much
higher than those of ceramics including ZrO2, MgO and MgAl2O4.
Lastly, we would like to compare the properties of Ti2AlN against some common metals
and ceramics to demonstrate its hybrid metallic-ceramic property (Table 2). The Young’s
modulus and hardness of single crystalline Ti2AlN are not only higher than those of single
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crystalline nitrides (TiN and α-AlN), but also much higher than those of metals (including Al, Ti,
Ni, steel) and even those of ceramics (including ZrO2, MgO and MgAl2O4). On the other hand,
the electrical resistivity of the single crystalline Ti2AlN at 750 oC measured by four point probe
is 64.4 ± 2.1 µ cm, which is higher than the value of 39 µ cm reported earlier [15] and can be
attributed to Al vacancy scattering due to an Al-deficient stoichiometry in our Ti2AlN thin films.
This value is one order higher than those of metals including Al, Ni and steel and is comparable
with Ti, but is significantly lower than that of ceramic such as MgO. Hence, it can be seen that
Ti2AlN, as one member of the MAX phase materials, possesses properties of ceramic (stiff and
hard in mechanical property) and metal (low electrical resistivity) concurrently, which certainly
warrants much more research efforts to further explore its potential technological applications
such as wear resistant coatings, diffusion barriers, radiation-tolerant cladding material, etc.

Table 2 Comparison of Young’s modulus, hardness and resistivity between metals (Al, Ti,
Ni and Fe), nitrides (Ti2AlN, TiN, AlN) and ceramics (ZrO2, MgO, MgAl2O4).
Materials
Group
Metal

Nitride

Ceramic

Compound

Young's Modulus (GPa)

Hardness (GPa)

Al (>99.5%)
Ti (>99%)
Ni (>99%)
Steel
Ti2AlN
TiN
α-AlN
ZrO2
MgO

69 [42]
107[42]
207 [42]
207 [42]
487.1 ± 19.3
445 ± 38 ~ 449 ± 28 [43]
369 ~ 379 [44]
152 [42]
207 [42]

26.5 ± 1.8
20 ± 0.8 ~ 21 ± 1 [43]
16 ~ 18 [44]
20.5 [45]
8.5 - 9.0 [43]

Resistivity
(µ cm)
2.78 [42]
50 [42]
8.47 [42]
10 [42]
64.4 ± 2.1
>1020 [42]

MgAl2O4

284 [42]

25 [45]

-
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5. Conclusion
In summary, the composition, crystalline phase, morphology and mechanical properties of
Ti-Al-N thin films deposited by DC magnetron sputtering from Ti2Al alloy in Ar/N2 plasma as a
function of deposition temperature have been investigated. The Ti-Al-N film was a mixture of
metallic Ti, Al and (Ti,Al)N cubic solid solution at 500 oC. Ti2AlN MAX phase started to form at
600 oC, and its crystallinity improved with an increase in substrate temperature until the single
crystalline Ti2AlN MAX phase is formed at 750 oC. With an improvement in the crystallinity
shown by XRD from 600 to 750 oC, there was a decrease in Al% as shown by in-situ XPS from
38.7% at 600 oC to only 14.8 % at 750 oC. At the same time, surface morphology evolved from
small triangle islands at 600 oC, to bigger triangle islands at 700 oC, to equilateral triangles at
720 oC until hexagonal flat-top islands with terrace structure was developed at 750 oC. In the
same process, the hardness increased from 15.8 ± 2.6 GPa at 600 oC to 26.5 ± 1.8 GPa at 750 oC,
although the Young’s modulus remained roughly constant at 412.5 ± 45.6 GPa. Together with
DFT calculation results, our findings show that temperature does play an important role in the
nucleation and growth of Ti2AlN MAX thin film. Low temperature promotes growth of nonbasal planes with low surface energies, while high temperature facilitates basal plane growth
when adatoms are free to diffuse. Temperature is thus an important growth parameter to be tuned
in order to achieve the desired crystallinity of the Ti2AlN MAX thin films.
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List of Figures Captions
Fig.1 High resolution XPS spectra of (a) Ti 2p, (b) Al 2p, (c) N 1s, (d) valence band (VB) and (e)
Mg 1s and O 1s captured at various deposition temperatures of 500, 600, 700, 720 and 750 oC.
The spectra in each figure are normalized to have the same maximum peak heights with the
scaling factor indicated near the left axis of each spectrum for easy comparison. The resulting
composition of the respective Ti-Al-N thin film after deposition is calculated based on the
corresponding peak areas from panels (a)-(c) and is shown in panel (f).
Fig.2 The first frame covering the X-ray diffraction patterns in the 2 range from 10 to 46o
captured by the general area detector for the Ti-Al-N thin films deposited at (a) 500, (b) 600, (c)
700, (d) 720 and (e) 750 oC. (f) shows the XRD patterns from the Ti-Al-N thin film deposited
from 500 to 750 oC after integrating the respective two frames of XRD diffraction patterns.

Fig.3 Column (i) 5 × 5 µm2 (left panel) and (ii) 2 × 2 µm2 (right panel) AFM images of the TiAl-N thin films deposited (a) 500, (b) 600, (c) 700, (d) 720 and (e) 750 oC. Blue circle in (b, ii)
highlights an island having a triangle shape, while black circles in (d, i) mark flat areas on top of
which the islands grow.
Fig.4 (a) Young’s modulus and (b) hardness of the Ti-Al-N thin films deposited from 500 to 750
o
C as measured by nano-indentation.
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