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Abstract: A comparative study of AlN/TiN multilayers, grown by reactive sputtering of AlN and TiN, and by 

implantation of nitrogen into metallic Al/Ti multilayers, is presented. The (AlN/TiN)x5 and (Al/Ti)x5 

multilayers with a total thickness of ~270 nm were deposited on Si(100). The Al/Ti structures were implanted 

with 200 keV N2
+, to 1x1017 and 2x1017 at/cm2, and AlN/TiN were irradiated with argon ions. It was found 

that sputter deposited AlN/TiN multilayers are well separated, with sharp interfaces and a nanocrystalline 

structure, remaining stable after argon ion irradiation. Nitrogen implantation of Al/Ti induced a pronounced 

intermixing, resulting in a graded multilayered structure, with different content of Al, Ti and N. In all cases 

nano-hardness increased with ion implantation fluence.

Keywords: AlN/TiN multilayers, reactive sputtering, ion irradiation, graded composition, nanocrystalline 

structure, nano-hardness 

1. INTRODUCTION

Nano-scaled multilayered coatings of metals and 

metal-nitrides offer numerous advantages over 

single component coatings, such as much higher 

hardness and strength due to a large number of 

interfaces, possibilities to form super lattices, 

graded composition, denser and less porous 

structures [1-4]. High strength nanolayered 

structures are also interesting as radiation protective 

materials, because of a large number of interfaces 

that act as obstacles to slip and sinks for radiation 

induced defects [5,6]. Multilayers composed of 

AlN/TiN provide the same performance at much 

lower thickness compared to thick single layers 

such as TiN or (Al,Ti)N, and have microstructural 

stability up to 1000oC [7-9]. For very low 

thicknesses of individual layers (a few nm), these 

multilayers can form superlattices [8]. 

The use of ion beam processing in fabrication of 

thin film structures can be beneficial towards 

achieving better adhesion to the substrate, relaxing 

the interface stresses, increasing the film density 

and decreasing porosity. In this work we have 

studied the properties of TiN/AlN multilayers 

grown by reactive sputtering, and the changes 

induced upon irradiation with argon ions. We have 

also studied the formation of graded (AlTi)N 

multilayers by high fluence nitrogen ion 

implantation into Al/Ti multilayered structures.

2. EXPERIMENTAL DETAILS

Multilayered AlN/TiN and Al/Ti structures were 

deposited on Si(100) wafers, in a Balzers Sputtron 

II system, using 1.5 keV argon ions and 99.9% pure 

Al or Ti targets. The starting structures consisted of 

(AlN/TiN)x5 and (Al/Ti)x5, with a total thickness 

of ~270 nm. Depositions were done in a single 

vacuum run for each of the analyzed systems, 

switching from one target to the other. The base 

pressure in the chamber was around 1x10-6 mbar, 

and the argon partial pressure 1x10-3 mbar. For 

preparation of metal-nitride layers we used reactive 
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sputtering, introducing high purity nitrogen in the 

vacuum chamber at a partial pressure of 3x10-4

mbar. 

The (Al/Ti)x5/Si structures were implanted with 

200 keV N2
+ ions, to the fluences of 1x1017 and 

2x1017 at/cm2. The (AlN/TiN)x5/Si were irradiated 

with 200 keV Ar+, to 5x1015 - 4x1016 ions/cm2. All 

implantations were done at room temperature, with 

a beam current of ~ 1 A/cm2, to avoid beam 

heating of the samples The projected ion range in 

both cases was around mid-depth of the deposited 

structures, as calculated by TRIM [10]. 

Structural and compositional characterizations 

of the samples were done by Rutherford 

backscattering spectrometry (RBS), X-ray 

photoelectron spectroscopy (XPS), X-ray 

diffraction (XRD) and transmission electron 

microscopy (TEM). For RBS analysis a 1.5 MeV 

He+ ion beam, generated by a 2 MV Tandetron 

accelerator from HV Europe was used [11]. 

Random RBS spectra at normal incidence to the 

sample surface were collected. The experimental 

data were analyzed with the NDF code [12]. XPS 

photoelectron spectroscopy analyses were carried 

out on the PHI-TFA XPS spectrometer produced by 

Physical Electronics Inc. Ion sputtering was 

performed with a 3 keV Ar+ ion beam scanned over 

an area of 4 x 4 mm2. The analyzed area was 0.4 

mm in diameter. XPS spectra were excited by X-

ray radiation from an Al-standard source. During 

depth profiling the samples were rotated to improve 

the depth resolution. For XRD analysis Cu K  X-

ray diffraction patterns were collected by Bruker 

D8 Advance Diffractometer. The step was 0.05o

and the time interval 10 s per step. TEM imaging 

was done on a Philips EM 400T microscope at 120 

kV, the samples being prepared for cross-sectional 

analysis by ion beam thinning. 

Nano-hardness measurements were done by the 

Vicker’s method, using a pyramidal indenter with 

the top angle of 136o. The applied load was 5 mN, 

so the indenter penetrates to around mid-depth of 

the multilayered structures. Due to a high influence 

of the substrate, the measured values of nano-

hardness should be considered as relative. 

3. RESULTS AND DISCUSSION 

Elemental depth profiles obtained by XPS 

analysis of as-deposited (AlN/TiN)x5/Si sample 

and a sample implanted with argon to 4x1016

ions/cm2, are shown in Fig. 1. Both depth profiles 

show well separated Al and Ti signals. The TiN 

layers are stoichiometric and the AlN layers are 

nitrogen rich, as was also determined by RBS. A 

build up of surface oxide is registered in the 

implanted sample. Ion irradiation causes an 

increased concentration of Ti in the second and 

third AlN layer up to about 5 at% and consequently 

decreases the concentration of Al and N in the same 

region. This suggests that some migration of Ti 

atoms occurred only in these AlN layers, located in 

the region where the highest radiation damage is 

deposited by the impact ions. Apart from this, the 

AlN and TiN layers remain well separated after ion 

irradiation.
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Figure 1. XPS depth profiles of (AlN/TiN)x5/Si: (a) as-

deposited sample; (b) sample implanted with argon to 

4x1016 ions/cm2.

RBS analysis of (Al/Ti)x5/Si structures is 

presented in Fig. 2. Experimental spectra taken 

from an as-deposited sample and a sample 

implanted with nitrogen to 2x1017 at/cm2 are shown 

in (a). It is seen that the initial as-deposited 

structure exhibits well separated Ti and Al signals 

from individual layers. After implantation the RBS 

yield arising from Ti and Al becomes lower and 

broader. We also observe a build up of 

backscattering yield arising from the implanted 

nitrogen, and a surface oxygen peak which 

increases after ion irradiation. Extracted depth 

profiles from sample implanted with nitrogen to 

2x1017 at/cm2 are shown in (b). The profiles show 

that Al and Ti become almost fully intermixed, 

especially at mid-depth of the structure, where a 

maximum concentration of nitrogen (~ 30 at%) was 

detected. Also, oxygen is detected at the surface, 

and there is a small fraction of argon, which was 

used as a sputtering gas and to clean the Si 

substrates before deposition. 

XRD spectra taken from an as-deposited 

(Al/Ti)x5/Si, and from a sample implanted with 

nitrogen to 2x1017 at/cm2, are shown in Fig. 3. Well 

defined Al and Ti diffraction peaks are seen in the 

as-deposited sample. In the implanted sample these 

peaks are shifted, their relative intensity is altered, 
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and they become markedly broadened, suggesting 

the appearance of other phases. There is a number 

of possible reflections that can appear in the small 

2  range from 35-40o, which correspond to various 

Al-Ti intermetallic compounds and their nitrides. 

We have marked in the figure the positions that 

correspond to AlN, TiN, Ti2AlN, Ti3AlN and 

Ti3Al phases. It is difficult to distinguish isolated 

peaks for each of these phases, though this analysis 

is in agreement with RBS results. The layers are 

fully intermixed, and the possible formed phases 

are intermetallic Al-Ti and metal-nitrides with 

various composition. 

Figure 2. RBS analysis of (Al/Ti)x5/Si: (a) experimental 

spectra from an as-deposited sample and sample 

implanted with nitrogen to 2x1017 at/cm2; (b) extracted 

depth profiles of the implanted sample. 

The results of cross-sectional TEM analysis are 

shown in Figs. 4 & 5. Bright field image in (4a) 

was taken from as-deposited (AlN/TiN)x5/Si, and 

in (4b) after implantation of this structure with 

argon to 2x1016 ions/cm2. Bright contrast 

corresponds to AlN layers and dark to TiN. In both 

cases the AlN and TiN layers are well separated, 

having a very fine nanocrystalline structure. Ion 

irradiation induces an enlargement of crystal grains 

in individual layers, from ~10 to ~20 nm. Also, 

some thickness increase is registered in the top 

three AlN/TiN bilayers, where the most damage is 

deposited and most of the Ar+ ions are being 

stopped. Analysis of as-deposited (Ti/Al)x5/Si is 

shown in (5a), and of this structure implanted with 

nitrogen to 2x1017 at/cm2 in (5b). White contrast is 

from Al layers and dark from Ti. Here we observe 

that initially well separated Al and Ti layers 

become fully intermixed after ion implantation. The 

mean grain size in the layers increases from ~30 to 

~80 nm, and the contrast becomes unified in the 

region where most intermixing occurred. However, 

the multilayered nature of the structure is 

preserved.
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Figure 3. XRD spectra: (a) from as-deposited 

(Al/Ti)x5/Si; (b) sample implanted with nitrogen to 

2x1017 at/cm2.

Figure 4. Bright field cross-sectional TEM images of: 

(a) as-deposited (AlN/TiN)x5/Si; (b) (AlN/TiN)x5/Si 

implanted with argon to 2x1016 ions/cm2.

The results of nano-hardness measurements as a 

function of the irradiation fluence for both 

structures are plotted in Fig. 6. As a reference we 

have given the measured value for a single 

component TiN layer, deposited to a similar 

thickness. It is seen that in all cases the 

nano-hardness increases with the irradiation 

fluence. Nitrogen implanted Al/Ti structures do not 

reach the value measured for the TiN layer, 

obviously because the concentration of nitrogen 
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was not sufficient for a complete formation of 

metal-nitrides. On the other hand, nano-hardness of 

the starting AlN/TiN structures is close to that of 

TiN, and for higher argon fluences it increases 

above the TiN reference value. 

Figure 5. Bright field cross-sectional TEM images of: 

(a) as-deposited (Al/Ti)x5/Si; (b) (Al/Ti)x5/ implanted 

with nitrogen to 2x1017 at/cm2.
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Figure 6. Nano-hardness as a function of the irradiation 

fluence for both (AlN/TiN)x5/Si  and (Al/Ti)x5/Si 

structures.

There is a pronounced difference in the behavior 

of the two systems upon ion irradiation. The 

AlN/TiN layers are immiscible and stable at high 

temperatures [7-9]. Argon ion irradiation induced 

only minor structural changes, although their nano-

hardness increased. The Al/Ti system is soluble and 

can form intermetallic compounds. Even much 

lighter nitrogen ions induced a totally intermixed 

structure. Implanted nitrogen can also interact with 

the target material and form metal nitrides. 

Multilayered structure is preserved after nitrogen 

implantation, but the layers have a graded 

composition, with different content of Al, Ti and N. 

The highest nitrogen concentration is around the 

projected ion range, while in the inner and outer 

regions mainly Al and Ti intermix. Because of a 

thorough intermixing, the resulting layers are 

tightly bound to each other. The measured nano-

hardness did not reach the value of single 

component TiN, but it can be presumed that these 

tightly bound multilayers have a high friction and 

wear resistance. 

4. CONCLUSION 

The comparative study of sputter-deposited 

AlN/TiN multilayers and of nitrogen implanted 

Ti/Al multilayers showed a substantially different 

resulting structures. The sputter-deposited AlN/TiN 

multilayers are well separated, with a very fine 

nanocrystalline structure, and remain stable upon 

argon ion irradiation. Nitrogen implantation of 

Al/Ti system resulted in heavily intermixed graded 

multilayered structure, with different content of Al, 

Ti and N. In all cases nano-hardness increased with 

the ion implantation fluence. 

ACKNOWLEDGEMENTS  

We acknowledge the support from the Serbian 

Ministry of Education and Science (Project OI-

171023), Slovenian Research Agency (Project P2-

0082), and EU FP7 Project No 227012 SPIRIT. 

REFERENCES 

[1] W.D. Sproul, New Routes in the Preparation of 

Mechanically Hard Films, Science, Vol. 273, No. 

5277, pp. 889-892, 1996. 

[2] U. Helmersson, S. Todorova, S.A. Barnett, J.E. 

Sundgren, L.C. Markert, and J.E. Greene, Growth 

of single-crystal TiN/VN strained-layer 

superlattices with extremely high mechanical 

hardness, J. Appl. Phys., Vol 62, Iss. 2, pp. 481-

484, 1987. 

[3] D. Li, L.W. Lin, C.C. Cheng, V.P. Dravid, Y.W. 

Chung, M.S. Wong, and W.D. Sproul, Structure and 

hardness studies of CNx/TiN nanocomposite 

coatings, Appl. Phys. Lett., Vol. 68, No. 9, pp. 

1211-1213, 1996. 

[4] S. PalDey, S.C. Deevi, Single layer and multilayer 

wear resistant coatings of (Ti,Al)N: a review, 

Materialas Science and Engineering A, Vol 342, pp. 

58-79, 2003. 

[5] T. Höchbauer, A. Misra, K. Hattar, and R.G. 

Hoagland, Influence of interfaces on the storage of 

ion-implanted He in multilayered metallic 

composites, J. Appl. Phys., Vol. 98, Iss. 12, Art. 

No. 123516-1-7, 2005. 

12th International Conference on Tribology – Serbiatrib’11 129



12th International Conference on Tribology – Serbiatrib’11 130 

[6] A. Misra, M.J. Demkowicz,X. Zhang, and R.G. 

Hoagland, The radiation damage tolerance of ultra-

high strength nanolayered composites, JOM Vol. 

59, Iss. 9,  pp. 62-65, 2007. 

[7] A. Madan, I.W. Kim, S.C. Cheng, P. Yashar, V.P. 

Dravid, and S.A. Barnett, Stabilization of cubic AlN 

in epitaxial AlN/TiN superlattices, Phys. Rev. Lett., 

Vol. 78, Iss. 9, pp. 1743-1746, 1997. 

[8] Y.Y. Wang, M.S. Wong, W.J. Chia, J. Rechner, and 

W.D. Sproul, Synthesis and characterization of 

highly textured polycrystalline AlN/TiN 

superlattice coatings, J. Vac. Sci. Technol. A Vol. 

16, No. 6, pp. 3341-3347, 1998. 

[9] D.G. Kim, T.Y. Seong, Y.J. Baik, Effects of 

annealing on the microstructures and mechanical 

properties of TiN/AlN nano-multilayer films 

prepared by ion-beam assisted deposition, Surface 

and Coatings Technology, Vol. 153, No. 1, pp. 79-

83, 2002. 

[10] J.F. Ziegler, J.P. Biersack, and U. Littmark: The 

Stopping and Range of Ions in Solids, Pergamon, 

New York, 1985. 

[11] A. Simon, C. Jeynes, R.P. Webb, R. Finnis, Z. 

Tabatabaian, P.J. Sellin, M.H.B. Breese, D.F. 

Fellows, R. v-d Broek, R.M. Gwilliam, The new 

Surrey ion beam analysis facility, Nucl. Instrum. 

Meth. B Vol. 219-220, p.p. 405-409, 2004. 

[12] N.P. Barradas, C. Jeynes, R.P. Webb, Simulated 

annealing analysis of Rutherford backscattering 

data Appl. Phys. Lett., Vol. 71, p.p. 291-293, 1997.; 

C. Jeynes, N.P. Barradas, P.K. Marriott,G.  

Boudreault, G.M. Jenkin, E. Wendler, and R.P. 

Webb, Elemental thin film depth profiles by ion 

beam analysis using simulated annealing - a new 

tool, J.Phys.D: Appl.Phys., Vol. 36, p.p. R97-R126. 

2003. 


