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Description of samples and experiments 
Ion beam  modification of  nano-scaled metallic or ceramic 
multilayered structures deposited on Si wafers

- immiscible structures interesting as radiation tolerant materials: 
(AlN/TiN)x5/Si, (Ta/Ti)x5/Si – multiple interfaces act as obstacles to 
slip and sinks for radiation induced defects

- miscible structures interesting for various applications in tribology: 
(Al/Ti)x5/Si, (Ni/Ti)x5/Si, also (AlN/TiN)x5/Si, (TiN/Ti)x5/Si, 
(AlN/Al)x5/Si

Si

TiN

AlN Total thickness of multilayered 
structures 250-350 nm

irradiated with 200 keV 40Ar+ 
to 5x1015 to 4x1016 ions/cm2

(Al/Ti)x5/Si structure also 
irradiated with 200 keV 28N2

+

to 1x1017 and 2x1017 at/cm2



Some results from previous experiments 
Vin� a Institute, Belgrade
deposition of multilayered structures, implantation with 200 keV 40Ar+

or 28N2
+ ions, TEM, AFM and XRD analyses

Surrey Ion Beam Centre
RBS analysis
Jo�ef Stefan Institute, Ljubljana
XPS and HRTEM analyses, nano-hardness measurements

SiSi

(AlN/TiN)x5/Si 
implanted with Ar

(Al/Ti)x5/Si
Implanted with Ar or N2



RBS analysis of as-deposited (AlN/TiN)x5/Si and implanted 
with 40Ar+ to 2x1016 and 2x1016 ions/cm2

- individual layers are well 
separated

- no interface mixing 
(broadening) upon ion 
irradiation to these doses

- change in local density 
due to Ar implantation,
causing a relative shift 
of Ti and Al peaks in
RBS spectra

- TiN layers are 
stoichiometric
and AlN layers are 
under- stoichiometric
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XPS depth profiles of (AlN/TiN)x5/Si implanted with Ar
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- individual layers remain well 
separated upon ion irradiation

- layer stoichiometry
Al:N ~45:55; Ti:N~50:50 
(same as from RBS)

- for the highest implanted dose
there is a low level migration (up 
to ~4-5 at%) of Ti into 2nd and 3rd

AlN layers and no migration of
Al into TiN. This is assigned to
excess N in AlN layers, which
can attract the knocked-on Ti
atomic species

- no interface broadening (mixing) 
of the depth profiles

-surface becomes contaminated
with oxygen



TEM analysis of (AlN/TiN)x5/Si implanted with Ar

as-deposited

2x1016 Ar/cm2

4x1016 Ar/cm2

as-deposited

4x1016 Ar/cm2

cross-section (C-S) Plan-view (P-V)

SA diffraction

CB diffraction

CB diffraction
mean grain size doesn’t change much, AlN(100) 
reflections seen only in P-V diff

1) Very sharp and flat interfaces and nano-crystalli ne structure are preserved,
2) TiN grains are larger than AlN grains ,
3) Some grains increase in width (from ~10 nm up to ~20 nm),
the first 3 bilayers slightly increase in thickness, white spots in SA pattern originate from
Si [110] zone axis, CB patterns show separation of first two TiN rings seen in SA pattern



HRTEM analysis

2-TiN

1-AlN

3-AlN

As-deposited 4x1016 Ar/cm2

2-TiN

3-AlN

4-TiN



SRIM calculations for 200 keV Ar implanted in AlN/TiN)x5/Si system
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Final distribution of the implanted Ar+ ions and of the recoiled 
Al, Ti and N atoms for the implanted dose of 4x1016 ions/cm2

Ar+ ions are stopped mainly within 
the 2nd and 3rd TiN layers, reaching 
a concentration of ~4 and ~5 at%

heaviest Ti atoms cause the largest 
number of displacements 
compared to  Al and N

integrated Ti concentration within 
the 2nd AlN layer is ~4 at%, and 
~3 at% in the 3rd AlN layer,  in good 
agreement with XPS results 

=> migration of Ti into AlN
is at the level of ballistic mixing, 
Ti is attracted by excess N in AlN

integrated Al concentration in the 2nd TiN layer is ~2 at%, and less than 1 at% in the 1st

and the 3rd TiN layers, but XPS depth profiles show no migration of Al into TiN
=>Al atoms are not attracted but are bounced back ( demixed) across the interface 
by the chemical driving forces



Short note from the conclusions

the results demonstrate a remarkable ion irradiation stability of 
the structures, and gave first reports on ion irradiation tolerance 
of metal-nitride multilayers, published in:
D.Peruško, M.J.Webb, V.Milinovi� , B.Timotijevi� , M.Milosavljevi� , C.Jeynes, R.P.Webb, 
Nucl. Instr. and Meth. in Phys. Res. B 266 (2008) 1749–1753

M.Milosavljevi� , D.Peruško, V.Milinovi� , Z.Stojanovi� , A.Zalar, J.Kova� , C.Jeynes, 
Journal of Physics D: Applied Physics 43 (2010) 065302-1-6

so far only multilayers of immiscible metals, such as Cu/Nb,
W/Ni, Cu/W or Mo/Cu were investigated



Analysis of as-deposited (Al/Ti)x5/Si and implanted 
with 40Ar+ to 2x1016 and 4x1016 ions/cm2
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as-deposited

TEM analysis of (Al/Ti)x5/Si system 

4x1016 Ar/cm2

High Ar+ doses of 2x1016 and 4x1016 ions/cm2

are sufficient to induce a total intermixing in
this mutually soluble and chemically reactive 
system

Multilayered structure is preserved, but the 
mean grain size increases significantly

Chemical driving forces intensify intermixing , 
which is by orders of magnitude higher than
purely ballistic mixing

Opposite to this, in the immiscible AlN/TiN
system, chemical driving forces enhance
demixing



HRTEM, el. diffraction and EDXS, sample implanted to 4x1016 Ar/cm2

EDXS: Al=37 
at.% Ti=62 at.%
=> (AlTi3)?

Crystals in the 
8th layer

New points 
=> (new phase)
(intermetallic alloy )

EDXS grain 2EDXS grain 1

Al=30 at.%, 
Ti=70 at.%

Al=28 at.%, 
Ti=72 at.%



Short note on conclusions

the results are interesting because they demonstrate 
nanoalloying of Al and Ti at room temperature (RT), 
using  high dose Ar ion irradiation – nanoalloys , a new 
class of interesting materials with different properties 
compared to bulk

paper with combined HRTEM results and more detailed 
RBS analysis in preparation



New experiments, from 2009 - SPIRIT
Samples prepared: seven sets of (Al/Ti), (Ni/Ti) and (AlN/TiN) 
multilayers deposited on Si wafers, total thickness of 200-300 nm

1. (Al/Ti)x8 bilayers on Si
2. (Al/Ti)x15/Si
3. (Ni/Ti)x5/Si
4. (Ni/Ti)x16/Si
5. (AlN/TiN)x15/Si
6. (AlN/TiN)x25/Si
7. (AlN/TiN)x25/Si (different N pressure during deposition from the 
above set)

With much thinner individual layers and many more interfaces

Aim - to study their ion beam modification (ion irradiation tolerance) 
for higher Ar doses than used previously, and using heavier Xe ions 
for irradiation



New multilayered AlN/TiN structures prepared

30 alternate layers,
one layer ~8 nm

50 alternate 
layers, one
layer ~4.5 nm



Experiments done in the Surrey Ion Beam Centre
24th Jan-6th Feb 2010 (2 working weeks)

Sample sets:
1. (Al/Ti)x8 bilayers on Si
2. (Al/Ti)x15/Si
3. (Ni/Ti)x5/Si
4. (Ni/Ti)x16/Si
5. (AlN/TiN)x15/Si
6. (AlN/TiN)x25/Si
7. (AlN/TiN)x25/Si (different N pressure)

Sets 1-4 implanted with 180 keV Ar, to 1,2,4 and 6 x1016 ions/cm2 (16 implants)
Sets 5-7 implanted with 180 keV Ar, to 1,2,4 and 8 x1016 ions/cm2 (12 implants)

Sets 5&6 implanted with 450 keV Xe, to 1 and 4 x1016 ions/cm2 (4 implants)

RBS spectra taken from all samples (32 implanted + 7 as-deposited) 
= 39 samples : 
at 1.5 MeV He normal incidence + tilted at 45o incidence + 14 spectra taken at 1 
MeV He tilted at 45o incidence + 2 detectors for each measurement
all together  (92x2) = 184 RBS spectra + calibration spectra



Some preliminary results from recent RBS analysis

(AlN/TiN)x15/Si
as-deposited



(AlN/TiN)x15/Si implanted 8 x1016 Ar/cm2

(AlN/TiN)x15/Si implanted 4 x1016 Ar/cm2



(AlN/TiN)x15/Si implanted 1 x1016 Xe/cm2

(AlN/TiN)x15/Si implanted 4 x1016 Xe/cm2



(Al/Ti)x8/Si as deposited

(Al/Ti)x8/Si implanted 6 x1016 Ar/cm2



Contribution of SPIRIT Project to our research

SPIRIT provides access to experimental facilities that are not 
available in our Institute (ion irradiation above 200 keV and 
ion beam analysis) in a very efficient way

for only 2 working weeks we performed very high dose ion 
implantation of 32 samples, and collected 184 RBS spectra,
i.e. many samples were prepared for further studies 

interaction with the Surrey Ion Beam Centre staff was at the 
highest professional level , with excellent preparation, 
organization, services, technical support, expert advices and 
many fruitful discussons 

besides collaboration with the Surrey Ion Beam Centre and 
Jo�ef Stefan Institute, Ljubljana, we also have coll aboration 
with Ru� er Boškovi� Institute, Zagreb



THANK YOU FOR YOUR ATTENTION!


