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This study reports the optical, electrical and mechanical properties of TiN films prepared by direct rapid thermal
nitridation process from a photo-patternable TiO, sol-gel layer. The sol-gel approach is compatible to non-planar
and large substrates and allows the micro-nanotexturing of crystallized TiN surfaces in a significantly short time,
large scale and at a lower cost compared to TiN layer deposition from existing and conventional processes (CVD,
PVD, ALD...). In this paper, the optical measurements are carried out by optical spectroscopy in the UV, visible
and near-IR region and by ellipsometry. The resistivity and the conductivity are estimated by four-point probe

method, while hardness is characterized by nano-indentation experiments. The results indicate that the TiN thin
film made by sol-gel method and rapid thermal nitridation are very promising for the manufacturing of optical
metasurfaces devices or new plasmonic materials.

1. Introduction

Metal-nitrides are very promising in the plasmonic materials field or
metasurface devices. Among them, titanium nitride (TiN) is one of the
most investigated compounds to date [1-3]. Indeed, TiN has intrinsic
physico-chemical and optical properties making it first-choice material:
low resistivity, high reflectance in the infrared spectral range, good
corrosion resistance, good chemical inertness, good thermal stability,
and high hardness [4-6]. Generally, TiN thin layer is obtained using a
wide range of deposition processes requiring vacuum technology, such
as reactive magneton sputtering [1,7-10], molecular-beam epitaxy
[11,12], chemical vapor deposition (CVD) [13-15], atomic layer depo-
sition (ALD) [16-19] or pulsed laser deposition (PLD) [20-22], under a
nitrogen or ammonia atmosphere. Unfortunately, due to its good hard-
ness and chemical resistance, TiN is not adapted for being micro or
nanostructured using standard etching process (Reactive Ion Etching for
example). To overcome this technological lock, the structuring of TiN by
sol-gel process seems promising because of its simplicity of imple-
mentation, its low cost and its compatibility to unconventional

* Corresponding authors.

substrates (non-planar and curve substrates). In a previous work, we
have shown that this method can be implemented by performing micro-
nano structuring on a photopatternable TiO5 sol-gel film, deposited from
a photosensitive sol, that is then converted into micro-nanostructured
TiOxNy using a high temperature thermal nitridation process in an am-
moniac atmosphere [23]. More recently, we have presented an inno-
vative and direct rapid thermal nitridation (RTN) process allowing us to
obtain micro-nanotextured crystallized TiN surfaces in significantly less
stringent conditions [24]. RTN appears to be a very promising alterna-
tive way to synthetize high-quality submicro-structured TiN thin films
with complex shapes on a wide range of substrates. In this paper, we
focus on optical, electrical and mechanical properties of TiN thin film
obtained by direct RTN process from a photo-patternable TiO2 sol-gel
layer. To our knowledge, the study of these properties, for a TiN thin
layer obtained by RTN process, has never been yet demonstrated.
Therefore, these first characterizations were performed on non-photo-
patterned thin films. The optical measurements are carried out by op-
tical spectroscopy in the UV, visible and near-IR region and by ellips-
ometry. The resistivity and the conductivity are estimated by four-point
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probe method, and hardness is studied by nano-indentation experi-
ments. Values of these properties are compared to TiN films obtained by
conventional layer deposition processes (PVD, CVD, ALD).

2. Materials and methods
2.1. Elaboration of TiOgz sol-gel layer

Using a specific sol-gel technique previously published and detailed
in the references [23,25-27], TiOy thin film was elaborated from a
mixture of two sols at room temperature. In summary, the first sol was
elaborated by mixing tetraisopropylorthotitanate (TIPT from Aldrich)
with deionized water, hydrochloric acid (HCl from Roth), and butyl
alcohol (BuOH from Alfa Aesar) as a solvent. The TIPT concentration in
the solution was 0.4 M, and the TIPT/H;0/HCl/BuOH molar composi-
tion was 1/0.82/0.13/23.9. The second sol was prepared from TIPT
complexed by benzoylacetone (BzAc from Aldrich) in methyl alcohol
(MeOH from Sigma-Aldrich). The TIPT/BzAc/MeOH molar composition
was 1/0.91/20.4. The photosensitive TiOz sol-gel was obtained by
mixing the two sols in order to form a final sol with a TIPT concentration
of 0.6 M and a BzAc/TIPT molar ratio of 0.6. The TiO5 sol was coated on
a silicate substrate (for electrical and optical characterizations) or on
silicon substrate (for mechanical measurements) by using spin coating
technique at the speed of 3000 rpm during 30 s. The obtained sol-gel
film was heated at 110 °C during 90 min, leading to a so-called xero-
gel film (for convenience, we will keep in the rest of the manuscript the
name TiO, for a xerogel comprising organic functions), with a thickness
close to 300 nm on silica substrate and 280 nm on silicon substrate.

2.2. Rapid thermal nitridation of TiO; thin film

Rapid thermal nitridation treatment of the TiO5 film was performed
in a reproducible and uniform process using pure NH3 gas under a
halogen infrared lamp-heated furnace (RTA As-One 100 from Anneal-
sys). Initially, the reactor was purged with a cycle of N2 (1000 sccm) and
vacuum. The samples are then irradiated for 30 s at 30% of the lamp
power 10 times, with 1 s at 1% of the lamp power between each heat
treatment to preserve the lamp and maximize its lifetime. Thus, the
thermal exposure process with the 10 cycles lasted 10 min. During the
nitridation process, a 1000 sccm NHj3 flow was introduced in the
chamber at a pressure of 10 mbar.

2.3. Structural and optical measurements

The films were characterized before and after nitriding process.
Spectrophotometric measurements (Cary 5000 UV-Vis-NIR from Agi-
lent Technologies) were performed in the infrared, visible and near-UV
region. Reflection spectroscopy measurement was carried out in spec-
ular configuration with an incident angle of 10°. Spectroscopic ellips-
ometry measurements (UVISEL from Horiba Jobin Yvon, associated with
DeltaPsi2 software) were carried out in order to determine the thickness,
the refractive index (n) and the extinction coefficient (k) leading then to
the corresponding €' and ¢” values of permittivity of the TiO, and TiN
thin films. Ellipsometry measurements were performed with an angle of
incidence of 60°, in the 0.7 to 4.5 eV spectral range with a 0.02 eV step.
The optical model consists in 2 layers on a semi-infinite glass substrate.
The first layer is made of the material under consideration. The second
layer is considered as a roughness layer, with a 50%-50% mixed
dielectric function between void and the dielectric function of the first
layer. For the TiO, material, we used a double Tauc Lorentz dispersion
formula. For TiN material, we used the classical dispersion model, based
on the sum of the single and double Lorentz, and Drude oscillators [28].
Phase composition of the layer after the RTN process was analyzed using
Raman micro spectroscopy measurements (LabRam ARAMIS) with
excitation at 633 nm (He—Ne laser). Investigation of the roughness of
the surface of the films was performed by interferometric confocal
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microscopy (Contour GT-K1, Bruker) with a white light source, allowing
to obtain roughness mappings of the film surfaces, as well as their
arithmetic (Ra) and quadratic (Rq) roughness coefficients.

2.4. Electrical measurements

Resistivity measurements were performed by the four-point probe
method. The surface resistance has been measured in ten different places
of TiO2 and TiN layers deposited on rectangular silica substrates of 20
mm wide x 15 mm length. The mean resistivity value was then derived
according to the samples thickness that was measured with a profil-
ometer Veeco Dektak 3 ST.

2.5. Transmission electron microscopy characterization

Structural investigations were conducted with electron microscopy.
Firstly, focused ion beam (FIB) lamellas were extracted from the two
samples using a FEI (Thermofisher) Helios 600i dual beam FIB/SEM
microscope. The two lamellas were thinned at different Ga™ ion voltages
and currents, and were finally thoroughly cleaned down to 1 kV in order
to optimally remove ion beam artifacts, such as re-deposition or
amorphization. Then, high-angle annular dark field scanning trans-
mission electron microscopy (HAADF STEM) was performed on the la-
mellas with a JEOL Neo-ARM 200F Transmission Electron Microscope.

2.6. Mechanical characterization

The hardness of the TiO5 film precursor and TiN film was determined
from load-displacement curves obtained with a commercial MTS
Nanoindenter XP apparatus carried out in dynamic mode (frequency =
32 Hz, amplitude = 2 nm) with a Berkovich diamond tip. The load, up to
50 mN, was also applied exponentially versus time, in order to keep a
constant strain rate %z 3.1072 57! throughout the loading procedure.
Each sample was characterized at ten different locations, in order to
check the reproducibility of the measurements. Nano-indentation in-
vestigations were first performed on a thick silicon substrate, on which
the TiO5 and TiN films were further tested.

3. Results and discussion
3.1. Structure and surface morphology
After nitration of TiO; sol-gel by RTN treatment, the thin film ob-

tained, shown in Fig. 1, clearly indicates the formation of a TiN layer
with the Raman bands from the TiN crystalline phase, in accordance

A TiN
TO
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A+O
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Raman Shift (cm™1)

Fig. 1. Raman spectrum of TiN thin film deposited on SiO, substrate.
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with results reported in previous works [24]. The 210, 318, 447 and 526
cm ™! bands observed in the spectrum relate to transverse acoustic (TA),
longitudinal acoustic (LA), second-order acoustic (2A) and transverse
optical (TO) modes respectively. The two broad bands around 825 and
1085 cm ™! are assigned to LA + TO and 2TO modes of TiN.

The quantification of roughness of the initial sol-gel TiO5 film and its
evolution after the conversion into TiN by the thermal nitridation pro-
cess, is paramount for the characterization of the films and further film
properties detailed hereafter. Roughness mapping, over about 130 pm x
100 pm, of the surface of TiO2 and TiN films deposited on the silicon
substrate, are respectively shown on Fig. 2a and d. Arithmetic (Ra) and
quadratic (Rq) roughness coefficients, deduced from these mappings,
are Ra = 4,9 nm and Rq = 6,1 nm for the TiO, surface, and Ra = 3,1 nm
and Rq = 3,9 nm for the TiN film. Typical X and Y profiles extracted from
the mappings are depicted on Fig. 2b and c for TiO5, and Fig. 2e and f for
TiN. Both film surfaces are rather smooth, in particular the TiN surface
consecutive to the nitridation process which does not modify signifi-
cantly the roughness of the TiO5 sol gel film.

As shown from high-angle annular dark field scanning transmission
electron microscopy (HAADF STEM) images in Fig. 3, the TiN layer is
quite porous and thin, with a homogenous thickness around 40-50 nm.

3.2. Optical properties

The UV-Visible-NIR reflectance and transmittance spectra of the
slightly yellowish TiO, thin layer obtained by spin-coating on silica
substrate (shown in Fig. 4a) present a typical strong absorption band of
TiOz under 400 nm, indicating its absorption in the UV wavelength
range. The transmittance spectrum presents no other absorption band in
the visible and near infrared range with a maximal transmittance higher
than 80%, indicating a good transparency in these regions. The reflec-
tance spectrum agrees with these results, with a reflectance lower than
20% and a slight purple color in reflection. After nitridation, changes in
optical properties can be observed as shown in Fig. 4b. We obtained a
gold/burnished color, characteristic of pure TiN sample. This is slightly
transparent due to the thin thickness (40 nm). The transmittance

X Profile: AX=126035.4996 nm; AZ=-0.8546 nm
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spectrum of the TiN thin film presents a maximum of 35% at wave-
lengths around 500 nm and decreases under 5% in the near-infrared
region. The reflectance spectrum indicates a minimum of 21% at 500
nm and a high reflection around 70% in near-infrared wavelengths
highlighting the metallic character of TiN [29].

The optical constant measured by spectroscopic ellipsometry for the
TiOs thin films before and after nitridation is presented in Fig. 5.

For TiOs, the refractive index (n) is calculated around n =2 and n =
1,7 in the visible (for A = 400 nm) and near infrared region (for A from
1100 to 2000 nm), respectively. After nitridation, the thickness of the
TiN film is estimated around 40 nm, in accordance with the values
determined by profilometry. The refractive index increases close to n =
5 for A = 2000 nm. The real part of the refractive index differs slightly
from the bulk value of the TiN reported in the literature [30]. It can be
explained, as previously demonstrated, by some porosity in the layer
that slightly reduces this real part.

The k value of the refractive index demonstrates absorption of the
TiN thin layer in the infrared range (k = 7 for A = 2000 nm), while it is
close to zero for the TiO; thin layer in the visible and infrared ranges.
From ellipsometry measurements, we can also deduce the corresponding
values of the real (¢/) and the imaginary (¢”) parts of permittivity with
the following equations:

@

e =n?—k,

et =2nk

(2)

These parameters allow us to conclude about the metallic properties
of the TiN layer. The €' and ¢” values are illustrated as a function of the
wavelength in Fig. 5 and d, respectively. The film presents the lowest
real permittivity around ¢ ~ —30 for A = 2000 nm. Generally, the
metallic property is estimated with the absolute value of the real part of
the permittivity (¢') and must be as high as possible to consider a good
metal (for example ¢ (Au) < —200 for A = 2000 nm). Concerning the
imaginary part of the permittivity, €’ evolves almost linearly as a
function of the wavelength up to ¢’ = 70 in the range of 500 and 2000
nm, which confirms the metallic behavior of the TiN film. It should be

~
~

¥ Profile: AX=94477 3178 nm; AZ=12 8207 nm
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Fig. 2. Roughness mapping of (a) TiO film and (d) TiN film, obtained by interferometric confocal microscopy; (b—c) extracted X and Y profiles for the TiO, film;

(e—f) extracted X and Y profiles for the TiN film.
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C FIB layer

Fig. 3. (a) Cross-sectional HAADF STEM and (b) high-magnification images of the TiN thin film.
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Fig. 4. UV-Visible-NIR reflectance and transmittance spectra of (a) TiO, and (b) TiN thin film. Inset (c) and (d): optical photographs of TiO, thin films in trans-
mission and specular reflection, respectively. Inset (e) and (f): optical photographs of TiN thin films in transmission and specular reflection, respectively.

noted that these optical results for TiN are also quite similar to those
obtained in previous work [24] while the NH3 flux used during the
nitridation process has been divided by two. To conclude from these
ellipsometry results, we observe a lower metallic behavior in our TiN
film compared to recent reports of plasmonic TiN [21,31], which can be
attributed, as discussed above, to the residual porosity due to the
preparation method, and thus explains the lower conductivity of the
metallic TiN films as discussed previously. However, as mentioned in
our previous work [24], these results show that the TiN layer, obtained
using a particularly simplified and low cost method, could be potentially
used as a plasmonic layer in the NIR range, with reasonably losses. These
has been demonstrated by the reflection spectrum of the TM polarized
incident beam with a dip in the reflection curve attributed to the exci-
tation of a Surface Plasmon mode, propagating along the metallic layer.

3.3. Electrical properties

The resistivity (p) and conductivity (c) of the layers can be respec-
tively deduced from the Egs. (3) and (4) with Rs the surface resistance
and d the thickness of the layer:

p = Rs*d, 3

c=1/p 4

These measurements are listed in Table 1. On the one hand, the

values indicate that the TiO, film presents dielectric properties with a
high resistivity close to 10° uQ-cm, i.e. a low conductivity around 10>
S/m. The resistivity is greater than that commonly reported for pure
TiO4 because in our case the TiO; film actually consists of a xerogel.
On the other hand, the TiN layer has a much higher conductivity of
6.6 x 10> S/cm, i.e. a much lower resistivity of 1.5 x 10~# pQ-cm. These
features illustrate the metallic character of the TiN layer and confirm the
high degree of nitriding obtained during the RTN process of TiOa.
However, this conductivity is about one order of magnitude lower than
those found in the literature for pure TiN obtained by physical deposi-
tion process (resistivity ~107° Q-cm) [33-35]. This difference in re-
sistivity could be attributed to this residual porosity due to the
preparation method, since the films prepared by the sol-gel route are
generally less dense than those obtained by physical route deposition.

3.4. Mechanical properties

Table 2 depicts the hardness of TiOy and TiN films deduced from
nano-indentation investigations.

The hardness of the silicon substrate is H = 11 + 0.5 GPa, in
agreement with typical values compiled in [36]. The hardness of the
TiO, film precursor is quite constant on the first 250 nm of plastic
penetration depth of the indentation tip, which is consistent with the
TiOs film thickness (280 nm). An average hardness value of 0.55 + 0.05
GPa is deduced from the 10 indentations at a depth rising between 140
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Table 1
Resistivity and conductivity of the films before (TiO,) and after (TiN) rapid
thermal nitridation treatment.

p (Q-cm) 6 (S/cm) Thickness (nm)
TiO, 8.45 x 10* 1.18 x 10°° 280
TiO, literature [32] 2.3 x 10*t0 1.0 x 10° / /
TiN 1.51 x 107* 6.64 x 10° 40
TiN literature [33] 28x10%t01.6 x 1074 / /

Table 2
Hardness of the Si substrate, TiO, and TiN films deduced from nano-indentation
investigations.

Material Si substrate TiO, film TiN film

Hardness (GPa) 11.0 £ 0.5 0.55 £+ 0.05 10.5 £ 0.5

and 160 nm, which corresponds to the half of the film thickness. This
hardness value can thus be considered as representative of the hardness
of the sol-gel precursor TiO; film. At higher penetration depth, the
hardness significantly increases, which is consistent considering the
hardness of the silicon substrate. The hardness of the TiN film obtained
after conversion of the TiO; film precursor by the thermal nitridation
process in an ammoniac atmosphere, was estimated to be 10.5 + 0.5
GPa. This value was obtained by applying the methodology published by
Zhou et al. suitable on the commercial nano-indentor, to extract the
mechanical properties of a very thin film deposited on a substrate, and
available on the MTS Nanoindenter XP used for our samples [37]. More
especially, the hardness was not calculated here using classical method
since the contact area calculated using the classical contact models

(Oliver and Pharr model, Loubet et al. model [38,39]) leads to errors for
penetration depths close to the film thickness (the hardness calculation
was performed at depths between 30 and 50 nm) [40]. The hardness
calculation using the Zhou et al. method requires also that the material
modulus is known and homogeneous at the depth range where the
hardness is calculated [40]. We assume, for the depths range used to
calculate the hardness, the reduced contact modulus is equal to the
indenter/substrate modulus (150 GPa). We assume here, the film elas-
ticity is negligible comparing the tip/substrate elasticity. This is an
important hypothesis, but seems realistic because the film is very thin,
and the penetration depths where the hardness is calculated is very close
to the substrate [40]. Such a hardness value appears to be in the lowest
range of usual TiN films, which exhibit hardness values within 10-25
GPa depending on their microstructure [41]. As discussed above for
resistivity, hardness values of films prepared by sol-gel methods are
generally lower compared to other synthesis methods, in agreement
with a less dense and more porous microstructure. Let’s pay attention
the hardness value of TiN film must be considered with care, since the
film is very thin and the hardness measurement of very thin layers is
extremely complex to determine by nanoindentation at this range of
depths, even using the Zhou et al. method. More especially, the tip
defect, even very small, can have an influence on the plastic zone around
the tip and the contact pressure at low depths, affecting the hardness
value. The objective is not to extract the exact hardness value of the TiN
film but more an order of magnitude, which seems to be in the range of
literature values. This order of magnitude would be helpful, in future
studies related to TiN synthesis from sol-gel process, to go further in the
quantification of the mechanical properties of TiN films obtained in
similar conditions.
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4. Conclusions

This study investigates the first attempt to synthetize TiN thin film
prepared from TiO; sol-gel layer by the rapid thermal nitridation pro-
cess, by investigating their optical, electrical and mechanical properties.
The nitridation condition results in a TiN layer with a maximal recorded
optical reflectance about 70% in the near-IR region, a refractive index n
= 5 and an extinction coefficient k = 7 for A = 2000 nm. Ellipsometry
measurements also indicated a metallic character in our TiN film close to
the literature. The metallicity was also highlighted by electrical mea-
surements with a conductivity of 6.6 x 10° S/cm and a resistivity of 1.5
x 10~ nQ-cm while the hardness of the as-deposited TiN thin film was
about 10.5 GPa. The authors explain these differences from the existing
and residual porosity of the initial TiO; sol-gel layer. From this study, we
have shown that this TiN layer has interesting properties, even if
metallic characteristics and hardness value are rather in the lower range
of usual TiN films obtained from conventional layer deposition tech-
niques. The residual porosity, inherent to the sol-gel route, comes from
the existing and residual porosity of the TiO; sol-gel coupled with the
low thickness of the resulting TiN layer, and it could explain these low
values. In future works, we will be focused on the optimization of the
TiO preparation and/or the nitriding conditions of the TiO thin film in
order to increase the thickness of the films and vary the porosity/
rugosity to verify these hypotheses. Such optical, electrical and me-
chanical properties of TiN thin films are very promising because the sol-
gel route is the unique technological route enabling the microstructuring
of TiN thin layer on non-planar and large substrates, based on dip, spin
or spray coating of direct photopatternable TiO; based sol-gel.
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