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Titanium nitride (TiN) thin �lms were deposited by reactive pulsed laser deposition (RPLD) technique. For the �rst time, the
composition evaluated from proton elastic backscattering spectrometry, in a quantitative manner, revealed a dependence on
the partial pressure of nitrogen from 1 to 10 Pa. Grazing incidence-XRD (GI-XRD) con�rmed the formation of predominantly
nanocrystalline TiN phase with a crystallite size of around 30 nm. e hardness showed maximum value of ∼30 GPa when the
composition is near stoichiometric and the friction coefficient was found to be as low as 0.3. In addition, a systematic optical
response was observed as a function of deposition pressure from the surface of the TiN �lms using spectroscopic ellipsometry.

1. Introduction

Titanium nitride (TiN), by virtue of its high hardness, high
melting point, low density, chemical stability, corrosion
resistance, low coefficient of friction, lower wear rate, and
so forth, is the most extensively used protective coating
material [1–4]. All these properties depend on the coating
techniques and vary as a function of deposition conditions.
Amongst the gamut of available techniques, reactive pulsed
laser deposition (RPLD) has distinct advantages to deposit
ceramic �lms using metallic targets.

Despite large volume of published work on TiN synthesis
using RPLD, none brings out a clear recipe for synthesizing
high-quality TiN �lms with desired stoichiometry, structure
and morphology. For many applications, quantitative evalu-
ation of the composition is very essential as the properties
of TiN are closely related to its stoichiometry [1]. Till date
there is only one research article that attempted to study
the systematic evolution of structure in RPLD grown TiN
�lms and a review article which summarized those results

was published in 2002 [5, 6]. Even that article did not report
quantitative compositional variation with nitrogen pressure
and proposed the deposition of nanocrystalline TiN �lms
over a range of deposition pressures (0.7 to 7 Pa) without
accounting for the �ner variations in the given range. In
fact, the ellipsometry was used in-situ by Heil et al. to
monitor, in-situ, the thickness of the �lms rather than to
characterize the optical properties [7]. ough qualitative,
in a recent work, we presented a novel secondary-ion-mass-
spectrometry (SIMS) based methodology for optimization
of three important process parameters, namely, deposition
pressure, substrate temperature and pulse energy [8]. As rel-
ative sensitivity of elemental factors arising from the matrix
effects are little known, obtaining quantitative estimates of
the elemental composition from SIMS data is difficult.

In this study, we present the systematic evolution of struc-
ture through grazing incident X-ray diffraction (GIXRD)
analysis and quantitative composition variation of RPLD
grown TiN �lms as a function of deposition pressure in the
range of 1.0 to 10.0 Pa using proton elastic back scattering
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(PEBS) spectrometry. PEBS is superior to the conventional
Rutherford backscattering spectrometry (RBS) using alpha
particles, especially for analyzing low Z elements embedded
or present as �lms on higher Z substrates [9]. In the particular
case of obtaining compositional information of TiN using
conventional RBS it is imperative to deposit these �lms on a
lower Z substrate (usually a carbon/silicon substrate). But the
application of PEBS facilitates determination of composition
of the TiN�lms coated over the structuralmaterial itself [AISI
304 SS]. In the present study, the effect of deposition pressure
in in�uencing the structure, composition, andmorphology of
TiN �lms is addressed.

2. Experimental

A complete description of the experimental facility is given
in our earlier publication [10]. A Q-switched Nd:YAG laser,
operating at 1064 nm with a �uence of 4 J/cm2 and 10Hz
repetition rate, was introduced into an ultra-high vacuum
(UHV) compatible reaction chamber through a quartz win-
dow and was focused to approximately 2mm diameter
circular spot at the target surface at an oblique incidence of
45∘. e laser pulse duration was 5 ns. A titanium disc of
24.5mm diameter, 10mm thickness, and having purity of
99.9% was used as a target. e target was rotated at 3 rpm
to prevent crater formation and to expose fresh material for
laser ablation. Prior to deposition, the AISI 304 SS substrates
(20mmdiameter× 3mm thick) were degreased, cleaned, and
dried. Part of the ablating plume was made to deposit on
the substrates positioned on a substrate heater, located just
in front of the target. A target-substrate distance of 40mm
was maintained during the deposition, and 1,00,000 laser
pulses were �red to get approximately 1𝜇𝜇m thick coatings.
e chamber was evacuated to a base pressure of 5.0 ×
10−5 Pa using a turbomolecular pumping system. Ultra-high
pure N2 gas was bled into the chamber using a mass �ow
controller. e coatings were characterized for structural,
compositional, and morphological information by GIXRD,
PEBS, and AFM, respectively. Hardness of the coatings
was evaluated by nanoindentation. e optical studies were
carried out using a SOPRA ESVG model rotating-polarizer-
type ellipsometer in the energy range 1.38 to 5 eV at an
angle of incidence of 75 degree. Low-load (25–100mN range)
friction and wear measurement were carried out using a
nanotribometer (M/s CSM Instruments, Switzerland).

3. Results and Discussion

3.1. Structural Determination. e GIXRD patterns of the
TiN𝑥𝑥 �lms, deposited on SS substrates with a constant pulse
energy and substrate temperature, are shown in Figure 1.e
nitrogen pressure inside the chamber was varied from 1 to
10 Pa in 5 steps. But for the small fraction of Ti2N, TiON,
and TiO2 phases, all the patterns indicated the formation
of single-phase cubic TiN (space group: Fm𝟑𝟑m) with a
lattice parameter of 4.234Å. is is in agreement with the
JCPDS data �le: 38–1420. While the �lms deposited at lower
pressures (≤3 Pa) showed the presence of Ti2N, deposition at

T 1: Composition of TiN thin �lms as measured using PEBS.

Deposition pressure 𝑃𝑃N2
(Pa) NN/NTi N0/NTi

1.0 0.44 0.56
3.0 0.82 0.18
5.0 0.90 0.10
7.0 0.76 0.24
10.0 0.59 0.41

higher pressures (above 5 Pa) indicates the incorporation of
oxygen into TiN leading to the formation of TiON or even
TiO2. At higher pressures, even a small increase of oxygen
in the background gas leads to a preferential formation
of oxides and oxynitrides as reported in literature [5, 11].
Formation of nearly stoichiometric and polycrystalline TiN
is observed for �lms deposited at around ∼5 Pa. us the
XRDpatterns con�rm the formation of stoichiometric TiN by
RPLD process and the presence ofminor amount of Ti2N and
TiON phases. e crystallite size was evaluated from (200)
peak using the Scherer formula and found to be around 28 nm
for all the �lms.

3.2. Compositional Evaluation. e proton backscattering
studies 14N(p, p)14N were carried out at an incident proton
energy of 2.0MeV so as to utilize a energy regime with
enhanced scattering cross section [9]. e proton backscat-
tering studies are standardized by obtaining the composi-
tion of a bulk TiN compound. e experimental spectrum
obtained for the bulk TiN was simulated using SIMNRA
program [12], and it is found that the estimated composition
is in agreement with the certi�ed value.e PEBS spectra and
the �ts obtained using SIMNRA for the TiN𝑥𝑥 �lms deposited
at 7 Pa are shown in Figure 2(a). e various edges (Ti,
substrate, O and N) are indicated. To obtain the quantitative
estimates, the experimental spectrum is simulated using the
SIMNRA code [12].

Cumulative composition of the �lms as a function of
deposition pressure was computed, and the results are
tabulated in Table 1. e tabulation clearly indicates the
trend in the N/Ti ratio. For the �lm deposited at 5 Pa, the
N/Ti ratio approaches stoichiometry and then drops. Oxygen
incorporation in titanium nitride �lms could be reasoned
as follows: titanium rich �lms deposited at lower nitrogen
pressures pickup more oxygen when exposed to air than
stoichiometric TiN �lms. But at higher deposition pressures
the quantity of impurity oxygen increases, and hence its
incorporation is more.

3.3. Morphological Investigations. e surface morphology
was analyzed using AFM over an area of 5 × 5𝜇𝜇m and
the results are shown in Table 2. e �lms grown at ∼1 Pa
revealed RMS roughness of 1.9 nm. Large number of particles
with average diameter of 100–200 nm were found to be
distributed. At low pressures, the incoming plume will have
high energy with highmean free path leading to high �ux and
nonuniformity. With increase in background pressure, the
incoming �ux gets thermalized due to decrease in mean free
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F 1: ��ray diffraction patterns of TiN �lms deposited at
different nitrogen pressures. (∗) and (S) denote peaks due to TiN
and SS substrate, respectively.

path.is leads to coalescence of the particles leading to fewer
and bigger particles. Hence the RMS roughness value at 3 Pa
increases to 2.2 nm and then further rises to 6.6 nm at 5 Pa.
However, at 7 Pa, due to the increased availability of nitrogen
and the collision events, the number of particles reaching
the surface reduces leading to the reduction in both number
density and their average height leading to reduction in RMS
roughness to 4.3 nm. Figure 2(b) shows the representative
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F 2: (a) P��S spectra and (b) AFM image of TiN �lms grown
at 7 Pa.

T 2: Roughness of the �lms as measured from AFM.

Deposition pressure (Pa) RMS roughness (nm)
1.0 1.9
3.0 2.2
5.0 6.6
7.0 4.5
10.0 4.3

AFM image of TiN �lms grown at 7 Pa. is trend continues
for the deposition pressure of 10 Pa.

3.4. Optical Properties. A qualitative behavior of the optical
response of the �lms grown at different partial pressures
is presented. e real part of the dielectric functions for
specimens deposited between 1 Pa to 7 Pa is shown in Figure
3(a). From the �gure, it is seen that the magnitude of the real
part of the dielectric function ⟨𝜀𝜀1⟩ increases with increase
in partial pressure of nitrogen, varying from ∼–5 @ 1.5 eV
for 1 Pa to ∼0.2 @ 1.5 eV for 7 Pa. e plasma frequency of
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the �lms is 2.37 and 2.0� (energy at which 𝜀𝜀1 = 0) for �lms
deposited at 1 Pa and 3 Pa, respectively. e typical value of
⟨𝜀𝜀1⟩ @ 1.5 eV and plasma frequency for a reference TiN is
typically −15 and 2.7, respectively. e increase in ⟨𝜀𝜀1⟩ and
plasma frequency is attributed to the formation of TiO2 which
is semiconducting and has a band gap of ∼3.2 eV. For the
�lm deposited at 5 Pa, the material is predominantly TiO2
(more than 50%). It is to be pointed out that, in ellipsometry,
the thickness that is probed depends on the material and is
typically 100 nm for the TiN owing to its metallic nature. e
percentages obtained from ellipsometry cannot be compared
one to one with that obtained from PEBS as PEBS probes
deeper into the �lm. e refractive indices shown in Figure
3(b) differ from that reported by Jeyachandran et al. [13] for
very low nitrogen concentration.e �lm shows an evolution
towards TiO2-rich phase with increase in partial pressure of
nitrogen. A clear systematic evolution is seen in the optical
properties and indicates the potential for being used in-
situ to characterize the relation between stoichiometry and
thickness [14].

3.5. Hardness. In order to evaluate the hardness of these
TiN coatings, samples were subjected to nanoindentation.
Figure 4 shows the results of nanohardness measurements
of a series of TiN coatings deposited at room temperature
on a AISI-SS-304 substrates with a total thickness of 1𝜇𝜇m.
e nanohardness of TiN samples reaches its maximum
at the deposition pressure of 3–5 Pa and then decreases at
higher deposition pressures. It is interesting to note that
average hardness values of �lms deposited at around 3–5 Pa
are greater than the hardness values of other deposition
pressure in concomitant with the PEBS results showing
higher nitrogen content with NN/NTi values greater than 0.8,
whereas the hardness values are lower for the higher oxygen
values.

3.6. Tribological Properties. Figure 5 depicts the typical
curves showing the variation of coefficient of friction (COF)
with two different speeds and two different loads when the
100Cr6 steel ball was made to slide on the RPLD grown TiN
�lms deposited at 3 Pa. At low speed (0.1m/sec) and low
load (100mN), the surface regenerates itself aer initial break
down as revealed by the rapid rise inCOF followed by a steady
decline. But at higher load (700mN), for the same speed
of (0.1m/sec), the COF falls initially due to smoothening
of surface asperities followed by steady increase due to
compound wear that consequently enhances COF. With the
passage of laps, the surface gets smoothened, and hence there
is a fall in COF which again rises much more steeply due to
the faster wear rates coupled with smoothening. However, at
higher speeds (0.5 cm/sec), a cyclic pattern in the variation of
COF is observed for both the loads (100 and 700mN), though
with different periodicity.

4. Conclusions

Studies have been carried out on the synthesis of nanocrys-
talline TiN thin �lms using RPLD through ablation of
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F 3: (a) Real part (𝜀𝜀1) and (b) Refractive index (𝑛𝑛 and 𝑘𝑘) for
specimen deposited at different nitrogen pressures.

high purity titanium targets in the presence of low-pressure
nitrogen gas, with constant temperature and laser power
using Nd:YAG laser operating at 1064 nm. Films were char-
acterized using GIXRD, PEBS, and AFM for their structure,
composition, and morphology, respectively. Ellipsometric
and hardness measurements indicated a systematic evolution
in both optical and mechanical properties. Results reveal
that deposition pressure is crucial for obtaining desired
stoichiometry. Nanocrystalline TiN close to stoichiometry
was obtained for the �lm deposited with nitrogen pressure
of 3–5 Pa with maximum hardness values as measured using
nanoindentation. Also, the friction coefficient of the TiN
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�lms, deposited by RPLD, was found to be low as compared
to that of their microcrystalline counterparts.
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