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Abstract In this paper, titanium nitride nanoparticles were prepared in three
methods, In the first method, titanium nitride nanoparticles were prepared by
the Ball-mill method; in the second and third methods, the nanoparticles were
synthesized by the sol-gel, and the co-precipitation methods. The samples were
characterized by X-ray diffraction (XRD), UV-Vis spectroscopy, and scanning
electron microscopy (SEM), for the study of structural, linear optical prop-
erties, and surface morphology study, respectively. The Z-scan technique was
utilized to study the TiN nanoparticles nonlinearity. A change in nonlinear op-
tical behavior with an increase in input pump power and concentration of the
TiN nanoparticles was observed. Results showed that the TiN nanoparticles
give new potentials in nonlinear optical applications. The nonlinear optical
behavior of the TiN nanoparticles shifts from inverse saturation absorption to
saturation absorption with increase of intensity.

1 Introduction

Light control by changing the optical functions leading to the control and
manipulation of the light - matter Interactions, plays an important and key
role in the design and development of optical devices [1–4]. In fact, with this
achievement, a change of the optical parameters is possible, which is an inter-
esting fundamental scientific tool that leads to many advances in technologies
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related to optics and lasers [5–8]. Due to the great interest of researchers in
this area, the research in the nonlinear optics field has grown significantly
[1–4,9–11]. One way to achieve this goal is to make materials with differ-
ent synthesis methods [12–14]. It is also possible to prepare the material in
different concentrations and study its nonlinear behavior in different condi-
tions [15,16]. Therefore, the preparation of such materials will improve the
optical properties. These materials can replace common metals in optical ap-
plications. Nanoscience is becoming increasingly important as a pioneering
technology in the production of such materials. These materials have been
considered by many researchers due to their use for dual optical and mechan-
ical applications. Among a wide range of these materials, metal nitrides are
known as inter-metallic materials due to their electronic structure similar-
ity to metals. Titanium nitride (TiN) is an example of such a material[17–
21]. Several outstanding features such as high hardness properties (2000 kg
/ mm2), corrosion resistance and high melting point (2930 degrees Celsius),
good compatibility with the body, different production methods, and low man-
ufacturing costs, make it a suitable alternative to commonly used metals (gold
and silver) in optical applications. Proper electrical conductivity has made it
a special electrical ceramic for self-heating plants and a conductor for elec-
tronic applications. The properties of titanium nitride generally depend on
the stoichiometry (titanium to nitrogen molar ratio), impurities (such as oxy-
gen and chloride), and the structure that can be controlled by changing the
synthesis method and process parameters [22–26]. Various methods have been
reported to synthesize of titanium nitride in bulk form or thin films using the
solid-state method[27–37]. These methods included chemical vapor deposition
(CVD)[28] and physical vapor deposition (PVD)[27,29], pulsed laser deposi-
tion (PLD)[30], sputtering[27], and chemical methods such as sol-gel[33], and
evacuation of electric arc. Most of these methods are performed at high tem-
peratures and high pressures and often require a lot of equipment. Titanium
nitride is an intermetallic material with a dark-blue color spectrum. It has
different phases; the main phase of TiN is in the form of face-centered cubic
structure (FCC), with a lattice parameter of 4.24 angstroms.

In addition to mechanical and chemical properties, the optical properties
of this compound are so important. One of the optical applications of TiN
is its utilization in anti-reflective coatings and optical filters [25]. In medical
science, it is used to increase quality and characteristics such as lightness, high
strength, less abrasion and more trenchancy of medical instruments. TiN is
also used in pigmented solar cells for increasing light absorption and solar cell
efficiency [38–41]. Experimental results have shown that performance of TiN
is more efficient than gold at high temperatures and light intensities. There-
fore, the use of TiN can be of great interest in nonlinear optics applications
[43–45]. Assistance in photonic development, spectroscopy, fiber optic lines,
optical switches, etc., requires knowing the nonlinear optical behavior of mate-
rials. Many of the nonlinear optics phenomena result from nonlinear refractive
index and nonlinear absorption coefficient. The research community has been
looking for nonlinear materials to develop and manufacture light-controllable
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Fig. 1 Left: Sample before Ball mill process, Right: resulted sample after Ball mill process.

materials. There are many methods for measuring optical parameters accu-
rately. One of the best ways for simultaneous the nonlinear refractive index
and the nonlinear absorption coefficient is the Z-scan method [46–49].

In this paper, titanium nitride was synthesized in different ways to achieve
the goal of controlling the interaction of light and matter. Preparation of TiN
nanoparticles was performed using simple methods at low temperature, and
atmospheric pressure. Then, from each sample, different concentrations were
prepared, and the nonlinear optics behavior of TiN was studied. The nonlinear
interaction of a continuous wave (CW) diode-pumped second harmonic Nd-
Yag laser with a power of 150 mW at 532 nm was studied using open-aperture
and close aperture Z-scan technique. This setup was used to measure the
nonlinear refractive index and nonlinear absorption coefficient variation of
TiN nanoparticles. Also, the nonlinear behavior of the prepared samples at
different laser intensities was studied.

2 Materials

Titanium isopropoxide, hydrazine, acetonitrile, ethanol, ethylene glycol Wash-
ing the tools Before starting the test, all used equipment was washed with
ethanol, and then with acetone and dried at 120° C.

3 Preparation

In this paper, titanium nitride was prepared by both physical and chemical
methods. The Ball mill method was used as a physical process, and two chem-
ical processes were used as co-precipitation and sol-gel methods.

3.1 Ball-mill process

To prepare titanium nitride nanoparticles, samples were purchased from Merck
company with a particle size of up to 300 micrometers. The left Figure 1
shows the primary sample. Then, a Ball mill was used to grind and pulverize
the powder, and 10g of TiN particles were poured into the chamber. After
checking the device settings, milling was done. Samples were placed in this
process for 30 minutes at 350 and 500 rpm rotation rate of the balls. At the
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Fig. 2 The preparation process of TiN by co-precipitation method.

Fig. 3 The preparation process of TiN by sol-gel method.

end of the mill, the nanoparticles are removed from the chamber, shown in the
right Figure 1.

3.2 Co-precipitation method

Firstly, for preparing titanium nitride by co-precipitation method, needed
equipments were washed with deionized water and acetone, thoroughly, and
then dried at 120°C. The 0.339M clear solution of Titanium isopropoxide
(TTIP) was prepared after adding the acetonitrile, stirring duting 20 min-
utes at 80°C. Then hydrazine was added to solution drop-wise to change its
colour to creamy (light brown). The solution was refluxed for 12 hours in an
oil bath at a uniform temperature of 80°C. Finally, using a vacuum desiccator,
the solution was kept at 120°C for 15 hours and then at room temperature for
5 hours. The resulting dry powder had a brown color. The resulting powder
was exposed to ammonia gas at 1000°C and 500SCCM gas flow for 5 hours,
and finally dark brown titanium nitride nanoparticles were obtained. Figure 2
shows the steps of TiN synthesis by co-precipitation method.
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3.3 Sol-gel method

For synthesis of TiN by sol-gel method, Titanium isoperoxide (TTIP) was
immersed in nitrogen gas for 10 minutes; after 20 minutes stirring at 80°C,
ethanol was added to solution slowl and ethylene glycol was added drop-wise
as a complexing agent. The sol was obtained after 9 hours reflux in oil bath
at 80°C; then the gel was obtained after heating and drying at 120°C for 15
hours in the air and and 3 hours in vacuum respectively. The gel was prepared
as powder, and finally TiN nanoparticles were obtained after placement of the
powder under ammonia exposure for 5 hours at 500 SCCM.

Figure 3 shows the steps of performing the test.

4 Characterization methods

The study of the structure, linear optics properties, and morphology of the
samples, ware performed by x-ray diffraction, Uv-Vis spectroscopy, and scan-
ning electron microscopy (SEM), Respectively. Moreover, the samples chemical
bonds were also investigated via Fourier transform infrared spectroscopy.

4.1 Nonlinear optical setup

The nonlinear optical properties, the nonlinear refractive index, n2, and the
nonlinear absorption coefficient, β, of the samples were investigated experi-
mentally by the Z-scan technique [46–49]. The Z-scan setup is shown in the
Figure 4.

The Nd-Yag C. W. laser beam with Gaussian intensity distribution, the
wavelength of 532nm was performed. The laser beam power was 150mW with
a beam waist of 6µm. The intensity of the laser beam was controlled by the
neutral density filters. The laser beam converged by a lens with f = 15cm.
The sample moves along the axis of the light beam, near the focal point.
Two intensity detectors (Thorlabs, model PM100) are used to investigating
the nonlinear refractive index and nonlinear absorption coefficient. The first
intensity detector was used to measure the nonlinear refractive index, n2, and
the second intensity detector was used to measure the nonlinear absorption
coefficient, β. In this experiment, first, the intensity of the input light beam
was measured without the presence of the sample. Then the different samples
(TiN nanoparticles), with varying concentrations within a 1 mm thickness
quartz cell, were moved by a high-precision optical rail. The samples were
displaced along the z-direction of the beam (through the focus of the lens).
The optical rail was accurately shifted along the z-direction near the focal
point of the lens using a DC stepper motors, automatically. The variations of
intensity corresponding to the different positions of the sample were recorded
by two intensity detector(Model PM100) for open and close aperture; these
variations were, then, stored in a computer automatically.
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Fig. 4 The experimental setup of open-aperture and close-aperture the Z-scan technique:
Laser is Nd-Yag, D1, D2 and D3 are intensity detectors, BS1 and BS2 are beam splitter.

5 Results and discussions

5.1 Structural study

5.1.1 Ball Mill method

Figure 5a represents a comparison of the reference XRD diffraction pattern
(down) and the samples prepared by the Ball mill method. The reference XRD
pattern corresponds to the TiN powder purchased from Merck. The strong
peaks along [111], [200], [220], [311], and [222] crystallographic directions are
well observed at 36.76°, 42.56°, 61.76°, 74.12°, and 77.96° respectively with
the lattice constant of 4.241Ao (JCPDS card No.1420-38). Two upper graphs
represent the samples prepared by the Ball mill method. The patterns show
that the milling process creates a peak at an angle of 43.64° corresponding to
the (210) plane of TiO2 Rutile phase (JCPDS 88-1175) that is shown as an
impurity on the graph with a+ sign. This oxide phase could be due to the
warming and oxidation of titanium during the milling process. The intensity
of this peak is higher in the sample prepared at a lower rotation rate (350
rpm). By increasing the number of rotations, the rotation rate, and time of
the milling process, the intensity of the TiN peaks increased, and the TiO2

peak at 43.64° decreased. A fine shift of the peaks to higher angles in the
milled samples (see table 1) could be attributed to a decrease of Bragge planes
distances due to fabricating of nanoparticles. The nanocrystallites size are
estimated by Scherrer equation [49]:

D =
kλ

βCosθ
(1)
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where k is a constant, which is about 0.89 for spherical nanoparticles, λ is the
wavelength of Cu kα peak equal 0.15406nm. θ is the Bragge diffraction angle.
β is the FWHM of the peak.

5.1.2 Sol-gel method

Figure 5b represents the XRD patterns of the samples synthesized by the sol-
gel method followed by calcining in ammonia atmosphere between 700-1000°C.
As presented, as prepared sample presents the pattern of rutile phase of TiO2.
The effect of calcination temperature is indicated in upper patterns. It is ob-
served that after calcining, the rutile phase of TiO2 evolved to TiN . At 700°C
there is a binary system of Brokite phase of TiO2 (denoted by +)(JCPDS card
No. 29-1360) and TiN (denoted by *) (JCPDS card No.1420-38). At T=800°C
the structure has changed to TiN with some weak diffraction peaks which are
disappeared after calcining at T=1000°C, the sample is completely purified
without titanium oxide phases containing main crystallographic directions of
[111], [200], [220], [311], and [222] of TiN .

5.1.3 Co-precipitation method

Figure 5c shows a sample synthesized by the co-precipitation method. These
patterns indicate the effect of calcination of the sample at temperatures of
700-1000 oC in an ammonia atmosphere. In this sample, with increasing the
calcination temperature, an evolution in the structure from TiO2 to TiN has
occurred. At 700oC, titanium oxide dual phase of anatase and the rutile are
observed. As the temperature rises to 800oC, the TiN phase appeared (denoted
by *) while the TiO2 phase (denoted by + ) still exists. At T = 1000oC, the
completely purified crystalline the TiN phase is observed without any TiO2

phase.

5.2 Uv-visible spectroscopy study

Figure 6 shows the transmittance curves for titanium nitride nanoparticles.
As can be seen, the sample synthesized by the co-precipitation method has
the highest, and the sample synthesized by the sol-gel method has the low-
est transparency in the visible wavelength range compared to other samples;
which could be attributed to smaller nanoparticles sizes in the samples pre-
pared by co-precipitation method. Also, all samples have the same absorption
edge, because they have the same structure after calcination at T=1000°C in
ammonia.

5.3 FT-IR spectroscopy study

FT-IR spectroscopy was effectuated for investigating the type of chemical
bonds in the synthesized samples. Figure 7a represents the IR transmittance
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Fig. 5 a - Comparison of the XRD pattern of the sample purchased from Merck, and TiN
nanoparticles prepared by Ball. Mill technique. b – The effect of calcination temperature in
ammonia atmosphere on the structure of the samples synthesized by the sol-gel method, c –
XRD pattern of the sample synthesized by co-precipitation calcinated at different temper-
atures in ammonia atmosphere,.
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Table 1 Crystallographic data of TiN prepared in different methods.

Samples hkl 2θ FWHM(×10−3) d(Ȧ) D(Ȧ) ∆(×10−4)

Merk

111 36.653 4.79 2.449 3050 10.7
200 42.587 4.95 2.121 3000 1.11
220 61.839 5.68 1.499 2840 12.39
311 74.086 6.83 1.278 2540 15.5
222 77.965 7.01 1.224 2580 15.02

Ball mill(500)

111 36.721 4.12 2.447 354 79.79
200 42.789 3.43 2.11 434 53.09
220 61.936 5.49 1.49 294 11.56
311 74.193 4.80 1.278 362 76.31
222 78.124 8.37 1.222 213 22.04

Ball mill(350)

111 36.76 4.12 2.444 354 79.79
200 42.68 3.43 2.118 434 53.09
220 61.931 2.74 1.498 590 28.72
311 74.23 8.23 1.227 211 22.46
222 78.039 10.04 1.223 177 31.91

Co-precipitated

111 36.83 5.49 2.44 267 14.02
200 42.746 5.49 2.1153 271 13.61
220 62.061 5.49 1.495 294 11.56
311 74.35 3.43 1.2758 507 38.9
222 78.129 5.86 1.223 304 10.82

Sol-gel

111 36.776 4.8 2.4438 304 10.82
200 42.7977 5.49 2.1129 271 13.61
220 62.031 3.43 1.4961 471 45.07
311 74.35 4.12 1.2758 422 56.15
222 78.159 5.861 1.2219 304 61.26

Fig. 6 UV-Vis spectra of TiN.



10 Mahdi Safa et al.

Fig. 7 FTIR spectra of sample prepared by a: Merck, b: the Ball mill method with 350rpm,
c: the Ball mill method with 500rpm, d: the sol-gel method, e: the co-precipitation method.

of the Titanium nitride sample purchased from Merck Company, Figure 7b
represents the Ball milled sample by 350 rpm rotation rate, and Figure 7c
corresponds to the same sample at 500 rpm. Figure 7d Sample also represents
the synthesized sample by sol-gel method, and Figure 7e corresponds to the
sample synthesized by the co-precipitation method.

In all of the spectra, the absorbance in the range of 3200cm−1 to 3700cm−1,
corresponds to O−H bond due to the presence of water and alcohol solvents
in the sample remained from synthesis process. In the range of 1570cm−1, a
double carbon bond is observed as C = C, which is due to carbonyl bonds.
Absorbance at 1406cm−1, is related to the C −H3 bond chain in the samples.
At 1343cm−1, a weak absorbance attributed to C bond is observed, which is
a sign of a unique carbon bond. The absorbance around 1122cm−1 is related
to C −O bond, corresponding to carbon dioxide in the chamber atmosphere.
Moreover it could be attributed to carbon and oxygen bond due to epoxy bond.
Absorbance at 1017cm−1, corresponds to Ti − N bond, which confirms the
formation of a titanium-nitride bond in the process. In the range of 649cm−1,
Ti − O bonds show oxygen and titanium bonds [31,50]. As presented, all of
the synthesized contain the Ti − N bonds confirming the synthesis of TiN
after calcining in ammonia atmosphere.

5.4 Study of surface morphology of titanium nitride nanoparticles

Scanning Electron Microscope (SEM) images of reference and synthesized sam-
ples by different methods are represented in figure 8. Figure 8a shows the sur-
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face morphology of the TiN particles perchased from Merck. The images show
the particles with homogeneous size, polyhedron, and irregular morphology.

Figure 8b shows describes the particles prepared by ball mill method at
350 rpm. It is observed pseudo-spheric and aggregated grains with decreased
size. The particles size are non-uniform and irregularly multifaceted.

Figure 8c shows the SEM images of the particles prepared by a the Ball
mill at 500 rpm. The particles are non-uniform and irregularly multifaceted.
SEM images of the Ball mill processed samples (Figure 8b and 8c) revealed
the porous structure with an average particles size around 100 nm with an
increase in porousity after processing.

Figure 8d shows the sample synthesized by the sol-gel method annealed
at 1000°C. The surface morphology shows the more aggregated particles with
higher size than ball mill method, while the porousity was decreased.

Figure 8e shows the images of the sample synthesized by the co-precipitation
method annealed at 1000°C in amonia atmosphere. Spherical aggregated par-
ticles in ball shaped grains with a size up to 100 nm and smaller than other
samples.

5.5 Determination of the band gap

For determining the optical band gap of the samples, the curves of the variation
of (αhν)2 versus photon energy, hν, are represented in Figure 9. The band gap
could be determined by extrapolating the straight portion to the energy axis,
i.e. (αhν)2 = 0 [51]. The band gap of the titanium nitride is reported as direct
and equal to 4.3 eV [52]. Based on the absorption edges, the prepared samples
have two band gaps. Depending on the method of preparation of nanoparticles,
their first band gap is from about 1.58 eV for the Ball mill method with 350
rpm to 1.95eV for the Ball mill processed sample at 500 rpm. The second band
gap of these samples varies from about 3.25 eV for the Ball mill sample at 500
rpm to about 3.94 eV for the Ball mill sample at 350 rpm (Figure 9).

For the samples synthesized by the co-precipitation method, according to
the absorption edges (Figure 5) and Figure 9c, the band gap was estimated to
be about 1.75 eV and 3.4 eV.

For the samples synthesized by the sol-gel method, according to the ab-
sorption edges (Figure 9d), the band gap was estimated to be about 1.82 eV
and 3.15 eV.

The first band gap can be attributed to the presence of the titanium oxide
phase in all of the samples as confirmed by the FT-IR spectroscopy, and the
second one corresponds to TiN phase. A band gap tuning has been down in
TiO2 − TiN nanocomposites in the range of 1.68 - 3.23 eV, which are the
values near the energies obtained in Figure 9 [53].
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Fig. 8 SEM images of samples prepared by a: Merck, b: the Ball mill method (350 rpm),
c: the Ball mill method (500 rpm), d: the sol-gel method (T=1000°), e: the co-precipitation
annealed in ammonia atmosphere (T=1000°C)

5.6 Nonlinear optics studies

By the Z-scan method, the nonlinear optical properties of the titanium nitride
with different synthesis methods were performed. The Z-scan technique has
the advantages of simplicity and high sensitivity; therefore it is an increasingly
popular method to measure optical nonlinearities of materials[47]. Using the
Z-scan setup, two important nonlinear optics parameters can be determined,
both size and sign[46]. This technique is used to measure both the nonlinear
absorption coefficient and the nonlinear refractive index. The Z-scan theory
can exhibit either a minimum in back focal(valley) followed by a maximum in



Title Suppressed Due to Excessive Length 13

Fig. 9 Variations of (αhν)2 versus photon energy (hν) for samples prepared by a: the Ball
mill method(350 rpm), b: the Ball mill method(500 rpm), c: the sol-gel method, d: the
co-precipitation.

front focal(peak) or a maximum in back focal (peak) followed by a minimum
in the front focal (valley), indicating the positive or negative sign of nonlinear
refractive index.

The nonlinear refractive index of materials is defined as follows

n = n0 + n2I = n0 +∆n, (2)

Where n0 is the linear refractive index, I is the intensity of beam, and n2 is
the nonlinear refractive index. To calculate the nonlinear refractive index and
nonlinear absorption coefficient, two detectors are used simultaneously, one
open aperture and the other closed aperture. The closed aperture detector,
nonlinear refractive index, and open aperture detector, nonlinear absorption
coefficient of samples are calculated. The nonlinear refractive index is obtained
from the following equation[46]

n2 =
δΦ0

kI0Leff
, (3)

where ∆Φ0 is related to the peak-to-valley of the normalized transmittance
obtained through the following equation

∆Tp−v ≃ 0.406(1− S)0.25∆Φ0, (4)

where S ≃ 0. Also, k is the wave number, I0 is the beam intensity in the focal
point, Leff = (1−exp(−α0L))/α0, L is the cell thickness, and α0 is the linear
absorption coefficient. The nonlinear refractive index n2(cm

2/W ) is obtained
from the best fitting performed on the experimental data by using Eq. 3. If
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n2 > 0 self-focusing effect, and if n2 < 0 self-defocussing effect will appear in
the sample. In other words, in the closed aperture setup, n2 is positive, when
the sample movie in the +z direction from left to right, the transmittance
curve, T (z), has a valley-peak. Also, when n2 is negative, the light intensity
increased, and the transmittance curve, T (z), has a peak-valley.

Also, the nonlinear absorption coefficient, β, is obtained by using [47]

β =
23/2[1− T0]

I0Leff
, (5)

Where T (0) is open-hole transmittance. When β > 0, it is saturable absorption
(SA); when β < 0, it is reverse saturable absorption (RSA) or two photon
absorption.

In this study, changes in sample synthesis, sample concentration change,
light-material interaction are manipulated. By installing different neutral den-
sity filters, the samples is illuminated with laser powers of 70mW, 85mW,
100mW, and 120mW. Also, different weight percentages 0.3%, 0.6%, and 1.2%
were prepared from the sample. In the first study, by changing the power of the
laser beam, using the neutral density filter, and at a constant concentration
of the sample, the nonlinear optical behavior was determined for the synthe-
sized nanoparticles in different methods. In the second study, by changing the
concentration of the sample with different weight percentages, the nonlinear
behavior of the synthesized nanoparticles by different methods was investi-
gated. The nonlinear properties of TiN prepared by the Ball mill (350rpm),
Ball mill (500rpm)co-precipitation, and sol-gel methods in different intensities
and concentrations are shown in Figures 10, 11, 12, and 13. The results show
well the change in the nonlinear behavior of TiN nanoparticles by changing
the concentration, laser beam intensity and synthesis of nanoparticles. In each
figure, up is the close aperture results and down is the open aperture data
results. The valley, followed by a peak normalized transmittance obtain from
the closed aperture Z-scan data indicates that the sign of the refraction in-
dex nonlinearity is positive (i.e.self-focusing). This behavior is observed in all
data. Also, The valley at the focal point obtain from the open aperture Z-scan
data in intensity of 85mW, 100mW, and 120mW indicates that the sign of the
nonlinear absorption coefficients is positive (i.e. saturable absorption). But the
open aperture Z-scan nonlinear optical curves at 70 mW, shows a peak at the
focal point, which indicates that the nonlinear absorption coefficient is neg-
ative (i.e.reverse saturable absorption). Therefore, as the figures show, with
the increase of the input beam power in the open aperture Z-scan diagrams,
we have a change from peak to valley, which shows the change from reverse
saturation absorption to saturation absorption.

In the process of absorbing saturation with laser beam radiation to TiN
nanoparticles, the electrons in the valence band of this material receive energy
and are excited, causing it to go to the conduction band. These electrons
continue this process until the conduction band becomes saturated. After the
conduction band is saturated, the band electrons do not absorb the energy
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Table 2 The values   of nonlinear absorption coefficient and nonlinear refractive index of the
sample prepared by the ball mill method (350rpm)

n2×10−8(m2/W ) β × 10−3(m/W )
Plaser C = 0.3% C = 0.6% C = 1.2% C = 0.3% C = 0.6% C = 1.2%
70mW 8.73 4.11 1.92 -0.89 -0.36 -0.15
85mW 7.53 3.58 1.75 5.87 3.14 1.81
100mW 7.09 3.18 1.57 5.65 2.94 1.61
120mW 7.07 2.82 1.35 4.97 2.74 1.40

Table 3 The values   of nonlinear absorption coefficient and nonlinear refractive index of the
sample prepared by the ball mill method (500rpm)

n2×10−8(m2/W ) β × 10−3(m/W )
Plaser C = 0.3% C = 0.6% C = 1.2% C = 0.3% C = 0.6% C = 1.2%
70mW 10.1 4.53 2.05 -0.83 -0.3 -0.13
85mW 8.60 3.8 1.77 5.47 2.9 1.73
100mW 8.32 3.54 1.58 5.54 2.53 1.55
120mW 7.12 2.96 1.42 4.86 2.64 1.33

capacity, which increases the light passing through the material. The reverse
saturation absorption process occurs through the ESA excited state absorption
process, in which the electrons of the valence band receive energy and are
excited and sent to the conduction band. They go to higher energy states in the
conduction band. In the interaction of light with TiN , the nonlinear absorption
process of this material takes place through a two-photon absorption (TPA)
process, in which the electrons of the capacitance band go to a virtual plane
by absorbing one photon and by absorbing a second photon. They go to the
delivery bar. In the open aperture curve, TiN sample with increasing the
power of the incident beam to the material, a state change from peak to
valley was observed, which is due to the conversion of saturation absorption
behavior to reverse saturation absorption matter. Using Eq. 3 and 5 and
determining the peaks and valleys in closed and open aperture diagrams, all
the nonlinear refractive index and the nonlinear absorption coefficients of the
studied samples were determined separately. The results are given in Tables
2, 3, 4, and 5.

According to Tables 2, 3, 4, and 5 at a concentration of 0.3%, with in-
creasing the intensity of the input beam, the nonlinear refractive index de-
creases and the nonlinear absorption coefficient decreases. At a concentration
of 0.6%, with decreasing the intensity of the input beam, the nonlinear refrac-
tive index increases and also the nonlinear absorption coefficient increases. At
a concentration of 1.2%, with decreasing the intensity of the input beam, the
nonlinear refractive index increases and the nonlinear absorption coefficient
also increases. At the lowest intensity (70 mW), the value of the nonlinear
absorption coefficient is negative, which indicates a change to the reverse sat-
uration absorption mode. At 120 mW intensity, the nonlinear refractive index
and nonlinear absorption coefficient decrease with increasing concentration. At
an intensity of 100 mW, the nonlinear refractive index, and nonlinear absorp-
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Fig. 10 Nonlinear optical properties of titanium nitride prepared by Ball mill(350 rpm)
method. The closed aperture Z-Scan data with different concentration and laser beam power
of a: 70mW, b: 85mW, c: 100mW, and d: 120mW, the open aperture Z-Scan data with
different concentration and laser beam power of e: 70mW, f: 85mW, g: 100mW, and h:
120mW.



Title Suppressed Due to Excessive Length 17

Fig. 11 Nonlinear optical properties of titanium nitride prepared by Ball mill(500 rpm)
method. The closed aperture Z-Scan data with different concentration and laser beam power
of a: 70mW, b: 85mW, c: 100mW, and d: 120mW, the open aperture Z-Scan data with
different concentration and laser beam power of e: 70mW, f: 85mW, g: 100mW, and h:
120mW.
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Fig. 12 Nonlinear optical properties of titanium nitride prepared by the co-precipitation
method. The closed aperture Z-Scan data with different concentration and laser beam power
of a: 70mW, b: 85mW, c: 100mW, and d: 120mW, the open aperture Z-Scan data with
different concentration and laser beam power of e: 70mW, f: 85mW, g: 100mW, and h:
120mW.
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Fig. 13 Nonlinear optical properties of titanium nitride prepared by the sol-gel method.
The closed aperture Z-Scan data with different concentration and laser beam power of a:
70mW, b: 85mW, c: 100mW, and d: 120mW, the open aperture Z-Scan data with different
concentration and laser beam power of e: 70mW, f: 85mW, g: 100mW, and h: 120mW.
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Table 4 The values   of nonlinear absorption coefficient and nonlinear refractive index of the
sample prepared by the co-precipitation method.

n2×10−8(m2/W ) β × 10−3(m/W )
Plaser C = 0.3% C = 0.6% C = 1.2% C = 0.3% C = 0.6% C = 1.2%
70mW 10.6 4.67 2.21 -0.56 -0.26 -0.11
85mW 9.31 4.43 1.88 5.12 2.79 1.62
100mW 8.59 4.17 1.68 4.56 2.62 1.42
120mW 7.30 3.48 1.47 4.15 2.29 1.25

Table 5 The values   of nonlinear absorption coefficient and nonlinear refractive index of the
sample prepared by the sol-gel method

n2×10−8(m2/W ) β × 10−3(m/W )
Plaser C = 0.3% C = 0.6% C = 1.2% C = 0.3% C = 0.6% C = 1.2%
70mW 6.12 3.69 1.92 -0.50 -0.22 -0.092
85mW 5.95 3.2 1.86 4.47 2.63 1.53
100mW 5.3 3.1 1.73 4.36 2.55 1.41
120mW 5.05 2.63 1.50 4.15 2.15 1.23

tion coefficient decrease with increasing concentration. At 85 mW intensity,
the nonlinear refractive index, and nonlinear absorption coefficient decrease
with increasing concentration. At 70 mW, the nonlinear refractive index de-
creased with increasing concentration, and the nonlinear absorption coefficient
increased.

The results show that due to the nonlinear behavior of titanium nitride
in 70 mW is reverse saturation absorption can be to protect the eyes and
optical instruments against high intensity laser in low power. Also, due to the
nonlinear behavior of titanium nitride at all intensities is self-focusing, can
play an important role in the manipulate and correction of the shape of laser
pulses. The results in figure 14 show that the Synthesis and concentration
functions are a significant help in controlling and manipulating light-matter
interactions, provide a very effective way to improve optical properties and
thus play an important role in designing and manufacturing new materials for
use in optical processes.

6 Conclusion

In the present study, the titanium nitride nanoparticles were produced by sev-
eral methods. The XRD, FTIR, SEM, and UV-Vis techniques were employed
to characterize the TiN nanoparticles. The X-ray diffraction pattern revealed
the removal of the titanium oxide phase after annealing at 1000oC in ammonia.
SEM images confirmed the particles aggregation and increase of porousity in
the milled samples, due to the decrease in particle size. The Z-scan arrange-
ment was utilized to study the nonlinear optical properties of the samples as
a function of laser beam power and concentration of the nanoparticles in dis-
persed solution. The results show that with increasing concentration and laser
beam power, nonlinear refractive index and nonlinear absorption coefficient
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Fig. 14 Plot of nonlinear optical properties(β, n2) against concentration and laser intensity
for TiN nanoparticles.

decrease. As the input intensity increased in the nonlinear absorption of the
samples, a transition from saturation to reverse saturation was observed. In
other words, the value of the nonlinear absorption coefficient at the lowest
investigated intensity (70 mW) results in a negative value which decreases the
absorption coefficient. This coefficient was obtained at higher power (120 mW,
100 mW, 85 mW), which increased the absorption coefficient. Therefore, the
results showed that the nonlinear refractive index behavior of the samples is al-
ways similar and has Self-focusing behavior, but the behavior of the nonlinear
absorption coefficient at the power of 70 mW is inverse saturation absorption
and at other powers is the saturation absorption.
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Figures

Figure 1

Left: Sample before Ball mill process, Right: resulted sample after Ball mill process.

Figure 2

The preparation process of TiN by co-precipitation method.



Figure 3

The preparation process of TiN by sol-gel method.

Figure 4

The experimental setup of open-aperture and close-aperture the Z-scan technique: Laser is Nd-Yag, D1, D2
and D3 are intensity detectors, BS1 and BS2 are beam splitter.



Figure 5

a - Comparison of the XRD pattern of the sample purchased from Merck, and TiN nanoparticles prepared
by Ball. Mill technique. b – The effect of calcination temperature in ammonia atmosphere on the
structure of the samples synthesized by the sol-gel method, c – XRD pattern of the sample synthesized
by co-precipitation calcinated at different temperatures in ammonia atmosphere,.



Figure 6

UV-Vis spectra of TiN.



Figure 7

FTIR spectra of sample prepared by a: Merck, b: the Ball mill method with 350rpm, c: the Ball mill method
with 500rpm, d: the sol-gel method, e: the co-precipitation method.

Figure 8



SEM images of samples prepared by a: Merck, b: the Ball mill method (350 rpm), c: the Ball mill method
(500 rpm), d: the sol-gel method (T=1000°), e: the co-precipitation annealed in ammonia atmosphere
(T=1000°C)

Figure 9

Variations of (αhν)2 versus photon energy (hν) for samples prepared by a: the Ball mill method(350 rpm),
b: the Ball mill method(500 rpm), c: the sol-gel method, d: the co-precipitation.



Figure 10

Nonlinear optical properties of titanium nitride prepared by Ball mill(350 rpm) method. The closed
aperture Z-Scan data with different concentration and laser beam power of a: 70mW, b: 85mW, c: 100mW,
and d: 120mW, the open aperture Z-Scan data with different concentration and laser beam power of e:
70mW, f: 85mW, g: 100mW, and h: 120mW.



Figure 11

Nonlinear optical properties of titanium nitride prepared by Ball mill(500 rpm) method. The closed
aperture Z-Scan data with different concentration and laser beam power of a: 70mW, b: 85mW, c: 100mW,
and d: 120mW, the open aperture Z-Scan data with different concentration and laser beam power of e:
70mW, f: 85mW, g: 100mW, and h: 120mW.



Figure 12

Nonlinear optical properties of titanium nitride prepared by the co-precipitation method. The closed
aperture Z-Scan data with different concentration and laser beam power of a: 70mW, b: 85mW, c: 100mW,
and d: 120mW, the open aperture Z-Scan data with different concentration and laser beam power of e:
70mW, f: 85mW, g: 100mW, and h: 120mW.



Figure 13

Nonlinear optical properties of titanium nitride prepared by the sol-gel method. The closed aperture Z-
Scan data with different concentration and laser beam power of a: 70mW, b: 85mW, c: 100mW, and d:
120mW, the open aperture Z-Scan data with different concentration and laser beam power of e: 70mW, f:
85mW, g: 100mW, and h: 120mW.



Figure 14

Plot of nonlinear optical properties(β, n2) against concentration and laser intensity for TiN nanoparticles.


