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TiN thin films are prepared by the DC magnetron sputtering method, and the effect of
post annealing treatment on the physical, structural, morphological, and optical properties
of TiN layers are investigated by X-ray diffraction (XRD), scanning electron microscopy
(SEM), atomic force microscopy (AFM), and UV-VIS spectrophotometer. Variation of
electrical resistivity and film’s hardness are also investigated. Based on the XRD results,
increasing annealing temperature would not change film’s stoichiometry, but deteriorates
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structure changes to a single-phase crystalline structure that has a preferred orientation
along (111) and the polycrystalline structure at higher annealing temperatures. According
to SEM images, a dense structure transforms to a denuded zone structure during annealing
temperature. The reflectance of TiN films shows a minimum in the visible region
indicating a significant increase in the infrared region. The optical band gap energy value
increases by increasing the annealing temperature while, the electrical resistivity and
hardness values decrease.

1 Introduction Transition-metal can bond with nitrogen and form

binary nitride compounds. Among them, TiN films have

Transition-metal nitride coatings are currently used in
an extensive variety of applications because of their
unique physical, chemical, mechanical, electrical, and
optical properties such as excellent bond strength to the
substrate [1-2], high scratch and abrasion resistance [3],
low friction coefficient [4], good chemical inertness,
high-temperature oxidation resistance [5], high thermal
stability, high melting point [6], electrical conductivity
alternating from metallic to semiconducting, [7], high
optical transmittance in the visible spectrum (with
thickness of less than 30 nm) [6], high optical
reflectance in the infrared (IR) spectrum,
superconductivity [8], superior irradiation resistance
and high hardness [9].
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great interest in engineering and are beneficial for
various applications in hard coatings as protective
material for cutting tools and machine parts [10],
diffusion barriers in microelectronic devices [11], gate
electrodes in field-effect transistors and flat panel
displays [12], photo-thermal solar energy conversion
coating [13], semi-transparent contacts in solar cells
[14] , ohmic contacts on Ill-nitride semiconductors
[15], Schottky contacts on Si [16], rectifying contact for
p- GaN [17], high temperature heterogeneous catalysis
[18], anti-corrosion coatings [19], thin film resistors,
optical filters [17], and decorative coatings in
architecture due to its bright golden color [20]. Also,
TiN is used in medical applications as medical implants
(orthopedic and dental prosthesis) [21] because of its



Asgary et al./Journal of Interfaces, Thin films, and Low dimensional systems 6 (1) Summer & Autumn (2022) 591-602

biocompatible properties [22], high hardness and high
ductility.

Ti-N is a chemically inert refractory compound. It
characterizes in different phases such as TiN, Ti>N, and
Ti3N4 [23] but, the cubic rock salt Bi-TiN structure is
the most stable phase among them that is also called -
TiN [24]. TiN is a solid solution with nitrogen (the
nitrogen concentration is about 37.5%-50%) [25].

Several researchers have studied the properties of TiN

thin layers [26-27]. These layers have been fabricated
by many different methods such as chemical vapor
deposition (CVD) [28], metal-organic chemical vapor
deposition (MOCVD) [6], plasma enhanced chemical
vapor deposition (PECVD), low temperature plasma
treatment with N plasma [29], ion beam assisted
deposition [30], electron beam, cathodic vacuum arc
[31], sol-gel, pulsed laser deposition [32], high power
impulse magnetron sputtering [33], electron cyclotron
resonance plasma chemical vapor deposition [6], dip-
coating, atomic layer deposition [34], thermal oxidation
and magnetron sputtering [35] to study the growth of
TiN layers in order to understand and control their
microstructural features like type of growth (columnar
or globular), orientation, grain size, etc. [36].

Thin films with different crystallographic structure and

morphology with different physical properties can be
produced by sputtering technique. This method has
advantages such as low levels of impurities in the
deposited thin films and easy control of deposition rate
[37].

Hofmann reported the deposition of TiN by sputtering
titanium targets in Ar/N; plasma mixtures [38]. Mientus
and Ellmer studied the fabrication of nitrides at different
nitrogen partial pressures [39]. Investigation of
deposited TiN films by using DC magnetron sputtering
method at 300-400°C is reported by [40-41]. Vasua et
al. studied the deposition of TiN thin films by RF
reactive magnetron sputtering method in 100% nitrogen
atmosphere [42]. Also, a good stoichiometry TiN thin
layer is deposited by heating up to 600°C [17].

In this work, we employed DC reactive magnetron
sputtering for deposition of TiN thin films. Then,
deposited thin films were post annealed in the air
condition at different annealing temperatures. The
influences of annealing treatment on the structural,
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morphological, optical, electrical, and mechanical
properties and of TiN thin films were investigated.

Thermal annealing after deposition can improve the
film’s microstructure and optimize their physical
properties by reducing defects and residual stresses
[43]. The changes in TiN coatings microstructure after
heat treatment annealing process are reported in other
literatures. Mayrhofer et al. [44] showed the influence
of annealing treatment on crystallographic orientation
and the grain size of nanocrystalline TiN thin films
deposited by the unbalanced magnetron sputtered
technique. Similar study relating to the effect of
annealing process on the crystallinity, texture, and grain
size was investigated by Huang et al. [13].

2 Experimental details

A DC reactive cylindrical magnetron sputter deposition

unit was used as the sputtering system in this work. The
system consists of a cylindrical Ti metal (99.99 % pure)
as a target (cathode) 2 cm radius and a cylindrical
aluminum metal as a sample sustainer (anode) with 5
cm radius. The height of the anode and cathode was 20
cm. The n-type silicon wafers and quartz substrates
were cleaned ultrasonically by using acetone, alcohol,
and deionized water about 10 min for each step. The Ti
target was placed in the center of the growth setup. The
growth chamber was evacuated by using a diffusion
pump backed with a rotary pump (ALCATEL) to
produce a vacuum of 2x107° Torr. The working
pressure for sputtering was 2x1072 Torr. For better
adhesion, we injected the pure argon gas into the
chamber to deposit a thin Ti layer (with about 10 nm
thick) on the cleaned substrates. Then without breaking
the vacuum, we used a mixed gas of 95% argon+ 5%
nitrogen for TiN deposition on the Ti films.

The magnetron was created by a ring shape of
permanent magnet placed in the gun behind the target
attachment surface. The constant magnetron current for
deposition was 0.28 A, with a discharge voltage of 600
V. The deposition conditions were listed in Table 1. The
schematic of a DC magnetron sputtering system is given
in Fig. 1.

The chemical composition of the TiN thin film is
influenced by deposition conditions and amount of
reagents in the substrate plane, with the following
formulas:
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Ti+ N, = TiN + 0.5N,, (1
2Ti+ N, = 2TiN, (2)
3Ti+ N2 =TiN + TiN, 3)
4Ti+ Na = TibN + TiN + Ti. (4)

Based on the Ti-N phase diagram [45], in addition to
TiN phase, Ti;N can be formed as second phase. The
composition of deposited coating is determined by the
rate of titanium condensation on the substrate, N partial
pressure and the degree of ionization (generally the
degree of condensation in the working chamber) is not
uniform in all regions [46].

The deposited coatings were post annealed in the air
condition for 60 min at different temperatures of 400,
500, 600, and 700°C.

The crystalline structures of deposited thin films are
studied by using STOE SIADI MP X-ray diffractometer
for 20 values up to 80° with Cu K, radiation (1.5405 A)
as the source of X-ray radiation.

Table 1. Deposition parameters

Substrate-to-target distance (mm) 35
Substrates Si, Quartz
Base pressure (Torr) 2x1073
Work pressure (Torr) 2x1072
Voltage (Volt) 600
Current (mA) 3.5
Deposition time for Ti (min) 10
Deposition time for TiN (min) 40
Gas input
(Ny+A1) (a)
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L
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Figure 1. Schematic diagram of (a) DC cylindrical magnetron
sputtering and (b) Oven.

The surface roughness of the films is measured by an
atomic force microscope (AFM) and the surface
micrographs were performed by using the Park
scientific scanning electron microscopy (SEM) system
and optical properties were studied by using Perkin—
Elmer Lambda 950 spectrophotometer in the
wavelength range UV-VIS (10-2500 nm) at room
temperature. Electrical resistivity of deposited thin
films is investigated by the four-point probe technique
at room temperature. Hardness is determined using the
ASTM E92-IS0 6507 tester.

3-Results and discussion

3.1 X ray diffraction results

The crystal structures of annealed TiN thin films are
studied by X-ray diffraction (XRD) operating in Bragg-
Brentano 0/26 configuration using a Cu K, wavelength
(1.5418 A) working at 30 kV and 20 mA.

The as-deposited films show amorphous phase (Fig. 2)

but after annealing for 1 hour the films transformed into
the crystalline. Figure 3 shows the XRD pattern of thin
films after annealing at different temperatures for 1
hour. The XRD pattern shows variation of annealing
temperature effects on intensity and preferred
orientation of peaks. The crystallographic structure
depends on the annealed temperature. The peak
intensity varies with the scattering intensity of the
crystalline structure components, the atoms, molecules,
and their arrangement in the lattice [47]. High intensity
indicates the more orders of the crystallization and
arrangement.

The sharp peak at 20 = 36.87° for annealed films (400
and 500°C), is correlated to the (111) crystallographic
orientations of TiN with a face-centered cubic (FCC)
structure (JCPDS: 38-1420). The FCC structure of TiN
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can be arranged when nitrogen atoms occupy all the
octahedral sites of titanium with hexagonal close-
packed (HCP) or body centered cubic (BCC) structures
[6]. The diagram phase of titanium-—nitrogen is
complex; because nitrogen atoms with smaller size can
accommodate in the interstitial sites of titanium

structure with larger size [48].

With increasing the annealing temperature to 600°C,
several new reflection peaks appear at 20 = 42.54°,
61.88°, and 78.41° corresponding to (200), (220), and
(222) planes, respectively, confirming of the
construction of polycrystalline films. The half-width of
the (111) x-ray diffraction peak is decreased. The sharp
diffraction peaks indicate the large size of grains. The
absence of the peaks related to the titanium crystalline
structure in the XRD pattern shows that the nitride
formation process has been completed.

When annealing temperature reached 700°C, the (220)
peak intensity became stronger while the (111) peak
intensity strongly reduced.
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Figure 3. X-ray diffraction patterns of samples at different
temperatures, (a) 400, (b) 500, (c) 600, and (d) 700°C.
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At lower annealing temperatures, the relative intensity
of the (111) diffraction peak is much higher in contrast
to others, suggesting that (111) diffraction line is the
preferred orientation with lowest energy. Competition
between different parameters like, the surface energy,
the strain energy, and the stopping energy of different
lattice planes influences the preferred growth
orientation and lowest total energy of the film [49].

In the annealing treatment from 400 to 500°C, the (111)

preferred orientation did not change but the peak
intensity is relatively increased. In fact, thermal energy
created by post annealing leads to
improvement of mobility of active sites. Increasing the
mobility may be due to grain growth and defects
reduction through the annealing treatment [50].

treatment

We can note the existence of an additional TiN (200)
phase in films annealed at 600°C that is not observed in
other samples. The crystalline orientation of the
deposited films depends on the film’s growth process
and a generalization of the behavior cannot be made
very easily. The crystal orientation is also reliant on the
surface free energy [51].

It is noted that at higher annealing temperatures, the
preferred growth orientation changed from (111) to
(220). With rising annealing temperature, the (220)
plane is the primary orientation.

It is evident that a slight shift towards lower diffraction

angles in the (111) diffraction peak position with
increasing annealing temperature, corresponds to an
expansion in the lattice constant that causes a
compressive stress in the thin films.

3.2 SEM

The morphological and microstructure of the annealed
TiN thin films have also been studied using the SEM
analysis. Figs. 4a-4d shows the plane view of SEM
images of deposited TiN thin films on Si substrate and
annealed at different temperatures.

The SEM images showed homogenous coverage of the
substrates by the TiN thin film. Significant differences
in film’s morphology were detected in the SEM images
of annealed films at different temperatures.

The annealed films at 400°C and 500°C have
particularly dense and very compact structure with non-
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uniform surface. However, this feature is turned to
form with increasing annealing
temperature to 600°C and 700°C with rough surface and
some deep pores. It seems that with increasing the
annealing temperature, the continuous feature is
damaged and the TiN-denuded zone is observed that
may be due to depleting TiN atoms from the surface
(Fig. 3d).

discontinuous

It is evident that the microstructure evolution of TiN
thin films is dependent on the annealing temperature.
When the annealing temperature increases to higher
values, the very compact and dense structure
transformed to a denuded zone structure. It is apparent
that the microstructure evolution of TiN thin films is
dependent on the annealing temperature.

20.BkY X38.0K 1.@8sm

Figure 4. FE-SEM images of annealed thin films at different
temperatures; (a) 400°C, (b) 500°C, (c) 600°C, and (d) 700°C.

3.3 AFM results

By using an atomic force microscope (AFM) analyzes,

we have studied the film’s surface morphology at
different temperatures. Figure 5 shows 2D and 3D
topography of the surface of the annealed films. All
images are found in a scanning area of 1lymx1pum.

The annealed film at 400°C shows a continuous and
dense morphology with the lowest RMS roughness.
This film has a granular texture. Surface topography for
the annealed film at 400°C shows a lower distribution
of sparse clusters.
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The topography of the annealed film at 500°C shows a
relatively non-uniform surface distributed with
heterogeneously spherical shape grains.

When the annealing temperature increases, the surface
of the thin films become more non-uniform. Also, large
sparse clusters appear on the film’s surface. So, a
rougher and coarser surface is observed at higher
annealing temperature in our work.

The most usually reported measurement of film’s
surface roughness is the root mean square (RMS)
roughness that is the standard deviation of the surface
height profile from the average surface height. RMS
roughness for annealed samples at 400-700°C is 1.88,
2.87,2.98, and 3.46 nm, respectively.

Figure 5. 2D and 3D AFM images of annealed films at different
temperatures, (a) 400°C, (b) 500°C, (c) 600°C, and (d) 700°C.
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The surface roughness of TiN thin films increased by
increasing the post annealing temperature from 400°C
to 700°C.

Figure. 6 shows the number of events diagrams as a
function of surface topography variation. The
topography curve of the annealed TiN thin films derived
from AFM data indicates information about the
distribution of particle size. The maximum of curve
displays the nanoparticle average radius and width of
the curve displays the change of particle radius size.
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Figure 6. Number of events diagrams as a function of surface

topography variations.

3.4 Optical properties

The reflectance spectra of annealed TiN thin films in
the wavelength range 10-1200 nm is shown in Fig. 7.
With increasing annealing temperature, the reflectance
percentage increased in the visible region and saturated
at about 85% in the near infrared region. In the
ultraviolet region, the reflectance is less than 5% for all
films. The TiN films reflectance spectra show a
minimum in the visible region, while the reflectance
increases in the infrared region. The reflectance
minimum for stoichiometric TiN is detected centered
around 2.33 eV, which corresponds to charge transfer
between the Tis, and Ny states [52]. The minimum
reflectivity in the range of 450-460 nm is reported by
Lousa et al. [53]. According to Guler et al. and Newport
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et al. [54-55] a low reflection peak in the range of 350—
600 nm is observed for TiN films. However, in the
entire wavelength region, the reflectance is higher for
the annealed films at higher temperatures. Generally,
increase in the reflectance can be recognized by
structural transformation, film’s surface roughness, and
increasing grain size. Surface roughness strongly affects
the thin film transparency. The main reason for
increasing higher post annealing
temperatures can be related to the scattering from rough
surfaces. Light scattering from grains with irregular
shapes or grain aggregates affect the films reflection.

reflection at

These annealed thin films at different temperatures
show a minimum in reflection spectra from blue region
to ultraviolet and the high infrared reflection that
displays the characteristics of a free electron metals as
defined in the Drude model [56]. Because of the high
reflectance at infrared region, TiN thin films have useful
applications in solar absorbers at high temperatures,
selectively transparent coatings, and energy-saving
window films [57].

The optical absorption coefficient (o) of the films are
calculated from the transmittance (T%) and reflectance
(R%) spectra measurements using the following
equation [58]:

1. (@-R)?+/(1—R)?+ (2RT)?
a—aln< T )-(5)

Here, d is the thickness of the films.

The optical band gap (E,) can be calculated from the
absorption coefficient by the following equation:

(ahv)" = A(hv - E,), (6)
where n = % for an indirect transmission [59]. The
optical band gap energy of the deposited thin films can
be calculated from the Tauc plot of (ahv) ? against the
photon energy [60]. It can be considered from the best
linear approximation of (ahv)? against (hv) plot, and its
extrapolation to (ahv)? =0.
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Figure 7. Reflectance spectrum for annealed TiN thin films at
different temperatures. (a) 400°C, (b) 500°C, (c) 600°C, and (d)
700°C.

The reflectance spectra of TiN films show relatively
similar features but an increase in reflection is observed
with increasing the annealing temperature that can be
attributed to different parameters such as structural
transformation, increasing grain, size and surface
roughness. The surface roughness strongly affects the
film’s transparency [61]. In our work, the major reason
for the increase in reflection with higher annealing
temperature may be due to the rough surface scattered
and reflected light, as surface roughness increases upon
annealing.

Figure 8 displays the optical band gap energy of the
deposited TiN thin films as a function of the post
annealing temperature. The optical band gap energy
value of the annealed thin films can be different
between 1.37 to 2.55 eV. The variance in the band gap
energy values with post annealing temperatures is well

correlated ~ with ~ the  other  studies  [62].
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Figure 8. The band gap values of TiN thin films annealed at
different temperatures, (a) 400°C, (b) 500°C, (c) 600°C and (d)
700°C.
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3.5 Resistivity

The effect of annealing temperature on the electrical
characteristics of deposited TiN thin films has been
studied by the four-point probe technique at room
temperature. The most important aspect in the
electronic application of thin films is the resistivity
value. The electrical resistivity, (p), is strongly
influenced by the growth conditions. It is mostly
determined by the stoichiometry [63], film thickness
[64], temperature (thermal vibrations), intrinsic
properties, and defects. At different post annealing
temperatures, a change in microstructure, phase
composition and defects (grain boundaries, dislocations
and impurities) cause changes in the electrical
resistivity value [6].

The electrical resistivity values are shown in Table 2.
TiN is known as a good conductor with a relatively low
electrical resistivity of 25 pQ-cm [65]. The film
annealed at higher temperature, exhibited lower
electrical resistivity than other samples. Generally, the
increase of post annealing temperature leads to lower
defect density, interstitials or vacancies in the TiN thin
which increasing the electrical
conductivity value.

films result in

Furthermore, increasing the grain size during the post
annealing treatment leads to decrease in the electron
scattering, hence, the films conductivity increases [66].
Ponon et al. [67] reported a similar behavior for
annealed TiN thin films.

Table 2. Resistivity and hardness values of TiN films annealed at
different annealing temperatures.

Annealing temperature  Electrical resistivity  Hardness
C) (nQ-cm) (GPa)
400 84.9 14
500 78.3 13
600 71.7 11
700 67.4 9

Generally, the electrical resistivity value of TiN thin
films is less than pure Ti thin films owing to intersection
of the Ti 3d electrons of the valence band with the Fermi
level [68]. But in our study, the electrical resistivity of
the TiN thin film is higher than a pure Ti thin film
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because of the polycrystalline nature of our thin films.
In polycrystalline TiN, the grain boundary scattering is
the most important parameter for increasing the
electrical resistivity value [69].

3.6 Hardness

The mechanical properties of deposited thin films are
attributed to film structure, microstructure, and
composition that are affected by the processing
conditions. In transition metal compounds, the
mechanical properties like hardness value depends on
the chemical bond of atoms and cohesion energy that
normally relates to the covalent character of the bonding
[70].

Table 2 shows the hardness values of the annealed TiN

films at various temperatures. With increasing the post
annealing temperature, the hardness value decreases.
Generally, the thin film hardness increases when the
surface roughness value decreases [49].

Saoula et al. [71] reported that the increase in the thin
film hardness value is correlated with decreasing the
crystallite size. Vaz et al. [72] reported that the hardness
values are related to several parameters such as; phase
formation, composition, lattice distortions, (structural
defects) and intrinsic stresses.

4 Conclusions

TiN thin films were deposited by using DC magnetron
sputtering technique on Si and quartz substrates and
their  structural and optical properties
characterized after post annealing treatment at different
temperatures. According to our experimental study, the

were

post-deposition annealing temperature significantly
affects the structures, morphologies, reflection spectra,
and band gap energy values of the thin films. The XRD
results showed that the amorphous TiN films turned to
crystalline structure during thermal treatment. At lower
annealing temperatures, TiN films develop a single
phase with (111) preferred orientation while, with
increasing the annealing temperature, the crystallinity
improved and the polycrystalline structure was
observed. It is noted that the preferred growth
orientation is changed to (220) at higher annealing
temperature. The surface morphology of the thin films
strongly depends on the annealing temperature. SEM
images indicate a significant variation in morphology, a
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very compact structure changes to a TiN-denuded zone.
With increasing the post annealing temperature, TiN
films show an increase of reflection in the infrared
region. It is found that, by control of the annealing
temperature, the optical band gap energy increases,
while the hardness and electrical resistivity values
decrease.
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