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Abstract. The diffusivity of silicon, aluminium and iron in TiN films has been
determined in TiN/ Si and metal/ TiN/ Si structures prepared by reactive evaporation of Ti in N2 atmosphere on silicon substrates followed by evaporation of
aluminium and iron. The diffusion profiles have been investigated by 2 MeV
4
He+ Rutherford backscattering spectroscopy (RDS) after annealing at different
temperatures. The iron diffusivity in TiN found from 200 °C to 600 °C, D [m 2 / s]

Appl. Opt. 26 (1987) 1987.
) 457.
i Media. I. Single Scattering Theory.

exp (-;:;!) is rather high when compared to the silicon diffusivity
from 400 °C to 900 °C, D [m 2/ s] = 3 x 10- exp(-;:.;) as well as to the
aluminium diffusivity D [m / s] = 3 x 10- exp (~~) in TiN films.

= 1.4 x 10- 15

tive Approach (McGraw-Hill, N. Y.

19

(Sov. Radio, M. 1978).
olydispersions (Elsevier, N. Y. 1969).

2

18

1. Introduction
There has been considerable interest, since the early eighties, in refractory - metal
nitride films, especially in titanium nitride, which has been investigated for applications
as a conducting film and passive diffusion barrier in semiconductor technology. This
is due to favourable characteristics of this material: high temperature stability, low
resistivity and stable contact resistance, low diffusivity of different species through the
barrier layer [ 1-9). Titanium nitride thin films have been reported to be of interest in si-
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!icon technology particularly as diffusion barriers making possible reliable and thermally
stable contacts in integrated circuits as well as in solar cells [10-15].
What is generally required of an effective contact barrier layer in the above-mentioned
cases is that it prevents the interaction between metal (contact material) and silicon in
metallization schemes undergoing high temperature processing and annealing. There are
two interfaces where thermal stability must be ensured, namely the metal/barrier layer
and baffier layer/ silicon interfaces. The barrier layer should interact either not at all or
anly slightly with the contact metal and the underlying silicon. It is recognized that for
barrier performance, in general, both structural (physical strncture, structural defects)
and chemical (metallurgical interactions) aspects play an important role. In the case
under consideration no metallurgical interactions take place up to 600 °C as it has been
well established in the last decade [16 - 19].
Substances other than aluminium are being considered as interconnection material.
Nevertheless, aluminium is likely to continuously serve as the uppermost part of layered
strncture. To prevent jupction failures due to aluminium-silicon interaction, diffusion
barriers are used.
Deposition of HTS films with good properties on practical substrates - Si, Si02,
GaAs needs, in general, the use of barrier layers preventing the substrate and film
material interdiffusion. In the latter case, as shown by the authors [20] , TiN barrier
layers are also efficient. In addition to device applications, thin film technologies of HTS
may have many other potential applications including power applications - wires and
cables, high-field superconducting magnets, power electronic devices, electro-magnetic
shields, etc. For these purposes the HTS films have to be deposited onto flexible metallic
substrates. However YBa2 Cu 3 0 7 _ 0 (YBCO) thin films on metallic substrates show poor
superconducting properties [21, 22], due to extensive interdiffusion between the film
and the substrate material, hence, the need for barrier layers. Stainless steel (SS) and
Ni-based oxidation resistant alloys (hastelloy, inconel) are mainly envisaged as practical
flexible substrates. The common problem which arises when depositing YBCO films
on such kind of substrates, as revealed by the investigations of Witanachchi et al. [23],
is the problem of Fe diffusion from the substrate, detrimental to the superconducting
properties of YBCO films. The minimum, efficient enough barrier thickness can be
estimated if the Fe diffusivity through the barrier is known. This paper reports results
on silicon, aluminium and iron diffusivity, determined by RBS depth profiling of the
diffused silicon, aluminium and iron (Fe atoms come out from pure iron) in TiN layers.
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2. Titanium Nitride Layers
TiN layers have been deposited onto crystalline silicon (100) by reactive evaporation
of Ti in an N 2 atmosphere. The deposition conditions were as follows: substrate temperature 60 ° C, background pressure 5 x 10- 0 Pa, N 2 partial pressure 5 x 10- 4 Pa and
deposition rate of some 10- 9 g cm- 2 s- 1 . Two kinds of TiN layers were deposited without or with ion bombardment during deposition, referred hereafter as the Bo and
B+ layers respectively. The ion-assisted deposition was achieved with Ar-ions with an
energy of 500 eV, at a ratio between the ion flux density and the metal flux density
of 0.25 ; the Ar pressure was about 10- 2 Pa. Detail on the deposition system and the
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layers can be found in [24]. The nitrogen-to-titanium ratio in the TiN layers is 1.0 and
1.15 for the Bo and B+ layers respectively, as detennined by AES analysis procedure,
proposed by the authors and described in [25]. X-ray diffraction was used to study
the phase composition and crystalline strncture of the films. The Bo films consist of
8-TiN, a-Ti and a phase composed of a rather disordered Ti-N compound, while the
B+ films consist of 8-TiN and Ti-N. Films are polycrystalline; the average grain size
of the Bo layers, as detennined from the halfwidth of the most pronounced (200) TiN
and (Oll) Ti peaks by using Scherrer's equation, is respectively 25 and 20 nm. SEM
measurements revealed a columnar growth of the Bo layers. The columns are separated
by voids, which occupy about a quarter of the layer volume. The B+ films have a very
dense microstructure with an average crystallite size of 10 run ((200) TiN peak).
The TiN/Si, TiN/ Al/Si and TiN/Fe/TiN/Si structures obtained have been annealed
for different time at temperatures up to 900 °C in flowing argon at atmospheric pressure.

3. Experimental Results and Discussion
Profiling of the TiN/Si, TiN/ Al/Si and TiN/Fe/TiN/Si stmctures has been performed
by RBS analysis with 2 MeV 4 He+ ions. The RBS spectra are evaluated using RUMP
simulation [26]. The Si, Al and Fe diffusivity were calculated from the penetration
profiles, as already described in a previous paper [8]. As far as the TiN layers are
multiphase the so determined diffusivity corresponds to a combined effect of diffusion,
described by the effective diffusivity D [m2 s- 1 ]. The Arrhenius relationship for D was
then calculated by the best square fit of the experimental results. As an example Fig. 1
shows the Arrhenius plot of the Si diffusivity in TiN barrier layers. Hence, for the
silicon diffusivity in TiN (Bo) and TiN (B+) layer, we obtain respectively:

RT
(-31)

(1)

RT .
(-26)

(2)

D = 2.5 x 10- 18 exp
and

D

=3x

10-

19

exp

For the aluminium diffusivity (Table 1) in TiN (Bo) and TiN (B+) layer we found

D = 3 x 10-

18

exp (

~~)

(3)

exp (

~~)

(4)
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respectively.
For the iron diffusivity (Table 2) in TiN we establish

D = 1.4 x 10- 15 exp

RT
(-46)

(5)
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Arrhenius plot of silicon diffi.1sivity in TiN(Bo) and TiN(B+)

Table 1. Diffusivity results for Al diffusion in Bo and B+ TiN layers for 2 hours annealing time
Annealing temperature
(K)

Bo layers

B+ layers

573
673
773
823

5 x 10- 21
1.3 x 10- 20
3.2 x 10- 20
3 x io- 20

5.5 x 10- 21
2.5 x 10- 20
6 x 10- 20
1.4 x io- 19

Table 2. Diffusivity results for Fe diffusion in TiN layers
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Time
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473

3.6
3.6

1.5 x 10- 20
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l.8
1.8
3.6

5.o x io- 20
6.0 x 10- 20
1.0 x 10- 19

1.8
1.8
1.8

4.o x io- 19
5.5 x 10- 19
7.0 x 10- 19
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layers for 2 hours annealing time

B+ layers
5.5 x 10- 21
2.5 x 10- 20
6 x 10- 20
1.4 x 10- 19

Diffusivity
(m2s-1)

1.5 x 10- 20
2.0 x 10- 20
5.0 x 10- 20
6.0 x 10- 20
1.0 x 10 - 19
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Generally, the possible mechanisms of diffusion are: bulk diffusion in material grains,
diffusion in grain boundaries, surface diffusion in voids and pinholes and diffusion along
dislocations in grains. The low value of the activation energy of silicon, aluminium and
iron diffusion in TiN films suggests that we encounter the grain boundary diffusion
together with certain presence of a surface diffusion in the TiN layer voids. It is worth
noting that the iron diffusivity found [27] is rather high when compared with the
diffusivities of other atom species, e.g. silicon or aluminium in TiN films [8,9]. The
diffusivities found (1) and (2) indicate a ve1y slow diffusion of silicon atoms through
TiN layers. So, for example, the mean penetration depth d = 2v"Dt does not exceed
20 nm at 900 °C processing for 1 h (TiN (B+) layers), i. e. a quite thin TiN barrier layer
prevents efficiently the silicon diffusion.
Surprisingly, the Bo titanium nitride layer, having porous columnar structure, is a
more efficient barrier, preventing aluminium diffusion, than B+ layer - an unexpected
result inasmuch as B+ layers have a more densely packed struchJre. It must be mentioned
here that such a behaviour of porous TiN layers in the Al / TiN/ Si metallization scheme
has been already observed by SINKE et al [28] and KUMAR et al [29]. An inhibited
(in comparison with TiN (B+) layers) interdiffusion between TiN (Bo) and Y-Ba-Cu-0
thin film has been recently observed by the authors [20]. The probable explanation of
this phenomenon is related to the considerable amount of oxygen in Bo layers, up to
20 at. %, compared with that in B+ layers (about 2-4 %). This oxygen contamination
takes place throughout the thickness of the film, probably due to voids in the Bo layer.
Actually, the voids enable the penetration due to voids in the Bo layer. Actually, the
voids enable the penetration of oxygen during film exposure to the atmosphere, either
as 0 2 or water vapour. One may assume that most of this oxygen is adsorbed on the
columns and part of it diffuses along grain boundaries. It is presumed that this oxygen
stock ensures the fonnation of oxides in the barrier zone upon annealing, in the form
of Al 2 0 3 , which is known to be efficient against Al diffusion. The efficiency of the
B+ barrier at 550 ° C is a factor of 2 less than that of the Bo layer. Indeed, the mean
penetration depth d = 2)Dt of Al in B+ barrier layer by annealing at 550 °C for 30 min
is 30 nm, while for the Bo layer it is only 16 nm; thus, a Bo barrier layer thickness of
50- 60 nm can be considered as high enough to ensure the barrier perfonnance by 30 min
annealing at 550 °C. In the metallization scheme Al/TiN/ Si such a barrier thickness
largely prevents the Al / Si interaction, the silicon penetration depth in the Bo layer in
such conditions being less than 20 nm [8].
The determined diffusivities allow an estimate of an efficient enough TiN barrierthickness. So, for example, if we assume, arbitrarily, a deposition and processing tin1e
for both TiN and YBCO layers of 100 min at 600 °C, the mean penetration depth
d = 2v75i for iron atoms would be about 250 nm, i.e. a barrier thickness of 300 nm
should be good enough.

4.0 x 10- 19
5.5 x 10- 19
7.0 x 10- 19

4. Conclusion

3.0 x 10- 18
5.o x io- 18

The efficiency of titanium nitride layers preventing silicon, aluminium and iron diffusion
has been investigated at high enough annealing temperatures, compatible with advanced
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semiconductor technologies. The diffusivities of Si, Al and Fe in porous TiN (Bo) layers
with voids and columnar structure (typical when deposited by reactive evaporation or
reactive sputtering without bias) and in TiN (B+) layer with well packed dense structure
have been detennined on the basis of RBS elemental depth profiling.
The very low diffusivity of silicon, especially in the TiN (B+) layers, justifies its use
as an efficient ban-ier for silicon atoms by high-temperature processing even at barrier
thicknesses as low as a few tens nanometers.
The sufficiently low diffusivity of aluminium in the TiN (Bo) layers indicates that
good diffusion barrier integrity in an Al/TiN (Bo) /Si structure could be ensured by a
processing at temperatures up to 550 °C.
The diffusion of iron in titanium nitride layers has been investigated in the temperature range of 200-600 °C. The iron diffusivity found is relatively high; the iron
diffusion takes place mainly along the barrier layer's grain boundaries.
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