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Nitrogen pulsing to modify the properties
of titanium nitride thin films sputter deposited
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TiN, thin films were grown on (100) Si and glass substrates by dc reactive magnetron
sputtering. A titanium target was sputtered in Ar+ N, atmosphere using a pulsing flow rate
of the nitrogen gas. A constant pulsing period was used for every deposition whereas the
nitrogen injection time was changed. The systematic variation of the nitrogen injection
time led to a gradual decrease of the deposition rate and to a controlled modulation of the
chemical composition of the TiN, films (x between 0 and 1.05). Analysis of the
crystallographic structure by X-ray diffraction showed that both Ti and TiN phases
coexisted and a change of the preferential orientation from (200) to (111) occurred. The
electrical conductivity and colour measurements in the CIE-L*a*b* system of colourimetry
were also performed and correlated with the evolution of the N/Ti ratio.
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1. Introduction
Titanium nitride (TiN) has widely been employed in
many industrial applications because of its high melting
point, hardness, wear and corrosion resistance [1-4].
Many chemical and physical vapour deposition tech-
niques have been implemented for the preparation of
TiN thin films including chemical vapour deposition
[5], reactive evaporation of Ti in N, or NH3 ambient
[6, 7] and reactive sputtering [8—12]. Among these tech-
niques, reactive sputtering is of special interest because
it is an industrial process applicable to large-area depo-
sition and because high quality films can be achieved
even at low substrate temperatures. However, the reac-
tive mode is quite complex and usually exhibits non-
linear hysteresis effects of process parameters such as
target potential or reactive gas partial pressure. In or-
der to prevent such instabilities, particular devices or
feedback control systems or high pumping speed were
developed [13-17]. These technical improvements al-
lowed a better control of the reactive sputtering process
and they extended the characteristics of the deposited
films. To the best of our knowledge, Aronson et al. [18]
were the first to propose a pulsing introduction of the
nitrogen gas to prepare TiN coatings by reactive sputter-
ing. Later, some authors applied a similar technique to
prepare oxides, nitrides, oxynitrides thin films or multi-
layered materials by reactive sputtering [19-25]. These
investigations showed that the gas pulsing technique is
an attractive way not only to modify coatings proper-
ties, but also to minimize instabilities of the reactive
sputtering process.

In the present work, we report on the properties of
titanium nitride thin films prepared by reactive sputter-
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ing with a controlled pulsing flow rate of the reactive
gas. Nitrogen was periodically injected into the cham-
ber with a home made computer controlled modula-
tion of the nitrogen mass flow rate. A rectangular wave
function was used as a basic controlling signal with a
constant period whereas the on and off times (fon and
toFF, respectively) were systematically and oppositely
changed. The influence of an increasing 7oy time on the
process parameters, crystallographic structure, electri-
cal conductivity and colours of the films were investi-
gated and compared with the evolution of the N/Ti ratio.

2. Experimental details

TiN, thin films were deposited onto (100) silicon
wafers and glass substrates by dc reactive mag-
netron sputtering. A titanium metallic target (99.6%)
was sputtered with a current density of the target
Jri=100 A m~2 in an Ar+ N, gas mixture. The ar-
gon partial pressure was kept constant at 0.25 Pa dur-
ing all depositions and the nitrogen mass flow rate was
pulsed following a rectangular wave pattern (Fig. 1).
Maximum and minimum nitrogen mass flow rates gnom
and gnom were fixed at 0.50 and O sccm, respectively.
The period T of the pulses was maintained constant
at T =16 s [23] whereas the fon time was system-
atically increased. The substrates were grounded and
their temperature was maintained at 473 K for all de-
positions. The deposition time was adjusted in order to
deposit films with the same thickness (close to 300 nm).
The crystallographic structure of the films was deter-
mined by X-ray diffraction (XRD) in a grazing angle
configuration (6 =5°) with Cu K, monochromatised
radiation. The chemical composition of the layers was
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Figure I Schematic representation of the pulsing supply of the nitrogen mass flow rate. The pulsing period T was kept constant at 16 s whereas ton
and fopr times have been systematically changed. Maximum and minimum nitrogen flow rates were fixed at gnom = 0.50 scem and gnom = 0 scem,

respectively.
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Figure 2 Continuous evolution of the deposition rate (M) and N/Ti ratio (O) as a function of the 7oN time. No abrupt transition of the deposition rate

and ratio can be observed with the pulsing of the nitrogen gas.

obtained from electron probe microanalysis (EPMA)
in the wavelength dispersion mode. The Cameca soft-
ware “Strata” was used to minimize the overlapping
effects between N K, and Ti L1 lines. The electrical
conductivity of the films deposited on glass substrates
was measured at room temperature (7 = 300 K) in the
Van Der Pauw geometry. The colour of the films was
quantified in the CIE-L*a*b* system of colourimetry.
A Minolta CR-300 spectrometer was used to determine
gloss L*, a* and b* chromatic values.

3. Results and discussion

With a continuous supply of reactive gas, conventional
reactive sputtering exhibits nonlinear and hysteresis ef-
fects of process parameters. A typical feature observed

4328

in the reactive mode is the sudden drop of the deposition
rate and simultaneously, an abrupt increase of the met-
alloid concentration in the films [26-28]. With nitrogen
pulsing, the deposition rate and the N/Ti ratio change
monotonically as a function of the 7ox time (Fig. 2).
The TiN, deposition rate is reduced continuously from
230 down to 50 nm h™! as the 7o time increases from
0 to 100%. Similarly, chemical composition measure-
ments reveal that various N/Ti ratios can be achieved by
changing the 7on time. As a result, the nitrogen pulsing
flow rate leads to the deposition of sub-, over- or stoi-
chiometric titanium nitride thin films (0.45 <x <1.05
in TiN, ) whereas conventional reactive sputtering (con-
stant supply of Ny) restricts the range of achievable met-
alloid compositions. Nearly stoichiometric TiN films



are formed from fon =70% with a deposition rate
(100 nm h~!) higher than those obtained with a con-
stant supply of the nitrogen (50 nm h~"). This result
shows that the reactive gas pulsing technique enhances
the deposition rate of stoichiometric titanium nitride
compound (near 45% of the metallic rate) and supports
previous investigations devoted to titanium oxide thin
films [23, 24].

This well controlled and continuous evolution of the
deposition rate and N/Ti ratio versus fon time is closely
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Figure 3 Real time measurements of the Ti target potential Ur; for var-
ious foN times. Poisoning and cleaning phenomena at the surface of the
target are clearly observed up to ton = 70% whereas for ron higher than
80%, the process is completely trapped in the compound sputtering mode.

linked to the poisoning and cleaning phenomena on the
surface of the target. From real time measurements of
the Ti target potential Ur; (Fig. 3), the state of the sur-
face of the target can be assessed. During the 7oy time
and for fon = 10%, the potential suddenly increases
from Ui =410 to 428 V due to the nitridation of the
surface of the target (compound sputtering mode). A
titanium nitride layer (few nanometers thick) is formed
on the surface of the target with a sputtering yield lower
than that of titanium. Afterwards, Ut; comes back to its
original value (410 V) at the end of the 7opp time. It
means that a cleaning phenomenon of the target occurs
during the fopr time (metallic sputtering mode). Up to
ton = 70%, the topp time is long enough to restore the
process to the metallic sputtering mode. In addition, the
target potential exhibits a maximum of U =436 V
during the fopr time because of the removal of the
titanium nitride layer on the surface of the target. At the
moment, no clear explanation can be proposed for
the maximum of the target potential. One can suggest
that thickness and composition of the “poisoned” layer
at the target have to be taken into account to describe
fully the dynamic behaviour of the process. Finally, for
ton higher than 80%, the fopr time is too short to remove
the nitride layer on the surface of the target. The pro-
cess is completely trapped in the compound sputtering
mode. Thus, for 10 < fon < 70%, the reactive sputter-
ing process alternates between metallic and compound
sputtering modes. A titanium nitride layer with a low
sputtering yield is formed on the surface of the target
and sputtered during the 7on time whereas this layer is
removed and sputtering of titanium occurs in a second
part of the 7opf time. An increase of the 7on time leads
to a longer sputtering of titanium nitride compound, to
a decrease of the deposition rate and then, to an increas-
ing amount of nitrogen in the deposited films.

The evolution of the N/Ti ratio can be correlated
with the electrical conductivity measured at 300 K
(Fig. 4). The conductivity o exhibits a minimum
(0 =3.0x 1070 Sm™!) for tony = 60%. In fact, these re-
sults are in a good agreement with that of Schiller ez al.
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Figure 4 Influence of the N/Ti ratio on the dc electrical conductivity o measured at room temperature (7' = 300 K).
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[29]. The authors have also investigated the electrical
resistivity of titanium nitride thin films as a function
of the N/Ti ratio. They similarly observed an opti-
mum of the electrical properties of the layers for a
ratio close to 0.6 for titanium nitride prepared by re-
active triode sputtering, but no clear explanation was
suggested. TiN, prepared with fgN included between
20 and 70% are sub-stoichiometric. For such films, the
most significant defect is nitrogen vacancy, which re-
turns one electron to the Fermi level and increases the
free carrier concentration [30]. Then, the decrease of
the electrical conductivity with the N/Ti ratio is closely
linked to the reduction of the nitrogen vacancies as the
ton time increases. For nitrogen-rich TiN, films, the
nitrogen atoms behave like nitrogen interstitials. Each
defect captures one electron from the Fermi surface and
decreases the free carrier concentration [30]. However,
experimental measurements in Fig. 4 display a reverse
evolution. An increase of the electrical conductivity is
observed for over-stoichiometric thin films deposited
with fon higher than 70%. No right answer can be pro-
posed at the moment and this last result still remains an
open question.

X-ray diffraction patterns of TiN, films show that
the crystalline structure is especially influenced by
the 7on time (Fig. 5). The hexagonal phase of metal-
lic titanium is clearly observed without introducing
nitrogen whereas Ti and TiN phases coexist when
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Figure 5 Grazing incidence (6 = 5°) X-ray diffraction patterns of TiN,
thin films sputter deposited at 473 K and for various fon times (® = Ti;
O=TiN).
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nitrogen is pulsed up to fon = 10%. For ton higher than
20%, the hexagonal phase completely disappears and
peaks related to fcc TiN phase are solely obtained. With
an increase of the fon time, the crystallite size varies
from 13.0 nm for ton = 20% to 23.0 nm for a continuous
supply of nitrogen (fon = 100%). It is also worth to note
that a change of the preferential orientation from (200)
to (111) direction occurs depending on fon (inset in
Fig. 5). Until ton = 10%, the occurrence of Ti and TiN
phases mixture is mainly due to a growth competition
between metallic and nitride phase which takes place
on the growing film since the process alternates be-
tween the metallic and the compound sputtering mode
(Fig. 3). Anincrease of the fon time favours the growth
of polycrystalline TiN films. The preferential orienta-
tion of TiN films prepared for toy included between 20
and 100% originates from the impingement of metallic
species on the film during the 7opr time. Taking into
account that the development of texture is often corre-
lated with the channelling directions of particles in the
crystal lattice and assuming that, according to Smidt
[31] the ease of channelling is in the order (110), (200),
(111), one can understand that changes of the TiN tex-
ture are due to a reduced flux of metallic species on the
growing film as fon increases from 20 to 100%.

The group IVb nitrides have generated a great deal of
interest because of their mechanical properties and their
gold-like colours [32-35]. The typical colour of the
nitrides and their metallic lustre are related to electron
transition in the energy band. These electrons (on re-
laxation) emit yellow gold light and their number is
a measure of brightness [32]. Colourimetric measure-
ments based on the CIE-L*a*b* space colours have
been carried out as a function of the 7gn time (Fig. 6).
Titanium nitride thin films prepared with 7oy lower than
40% exhibit a silver-grey appearance in the reflection
mode. For ton included between 40 and 70%, human
colour perception of the films changes from metallic to
the standard colour of yellow gold. With quantitative
measurements of the colour, this is characterised by
an abrupt decrease of the gloss L* value from L* =59
to 45 a.u. as ton changes from 40 to 70% (Fig. 6a).
In addition, it corresponds to large variations of chro-
matic values a* and b* (Fig. 6b). This typical evolution
of the gloss L* as a function of the fon time can also
be correlated with that of the nitrogen concentration.
From results in Fig. 2, any sub-stoichiometric TiN;_s
is prepared for zon lower than 70% whereas nitrogen-
rich TiN . is obtained for 7gn higher than 70%. This
ton time range corresponds to the formation of dark
yellow—orange titanium nitride films exhibiting gloss
L* values lower than L* =45 a.u.

These colour changes agree with Schiller ef al. re-
sults [29]. The authors studied the evolution of the vi-
sual colour perception of titanium nitride thin films as
a function of the N/Ti ratio. TiN, colours vary from
titanium grey up to bronze as x value increases from 0 to
1. Similarly, Roquiny et al. [36] controlled the colour of
titanium nitride coatings sputter deposited with a clas-
sical modification of the nitrogen mass flow rate and
with a high pumping speed. The authors observed an
abrupt decrease of gloss L* and a typical loop curve
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Figure 6 Evolution of gloss L* (a) and chromatic dimensions a* and b*
(b) as a function of the toN time. Reference colours: Fe: a* =0.60 a.u.;
b*=25au. Au (24 ct): a* =13 au.;b*=43 a.u.

in the (a*; b*) chromatic diagram as the nitrogen mass
flow rate increases. Our results presented in Fig. 6 are
in good agreement with that of Roquiny et al. However,
the drop of the gloss L* value is widened and the spread-
ing of the loop curve in the (a*; b*) chromatic diagram
is improved with the nitrogen gas pulsing. These results
support again that the pulsing technique is also a valu-
able method to modify colour properties of titanium
nitride thin films for decorative applications.

4. Conclusion

The reactive gas pulsing technique was successfully
used to prepare titanium nitride thin films by dc re-
active magnetron sputtering. Nitrogen mass flow rate
was pulsed in time following a rectangular wave pat-
tern with a systematic variation of the foy injection time
and a constant period T = toN + fopr. An accurate con-
trol of the fon and fopr times led to an enhancement
of the deposition rate of stoichiometric titanium nitride
thin films (about 45% of the metallic rate) with regard
to conventional reactive sputtering. Any N/Ti ratio was
achieved with this pulsing technique by modulating the
reactive process between metallic and compound sput-
tering modes. The electrical properties as well as the
crystallographic structure were also changed against the
ton time. The well developed hc Ti phase or a mixture
of Ti and TiN phases was achieved for the shortest 7on
times whereas an increase of the 7oy time favoured tex-
tured TiN films. Furthermore, the nitrogen pulsing tech-

nique appears as an attractive way not solely to modify
the properties of the coatings but also to control the
colour of decorative titanium nitride compounds from
metallic grey to gold and finally brownish red.
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