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Abstract

Titanium Nitride (TiN) films were obtained using the grid-assisted magnetron sputtering deposition technique on Al
substrates in two conditions: under constant and variable nitrogen concentration along the thin solid film thickness. The
formation of a film with variable N concentration (herein referred as graded film) was confirmed using energy filtered
transmission electron microscopy, X-ray photoelectron spectroscopy and grazing incidence X-ray diffraction. The TiN
thin films microstructures were also analysed using scanning and transmission electron microscopies (SEM and TEM).
The viability of synthesizing TiN thin films with variable N concentration is herein proposed as an alternative method for

tailoring the properties of such functional coating materials.
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1 Introduction

Durability of machining tools is largely improved by depo-
sition of hard coatings as TiN [1-4] due to an enhanced
wear resistance [5]. Nonetheless, the application of tita-
nium nitride (TiN) thin films is not limited to machining
tools. Due to its mechanical, optical and electrical prop-
erties, TiN has widespread applications in the automo-
tive, aerospace, microelectronics and also in sanitary
industries [6-15]. TiN films have been also proposed for
application in nuclear reactors as coatings on nuclear
fuel cladding alloys. The intention would be to increase
the protection against steam oxidation in particular in
the event of a severe loss-of-coolant accident [16, 17]. A
recent assessment of the radiation damage resistance of
theseTiN thin solid films, however, seems to preclude this
application [18].

TiN thin films are quite stable stoichiometric ceramic
compounds [19]. Nevertheless, the properties of such thin
films can be changed via deposition and growth condi-
tions, for example, by controlling the energy transfer to
the substrate and the atomic N/Ti flux ratio which affects
the structure, composition, and preferred orientation of
the films [20]. The energy transfer can be changed either
by heating the substrate or by applying an potential bias
during deposition, resulting in the alteration of the elec-
tromagnetic field configuration within the deposition
chamber. Specific N/Ti ratios of the produced film can be
obtained by changing the N,-Ar plasma composition and
the deposition rate [20]. The alteration of intrinsic prop-
erties like structure, crystalline orientation (texture) and
residual stresses states [21] can modify functional proper-
ties of the synthesized film such as fracture toughness and
adhesion [19-21].
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Functional graded materials are defined by a spatial
gradient in either structure or in elemental composition
which can be used for tailoring several properties of func-
tional thin solid films [22]. In the particular case of TiN,
the N concentration in the film can be changed during its
growth by controlling the N, supply within the deposition
chamber. In principle, this may result in a compositional
gradient of N along film thickness.

Among the variations of magnetron sputtering tech-
nique, there is the grid-assisted magnetron sputtering
(GAMS), in which a grid is inserted between target and
substrate [23].The grid can be used as an additional elec-
trode, increasing the plasma confinement [24-26] and
allowing the control of substrate bombardment [27, 28].
The grid decreases the effective gettering area, which
reduces [29] and even eliminates [23] the hysteresis of
process parameters, increasing the deposition stability.

The aim of the present work is to investigate the via-
bility of synthesizing functionally graded TiN films. The
mechanical characterization of both films is left as a sub-
ject of a separate work, to be published elsewhere. There-
fore TiN films were deposited using the technique of grid-
assisted magnetron sputtering on Al substrates by using
a variable N, supply within the deposition chamber. These
films are compared with similar films synthesized in condi-
tions which led to a stoichiometric homogeneous TiN film.
In both cases, the same bias (—40V) was applied during
deposition. The effect of such process parameters on the
properties of the graded and homogeneous TiN thin films
is analysed via modern analytical techniques.

2 Methodology
2.1 Materials

The films were deposited onto 3 mm thick AA1100 alumin-
ium substrates, prepared in the geometry of a“dog-bone”-
type tensile sample, with dimensions represented in Fig. 1.

The use of this substrate geometry was intended to
investigate the mechanical properties of the films, which
will be subject of a separate publication.

Fig. 1 Geometry of the substrates. Dimensions in mm
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The deposition surface of the substrates were prepared
by grinding with SiC paper down to 2000 grit and subse-
quently polished using 1 pum diamond paste in NAP cloth.
In some experiments, electronic-grade Si wafer (100) sub-
strates were also used. For the latter, the thin films were
deposited under the same condition as for the Al sub-
strates. All the substrates were ultrasonic cleaned in tetra-
chloroethylene for 10 min prior to deposition.

Grid-assisted magnetron sputtering technique was
used in this work and consists of a stainless steel chamber
(300 mm of diameter and 250 mm of height). The vacuum
system is composed of mechanical and turbomolecu-
lar pumps. The magnetron (unbalanced of type Il) has
100 mm in diameter and the grid is made of austenitic
stainless steel. The copper substrate holder has 100 mm
diameter. During deposition, the substrate temperature
was monitored using a thermocouple. The argon plasma
was generated by a Pinnacle Plus power supply.

Prior to deposition, the chamber was evacuated to
a pressure around 1072 Pa and the target surface was
sputter-cleaned. The depositions were carried out in an
atmosphere composed of a mixture of Ar (99.999%) and
N, (99.999%) gases. Ti sputtering target (99.5% pure) with
a thickness of 5 mm was used in this work. The distance
between substrate and sputtering target is 60 mm. The
grid (mesh 1 x 1Tmm) was kept grounded and it was
placed 20 mm from the target. In all depositions, the total
pressure was kept at around of 0.40 Pa, monitored with
a capacitive gauge, whilst the substrates were heated at
573 K by a set of halogen lamps placed behind the sub-
strate holder. The temperature was controlled by a type K
thermocouple inserted in the substrate holder. The flow
rates of the gases were monitored using mass flow control-
lers (20 sccm full scale). The depositions were performed in
constant current mode (2.00 A), which resulted in a target
power density around 13 W/cm?. For each film, a Ti inter-
layer with thickness of & 150 nm was deposited before the
TiN, films deposition, in order to improve film adhesion as
previously reported in literature [30-33]. The total deposi-
tion time was fixed at 30 min. Figure 2 shows a schematic
representation of the experimental setup used in this work
for the synthesis of TiN thin solid films and further details
can be found elsewhere [23].

In order to achieve N content differences in the
film, two conditions of N, flow rate were used: con-
stant (homogeneous film) and variable (graded film).
To determine the required N, flow rate, the hysteresis
curve for the system was obtained before deposition.
For the homogeneous films, the N, flow rate was fixed at
approximately 8.0 sccm, close to the first critical point,
but avoiding target poisoning [34]. For the graded film,
the N, flow rate was set initially to 1.5 sccm and after that
it was increased in steps of 0.4 sccm min™" up to around
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of 8.0 sccm. Then, the N, flow rate was maintained con-
stant during the last 15 min of deposition. For both cases
(homogeneous and graded films), the DC substrate bias
condition was set to —40V. Deposition rate was about
65 nm min~' for the two N, flow conditions, once that all
depositions were performed in metallic mode. Substrate
ion current density was around 0.13 mA cm~2 for all con-
ditions. Such low value is typical for GAMS due to the
plasma confinement between the grid and the target.
In these conditions, the energy delivery into growing
films by bombarding ions (ratio between the substrate
power density and deposition rate) [35] is estimated in
48 x10*Jcm™3

2.2 Film characterization

The microstructure of the films was investigated using
Scanning Electron Microscopy (SEM) in a FEI F50 SEM
equipped with field emission gun. The films were also
analyzed using Transmission Electron Microscopy (TEM)
either using a Hitachi H-9500 TEM operating at 300 keV
with aLaBg filament for the homogeneous film or a JEOL
JEM 2100F microscope at 200 keV operating a Schottky
Field Emission Gun for the graded film. A Gatan Image
Filter (GIF) Quantum SE was also used for Energy Filtered
TEM (EFTEM) analysis for both films.

X-ray diffraction was performed in the Grazing Inci-
dence mode (GIXRD) using a Rigaku Multiflex diffrac-
tometer in the 6 — 26 configuration, using a scanning
range of 25° <26 < 80°, with a step of 0.02° and 6 s
acquisition time per step. Cu Ka characteristic X-ray line
(A =0.15406 nm) was used in these experiments. The
grazing incidence X-ray diffraction (GIXRD) experiments
were performed using incidence angles of 15°.

2.2.1 X-ray photoelectron spectroscopy

In order to confirm the N gradient in the films deposited
under variable N, flow rate and compare with the EFTEM
measurements, X-ray photoelectron (XPS) spectra of
samples deposited onto Si (100) under — 40V bias were
obtained. The measurements were carried out in a Ther-
moScientific K-Alpha system. Homogeneous and graded
films were sputter cleaned using an Arion gun with energy
of 2 keV during 240 s in an area of 2.00 mm? to remove sur-
face contamination, monitored by observing the signals of
O and C. Before and after this cleaning, a survey spectra
(0.00 to 1350.00 eV) was obtained to verify the composi-
tion of the films. For these measurements, an energy step
of 0.500 eV, pass energy of 200.00 eV and dwell time of 10
ms were used with a X-ray spot of 400 um. The spectra are
an average of three scans. For both samples only Tiand N
were detected after the surface cleaning. The Ti 2p and N
1s photo-peaks were also measured with energy step of
0.025 eV, pass energy of 20.00 eV, dwell time de 100 ms,
using the same X-ray spot. Each spectra is an average of
ten scans.

To measure the compositional gradient along film
thickness for graded film, depth profile measurements
were performed using the same acquisition parameters
for survey, Ti 2p and N 1s spectra, but using a X-ray spot of
30 pm. The etching was made using the same Ar ion gun.

3 Results and discussion

The microstructures of homogeneous and graded films
deposited onto Si (100) substrate at —40V bias are
shown in Fig. 3. The fracture characteristics for both
films show a columnar structure in the mesoscopic
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Fig.3 Scanning electron microscopy micrographs of TiN thin films
deposited on Si substrates, corresponding to the — 40V bias condi-
tion showing: a homogeneous and b graded films

scale. The deposition rate of both films was estimated
as 65nmmin~, but it is observed that the thickness of
the graded film is slightly larger than the thickness of the
homogeneous film. This can be attributed to a slightly
higher deposition rate while the N, flow rate is increas-
ing during deposition. The compound (TiN) sputtering
yield is lower than that for metal (Ti). So, once that the
compound formation on target surface is lower for small
N, flow rate [34], a higher net deposition rate is obtained
in graded films when compared to homogeneous one.
A microstructural characterization of both films with
TEM is shown in Fig. 4. It is observed that compact films
are obtained in both N, flow conditions. The main dif-
ference consists that the columnar aspect of the graded

Fig.4 Microstructure charac-
teristic of the obtained films
(—40V bias). Transmission
Electron Microscopy images
obtained in a, ¢ bright field and
b, d dark field (the correspond-
ing reflections are indicated in
the insets of figures a and c of
the a, b homogeneous and ¢, d
graded films

Graded
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film, which was observed in the mesoscale and it also
manifests in the nanoscale. The diffraction pattern (DP)
insets in Fig. 4a, b show that such TiN thin films have
grain sizes in the nanoscale.

A degree of preferred orientation is expected in the
sputtering deposition process, due to the directionality
of material growth, but this does not necessarily means
a directional growth as a micro-mechanism. The variable
influx of nitrogen introduces a new gradient in the process,
changing the microscopic growth mechanism. The grain
sizes normal to the film plane, however, are similar in both
cases and correspond to about 50 nm.

Figure 5 shows the EFTEM images obtained for the
graded film. The image is obtained selecting the energy
loss peaks attributed to N, Ti and Al, allowing to investi-
gate the distribution of these elements. The results con-
firm the N gradient in the graded film. This is not observed
in the film deposited under constant N, flow, Fig. 6 which
shows a homogeneous distribution of nitrogen along film
thickness.

The formation of a columnar structure in deposited
films is usually assumed to be deleterious for the fracture
toughness [35-37]. This is due to the formation of voids
in the grain boundaries, leading to a preferred path for
cracking perpendicular to the film surface. In the present
result, presumably due to the use of the GAMS technique,
the films were observed to be compact and no void could
be observed. Therefore this cracking mechanism is not
expected to operate in the present films.

A higher N concentration is observed at the interface
of the graded and homogeneous films. Two hypothesis
can be formulated: (1) a spike in N, flow rate when the the
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(1

(2)

Fig. 5 Elemental distributions in the graded film (— 40V bias) using EFTEM: (1)—region close to the interface with the substrate and (2)—

region close to the surface of the film

Fig.6 Elemental distributions
in the constant film (— 40V
bias) using EFTEM: (1)—region
close to the surface of the film
and (2)—region close to the
interface with the substrate

58l (1)

BFTEM

Ti

()

mass flow controller is switched on, leading to an excess
of N in the working gas or (2) a N diffusion in the TiN layer.
The second hypothesis is related to the N incorporation
in low N partial pressures which is accommodated as
defects in the structure of the compound. These defects
(probably N vacancies in the interstitial sublattice) allow
diffusion to take place easier within the graded film. The
film grown under constant N, flow conditions forms close
to the optimal stoichiometry, producing a non-defective
lattice, hence diffusion is suppressed in this film. The con-
centration of nitrogen at the interface is a consequence of

N

the extremely low nitrogen activity in Al, thus creating a
steep chemical potential gradient at the interface leading
to attraction of N.

To quantify the nitrogen gradient along the film thick-
ness, the N/Ti atomic ratio was determined as a function
of etching time during X-ray photoelectron spectroscopy
(XPS) depth profile measurements (Fig. 7a). It must be
pointed out that due to preferential sputtering effects
the N/Ti ratio can be underestimated. Nevertheless, a gra-
dient is indeed observed. Close to the surface, the ratio
remains stable and near 0.95 (same value obtained for
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Fig.7 a Gradient of N/Ti ratio as a function of etching time meas-
ured with XPS. Film deposited onto silicion under — 40V bias and b
Ti 2p XPS photopeak for different etching times. At 20 s, the spec-

homogeneous film). After 350 s of etching, the ratio starts
to decrease until reaches a minimum value near 0.10. After
the Si signal from substrate appears, a small increase in N/
Tiratio is observed, which can be related to the N accumu-
lation observed in the EFTEM results.

A clear transition of Ti 2p spectra is noticed when low-
ering N/Ti ratio (Fig. 7b). Close to the surface, the typi-
cal spectrum of TiN is observed, including the satellites
peaks. Increasing etching time (and depth), the spectrum
is shifted to lower binding energies, changing to a near
pure Ti spectrum. It indicates that for low N/Ti ratio (below
0.3), the N is in solid solution with Ti [39].

The results of the film characterization as reported,
demonstrates that the variable influx of N, allows the
generation of a concentration gradient in the film, which
likely introduces a gradient of mechanical properties in the
normal direction of the film plane.

3.1 GIXRD tests

Figure 8 and shows the GIXRD patterns of the TiN coatings
deposited onto Al substrates with constant (Fig. 8a) and
graded N, (Fig. 8b) flow. The results confirm that the depos-
ited film consists of stoichiometric TiN. The lattice param-
eter of the film produced under constant N, flow condition
isa, = 0.4267 + 0.0003 nm.The reported lattice parameter
is the average values obtained for the (111) and (200) dif-
fraction peaks. For the graded N, flow, the results exhibit
broader peaks compared to the constant cases, suggesting
that the lattice parameter is varying in the sample, this is
expected due to the nitrogen gradient which was identi-
fied before. Therefore no reliable determination of lattice
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parameter is possible. The variation of N, flow along thick-
ness appears change the preferred orientation of the film,
since the intensity of the (200) peak is the largest in the
constant case, while peak (111) is the more intense in the
graded film, agreeing with [20].

4 Conclusions

In the present work the deposition of functionally graded
TiN films onto aluminum substrates via grid-assisted mag-
netron sputtering were investigated. The films were grown
in two nitrogen supply conditions: with constant supply
(corresponding to the stoichiometric TiN compound) and
by increasing the supply during deposition, leading to N
graded films, as confirmed by EFTEM and XPS measure-
ments. The production of functionally graded TiN films is,
therefore, possible.
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