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Aluminum Concentration Drives the Structural 
Evolution of Magnetron Sputtering (Ti, Al) C 

Thin Film 

Abstract- The effect of deposited Al on the structural evolution of TiC films with a 
chemical composition variation has investigated during combinatorial magnetron 
sputtering of binary ceramic (Ti, Al) C. The here produced thin films have been 
investigated by energy dispersive X-ray spectroscopy (EDX) and X-ray diffraction 
technique XRD. The structural evolution of combinatorial magnetron sputtered Ti-
Al-C system deposited at room temperature fined to be located in the extent of: Ti 
at.%= 36.74-60.55, Al at.%= 12.05-30.61 and C at.%= 22.53-47.69. XRD results 
show that films are constituted of mostly cubic (Ti, Al) C phase as well as an X-ray 
amorphous region in the range of Ti at. %= 37.31-54, Al at. %= 27.67-30.61 and C 
at. %= 22.53-36.92. A clear evidence for the formation of two different structural 
regions driving by Al concentration has been observed. X ray analysis also shows 
that the (111) orientation in the (Ti, Al) C phase is dominant with increasing the Ti 
concentration.  
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1. Introduction
There is an increasing interest worldwide in hard 
coatings, thin film applications. For example, 
coatings in the Ti-Al-C-N system, including the 
ternary (Ti, Al) N phase have many promising 
high temperature properties [1]. Furthermore, 
physical vapor deposited (Ti, Al) N and (Ti, Al) 
(C, N) coatings were established for tribological 
and some new molds and extrusion dies 
applications in view of the thermal and 
mechanical stabilities [2, 3]. With the advent of 
magnetron sputtering, it has expected to replace 
conventional coating methods and generated 
many new applications and markets. Based on the 
large increase of new industrial applications, the 
need of tailoring and testing new materials with 
high efficiency is required. The Ti-Al-C system 
contains many ternary phases that are needed in 
thin film applications [4]. For instance, the 
combination of superconductivity and mechanical 
properties of the perovskite Ti3AlC makes it a 
potential candidate as a superconductor [4].  The 
existence of the so-called MAX phases (space 
group P63/mmc) pushes to make the Ti-Al-C 
system further motivated. Over recent years, this 
new family of layered ceramics has attracted 
much attention due to their unique combination of 
physical and mechanical properties combined 
from ceramic and metallic materials [5-9]. They 
exhibit the hexagonal structure as ternary 
compounds with the general formula of 
Mn+1AXn, where n is varying from 1 to 3, M is 
an early transition Aluminum, A is an A-group 

(mostly IIIA and IVA, or groups 13 and 14) 
element and X is either carbon and/or nitrogen. 
MAX phases are good thermal and electrical 
conductors [10,11]. They are also resisting to 
thermal shock. Beside all they are damage 
tolerant [12] and corrosion /oxidation resistant 
[13, 14]. Among this group of materials, Ti2AlC 
and Ti3AlC2 have been widely studied in both 
bulk and thin film forms. Sintering of mixture of 
element or some compounds is the most active 
way to grow MAX phases [15-19] as well as by 
magnetron sputtering technique of single 
compound or elemental targets [4, 20-23]. 
The Titanium-Aluminum-Carbon system includes 
the perovskite structure of ternary carbide of 
Ti3AlC. This structure is frequently formed as 
precipitations in bulk form [24-26].  
Most all binary phases like Titanium carbide that 
formed in the Titanium-Aluminum-Carbon 
system can give a limited solid solution behavior 
of the third component. However, thin-film 
techniques such as PVD can be run at low 
temperature levels where atomic mobility is slow 
and the diffusion boundaries are very limited. 
These thin layers are metastable, but could show 
amended properties as compared with the stable 
once. Hence, this can be highly motivating for 
many thin solid layers applications with new set 
of properties. For instants, the metastable phase 
of (Ti, Al) N is widely used in tribological 
coatings that may contain 60% at. Al on the 
metallic side. The protecting oxide layer formed 
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at higher temperatures may be responsible for the 
improved properties [27, 28]. Furthermore, 
Ho¨rling et al. [29] mentioned that the thin solid 
films of metastable Titanium–Aluminum–
Nitrogen ternary phase deposited at low 
temperatures could be age harden into TiN and 
AlN. Hence, and due to the similarity between 
TiN and TiC, it is expected that (Ti, Al) C may 
form by sputtering and have some interesting 
properties. It should be noted that other attempts 
to study the phase evolutions in the Ti-Al-C bulk 
system was previously carried out [30].  
Here, a clear evidence for the formation of (Ti, 
Al) C is found due to the results gained by XRD 
and EDX. X-ray analysis also shows that the 
(111) orientation in the (Ti, Al) C phase is 
dominant with increasing the Ti concentration.  
 
2. Experimental Details 
Ti-Al-C film of 1.5 µm thick was deposited 
combinatorially from three elemental targets in a 
high vacuum chamber. Three magnets are set 
with a tilted angle of ~ 14° as respect with the 
substrate. Fig. 1a shows the deposition of the Ti-
Al-C layer. The target dimensions were Ø39 mm 
and 3 mm thickness. The chamber was pumped 
down to a base pressure of ~10-4 Pa.  Pure 
Titanium, pure Aluminum and pure Carbon 
targets were sputtered in 0.3 Pa Ar atmosphere. 
The power densities of 4.18 for Ti, 0.83 for Al 
and 6.7 W/cm2 for C, were respectively set. The 
substrate to target distance is about 50 mm. No 
heater or baising were used during deposition.  
Single crystal sapphire wafer (99.996%, c-plane, 
one side polished, and a diameter of 50.8 cm) was 
used as a substrate. Steel grid of 145 holes with 
Ø=3. 5 mm Fig. 1b was placed on the substrate 
during deposition for masking purposes. After the 
deposition, the chemical composition and the 
structure of 145 positions of Ti-Al-C films were 
analyzed.  
Chemical composition analysis of the Ti-Al-C 
films was performed by energy dispersive X-ray 
analysis (EDX) with an EDAX Genesis 2000 
system using an acceleration voltage of 12 KV.  
Ti-Al-C sample, quantified with wavelength 
dispersion X-ray analysis, (WDX) used as 
standard. The structural analysis of the Titanium-
Aluminum-Carbon films was carried out utilizing 
a AXS D8 discover general area detection 
diffraction system. The measured 2θ-range was 
ranged from 30° to 80° using Copper Kα. The X-
ray beam was collimated using a pinhole with a 
diameter of 0.5 mm at an incidence angle of 18°. 
 
 

 
Figure1: Deposition setup for the Ti-Al-C layer 
with combinatorial gradient and a drawing of the 
combinatorial designed targets (a). A schematic for 
the steel grid is given in (b). A schematic for the as-
deposited sample architecture is given in (c) and (d) 
 
 
3. Results and Discussion  
Architecture of the as-deposited Ti-Al-C film 
with a composition gradient is shown in Figure 1 
c, d. In that configuration, the so-called 
combinatorial sputtering can give long-range 
chemical composition variation for each element 
in one single deposition. Figure 2 shows the EDX 
measurement of two different positions of one 
single wafer used after depositing for several 
hours. 
It can be seen that the Al concentration is varied 
from about 12.81 at. % to about 20.5 at. % for 
almost the same C/Ti ratios.( investigated sample 
contains 145 separated regions that cover a total 
composition spread of (Ti at. %= 36.74-60.55, Al 
at. %= 12.05-30.61 and C at. %= 22.53-47.69). 
Figure 3 shows the chemical composition 
analysis of the film and its location in the ternary 
Ti-Al-C system. The whole XRD analysis of the 
as-deposited films can be summarized also in 
Figure 3. 

 

 
Figure 2: Plot of the chemical compositions of all 
deposited samples in the Ti-Al-C system together 

with the compositions of stoichiometric Ti2AlC and 
Ti3AlC2 MAX phases, Ti3AlC and TiC 
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Figure 3: Plot of the chemical compositions of all 

deposited samples in the Ti-Al-C system represents 
the structural positions of both the crystalline and 

amorphous regions 
 
The as deposited films show two structural 
regions at the composition range studied). (First 
region is constituted of X-ray amorphous films, 
which can be identified in the range of Ti at. %= 
37.31-54, Al at. %= 27.67-30.61 and C at. %= 
22.53-36.92. The X-ray diffraction of some 
selected points within the amorphous range is 
shown in Fig. 4. The C/Ti ratio in the selected 
points varied from 0.42 to 0.97 while the Al 
concentration was kept between 24.73 and 26.08 
at. %. From Figure 4, the 2 theta angle of the 
observed hump at C/Ti of 0.42 and 24.73 at.% of 
Al is ~ 38° with a FWHM of about 4.09°). 
(increasing the C/Ti from 0.42 to 0.97 the 
observed hump becomes more widespread with 
an average 2 theta angle of ~ 38.5°, FWHM ~ 
12.9°. 
In general, the increasing of Al concentration in 
the as-deposited Ti-Al-C films induces the 
formation of the X-ray amorphous however, by 
increasing the C/Ti ratio, the crystalline phase is 
more favorable, e.g., at Al≤25 at. % and 
C/Ti>0.75. 
Soldán et al. [31] reported that the deposition of 
Al into the Ti-C film at 500°C makes the 
formation of the X-ray amorphous phase visible 
at the Al concentration of 30-50 at. % and C/Ti of 
~1. Here, at relatively low substrate temperature 
(deposition without intentional heating), X-ray 
amorphous was observed at Al at. %= 27.67-30.6. 
The second region at this stage is constituted of a 
crystalline phase of Ti, Al and C in the range of 
Ti at. %= 36.74-60.55, Al at. %= 12.05-24.01 and 
C at. %= 22.73-47.69 (Figure 3). Figure 5 show 
the X-ray diffraction data of some points within 
this range at C/Ti ratio from 0.41 to 1.24 and Al 
concentration between 13.70 and 15.97 at.%. 
Within this range, it seems that the crystallinity is 
controlled by the carbon concentration as Ti is 
argued to be substitutional with Al.  

 
 

 
Figure 4: XRD results within the amorphous region 

 

 
Figure 5: XRD results represent some effects of both 

C/Ti ratio and the Al concentration 
 
That means the structural features of the 
crystalline film is influenced by the C/Ti ratio. At 
C/Ti of 0.41 and Al=14.71 at.%, film structure 
exhibits a single peak with 2 theta angle of ~ 37°, 
FWHM ~ 0.45° and intensity of ~482. By 
increasing C/Ti ratio of 1.24 at the Al content of 
13.89 % at. (less than 1 at. %) the position and 
the intensity is reduced to ~ 35.96° and ~12.26, 
respectively, however the FWHM is increased to 
~ 0.64°. This indicates larger lattice parameters as 
well as less ordered and smaller crystallites. 
Additional XRD peaks can be observed at 2 theta 
angle of ~42 and ~60.5° as the C/Ti ratio 
increased from 0.85 to 1.24 which may be 
contributing to the more random structure as 
compared with the low C/Ti ratio part 
0.42≤C/Ti<0.8. Hence, the C/Ti ratio can play an 
active role on the lattice constant of TiCx 
regardless of the Al concentration as well as its 
effects on the preferential orientation of the 
produced phase. Hence, increasing of C/Ti ratio 
for the same Al content as well as the increasing 
of the Al content for the same C/Ti ratio cause an 
increasing in the 2 theta angle indicating lattice 
expansion. This lattice parameters versus C/Ti 
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correlation is consistent with literature data of 
deposit TiCx [37,38]. However, the additional Al 
content further shifts the observed peak to higher 
2 theta value (Figure 6), which results in more 
reduction in the unit cell as the Al atoms are 
smaller. Therefore, It is reasonable to assume that 
the crystalline phase observed at this stage can be 
contributed to the formation of TiC containing 
Al. The observation of a peak position at 2-theta 
≥ 37° for the TiC (111) plane (the standard 2- 
theta for (111) of TiC is 35.90° [39]) can be 
attributed to the lower C/Ti ratio and more Al 
atoms replace the Ti position in cubic unit cell. 
Wilhelmsson et al. [4] observed the formation of 
a metastable solid solution of Al in TiC at 
T<800°C while sputtering the Ti-Al-C system 
from three elemental targets. Emmerlich et al. 
[40] reported the same observation for the 
deposited Ti-Si-C system at T<700°C where a 
competitive TiCx growth with Si segregation to 
form twin boundaries or Si substitutional 
incorporated in TiCx structure were suggested. 
(epitaxial grown of Ti-Al-C and Ti-Si-C films on 
Al2O3 (0001) substrate was also observed in 
literatures [4, 40], which may explain the notice 
of a single XRD peak of the cubic (Ti, Al) C 
phase in some ternary regions). 
 
4. Conclusion 
Combinatorial magnetron sputtering of three 
different elemental powders was used to produce 
Ti-Al-C films with large composition gradient. 
This material library enabled to investigate 
through the phase formation after room 
temperature deposition by EDX and XRD. Two 
different regions within the area investigated was 
found, the first contains the (Ti, Al) C crystalline 
phase while the second includes the X-ray 
amorphous. A clear evidence is found to correlate 
with the lattice constant of the (Ti, Al) C with the 
Al concentration. By increasing the Al 
concentration in the crystalline phase, the lattice 
constant decreases slightly.  
 

 

Figure 6: XRD results represent the effect of Al 
concentration with fixed C/Ti ratio on the 

crystallinity and peaks shift of (Ti, Al) C crystalline 
phase 
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