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UMR 7315, CEC, 12 rue Atlantis, F-87068 Limoges, France
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The diffusion of nitrogen into Ti silicide films allows the performance of complemen-
tary metal oxide semiconductor (CMOS) components to be improved. In this work, the
thermochemical treatment is carried out in an expanding microwave plasma reactor
using (Ar-33%N2-1%H2) gas mixtures. This process promotes the chemical reactions
on the surface of metals. The diffusion of nitrogen into the film is improved by the
reducing effect of NHx and/or H species towards passive layers such as oxides which
form a barrier of diffusion in the surface layers during the process. The simultaneous
formation of Ti nitrides and silicides at the surface and at the film-substrate interface,
respectively gives rise to two competing processes which result in the growth of the Ti
nitride phase at the expense of the Ti silicide phase at a critical temperature of 800◦C.
This paper reports on a comprehensive analysis of the evolution of TiSi2 and TiN
phases and microstructural properties of films by means of X-ray diffraction, Raman
spectroscopy, transmission electron microscopy and selected area electron diffraction
investigations. Square shaped crystals of TiN are identified on the top of round shaped
crystals of TiSi2. The growth of the TiN phase at the expense of TiSi2 induces a
catastrophic decrease of the intensity of the (040) diffraction line of TiSi2 and a huge
increase of the (220) reflection line of TiN. The microstructural properties changes
during the process such as the formation of TiN crystals of nanometric size in the bulk
of the TiSi2 phase as well as the migration of free Si which epitaxially grows at the
film-substrate interface have been evidenced by very detailed investigations for the
first time. The results are related to the mechanism of formation of TiN from the reac-
tion between TiSi2 and nitrogen. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5035188

I. INTRODUCTION

Refractory transition metal silicides are well known for applications such as contacts and sub-
micrometer gate source and drain areas in complementary metal oxide semiconductor technology
(CMOS). They exhibit high temperature stability, low resistivity, chemical compatibility, electron
migration resistance and low Schottky barrier height. Among them, the TiSi2 compound has been
extensively studied in the 80s-90s because it shows the lowest resistivity equal to 15 µΩcm, it can
be self-aligned to form Al/TiSi2/Si contact systems and it is easily synthesized by rapid thermal
annealing (RTA) of Ti films coated on Si substrates.1–10

Because of the great reactivity of Ti, the Ti-Si reaction is very complex, and it extends both in
the growth direction and laterally. The lateral growth of TiSi2 induces shorting between gate and
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source-drain regions which results in low yield for applications to CMOS. RTA conducted in ambient
nitrogen purges the process from detrimental impurities and improves the technological performances
of TiSix/Si systems.1,3,8,11,12

TiN films deposited on TiSix/Si systems are efficient barriers for outward and inward diffu-
sion of species that drastically reduces the lateral silicide formation. In a recent article, it has been
shown that nitrogen diffusing into TiSi2 from the as-deposited TiN film allows the barrier height
of TiSi2/Si Schottky diodes to be reduced by 80 meV and about 15% of self-power consumption is
saved.9

In contrast with Ti silicides, Ti nitrides have been more recently studied.13–19 TiN exhibits a
resistivity of 30 µΩcm combined with a high melting point of 2947◦C, extreme hardness, high
thermodynamic stability, low friction constant, high wear and corrosion resistance. Owing to its
very interesting properties, TiN is used as a diffusion barrier, gate material, Schottky barrier contact,
capacitor electrode and transistor gate electrodes.15 Ti nitride thin films are usually synthesized by
various processes such as DC or RF magnetron sputtering13–15 or pulsed laser irradiation.16,17,19,20

In this work, TiN is formed during a thermochemical process using expanding plasma produced
by a microwave discharge at a frequency of 2.45 GHz. The higher degree of ionization and dissociation
which can be obtained makes the microwave plasma very interesting compared to other types of
electrical excitations.

In a recent paper,21 we reported the various Ti silicides formed during the Ti-Si interaction in
Ti thin films coated on Si (100) substrates exposed to (Ar-N2-H2) expanding plasma. The results
have mainly shown the crystallization of TiSi and C49 TiSi2 at 500◦C and C54 TiSi2 at 600◦C.
TiSi crystallizes in an orthorhombic structure whereas TiSi2 crystallizes either in the base-centred
orthorhombic structure named C49 structure or the face-centred orthorhombic structure named C54
structure. Both structures have the same crystallographic arrangement in the plane but they only differ
from different stacking arrangements.6 Other metal rich silicides such as Ti5Si3 or Ti5Si4, have also
been identified in other works, at the start of Ti-Si reaction.22 The composition of various TiSi phases
as well as their sequence depends on the nature of Si substrates (amorphous or crystallized) and on
kinetic factors.

In the same paper,21 we have also reported that nitrogen produced in the plasma starts to diffuse
into Ti films at 400◦C, TiN is synthesized as an amorphous structure at 600◦C and starts to crystallize
into a cubic structure at 800◦C. So, two simultaneous reactions proceeding in opposite directions
occur in Ti films heated in the temperature range from 400 to 800◦C and exposed to (Ar-N2-H2)
expanding plasma, which are the formation of Ti silicides from the Ti-Si interface and on the other
hand, the formation of Ti nitrides from the Ti film surface. The growing TiSi2 and TiN compounds
are expected to interact and the result depends on both thermodynamic and kinetic factors. According
to thermodynamic data, the formation of TiN must be promoted since the enthalpies of formation
of TiN and TiSi2 are equal to -337.45 and -134.11 kJmol-1, respectively.23 Some studies report that
the nitride phase modifies the kinetic of the formation of silicides.3 The diffusion of nitrogen into Ti
silicides has also been observed in various works.11,9

The reaction at the Ti-Si interface, the nucleation and growth of various Ti silicides as well as
their morphologies and crystal structures have been widely investigated.4–6,10,12,24 However, to our
knowledge, only very few studies report on the morphology and crystalline structure of Ti silicides
and nitrides when they interact. Moreover, they are not as detailed as in the present work, which
is mainly focused on the microstructure, morphology and crystallization of Ti silicides and nitrides
during the growth of Ti nitrides.

In the light of results obtained from X-ray diffraction (XRD), Raman measurements and very
detailed studies of microstructures and crystalline structures obtained by transmission electron
microscopy (TEM) and selected area electron diffraction (SAED), some attempts are made to improve
the understanding of the mechanism of formation of TiN in TiSi2 thin films.

II. EXPERIMENT

The nitriding thermochemical treatments are carried out in expanding plasma produced by a
microwave discharge in a mixture of argon, nitrogen and hydrogen gas.
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FIG. 1. Experimental set-up.

The reactor consists of a fused silica tube (external and internal diameter of 24 and 20 mm,
respectively) passing through the surface wave launcher and welded to a cylindrical metallic chamber
(Figure 1). The base pressure is maintained at 10-5 Pa by means of a turbomolecular pump. During
the plasma treatment, the total pressure of 0.13 kPa is kept constant using an Alcatel roots blower
pump (70-700 m3h-1) with a corresponding gas drift velocity of about 20 ms-1.

The microwave discharge is produced in the gas mixture at a frequency of 2.45 GHz using the
power supply SAIREM GMP 12 kE operating up to 1.2 kW. The power of the discharge is mainly
transferred to the electrons and then to other gaseous species by inelastic collisions. Once the plasma
is ignited, it is expanded out of the centre of the discharge up to the surface of the substrate under
conditions of large density of electrons. The critical value depends on both plasma conditions i.e.
collision or collision less plasma and microwave frequency. Since the plasma frequency is larger than
the electromagnetic wave frequency, the electromagnetic wave is reflected by the plasma. So, the
plasma is produced by a surface wave which propagates into the reactor along the external surface of
the plasma.25 These conditions are realized in the quartz tube and at the tube exit. The plasma forms a
bright cone from the quartz tube exit up to the surface of the substrate (Fig. 1). The electron density in
(Ar-33%N2-1%H2) ranges between 0.03 and 0.15 x 1016 m-3 and the electron energy ranges between
0.51 and 1.37 eV. These values have been measured along the vertical axis of the reactor in the vicinity
of the substrate surface.25 The density and energy of the plasma are homogeneous above the surface
of the substrate.

In most of plasma treatments, the impinging energetic ions improve the nitrogen transfer into
the metal films by sputtering the passive layers such as carbides and oxides. In our process, since
the ion energy at the sheath entrance is only equal to about 0.1 eV, the reducing effect of passive
layers are mainly due to plasma species such as NHx radicals and/or H atoms produced in (Ar-N2-
H2) plasma. They promote the diffusion of nitrogen into the metal films and then the formation
of nitrides by reducing oxides and carbides which form a barrier of diffusion in the film surface
layers during the nitriding process. Such an effect has been evidenced during the formation of Mo
nitrides.25

Ti thin films are evaporated on Si (100) wafers under Ar gas at a pressure of 0.5 Pa in an electron
beam evaporator using pure titanium cylinder and pellets (99.95%). The wafers are biased at -400 V
and heated at 400◦C which allows the surface to be cleaned by the impinging ions and improves the
adhesion of Ti films. Substrates of size 10 x 10 mm2 are obtained by cutting titanium films, 250 nm
or 500 nm thick coated on Si wafers. They are then placed on the heating substrate holder at 12.5 cm
from the centre of the discharge. The vacuum chamber is evacuated to a pressure of 10-5 Pa and the
heating switched on. After heating to 800◦C, the (Ar-33%N2-1%H2) gas mixture is introduced into
the reactor. The contents are expressed as a percentage of the total volume of gas. The discharge is
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produced with a power of about 500 W. The total pressure is equal to 0.13 kPa. Such parameters have
been optimized in our previous study.21 The experiments are run for 3, 6, 12 and 18 h.

The processed Ti films are then examined by X-ray diffraction (XRD) and Raman spectrometry
to determine the phase composition as well as the crystal structures of compounds. The structure of
the film and the crystalline phases as well as the grain interfaces and microstructures are analysed by
transmission electron microscopy (TEM) and selected area electron diffraction (SAED).

For XRD analyses, the classical Bragg-Brentano geometry is carried out on a D8 Advance Bruker
diffractometer operating with a primary monochromator to select CuKα1 radiation and a Lynx-eye
position sensitive detector (3.4◦ for fast acquisition).

A Horiba-Jobin-Yvon spectrometer T 64000 model is used for Raman experiments. This system
is equipped with a CCD camera cooled by a flux of liquid nitrogen up to 140 K in order to reduce
the thermal noise. An Ar+ ion laser of excitation wavelength equal to 514.532 nm is focused on to
the samples via x50-long working distance objective that results in a spot of diameter equal to 1 mm.
The power of the laser is modified to prevent the sample from any damage. The spectra are averaged
to make the signal intensities representative of the sample.

Samples for transmission electron microscopy analysis are prepared by mechanical polishing
and subsequently thinned by argon ion milling. The investigations are carried out at an accelerating
voltage of 200 kV in a JEOL 2100F transmission electron microscope.

III. RESULTS AND DISCUSSIONS

In what follows, the growth of the TiN phase at the expense of TiSi2 is well evidenced by XRD
and Raman spectroscopy measurements. TEM as well as SAED investigations conducted on Ti films
processed for durations corresponding to three different key-stages of the growth of TiN allowed the
morphology and microstructure of films to be described in detail. The crystalline structures of TiN
and TiSi2 during the growth of TiN are also studied. To our knowledge, such detailed analysis of
the structure of TiN-TiSi2 films has not been reported up to now. Due to these results, an attempt
to improve the understanding of the mechanism of reaction leading to the gradual conversion of the
TiSi2 phase into TiN has been made.

A. Early stages of the growth of TiN in TiSi2
1. Microstructural properties of TiSi2 films processed for 1h

A TEM cross section of the titanium silicide phase which is formed in Ti films, 500 nm thick
heated at 800◦C and exposed to (Ar-33%N2-1%H2) plasma for 1h is displayed in Fig. 2(a), (b) and (c).

The titanium silicide film exhibits a rather columnar structure in the direction of growth. Owing to
the large size of crystallites ranging from 200 to 500 nm, the film appears rather rough. Its thickness is
found to vary from 850 nm to about 1 µm. Such values have been previously measured by secondary
ion mass spectrometry (SIMS).21 The film-substrate interface appears slightly wavy-like within a
scale of micrometers. Many bubble-like inclusions of various dimensions are clearly visible in the
whole thickness of the film. Such features have been previously reported.11,26 They are supposed to
be gas inclusions which are formed during sputter deposition of Ti on Si substrates.26

In what follows, the phase identification is performed on selected area electron diffraction
(SAED) patterns by comparing the measured d spacing with the values reported in the correspond-
ing JCPDS cards. The angles between the corresponding diffraction vectors are compared with the
calculated values. The SAED patterns (d) and (e) in Fig. 2 have been taken on both sides of the
film-substrate interface (Fig. 2(b) and (c), respectively). The pattern (d) taken above the interface is
typical of the Si (100) substrate. The incident electron beam is parallel to the [011] crystallographic
direction which is the zone axis i.e., the (011) plane of the crystal is observed under these conditions.
Si is also identified in a region located below the interface where fine-grained structures are seen
(Fig. 2(c)). The low index single crystal region of the corresponding SAED pattern (e) is the same as
the pattern of Si substrate (d) although the spots seem to be duller than in (d) especially the higher
index region. However, in contrast with SAED pattern (d), additional much brighter spots are identi-
fied which correspond to the [040] reflection of TiSi2. Tiny spots of larger dhkl correspond to the [111]
reflection of TiSi2. TiSi2 crystals growing from the interface seem to be mainly oriented along the
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FIG. 2. Cross-sectional transmission electron micrographs of the Ti film 500 nm thick heated at 800◦C and exposed to (Ar-
33%N2-1%H2) plasma for 1 h (a), (b), (c). SAED patterns taken above the interface Si substrate-film (d), and below the
interface Si substrate-film (e).

[040] crystallographic direction which is parallel to the (200) plane of Si with a small misorientation
of about 8◦. These results agree with XRD measurements performed on Ti films of lower thickness
since TiSi2 crystallites show (040) preferred orientations in Ti films, 250 nm thick.21 The presence
of small grains of Si below the substrate-film interface is consistent with the expected mechanism
of formation of silicides. A strong intermixing of Ti and Si occurs during the Ti-Si reaction and Si
is usually reported to be the dominant diffusing species.3,22 Si diffuses across Ti grain boundaries
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FIG. 3. SAED pattern taken in the vicinity of the film surface (a). HRTEM micrographs of the TiSi2 crystals viewed along
the [-112] direction (b) and (c).

to form fine-grained silicide precursors such as TiSi, Ti5Si3 or Ti5Si4 before they are transformed
into TiSi2 of larger grain size at high temperatures. Si is also expected to form islands in the grain
boundaries which compete with silicide nucleation.27 The SAED pattern (a) in Fig. 3 has been taken
from a grain located at the surface of the film. It has been identified as the orthorhombic C54TiSi2
phase with the [-112] zone axis.

A similar pattern has been found in another region of the film which confirms that the film mainly
consists of C54 TiSi2 crystallites. Such results have been previously obtained from TiSi2 films made
by annealing Ti thin films, 100 nm thick in vacuum at 800◦C for 1h.10 The thin amorphous phase
observed at the metal surface corresponds to the growing TiN phase which has been amorphized during
the cross-sectional preparation for TEM observations (Fig. 2(a) and (b)) since XRD measurements
performed on Ti films processed under the same experimental conditions showed that TiN starts to
crystallize at 800◦C.21 A high resolution TEM (HRTEM) image of a TiSi2 crystal (b) is displayed in
Fig. 3. The angle between (-11-1) and (220) planes is equal to 90◦ which agrees with the calculated
value. A bubble-like inclusion is clearly identified on the micrograph and seems to belong to the
crystal lattice rather than to be a gas inclusion. The grain boundary shown in Fig. 3(c) is oriented
along the (311) plane of TiSi2.

B. Growth of the TiN phase at the expense of TiSi2
1. XRD and Raman spectroscopy investigations

Long treatment durations up to 18h have been conducted to show the growth and crystallization
of TiN phase at the expense of TiSi2.

Ti films, 250 nm thick heated at 800◦C and exposed to (Ar-33%N2-1%H2) plasma for 3 h consist
almost entirely of C54 TiSi2 crystallites of face-centred orthorhombic structure (JCPDS card no. 00-
035-0785). The corresponding XRD pattern (a) in Figure 4 mainly displays the most intense (311),
(040), (022) and (331) reflection lines at Bragg angles of 39.2◦, 42.3◦, 43.3◦ and 49.9◦, respectively.
Other lines of lower intensity at Bragg angles of 23.8◦, 30.1◦ and 38.3◦ are assigned to (111), (220)
and (131) reflection lines of the C54TiSi2 phase. The sharp peak at 33◦ corresponds to the forbidden
(200) reflection of the Si substrate. Since the diffraction lines are very thin and intense, the TiSi2 phase
consists of large crystallites which exhibit a (040) preferred orientation. Similar features have been
observed in Ti films processed at 600 ◦C and 800◦C for 30 min and 1h.21 The XRD features detected
at Bragg angles of 36.8◦ and 42.6◦ are assigned to the most intense (111) and (200) reflection lines of
the TiN phase of cubic structure which starts to crystallize at 800◦C (JCPDS card no. 04-004-2917).

The XRD pattern (b) in Figure 4 clearly displays that the intensity ratio of (hkl) TiN to (hkl) TiSi2
reflection lines strongly increases with increasing plasma exposure from 3 to 6h. A further increase
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FIG. 4. X-ray diffraction patterns of Ti films, 250 nm thick heated at 800◦C and exposed to (Ar-33%N2-1%H2) plasma for
3 h (a), 6 h (b), 12 h (c) and 18 h (d).

of the treatment duration from 6 to 12h leads to a catastrophic decrease of the intensity of the (040)
TiSi2 line and a huge increase of the (022) TiN line at Bragg angle equal to 62◦ (Fig. 4(c)). The (040)
preferred orientation of the crystallites has been assigned to stresses occurring in such thin films.7,28

Very intense (040) peaks have been observed on XRD patterns corresponding to Ti films, 100 nm thick
annealed at 800◦C using microwave hydrogen plasma7 and Ti films, 55 nm thick processed under
various conditions.28 According to the authors, the formation of silicides in metal films coated on Si
substrates leads to compressive stresses and the elastic constants are higher in the [010] direction. The
preferred orientation of C54 TiSi2 crystallites is [311] for Ti thick films and [010] for very thin films.
In the light of these data, the strong decrease of intensity of the [040] reflection of TiSi2 crystallites
can be related to the growth of the TiN phase at the expense of TiSi2 which induces an evolution of
stresses in the film. The stresses must also play a role in the preferred orientation of TiN crystallites
in the [220] direction when the film almost entirely consists of TiN. Further investigations are needed
to confirm this result. It is worth noting that, the formation of epitaxial TiN thin films on Si (001)
substrates by laser molecular-beam epitaxy technique has been reported in a recent work.29 XRD
patterns also show that the reflection lines corresponding to TiN are thin and intense that means that
the TiN phase is well-crystallized and consists of large grains as the TiSi2 phase. A plasma exposure
of 18 h leads to the vanishing of the (040) line. Only the most intense (311), (022) and (311) reflection
lines still remain on the XRD pattern (d) in Figure 4 and the intensity ratio of (hkl) TiN to (hkl) TiSi2
reflection lines is now larger than 1.

Compared to (b) and (d), the XRD pattern (c) in Figure 4 displays two additional peaks of low
intensity at Bragg angles of 28.5◦ and 56.1◦. They correspond to intense (111) and (311) reflection
lines of polycrystalline Si compound (JCPDS card no. 04-001-7247] which could be produced with
TiN from the reaction between TiSi2 and nitrogen. This result will be clarified in next sections.
Raman spectroscopy measurements confirm the XRD results. The intensity of the Raman features
due to acoustic and optic transitions of TiN increases with increasing treatment duration (Figure 5(a),
(b) and (c)). The broad feature around 198 cm-1 is composed of the band due to the acoustic mode
of TiN at 215 cm-1 and two Raman bands of C54 TiSi2 at 196 and 206 cm-1. These TiSi2 Raman
bands are clearly displayed in Ti films before TiN crystallizes.21 This broad Raman feature shifts
towards higher frequencies with increasing treatment duration (Fig. 5(b) and (c)). In the same way,
the intensity of the bands related to acoustic modes of TiN at 320 and 461 cm-1 as well as the intensity
of the main Raman band of TiN due to the optic mode at 556 cm-1 increase with increasing treatment
duration. The sharp peak at 521 cm-1 displayed on spectrum (a) is due to the Si wafer. It disappears
with increasing amounts of TiN.
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FIG. 5. Raman scattering spectra of Ti films, 250 nm thick heated at 800◦C and exposed to (Ar-33%N2-1%H2) plasma for 6
h (b) and 12 h (c) compared with Ti films 250 nm thick processed for 3 h (a).21

Moreover, the second order spectra which can be identified as small humps at high frequency
equal to 824 and 1100 cm-1 confirm the formation of the well-crystallized TiN phase.

2. Microstructural properties of TiN and TiSi2 phases in films processed for 6h

As seen on electron micrographs (a) and (b) in Fig. 6, Ti films, 250 nm thick heated at 800◦C
and exposed to (Ar-33%N2-1%H2) plasma for 6 h consist of two distinct layers.

The layer close to the surface is formed of many square-shaped crystals of various sizes from
about 50 to 100 nm large whereas the layer adjacent to the Si substrate is formed of rather large and
round-shaped crystals which can be about 300 nm large. The thickness of the film varies from 400 to
500 nm. Owing to the shape and large size of crystals, the morphology of the film-substrate interface,
the surface of the film as well as the interface between both phases are rough on a micrometer scale.
The SAED pattern (c) in figure 6 taken on round-shaped crystals is identified as the orthorhombic
C54 TiSi2 phase. However, in contrast with the film processed for 1 h and mainly consisting of
TiSi2 crystals oriented along their [-112] zone axis, the film processed for 6 h consists of TiSi2
crystals oriented along their [-1-14] zone axis. A crystal located in another region of the film has

FIG. 6. Electron micrographs of Ti films heated at 800◦C and exposed to (Ar-33%N2-1%H2) plasma for 6 h (a) and (b).
SAED patterns of TiSi2 crystal (c) and TiN crystal (d). HRTEM electron micrographs of cubic shaped TiN crystal viewed
along the [110] direction (e) and growth steps formed by zigzag {111} facets in the [220] direction of TiN crystal (f) and (g).
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been found to be oriented along another zone axis. The SAED pattern (d) has been taken on a crystal
of the phase close to the surface of the film. It is identified as the TiN phase of cubic structure.
The additional tiny spots hardly visible on the SAED pattern correspond to crystals of TiN located
nearby. It is worth noting that all patterns corresponding to TiN crystals are similar which means that
in contrast with TiSi2 crystals, TiN crystals exhibit the same [110] zone axis. Since TiN crystals are
usually oriented along the [110] direction, they tend to display a flattened morphology with the [110]
direction perpendicular to the flat surface (micrograph (e) in Fig. 6). High resolution micrographs (f)
and (g) shows that the {220} facets of the TiN crystal show growth steps in the form of wavy-shaped
edges on nanometer scale which consists of (-111) and (-11-1) atomic planes. So, the TiN (110)
plane is expected to consist of growth steps in [220] direction formed with zigzag {111} facets in
3 dimensions. Such growth steps morphology has been reported in a previous work on Pt (110).30

The morphology of the film appears quite heterogeneous since beside TiSi2 and TiN crystals, other
structures of lighter colour and large dimensions either located close to the film-substrate interface
or crossing the film are observed on electron micrographs (a) and (b) in Fig. 6.

The structure crossing the film seems to consist of small square-shaped crystals embedded in a
gangue of lighter colour (Fig. 7(a)). The corresponding SAED pattern (b) in Fig. 7 only displays tiny
spots which can nevertheless be identified as cubic TiN phase. These results show that small TiN
crystals of nanometer size are mixed to form a round-shaped structure. Since Si is more transparent in
electron beam than TiN and TiSi2 crystals and so appears with lighter colour on electron micrographs,
this structure probably also consists of amorphous Si. It can also be noticed that TiSi2 crystals located
near the mixture of TiN crystals of nanometric size and easily recognizable from their round-shaped
morphology seem compressed and buckled. This phenomenon could be related to the mechanism
of formation of TiN phase from TiSi2 crystals and nitrogen. Nitrogen diffuses from the surface into
the TiSi2 film through grain boundaries where it reacts with TiSi2 that promotes the formation of
TiN. The Si is released during the reaction and the TiN phase crystallizes into small crystals oriented
along their [110] zone axis then displaying a square-shaped morphology. Since, the whole structure
has grown inside TiSi2 crystals grain boundary, it could have a strong effect on the morphology
and orientation of TiSi2 crystals. In the same way, the structures of lighter and bright colour iden-
tified at the film-substrate interface could be the remaining Si which segregates at the surface of Si
substrate.

The HRTEM micrographs (c), (d) and (e) in Fig. 7 display the Si-TiSi2 and TiSi2 (oriented)-TiN
and TiSi2-TiN(oriented) interfaces, respectively. They exhibit a flat and smooth morphology. The

FIG. 7. Electron micrograph of Ti film heated at 800◦C and exposed to (Ar-33%N2-1%H2) plasma for 6 h (a). SAED pattern
of the structure indicated by the white arrow (b). HRTEM electron micrographs of Si substrate-TiSi2 interface (c), TiN-TiSi2
interface (TiSi2 is oriented) (d), and TiN-TiSi2 interface (TiN is oriented) (e).



095105-10 Jauberteau et al. AIP Advances 8, 095105 (2018)

micrographs (c and d) clearly display the (220) and (-131) atomic planes of TiSi2 with an interplanar
angle of about 67◦ in agreement with the calculated value. The TiSi2 crystal is oriented along its
[-11-4] zone axis. The (1-1-1) atomic plane of the TiN crystal is adjacent to the TiSi2-TiN interface
in Fig. 7(e).

FIG. 8. Electron micrographs of Ti films heated at 800◦C and exposed to (Ar-33%N2-1%H2) plasma for 18 h (a) and (b).
TiN crystals are viewed in the [110] direction (b). Electron micrograph of another region of the film consisting of crags of
TiN crossed by corridors of Si (c). SAED patterns of crags (d) and corridor (e).
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3. Microstructural properties of the TiN film processed for 18 h

Ti films, 250 nm thick heated at 800◦C and exposed to (Ar-33%N2-1%H2) for 18 h, only consist
of square-shaped crystals of TiN (Fig. 8(a)).

As the final thickness of the film is determined from the growth of TiSi2 phase, it did not change
from 6 h to 18 h of treatment duration. However, the size of crystals is larger since they can reach about
200 nm wide (Fig. 8(b)). As previously seen in films processed for 6h, TiN crystals display a flattened
morphology with the [110] direction perpendicular to the flat surface. The surface of the film and the
film-substrate interface are very rough. No round-shaped crystals of TiSi2 are identified. However
large islands about 1 µm wide of white colour are clearly visible in the region of the film-substrate
interface. Their appearance is quite similar to the amorphous Si identified in the film exposed to the
plasma for 6 h. So, it seems that Si released during the formation of TiN from the reaction of TiSi2
with nitrogen has segregated at the surface of the Si substrate. Another region of the film is shown
in Fig. 8(c) which mainly consists of crags 50 to 100 nm wide extending from the surface up to the
film-substrate interface and crossed by corridors which give a very rough aspect to the film. The Si
substrate-film interface and the corridor consist of very small crystals of nanometric size of lighter
colour embedded in a smooth and amorphous like gangue. The SAED patterns displayed in Fig. 8(d)
and (e) corresponds to crags and corridor, respectively. The SAED pattern (d) shows reflections of the
TiN cubic structure oriented along its [110] zone axis whereas the SAED pattern (e) is identified as Si
of cubic structure oriented along its [110] zone axis similarly to the Si substrate. This result shows that
Si released from the reaction between TiSi2 and nitrogen moves towards the Si substrate by corridors
where it segregates. The lack of Si reflection lines on XRD patterns after 18 h of plasma treatment
is related to the fact that Si epitaxially grows on the surface of the Si substrate. Similar results have
been previously obtained for TiSi2 films, 100 nm thick and annealed in NH3 ambient at 820◦C for
1h,26 although these experiments have been made under very different experimental conditions. In
this work, a TiN layer varying in thickness with a maximum equal to 50 nm is identified at the surface
of the film whereas the bulk of the film only consists of Si epitaxially grown on the Si substrate.
So, in both experiments, Si released from the reaction between TiSi2 and N, moves into the lower
silicide region and segregates at the interface where it grows epitaxially on the Si substrate. However,
in contrast with this previous work, all the TiSi2 film about 500 nm thick is converted into TiN film
with some Si localized at the film-substrate interface and through the TiN film.

IV. DISCUSSION

The simultaneous formation of silicides and nitrides at the Ti-Si interface and at the Ti film
surface, respectively has been mainly studied in Ti films coated on Si substrates and processed by
RTA in ambient N2 or NH3.3,8,10,11,26 Since Ti metal is very reactive towards Si, it is well established
that strong Ti-Si intermixing occurs at the bottom interface with the formation of a disordered region
consisting of Ti, Si and O of composition close to TiSi at very low temperatures before silicides
start to grow at higher temperatures.27,31,24,6,22 The formation of TiSi has even been identified in
Ti-amorphous Si systems at room temperature.4 The kinetic of formation and the structure of TiSi2
strongly depend on previous reaction stages at least for very thin films. The growth of TiSi2 has been
found to be diffusion controlled.3 It is worth noting that in the present work, Ti films coated on Si
substrates are made by titanium evaporation on Si (100) substrates heated at 400◦C in the presence of
impinging ions (bias equal to -400V). So the formation of amorphous Ti-Si alloys at the Ti-Si interface
which improves the kinetic of formation of TiSi2 compounds cannot be ruled out. In our previous
study,21 we have shown that because of the high reactivity of Ti, the silicide phase is formed very
rapidly. The growth of TiSi2 and TiN phases are thermodynamically and kinetically controlled. At
400◦C, Si diffuses into grain boundaries and grains of Ti and simultaneously NHx species produced
in the plasma react at the film surface and N diffuses into Ti films via grain boundaries. At 500◦C,
TiSi and C49TiSi2 crystallize and simultaneously TiN of amorphous structure is formed. Ti films
heated at 600◦C and exposed to (Ar-33%N2-1%H2) plasma for 30 min consist of large crystals of
TiSi2 and TiN of amorphous structure.21 TiN only starts to crystallize at 800◦C. The growth of the
TiN phase at the expense of the TiSi2 phase has been well evidenced in the present study. It is in
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agreement with thermodynamic data since the enthalpy of formation of TiN is lower than the one
of TiSi2. The values are equal to -338 kJmol-1 and -134 kJmol-1, respectively.23 To our knowledge,
the simultaneous growth of TiSi2 and TiN phases has not been so clearly evidenced up to now. In
literature, authors report that both reactions are expected to proceed rapidly in opposite directions
and stop when the TiSi2 and TiN fronts meet with each other in Ti films coated on Si substrates and
processed by RTA in N2 or NH3 ambient.1,3,26 Although, according to thermodynamic considerations,
TiN is expected to grow at the expense of TiSi2, the reaction of formation of TiN from TiSi2 would
be extremely slow in the range of temperatures from 400 to 600◦C, and so, the nitridation of TiSi2
would not occur at measurable rates. The nitridation of TiSi2 only starts at 800◦C.26

So, in the light of the detailed results which have been obtained in this work, an attempt to
describe the mechanism of formation and growth of TiN in Ti thin films heated at 800◦C and exposed
to (Ar-N2-H2) expanding plasma can be performed.

In the early stages of the process, because of the high reactivity of Ti, TiSi2 crystals of large
dimension are rapidly formed in Ti films heated at 800◦C and exposed to (Ar-33%N2-1%H2) plasma.
Simultaneously, NHx species produced in the plasma react on the surface of the Ti film and N diffuses
into the film through grain boundaries. The next stages of the process include the formation of TiN
at the surface and in the bulk of the film according to the reaction between TiSi2 and nitrogen, and
the growth of the TiN phase at the expense of TiSi2. This stage is especially emphasized by the
catastrophic decrease of the intensity of the (040) reflection line of TiSi2 and the huge increase of the
(220) reflection line of TiN corresponding to films processed between 6 and 12 h. This phenomenon
has been related to stresses which develop into such thin films. The formation of TiN and free Si
in the bulk of the film is especially highlighted by the presence of TiN crystals of nanometric size
which seem embedded in an amorphous structure consisting of Si and identified in films processed
for 6 h. The growth of TiN phase leads to the formation of a layer of square-shaped crystals of TiN,
50-100 nm large on the top of round-shaped TiSi2 crystals about 300 nm large. Growth steps have
been identified on TiN (110) planes. They are formed with zigzag {111} facets. The results have
also shown that (111) atomic planes of TiN crystals are adjacent to the flat and smooth TiSi2-TiN
interface. During the growth of TiN crystals, free Si moves to the Si substrate via corridors located
between piles of TiN crystals where it epitaxially grows in agreement with Willemsen et al.26 This
phenomenon highlights the final stage of the process. The TiSi2 phase is fully transformed into TiN in
films processed for 18 h and TiN crystals are about 200 nm large. It is worth noting that the production
of silicon nitrides in amorphous structure during the reaction between TiSi2 and nitrogen cannot be
ruled out.

V. SUMMARY AND CONCLUSIONS

Ti thin films have been processed in (Ar-33%N2-1%H2) expanding plasma. This process pro-
motes the chemical reactions between the plasma species and the surface of the metal. Plasma species
such as NHx, H atoms. . .reduce both oxide and carbide layers, which remain on the surface of the
metal, as well as those which form on the surface during the process. This property allows the transfer
of nitrogen into the surface of the metal to be improved. Plasma species are dissociated at the surface
of the metal and diffuse into the metallic film via grain boundaries. To our knowledge, the growth of
the TiN phase at the expense of TiSi2 in Ti thin films has been clearly demonstrated in this work for
the first time.

TiN is formed both at the surface and in the bulk of crystallized TiSi2 films. It crystallizes at
800◦C and grows at the expense of TiSi2 in agreement with the respective enthalpies of formation of
both compounds. The TiSi2 crystals, 200 to 500 nm wide are gradually converted into TiN crystals,
about 200 nm wide. This phenomenon has been clearly evidenced by the catastrophic decrease of the
TiSi2 (040) reflection line and the huge increase of the TiN (220) reflection line which are related
to stresses which develop in thin films. The variation of morphology and microstructures of both
phases during the nitriding process has been described in detail. The interface between both types
of crystals is flat and smooth. In contrast, the surface of the film and the film-substrate interface are
rather rough because of the large dimensions of crystals. Growth steps in the form of zigzag {111}
facets have been evidenced on TiN atomic (110) planes and TiN (111) atomic planes are adjacent
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to the TiSi2-TiN interface. A mechanism of formation of TiN crystals in the bulk of the TiSi2 phase
has been described. TiN is produced during the reaction between TiSi2 and nitrogen in TiSi2 grain
boundaries. It results in the formation of TiN crystals of nanometric size which seem embedded
in an amorphous structure consisting of Si released during the reaction. Si moves towards the Si
substrate through corridors between piles of TiN crystals, then it crystallizes and epitaxially grows
at the film-substrate interface.

We suggest that future studies would be focused on the influence of the plasma process on the
microstructure of both TiN and TiSi2 phases, and especially on the preferred orientation of crystallites.
The role of stresses, which develop in such thin films during the formation of TiSi2 and TiN phases,
will be investigated. Since the diffusion of nitrogen into titanium silicides is expected to improve the
electrical properties of Schottky diodes, electrical resistivity measurements could be performed on
TiSi2-TiN films under various plasma conditions. Moreover, the influence of various transition metal
interlayers on the formation and growth of silicides and nitrides would be considered.
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