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The objective of this research is to investigate the evolution of the streamer discharge in 

transformer oil during the discharge and electrical breakdown stages. Observing the 

plasma's growth inside streamer discharge channels as the second Mode changes to the 

third Mode is the main goal of this investigation. This study provides details on the plasma 

channels, including the initiation time at which the streamer initially discharged, the 

velocity at which it expanded out, the streamer's radius, how it increased in size, and how 

it altered before it reached the cathode (plane electrode). The finite element method was 

used throughout this experiment using the Comsol Multiphysics program. The needle 

plate we used for the simulation has a fixed needle tip radius of 40 µm, with a gap of 1 

mm, and the process's applied voltages are 300 kV. 
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1. Introduction 
High-voltage electrical machinery and pulsed 

power systems typically employ transformer oil and 

other dielectric fluids. The electrical behaviors they 

exhibit in strong electric fields and potential 

breakdown processes give them significant practical 

value [1]. There have been theoretical and 

experimental research on the streamer shape, electric 

field, and velocity in liquid dielectrics for the past 

three decades [2-3]. Moreover, cutting-edge 

experimental methods have been used to study liquid 

breakdown and breakdown processes [4-7]. To 

comprehend the mechanics underlying electrical 

breakdown and lessen the possibility of it occurring, 

scientists and engineers have long examined the 

insulating characteristics of dielectric liquids, notably 

transformer oils [8]. This is due to the potential for 

extensive consequences of an insulation failure in an 

electric power apparatus. Its primary objective has 

been the creation of electrical streamers. When an 

extreme electric field stress of at least 1×108 V/m has 

been applied, these low-density conductive structures 

develop [9]. A streamer tends to become longer after 

it forms as it goes from the site of commencement to 

a grounding point. Persistent overexcitation may 

result in a streamer shorting the oil gap between the 

electrodes. As a result, an electrical breakdown will 

occur and an arc will form. The literature on 

streamers in dielectric liquids has grown significantly 

as a result of actual research that has been conducted 

extensively on the topic. The references [1] to [8] are 

indicative of this literature. Nevertheless, unlike the 

gaseous and solid phases, liquids have more 

complicated molecular structures and behaviors, and 

even the cleanest liquids include minute quantities of 

contaminants, which makes it challenging to identify 

the precise causes of electrical breakdown [7,8]. 

Researchers have experimentally discovered that the 

voltage input to the liquid (i.e., amplitude, polarity, 

waveform, duration, rising time, fall time, etc.) 

greatly affects the propagation properties of streamers 

[1-6]. According to experimental data, positive 

streamers from the positive electrode in transformer 

oil generally begin at lower applied voltages and 

spread farther and quicker than negative streamers 

[1,2]. The first, second, third, and fourth types of 

positive streamer propagation for lightning impulse 

voltage excitations in transformer oil have been 

identified. 

The four modes all start at different amplitudes, 

with the first mode starting at the lowest and the 

fourth mode starting at the highest. As the streamer 

propagation velocity significantly rises, the third 

mode begins at the acceleration voltage Va, whereas 

the second mode begins at the breakdown voltage Vb, 

which denotes a 50% chance of breakdown [6]. As a 

result, the streamer's form and velocity vary 

considerably with increased applied voltage, 

becoming more harmful and energetic. 

As a result of its low propensity to result in a 

breakdown, the first mode is typically ignored in a 

pre-breakdown study [10]. The propagation velocity 

for second, third, and fourth mode streamers, on the 

other hand, are, respectively, in the range of 1 km/s, 

10 km/s, and 100 km/s [2-6]. As the streamer 

transitions from the sluggish 2nd mode to the very 

energizing 4th mode, the applied voltage range for the 

3rd mode region is lower than that of the 2nd mode. As 

a result, the 3rd mode streamer in transition presents a 

danger since it might quickly convert to the 

extraordinarily rapid 4th mode streamer with just a 

slight increase in applied voltage. 
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The first and second modes are the main topics of 

streamer data in the literature. With the development 

of measuring technology, experimental data for the 

quick-moving third mode and, to a lesser degree, the 

fourth mode, have recently expanded dramatically in 

quantity and quality. The researchers' ability to 

comprehend and formulate hypotheses about the 

underlying mechanisms that result in the creation of 

streamers and the various modes has improved as a 

consequence of the growth in empirical studies. For 

non-homogeneous dielectric liquids such as 

transformer oil, Biller hypothesized that ionization of 

the primary "ordinary" molecules produces faster 

modes than the equivalent of second mode streamers, 

which are associated with ionization of the "easily 

ionizable" molecules. While aromatic molecules are 

equally easily ionizable as naphthenic and paraffinic 

compounds, they have lower number densities [9,13] 

and ionization energies [11,12]. The bulk of 

transformer oil is made up of "ordinary" molecules, 

mostly naphthenic and paraffinic hydrocarbons.                                                                                                                                  

 

2. Creating the Model  

2.1 The Main Equations of the Model 

Our study depends on four main equations that 

represent the continuity equations for positive ions as 

in equation (1), negative ions, in equation (2), and 

electrons represented by equation (3) in addition to 

Poisson's equation as in (4), where these four 

equations represent the governing equations for our 

work, by the hydrodynamic drift-diffusion model 

[14]. 
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In the previously stated equations, q is the electron 

charge; Ɛ is the relative permittivity of the dielectrics 

(the relative permittivity of the transformer oil is set 

to 2.2); E is the local electric field; and G (|E|) is the 

term describing the source of the insulating fluid's 

ionization in response to the electric field. Rpe and Rpn 

stand for the recombination rates of ions-ions, ions-

electrons, and ions-ions in the insulating fluid, 

respectively, whereas µp, µe, and µn stand for the 

mobility of positive ions, electrons, and negative ions. 

The molecular ionization caused by the electric field 

in the transformer oil is difficult to describe with 

words. This ionization is what caused this charge 

source. The chemical complexity of the oil and the 

lack of a unified theory of liquid dielectrics make the 

issue more challenging [14]. Transformer oil 

produces positive and negative ions as well as free 

electrons as a result of field ionization that takes place 

during discharge. A free electron as well as positive 

and negative ions can be produced when an electron 

is raised into the conduction band of a neutral 

molecule by strong electric fields. Field ionization is 

the name given to this phenomenon. The Zener model 

was used by J. C. Devins et al. [15] to explain how 

streamer discharges spread in dielectric liquids. They 

found via their qualitative investigation that field 

ionization in liquids is inversely connected to the 

liquid molecules' ionization potentials and 

proportionate to the liquid's density [14, 15, 16].                                                                                                                                

 𝐺𝐹(|𝐸⃗ |) =
𝑞2𝑛0𝑎|𝐸⃗ |

ℎ
ex p (−

𝜋2𝑚∗𝑎𝛥2

𝑞ℎ2|𝐸⃗ |
) (5) 

The following terms are included in the equation: 

n0, the number of density in ionizable transformer oil; 

Δ the electric energy needed to emit the molecules; h, 

the Planck constant; and m*, the effective electron 

mass; a is the separation of molecules; q is the amount 

of electron’s charge. The primary physical parameters 

required for the simulation model used in this 

investigation were found in the literature [17-20], as 

shown in Table (1). 

 
Table (1) The most important parameters used in the model 

 

Parameter Symbol Value 

The number of density 

in ionizable transformer 

oil 

n0 1×1023 m-3 

The electric energy 

needed to 

emit the molecules 

 

Δ 

128.5 50 1.9528 10 | |E 
 

eV 

Separation of 
Molecules 

a 3.0 × 10-10 m 

Rate of ion-ion 

recombination 

 

Rpn 

1.64×10-17 m3s-1 

 

Rate of ion-electron 
recombination 

Rpe 
1.64×10-17 m3s-1 

 

Positive ion mobility μp 1×10-9 m2V-1s-1 

Negative ion mobility μn 1×10-9 m2V-1s-1 

Electron mobility μe 1×10-4 m2V-1s-1 

Effective electron mass 
 

m* 

 
0.1× me = 9.11 × 10−32 

kg 

 

2.2 Simulation Domain 

The discharge in transformer oil, the needle-plate 

electrode is designed based on IEC 60897 Standard 

[21]. The oil gap in the simulation is spaced 1 mm 

apart, and the spherical electrode has a radius of 

curvature of 6.35 mm while the needle electrode at 

the tip has a radius of curvature of 40 µm. The total 

domain dimensions are about r × z = 22 mm × 12.5 

mm. It is possible to take advantage of the AutoCAD 

program to import the design that has been chosen 

and drawn into the Comsol Multiphysics program, 

where this is permitted. The domain has been 

designed, which consists of a needle, which 

represents the anode electrode, and a plate electrode 

(ground electrode), which represents the cathode 

electrode. Figure 1 (a), shows the used domain and 

(b), represents the distribution of the mesh on all the 

domains used. Noting that the dark black color 

represents a larger number of triangles along the 
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electrodes and the axis of symmetry, which represents 

the activity area of the streamer discharge.                                                       

 

 
(a) 

 
(b) 

Fig. (1) (a) The model simulation computation region, and (b) 

Distributing of the mesh to the entire domain 

 

2.3 Numerical Procedure and Boundary 

Condition 

The boundary and spatial constraints for the 

equations must be established once the model's 

design has been added to the Comsol multiphysics 

program. The insulated walls are subject to the zero 

charge boundary condition, applied to ground V=0 is 

the plate-type electrode potential, whereas applied to 

V=Vi is the needle-type electrode potential, and the 

Poisson equation characterizes an electrostatic 

process (4). The insulating walls have no impact on 

the electric field's lines. The standard lightning strike 

voltage described in IEC 600060-1 [22] can be 

subtracted from two exponential functions to get the 

voltage provided to the needle-type electrode.                                                                                    

𝑉𝑖 = 𝐾𝑉0 (𝑒
−

𝑡

𝜏1 − 𝑒
−

𝑡

𝜏2)   (6) 

In this case, K serves as a nondimensional 

correction factor to keep K's maximum value at 

roughly the same level as V0 [23]. Generally, 

subtracting two exponential functions τ1 for the rising 

time and τ2 for the falling time leads to a maximum 

value that isn’t always equal to 1. Both the plate-type 

electrode potential and the needle-type electrode 

potential are set to the outflow boundary conditions 

for the three-carrier continuity equations, where the 

outer boundary does not have any flux boundary 

requirements (1-3). COMSOL Multiphysics version 

6. 0 was used to solve the hydrodynamic model of 

the streamer discharge. To calculate Poisson's 

equation (4) and the carrier continuity equations (1-

3), the modules "Electrostatic" and "Transport of 

Diluted Species" are used, respectively. Figure (2) 

represents the flowchart of the simulation process 

from start to end and obtaining the results.                                        

 

 
Fig. (2) Schematic of the simulation process 

 

3. Results and Discussion 

This simulation was designed to track and 

determine the evolution of the plasma inside its 

channels, where the needle-plate system was used 

during the simulation, the radius of curvature of the 

tip of the needle was 40 µm, and the curvature of the 

sphere was 6.35 mm, according to IEC 60897 

Standard [21]. The gap between the two electrodes 

was filled with transformer oil and specified at 1 mm. 

When the electric field is larger than a threshold value 

(7.4 kV/mm), it has been shown that the streamer 

begins to form and propagate over the solution 

domain between the two electrodes. The second 

condition is that at the streamer's top edge, the electric 

field must be larger than the required level (200 

kV/mm). [24,25]. The liquid's density reduces with 

heat, according to the electronic theory, providing 

electrons more energy before they hit a molecule. 

Following the impact that ionizes the molecule, two 

slowly moving electrons go across the field. A 

concentration of low-energy electrons begins to 

spread spherically toward the front of the streamer 

under the effect of the ensuing cloud of negative 

charge. [3,26,27]. Once a streamer has passed through 

a gap, it seems thicker and expands. As the area's 

density lowers, the rate of electron implication will 
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rise [28-30]. Electrons may be transported into the 

electrode bulk and released from the lattice if the 

electrical field is high enough. The required field 

strength may be between 107 and 108 V/m [31], 

depending on the electrode material. 

According to the outcomes of the numerical 

analysis, field ionization is the fundamental reason 

for the commencement and spread of second and 

third-mode positive streamers. The simulation 

process's results demonstrated that the streamer 

discharge's propagation velocity increases gradually 

via the electric field starting at the time of streamer 

production, which occurs at a time of 32.4 ns and a 

voltage of 28.6 kV. Additionally, we found that the 

streamer's propagation velocity is 6.24 km/h during 

the first 50 ns at 300 kV and grows until the third 

mode change happens at 95 ns when it grows to 10.5 

km/h as in table (2) below. 
 

Table (2) Track the evolution of plasma channels through an 

electric field at 300 kV 

 

Time 

(ns) 

Streamer 

Length 

(mm) 

Rate of 

Propagation 

Velocity 

(km/s) 

Radius of 

Streamer 

(mm) 

Modes status 

90 

95 

100 

105 

110 

115 

120 

125 

0.85 

1 

1 

1 

1 

1 

1 

1 

9.5 

10.5 

10 

9.5 

 9.09 

8.6 

8.3 

8 

0.2 

0.25 

0.29 

0.33 

0.36 

0.41 

0.62 

0.8 

2nd 

2rd 

2rd 

2nd 

2nd 

2nd 

2nd 

2nd 

Stable 

Unstable 

Unstable 

Stable 

Stable 

Stable 

Stable 

Stable 

    

When the plasma channels reach the ground 

electrode, an electrical breakdown occurs, and a 

significant portion of the applied voltage is lost, 

leading to a significant decrease in the electric field. 

Subsequently, the propagation velocity starts to 

decrease again. Figure (3) shows the moment of 

transition between the second and third modes (3a) 

the streamer discharge at 90 ns for 300 kV and (3b) 

the streamer discharge at 90 ns for 300 kV. According 

to the results obtained, the streamer velocity increases 

to reach the highest value after it transits from the 2nd 

to the 3rd mode, and then it returns to 6.6 km/s, after 

that becomes 5 km/s, and starts to diminish due to 

electrical breakdown and loss of electrical potential. 

The electric field can also be represented for several 

periods by a one-dimensional diagram, as illustrated 

in Fig. (4).                                                                                                                                             

Figure (5) represents the evolution of the streamer 

discharge, starting from its formation at the tip of the 

needle, passing through its transition from the 2nd to 

the 3rd mode, all the way to the ground electrode, and 

the occurrence of an electrical breakdown. 

As for the results that we found, the drift velocity 

of the space charge density appears to be slower than 

it is in the rate of the velocity of the streamer due to 

the electric field, as the drift velocity of the streamer 

remains in a stable state within the second mode and 

there is no transition to the third mode, as in table 3. 

Figure (6) represents the space charge density for 

two periods, 50 and 100 ns at 300 kV, while figure (7) 

represents the periodic time, one-dimensional 

development of space charge density. 

 

 
(a) 

 
(b) 

Fig. (3) The moment of transition to the third mode (a) the 

streamer discharge at 90 ns for 300 kV and (b) the streamer 

discharge at 100 ns for 300 kV 

 
Table (3) Tracking the evolution of the space charge density 

at 300 kV 

 

Time (ns) 

Streamer 

Length 

(mm) 

Drift 

Velocity 

(km/s) 

Radius of 

Streamer 

(mm) 

Modes status 

90 

95 

100 

105 

110 

115 

120 

125 

0.58 

0.64 

0.7 

0.76 

0.84 

0.93 

1 

1 

6.5 

6.7 

7.03 

7.29 

7.6 

8.1 

8.3 

8 

0.17 

0.17 

0.176 

0.18 

0.19 

0.193 

0.19 

0.2 

2nd 

2nd 

2nd 

2nd 

2nd 

2nd 

2nd 

2nd 

Stable 

Stable 

Stable 

Stable 

Stable 

Stable 

Stable 

Stable 

 

 
Fig. (4) The electric field represented for several periods by a 

1D diagram 
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Fig. (5) The evolution of the streamer discharge at 300 kV for 

several periods 

 

 
(a) 

 
(b) 

Fig. (6) The elongation of the space charge density (a) at 50 ns 

for 300 kV and (b) at 100 ns for 300 kV 

 

Since the plasma channels only maintain their 

speed within the confines of the second mode and no 

transmission to the third mode occurs, the streamer 

formed by the positive ions is thinner than when it is 

formed under the influence of the electric field, and 

the rate of velocity is much slower than it is in the 

streamer formed through the electric field, as shown 

in table (4) below. The time chronology of the 

streamer’s progression through the positive ions is 

depicted in Fig. (8). 
 

 
Fig. (7) Space charge density values changing according to 

changing periods in one dimension 

 
Table (4) Tracking the evolution of the positive ions at 300 kV 

for several periods 

 

Time 

(ns) 

Streamer 

Length 

(mm) 

Drift 

velocity 

(km/s) 

The radius of 

the streamer 

(mm) 

Modes Status 

90 

95 

100 

105 

110 

115 

120 

125 

0.57 

0.63 

0.69 

0.74 

0.81 

0.9 

1 

1 

6.3 

6.6 

6.9 

7.1 

7.4 

7.8 

8.3 

8 

0.13 

0.14 

0.15 

0.156 

0.16 

0.163 

0.167 

0.16 

2nd 

2nd 

2nd 

2nd 

2nd 

2nd 

2nd 

2nd 

Stable 

Stable 

Stable 

Stable 

Stable 

Stable 

Stable 

Stable 
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Fig. (8) Changes in positive ions during specific time intervals 

 

Through the results obtained, we found that the 

propagation velocity, the length, and the radius of the 

streamer discharge during its formation under the 

influence of the concentration of negative ions, were 

close to the electron concentrations, as in table (5) 

below. Figure (9) represents some stages of the 

chronological sequence of the formation of the 

streamer under the influence of the concentration of 

negative ions, and figure (10) represents some of the 

stages of the evolution of the electrons. 

 
Table (5) Tracking the evolution of the negative ions at 300 

kV 

 

Time 

(ns) 

Streamer 

Length 

(mm) 

Drift 

Velocity 

(km/s) 

The radius of 

the streamer 

(mm) 

Modes Status 

90 

95 

100 

105 

110 

115 

120 

125 

0.36 

0.38 

0.41 

0.44 

0.46 

0.49 

0.5 

0.54 

8 

4.08 

4.15 

4.24 

4.26 

4.31 

4.39 

4.34 

0.04 

0.05 

0. 06 

0. 07 

0. 076 

0. 08 

0. 08 

0. 09 

2nd 

2nd 

2nd 

2nd 

2nd 

2nd 

2nd 

2nd 

Stable 

Stable 

Stable 

Stable 

Stable 

Stable 

Stable 

Stable 

 

Table (6) Tracking the evolution of the electron 

concentrations at 300 kV 

 

Time 

(ns) 

Streamer 

Length 

(mm) 

Drift 

Velocity 

(km/s) 

The radius of 

the streamer 

(mm) 

Modes Status 

90 

95 

100 

105 

110 

115 

120 

125 

0.54 

0.59 

0.65 

0.71 

0.77 

0.88 

1 

1 

6 

6.2 

6.5 

6.7 

7.04 

7.6 

8.3 

8 

0.09 

0. 095 

0. 095 

0. 099 

0. 099 

0. 099 

0. 099 

0. 099 

2nd 

2nd 

2nd 

2nd 

2nd 

2nd 

2nd 

2nd 

Stable 

Stable 

Stable 

Stable 

Stable 

Stable 

Stable 

Stable 

 

 

 

 

 
Fig. (9) Evolution of negative ions at specific periods 
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Fig. (10) Evolution of electron concentrations at specific 

periods 

 

The rates of the velocity of the streamer discharge 

created by the electric field's influence, the velocity 

of the space charge density, the velocity of the 

positive ions, and the velocity of the negative ions and 

electrons are all compared in Fig. (11). 

 

 
Fig. (11) Propagation velocity of the streamers' discharge at 

specific periods 

 

4. Conclusion 

The simulation’s domain, which was created 

based on the IEC 60897 Standard [21], specifies how 

the needle-plate electrode arrangement should be set 

up. The radius of curvature of the spherical electrode 

is 6.35 mm, that of the needle electrode at the tip is 

40 m, and the oil gap in the simulation is specified at 

1 mm. The total domain boundaries are about r×z= 

22mm×12.5mm. Our results showed that the lowest 

voltage needed to produce a streamer discharge 

occurred at 32.4 ns with a voltage of 28.6 kV. We 

observed from the data that there is an elongation, a 

change in velocity, and a change from the 2nd to the 

3rd mode. The space charge density and the 

concentrations of positive ions, negative ions, and 

electrons all increase when a 300 kV voltage is 

applied. 
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Pulsed-laser deposition (PLD) technique was used to prepare thin films from 

cerium oxide (CeO2) doped with erbium and indium oxides. In order to characterize 

the morphology and sensing features, these films were deposited on glass and/or 

single silicon substrates, respectively, with erbium and indium oxides. The 

morphological investigation conducted using atomic force microscope has shown 

an increase in the non-regularity of particle diameter with increasing doping ratios 

of both oxides. The maximum particle diameter of 61.45nm was obtained for 9% 

Eu2O3-doped CeO2. The surface roughness value of Eu2O3-doped ceria was higher 

than those of In2O3-doped ceria. The gas sensing measurements were done at 

various working temperatures (303, 373, 423 and 473K). These measurements in 

ambient of ammonia (NH3) gas for undoped ceria/Pc-Si showed the highest 

sensitivity of 54 % at temperature 473K. 
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1. Introduction 

Semiconductors were made to satisfy the latest 

requirements for gas sensors [1]. In terms of stability, 

sensitivity and selectivity for gas detection, 

semiconductor gas sensor performs well [2]. 

The sensing materials include semiconductor-metal-

oxides such as titanium oxide, tin oxide, zinc oxide, 

cerium oxide (CeO2), tungsten oxide and zirconium 

oxide [3]. Due to its unique features, which notably 

result from its 4f shells, CeO2 can be specified as one 

of the rare-earth oxide materials that is used in 

numerous industries, such as optical material, 

catalysts and gas sensors [4]. Due to CeO2 is non-

toxic element, so is a commonly utilized catalyst  to 

reduce toxic gases, such as NOx, CO, hydrocarbons 

and etc., that emit from the automobile exhausts. This 

oxide is one of the useful sensing materials for 

reducing gases due to its enormous oxygen vacancies, 

high oxygen storage capacity and low redox potential 

between Ce3+ and Ce4+ [5]. Thin film of europium 

oxide (Eu2O3) has prospective uses in a wide range of 

contemporary applications, including 

telecommunication, microelectronic, optical and 

optoelectronic devices [6-7]. Indium oxide 

nanocrystals have the potential to play a significant 

role in the development of microelectronic devices 

for solar cell, gas sensor, flat-panel display, 

transparent conductor [8], and architectural glass. 

Sputtering, vacuum evaporation, spray pyrolysis, sol-

gel process [9], pulsed-laser deposition (PLD), and 

other techniques have all been used to prepare In2O3 

film with a variety of morphologies and crystal 

structures. Literature review shows lack of researches 

related to eurbium and indium oxide in doping cerium 

oxide and to be used a gas sensor. Therefore, this is a 

novel study on gas sensing were made from CeO2 

doped with Eu2O3 and In2O3 oxides using PLD on n-

type single-crystalline silicon wafer and investigate 

the influence of doping ratio and working temperature 

on the sensing properties, which include sensitivity, 

response and recovery time. 

 

2. Experimental Part 

In this work CeO2 material, Eu2O3 and In2O3 

oxides have been used with high purity (0.999). 

Different compounds with various doping ratios 

based on atomic weight were weighted with the use 

of electronic balance with three digits after the point. 

The demand amount of CeO2 doped with Eu2O3 and 

In2O3 compounds were put in a quartz ampoule of a 

length of approximately 25cm and internal diameter 

of ~8mm, which was evacuated to about 10-3 torr and 

heated at 1273 K and for one hour and cooled to room 

temperature at 303K. Then, material has been grinded 

and pressed in pellet shape with 1 cm in diameter and 

0.5 cm in thickness. Based on dopant material, two 

types of samples of (CeO2:Eu2O3 and CeO2:In2O3) 

with a variety of the doping ratios (0, 0.03, 0.05, 0.07 

and 0.09) have been synthesized using PLD 

technique. These films have been deposited on glass 

and silicon wafers after cleaning to remove any 

grease, dust and other impurities. Deposition process 

was performed under vacuum of 2x10-2 torr by using 

Nd:YAG laser beam (with energy of 500 mJ, pulse of 

300 shots and frequency of 6 Hz) which is focused on 

the target. Gas sensing measurements have been 

conducted in air and in ambient of NH3 gas as 

different work temperatures (303, 373, 423 and 

473K). The following equation for reducing gases 
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was used to calculate the sensitivity regarding 

the reducing gas sensors: 

𝑆 =
𝑅𝑎−𝑅𝑔  

𝑅𝑔
  for n-type   (1) 

𝑆 =
𝑅𝑔−𝑅𝑎  

𝑅𝑎
  for p-type   (2) 

where Ra and Rg are the resistance in the presence of 

air and detected gas, respectively 

 

3. Result and Discussion 

The surface roughness of thin films of pristine 

CeO2 and (CeO2:Eu2O3) with varying doping ratios 

(0%, 3%, 5%, 7%, and 9%) that deposited on glass 

substrate are shown in Fig. (1). Average surface 

roughness and average diameter of grains values for 

these samples are included in AFM parameters 

(roughness and mean diameter) and are displayed in 

table (1). The table shows a decrease in average 

diameter of 36.88 nm up to 31.01 nm at 3% doping 

ratio, then an increase as the doping ratio increases. 

The results showed a well pronounced increment of 

diameter at 9% doping ratio. The roughness that 

considered as main factor of determine the adsorption 

take place on any surface showed non regular 

variation by increasing of doping ratio. It was noticed 

that introducing of europium oxide increased the 

surface roughness and support the appearance of 

more CeO2 sites on the surface of the fabricated thin 

films, indicating that Eu2O3 ions support nucleation 

and grain growth. It is well-known that Eu2O3 ions are 

chemically active and easily adsorbed onto the 

substrate surface and consequently attracting the 

CeO2 molecules by van der Waals forces for fast 

nucleation. It can be deduced that thin films with high 

Eu2O3 doping formed more bonds with CeO2, 

producing smaller grains and hence greater roughness 

[11,12]. 

 

 
(a) CeO2 

 
(b) CeO2:3% Eu2O3 

 
(c) CeO2:5% Eu2O3 

 
(d) CeO2:7% Eu2O3 
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(e) CeO2:9% Eu2O3 

Fig. (1) AFM images of (a) pristine CeO2 thin film, (b) 

CeO2:3%Eu2O3, (c) CeO2:5%Eu2O3, (d) CeO2:7%Eu2O3, and 

(e) CeO2:9%Eu2O3  

 
Table (1) Roughness and mean diameter for pristine CeO2 

and (CeO2:Eu2O3) thin films 

 

Sample 
Roughness 

(nm) 

Mean diameter 

(nm) 

CeO2 17.35 36.88 

CeO2: 3% Eu2O3 36.99 31.01 

CeO2: 5% Eu2O3 28.17 37.46 

CeO2: 7% Eu2O3 15.59 36.20 

CeO2: 9% Eu2O3 6.970 61.45 

 

AFM images for thin films of pristine CeO2 and 

(CeO2:In2O3) with varying doping ratios (0%, 3%, 

5%, 7%, and 9%) deposited on glass substrate are 

shown in Fig. (2). Average roughness and average 

diameter values for such samples are included in 

AFM parameters and are displayed in table (2). It is 

noticed that the nanoparticles (NPs) developed in 

separated sharp peaks through smooth roughness that 

resembled saw teeth [13]. 

 

 
(a) CeO2 

 
(b) CeO2:3% In2O3 

 
(c) CeO2:5% In2O3 

 
(d) CeO2:7% In2O3 
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(e) CeO2:9% In2O3 

Fig. (2) AFM images of (a) pristine CeO2 thin film, (b) 

CeO2:3% In2O3, (c) CeO2:5% In2O3, (d) CeO2:7% In2O3, and 

(e) CeO2:9% In2O3  

 
Table (2) Roughness and mean diameter for pristine CeO2 

and (CeO2:In2O3) thin films 

 

Sample 
Roughness 

(nm) 

Mean diameter 

(nm) 

CeO2 17.35 36.88 

CeO2: 3% In2O3 17.94 50.62 

CeO2: 5% In2O3 31.26 42.38 

CeO2: 7% In2O3 14.84 43.77 

CeO2: 9% In2O3 0.2478 39.07 

 

The resistance of (CeO2:Eu2O3) to NH3 gas at 

various temperatures (303, 373, 423, and 473K) was 

depicted in the figures (3-7) as a variation of electrical 

resistance with time. Except for the sensors with high 

operating temperatures and high doping ratios, all 

sensor cells demonstrated growing resistance as the 

sensors' exposure to detecting gas gave rise to the p-

type semiconductors. When the detected gas interacts 

with the surface of the metal oxide film (essentially 

surface adsorbed oxygen ions), which results in a 

change the charge carrier concentration of the 

material. The change of carrier concentration serves 

to alter the conductivity (or resistivity) of the 

material. Mainly, electron is the majority of charge 

carrier for n-type semiconductor that interacts with a 

reducing gas an increase in conductivity occurs. 

Conversely, an oxidizing gas serves to deplete the 

sensing layer of charge carrying electrons, resulting 

in a decrease in conductivity. A p-type semiconductor 

is a material that conducts with positive holes being 

the majority charge carriers; hence, the opposite 

effects are observed with the material and showing an 

increase in conductivity in the presence of an 

oxidizing gas (where the gas has increased the 

number of positive holes). A resistance increase with 

a reducing gas is observed, where the negative charge 

introduced into the material reduces the positive 

(hole) charge carrier concentration [14-15]. Ceria at 

423 and 473 K, respectively, doped with 7% and 9% 

Eu2O3, with existence of identified gas, have 

demonstrated a reduction in resistance, resulting in n-

type semiconductors. The findings demonstrate that, 

particularly for high doping ratios, such as 0, 5, 7, and 

9%, the sensitivity of gas sensing thin films rises with 

increasing operating temperature and the 5% doping 

ratio has shown the optimum sensitivity values. At 

303K, which is referred to the ideal temperature, 5% 

Eu2O3-doped CeO2 thin films have shown the highest 

sensitivity value (19.7%). The highest sensitivity was 

found for ceria material that traps free electrons at the 

surface and causes more extensive composite layer 

depletion as well as a larger reduction in conductance 

(increases in resistance) because of oxygen 

adsorption. As a result, the ceria material is superior 

to binary oxide sensors in terms of sensitivity [16]. 

Comparable to the findings of [17-19], agglomeration 

of particles into bigger grains causes a decrease in 

their catalytic activity, which is related to the severe 

reduction of sensitivity at high doping ratios (0.07, 

0.09). Response and recovery times shown in table 

(1) decrease with increasing working temperature. 

The minimum value of response time was 11.7 s for 

3% Eu2O3-doped ceria at 303 K. These results seem 

in contrast to the literature, such as Kai Sun et al. [20], 

who have synthesized chemi-resistive sensors based 

on CeO2/ZnO heterojunction-nanorod-array using 

anodic electrode position coating and investigate gas-

detecting characteristics. The fabricated sensor based 

on this CeO2/ZnO heterojunction showed a much 

higher sensitivity to NO2 at working temperature 393 

K. They explained the enhancement in gas sensing 

characteristics due to the formation of built-in field 

due to heterojunction, which supplied more charge 

carriers and hence more target gases can be adsorbed. 

The obtained sensitivity was 49.3% at temperature of 

393 K, which lower than our value (54.4%) at 473 K. 
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Fig. (3) The resistance versus time for pristine CeO2/c-Si at 303, 

373, 423 and 473K 

 

 

 

 

 
 

Fig. (4) The resistance versus time for (CeO2:3%Eu2O3)/c-Si at 

303, 373, 423 and 473K 

 

 

 

 

 
 

Fig. (5) The resistance versus time for (CeO2:5%Eu2O3)/c-Si at 

303, 373, 423 and 473K 

 

 

 
 

Fig. (6) The resistance versus time for (CeO2:7%Eu2O3)/c-Si at 

423 and 473K 
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Fig. (7) The resistance versus time for (CeO2:9%Eu2O3)/c-Si at 

423 and 473K 

 
Table (3) Values of sensitivity, response and recover times for 

pristine CeO2 and (CeO2: %Eu2O3)/c-Si 

 
Doping 

Ratio 

(%) 

Temperature 

(K) 

Sensitivity 

(%) 

Response 

Time (s) 

Recovery 

Time (s) 

0 

303 29.7 30.6 85.5 

373 41.0 26.1 85.5 

423 39.1 28.8 49.5 

473 54.4 27.0 44.1 

3 

303 6.0 11.7 75.6 

373 11.3 29.7 87.3 

423 13.2 31.5 85.5 

473 13.3 39.6 52.2 

5 

303 19.7 31.5 123.3 

373 19.1 37.8 77.4 

423 18.2 28.8 42.3 

473 14.0 23.4 46.8 

7 

303 - 0.0 0.0 

373 - 0.0 0.0 

423 4.2 36.0 76.5 

473 5.8 25.2 87.3 

9 

303 - 0.0 0.0 

373 - 0.0 0.0 

423 2.4 24.3 92.7 

473 12.9 27.9 62.1 

 

To test how well the prepared gas sensors could 

detect NH3 gas, their resistance was measured as a 

function of time as in figures (8-11). The CeO2:In2O3 

sensors with doping ratios (0, 3, 5, 7 and 9%) 

similarly exhibited an increase in resistance as the 

sensors were exposed to the detecting gas, resulting 

in the formation of p-type semiconductors. The ratio 

of 7% In2O3 was the optimal doping ratio for sensor 

material which provided the highest sensitivity for 

NH3. At working temperature of 373K, the sensor 

demonstrated good desorption and adsorption to NH3 

gas. The lowest response times were 1.6 s at 303 K 

temperature and 9% In2O3doped ceria. In2O3 clearly 

boosts sensitivity for sensors with low doping ratios 

while decreasing sensitivity for sensors with large 

doping ratios. The basic concept of increasing the 

sensitivity of semiconductor materials through 

doping with metal oxides was previously discussed 

by Hasan [21]. 

 

 

 

 
 

Fig. (8) The resistance versus time for (CeO2:3%In2O3)/c-Si at 

373, 423 and 473K 
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Fig. (9) The resistance versus time for (CeO2:5%In2O3)/c-Si at 

303, 373, 423 and 473K 

 

 

 

 
 

Fig. (10) The resistance versus time for (CeO2:7%In2O3)/c-Si at 

343, 423 and 473K 

 

 

 

 

 
 

Fig. (11) The resistance versus time for (CeO2:9%In2O3)/c-Si at 

303, 343, 423 and 473K 

 
Table (4) Values of sensitivity, response and recover times for 

pristine CeO2 and (CeO2:In2O3)/c-Si 

 
Doping 

Ratio 

(%) 

Temperature 

(K) 

Sensitivity 

(%) 

Response 

Time (s) 

Recovery 

Time (s) 

0 

303 29.7 30.6 85.5 

373 41.0 26.1 85.5 

423 39.1 28.8 49.5 

473 54.4 27.0 44.1 

3 

303 - - - 

373 5.4 27.0 42.3 

423 1.6 25.2 46.8 

473 9.1 25.2 44.1 

5 

303 4.4 5.1 117.6 

373 6.7 8.1 122.5 

423 6.9 8.6 127.1 

473 1.3 1.9 140.8 

7 

303 - - - 

373 10.1 22.5 63.9 

423 4.1 27.0 44.1 

473 5.9 27.0 44.1 

9 

303 3.4 1.6 45.5 

373 7.2 14.5 208.7 

423 4.5 6.5 146.4 

473 5.3 6.6 125.8 
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4. Conclusions 

The average diameter increases by increasing of 

doping ratio while the average roughness change in 

reverse manner. The sensitivity of (CeO2:Eu2O3)/c-Si 

is higher than those of (CeO2:In2O3)/c-Si. The 

optimum sensitivity is 54.4% and 19.7% obtained 

from undoped ceria and (CeO2:3%Eu2O3)/c-Si at 473 

and 303 K, respectively. The results declare that CeO2 

has the maximum response to NH3 at optimal 

temperature of 473 K which indicates that CeO2 

doped with Eu2O3 and In2O3 is a good reducing gas 

sensing material. However, the findings of other 

researchers referred that optimal temperature of CeO2 

is 1073 K, and the response/recovery time are long 

[10]. The reduction of optimal temperature and 

improving response and return time represents a great 

challenge for the researchers. 
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In this paper, copper phthalocyanine (CuPc) thin films doped with gold (Au) and 

silver (Ag) nanoparticles (NPs) were prepared using spin coating technique on 

glass substrates. The gold and silver nanoparticles were prepared by pulsed-laser 

ablation (PLA) technique. The transmission electron microscopy (TEM) indicated 

that these nanoparticles were primarily spherical and their sizes were determined 

to be in the range 7-43 nm for Au NPs, and 12-50 nm for Ag NPs. The structural 

characteristics were analyzed with x-ray diffraction (XRD), field-emission 

scanning electron microscopy (FE-SEM), and energy-dispersive x-ray 

spectroscopy (EDX). The XRD patterns confirmed the presence of a polymorphism 

structure predominated by a CuPc phase with a plane (𝟏̅𝟎𝟏)  orientation 

preference at 2θ~7.1°. The FE-SEM used to investigate the structural formation 

of these films has shown that CuPc thin films have granular nature stacking. On 

the other hand, the elemental composition of films was confirmed by EDX analysis, 

which revealed compositional uniformity of the detected components and the (Au, 

Ag) NPs were loaded throughout the CuPc films. 
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1. Introduction 

Recently, organic thin films have played a key 

role in the discovery of novel materials for 

optoelectronics and their different applications [1]. 

One example is metallic phthalocyanine (MPc) thin 

films, which can be deposited on a solid substrates 

utilizing a variety of techniques (thermal evaporation, 

evaporation from solutions, chemical spray, and spin 

coating) [2]. Copper phthalocyanine (CuPc) is a p-

type well-known organic semiconductor that is also 

considered to be among the most promising 

candidates for the applications of semiconducting 

materials. This is due to the fact that these materials 

possess important characteristics, such as favorable 

energy gaps, high thermal and chemical stabilities, 

high molecular symmetry [3,4], and thus, can be 

employed as a building block for a wide range of 

systems such as organic field-effect transistors 

(OFETs) [5], gas sensors [6], photovoltaic cells [7], 

and organic light emitting diodes (OLEDs) [8]. Most 

of these applications depend on the electrical 

characteristics and some of them demands 

knowledge of the molecular and crystalline 

structures. The dependency on crystalline structure 

becomes much more relevant if the material exists in 

several crystalline forms [9,10]. Many years ago, 

researchers have investigated the possibility of using 

metallic nanoparticles, such as gold, silver or copper, 

to improve the performance of optoelectronics 

devices in different applications [11]. Typically, thin 

films are doped with metallic nanoparticles to control 

the optical and electrical properties, such as the 

optical energy gap and electrical conductivity. 

Metallic nanoparticles often exhibit unique chemical 

and physical properties formed with specific 

characteristics related to size and shape. One more 

important feature of metal nanoparticles is their high 

surface area-to-volume ratio, which is important for 

sensing and photovoltaics applications [12]. This 

ratio and the quantum size effect cause nanomaterials 

to have unique characteristics compared to their bulk 

counterparts. As a result, a wide range of nanoscale 

devices employing metallic nanoparticles are rapidly 

developed [13]. The CuPc thin films are commonly 

prepared using thermal evaporation technique 

[14,15] due to its low solubility in organic solvents. 

There are few reports on the preparation of CuPc thin 

films by spin coating [16,17]. 

In this paper, we discuss the structural 

characteristics of CuPc thin films prepared by spin 

coating technique and doped with gold and silver 

nanoparticles. 

 

2. Experimental Part 

The organic material used in this study is CuPc 

(99%) powder supplied by Sigma Aldrich and used 

without further purification. CuPc powder of 125 mg 

was dissolved in 25 mL chloroform with ratio of 5:1 

milligrams per milliliter, stirred by a magnetic stirrer 

continuously for 72 hours. Filters of 0.45 μm were 

used for the filtering and to remove any contaminant 

or undissolved material and get homogenous 

solution. The glass substrates were ultrasonically 
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cleaned for 10 minutes in deionized water, acetone, 

and alcohol. 

The gold and silver sheets (99.99% pure) were 

used to prepare five alloys with different ratios. 

Alloys were manufactured using metal casting 

technology at temperature range of 962-1065°C. 

Alloys with a dimeter of 1 cm and thickness of 1 mm 

were obtained with different concentrations of Au (0, 

0.25, 0.5, 0.75 and 1 wt.%). 

In order to obtain Au NPs or Ag NPs suspended 

in chloroform, pulsed-laser ablation (PLA) technique 

was used to ablate the gold and silver nanoparticles 

from their alloys. Each of the five alloys was put in a 

glass cell containing chloroform, then, a solid-state 

Nd:YAG laser (1064nm fundamental wavelength, 

8ns pulse duration, 1Hz repetition rate, and 80mJ 

energy) was used as an irradiation source for ablation 

of the gold and silver nanoparticles from their alloys. 

The laser pulses were focused on various regions of 

the alloy’s surface. The layer of chloroform covering 

the alloy surface was 8mm thick and 2mL volume. 

TEM was used for determination of average size of 

the (Au,Ag)NPs suspended in chloroform. 

In order to prepare a nanocomposite solution of 

CuPc embedded with (Au,Ag)NPs, 1 mL of different 

ratios of (Au,Ag)NPs solutions were added to 1mL of 

CuPc solution. Ultrasonic device was used to suspend 

and disperse the nanoparticles in solution before 

deposition process. Thin films were deposited using 

a VTC-100 spin coater on glass substrates. Before 

depositing the solution, the spin coater was set at 500 

rpm for 10 seconds (acceleration up), 2500 rpm for 

30 seconds (stable state), and 500 rpm for 10 seconds 

(acceleration down). A 50 μL of the solution of each 

sample was poured onto the substrate. Samples were 

dried to 80°C for 15 min in electric oven to evaporate 

the solvent and in order to improve the adherence of 

nanocomposite films to the glass substrate. The 

resulting films appeared to be of high quality with a 

uniform thickness that was suitable for studying the 

film’s physical characteristics. Using a Shimadzu 

XRD 6000 x-ray diffractometer (1.5405Å Cu-Ka 

radiation source, scan angle 5-60°, scan speed 10.00 

deg/min, and step size 0.0400 deg), the structures of 

these films were studied. 

Bragg’s law states that the route difference 

between two diffracted rays of the same phase equals 

integer numbers of x-ray wavelength, which can be 

expressed as [18]: 

𝑛𝜆 = 2 𝑑 𝑠𝑖𝑛 𝜃𝐵    (1) 

where θB is Bragg’s angle, λ is the wavelength, d is 

the inter-planar distance, and n is the spectral order 

(n=1, 2, 3, …) 

Scherrer’s equation was used to determine the 

grain size (G.S) of the crystalline materials [19]: 

𝐺. 𝑆 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
    (2) 

where β refers to the full-Width at half maximum 

(FWHM) in radians 

The morphology and dispersion of (Au,Ag)NPs 

in chloroform solvent were investigated using a 

JEOLJEM-1011 TEM at 120kV acceleration voltage. 

The images of the prepared thin films were recorded 

using a Zeiss Supra 35 FE-SEM at magnification of 

up to 1,000,000x. Also, the energy-dispersive x-ray 

spectroscopy (EDS) was utilized to examine the 

chemical composition of films. 

Measurements of films thickness using an optical 

interferometer (fringes method using 632.8nm He-Ne 

laser) yielded a value of 100±5 nm according to the 

following equation [20]:  

𝑡 =
𝜆𝛥𝑥

2𝑥
     (3) 

where 𝑥 is the fringe width, 𝛥𝑥 is fringe’s shift and 𝜆 

is the wavelength of laser light 

 

3. Results and Discussion 

The XRD patterns of pure CuPc and 

CuPc:(Au/Ag)NPs thin films deposited by spin 

coating technique are shown in Fig. (1). All films 

exhibit polymorphism structure, as shown by the 

XRD patterns, which exhibit variations in structure 

between polycrystalline and amorphous phases. Thin 

films exhibit a significant reflection at (1̅01) 

orientation at 2θ≈7.10°. This peak belongs to the 

CuPc phase with a monoclinic crystal structure, 

which is characteristic of the majority of MPc films 

[14]. 

 

 
 

Fig. (1) XRD patterns of pure CuPc and CuPc:(Au/Ag)NPs 

thin films 
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A wide hump at 2θ≈25º in Fig. (1) may have been 

caused by the glass substrate on which the CuPc film 

were deposited. It is noteworthy the NPs have no 

obvious effects on the crystal structure of CuPc, 

therefore, the CuPc:(Au/Ag)NPs films demonstrate 

the same polycrystalline structure as pure CuPc thin 

films since no substantial shift in peak location was 

found. Table (1) lists the the preferred orientations 

and crystalline size estimated from FWHM values for 

the relevant peaks in pure CuPc and 

CuPc:(Au/Ag)NPs films. 

 
Table (1) Structural parameters of CuPc thin films at (𝟏̅𝟎𝟏) 

orientation prepared by spin coating technique 

 

Sample 
2θ 

(deg) 
d (Å) 

FWHM 

(deg) 
D (nm) 

CuPc 7.174 12.321 0.295 26.953 

CuPc+AuNPs 7.049 12.539 0.157 50.547 

CuPc+AgNPs 7.072 12.499 0.275 28.879 

CuPc+ 
(75Au:25Ag)%NPs 

7.039 12.557 0.157 50.547 

CuPc+ 

(50Au:50Ag)%NPs 

7.042 12.552 0.236 33.684 

CuPc+ 
(25Au:75Ag)%NPs 

7.069 12.504 0.196 40.428 

 

The shape, size distribution, morphology, and 

particle size of the AuNPs and AgNPs suspended in 

chloroform were confirmed using TEM. High-

resolution TEM images of NPs are shown in Fig. (2). 

Small black particles could be seen in the images 

because of the existence of NPs. We note that most 

particles are nearly spherical in shape and in the 

monodispersing state, uniform distribution with no 

agglomeration. The particle size varies from 7 to 43 

nm for AuNPs and from 12 to 50 nm for AgNPs. The 

small histogram in Fig. (2) displays the size 

distribution of the NPs with the prevalent grain size 

being around 20nm for AuNPs and 24nm for AgNPs. 

 

 

 
 

Fig. (2) TEM image of (a) Au NPs, and (b) Ag NPs 

 

Figure (3) displays FE-SEM images with 

different magnifications of pure CuPc and 

CuPc:(Au/Ag)NPs thin films. The morphological 

feature of the thin films clearly showed clusters of 

spherical nanoparticles, which have a large surface 

area in relation to their volume, as seen in Fig. (3). It 

is also worth noting that the film deposited on 

substrates formed dense, uniform nanoparticles 

which have granular nature stacking and are oriented 

arbitrarily with ordinary distribution of grain 

concentration and are well adhered to the glass 

substrate. 

 

 
 

 
 



IRAQI JOURNAL OF APPLIED PHYSICS 
Vol. 19, No. 3A, July-August 2023, pp. 19-24 

22  ISSN (print) 1813-2065, (online) 2309-1673 © ALL RIGHTS RESERVED  PRINTED IN IRAQ 

 
 

 
 

 
 

 
 

Fig. (3) FE-SEM images of pure CuPc, and CuPc:(Au/Ag)NPs 

thin films 

 

In order to determine the elemental compositions 

of pure CuPc and CuPc:(Au/Ag)NPs thin films 

deposited on glass substrates, an EDX analysis was 

carried out, which also allows to know the presence 

of any other impurities. Figure (4) displays the EDX 

spectra of pure CuPc and CuPc doped with different 

concentrations of Au (0, 0.25, 0.5, 0.75, and 1 wt.%). 

These spectra showed good compositional 

uniformity of the observed elements such as (C, O 

and Cu) of CuPc due to the organic structure of the 

MPs materials used. In addition, they showed that the 

gold and silver nanoparticles were loaded throughout 

CuPc films. A strong peaks for the carbon have been 

observed of all samples in the spectra because of the 

chemical composition of the stoichiometry 

C32H16N8Cu compound, which indicates that carbon 

is an essential element in the structure of organic 

materials MPs. Hydrogen is not often observed in all 

spectra due to its low atomic weight. Also, nitrogen 

peak cannot be seen in the EDX spectra most likely 

because of the detection limitations of roughly 1 

wt.% and may stay undetected because of overlapped 

peaks [21]. The element Si and excess amount of O 

are belonging to glass substrate. 
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Fig. (4) EDS spectra of pure CuPc and CuPc:(Au/Ag)NPs thin 

films 

 

4. Conclusions 

In concluding remarks, the copper 

phthalocyanine (CuPc) thin films were deposited on 

glass substrates by using spin coating technique and 

successfully doped with gold and silver nanoparticles 

with good homogeneity. Results have confirmed the 

presence of a single, prominent diffraction peak at 

(1̅01) plane, which is typical for most MPc films. 

They also showed that thin films have granular nature 

stacking and well adhered to the substrate. Good 

uniform elemental composition of the prepared 

CuPc:(Au,Ag)NPs films was confirmed. 
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Titanium dioxide (TiO2) films with different contents of molybdenum dioxide 

(MoS2) (2, 4, 6, 8 and 10 wt.%) have been deposited on glass at room temperature 

by pulsed-laser deposition method using an Nd:YAG laser with 1064 nm 

wavelength, 400mJ energy and 200 shots. The structural, electrical, morphological, 

and optical characteristics of the deposited films were characterized. The effects of 

MoS2 content in the deposited films on their characteristics were investigated. The 

films were polycrystalline and structurally hexagonal and the formation of rutile 

phase of TiO2 was confirmed. The transmittance of the films was found to increase 

as the MoS2 content is increased. Also, 0.02 wt.% MoS2 content was the optimum 

as the largest crystallite size and highest roughness were achieved. The optical band 

gap of the deposited films was found to decrease with increasing MoS2 content 

while the refractive index, dielectric constant, and extinction coefficient were 

measured at 300 nm. 
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1. Introduction 

Transparent conducting oxides (TCOs) are 

semiconductors, including titanium dioxide (TiO2), 

those absorb ultraviolet light, have low electrical 

conductivity, and are highly transparent in the visible 

region of electromagnetic spectrum [1]. TiO2 is also 

belonging to the II-VI category of semiconductors. 

There are three different crystalline forms of TiO2, 

namely rutile, anatase and brookite [2,3]. The anatase 

form of TiO2 is the most common as a semiconductor 

due to its crystalline structure and higher band gap 

(3.2eV) compared to the rutile form (3eV). However, 

both anatase and rutile forms are suitable for use in 

sensing applications. White pigment, gas sensors, 

corrosion protection, and optical coatings examples 

of the industrial uses of the chemically inert TiO2. It 

is also used in solar cell arrays [4], applications 

requiring high electrical resistance [6] and high 

dielectric constant [7], environmental cleanup [8,9], 

photocatalysis and self-cleaning surfaces [10,11], and 

antifungal treatment [12]. 

Molybdenum disulfide (MoS2) is among the 

transition metal dichalcogenides (TMDs) family. It is 

made up of one molybdenum (Mo) atom and two 

sulfur (S) atoms [13]. The electrical and optical 

properties of layered structures of MoS2 and other 

TMDs have been reported [14]. The distinct physical, 

chemical and electrical properties of this compound 

have attracted the attention of numerous researchers. 

It has a band gap of about 1.8 eV, which in thin 

structures, changes from an indirect gap to a direct 

gap; making it possible to downscale electronic 

devices [15,16]. Although MoS2 has numerous 

applications across numerous industries, those 

involving applications like DNA and cancer studies 

are the most significant [17-20]. Optical sensors are 

another use of MoS2, however, these are not as 

substantial as those are related to biological 

applications. 

In this work, optically transparent TiO2:MoS2 thin 

films are grown on glass substrates by pulsed-laser 

deposition method. The structural, morphological, 

optical and electrical characteristics of these films are 

introduced. 

 

2. Experimental Part 

A molybdenum disulfide and titanium dioxide 

powders (99.99% purity) supplied by NanoShell 

Company were mixed at different quantities (2, 4, 6, 

8, and 10 wt.%). The precursor powder was combined 

and crushed into 1.5 cm diameter and 0.2 cm thick 

pellets with a SPECAC hydraulic press at 6 tons 

pressure after blending in an agate mortar. Finally, the 

pellets were sintered for at 750 K for one hour in the 

air. 

Using the produced pellets, thin films from 

(TiO2)1-x(MoS2)x were deposited at room temperature 

onto glass substrates, which were cleaned with 

distilled water for 15 minutes using ultrasonic 

technique. The PLD method was used to deposit these 

thin films using an Nd:YAG laser with 1064nm 

wavelength and 400mJ energy. During the process, 

200 laser pulses at a repetition frequency of 6Hz were 

applied to the targeted surface at a 45° angle. The 
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deposition process was performed at a chamber 

pressure of 0.1 mbar. The target and substrate were 

separated by 10 cm. 

The XRD patterns of the deposited films were 

recorded by a Panalytical X'Pert Pro X-ray 

diffractometer (Cu-K, 0.154 nm) with scan range of 

10-80°. Atomic force spectroscopy (AFM) was used 

for the examination of the surface morphology of the 

film. A metertech UV-vis-NIR spectrophotometer 

was used to record transmission and absorption 

spectra of the deposited films in the spectral range of 

190-1100nm. 

 

3. 3. Results and Discussion  

Figure (1) shows the XRD patterns of the prepared 

(TiO2)1-x(MoS2)x thin films with different 

concentrations of MoS2 (x=0.02, 0.04, 0.06, 0.08, and 

0.10 wt.%). According to the ASTM cards, the 

produced films are polycrystalline and tetragonal in 

structure for the rutile phase of TiO2, while the MoS2 

is hexagonal. The characteristic peak at 2θ of 27.3° 

corresponds to the reflection from the (110) crystal 

plane of TiO2 for the concentrations of 0.02 and 0.04 

wt.%, while the peaks at 2θ values of 27.1° and 28.1° 

for 0.06 wt.% concentration correspond to the 

reflections from (110) and (004) crystal planes, 

respectively. The peaks at 2θ values of 27.4°, 28.4°, 

32.9°, 33.6°, 39.4°, and 49.2° for concentrations of 

0.08 and 0.10 wt.% correspond to the reflections from 

the planes (110), (004), (100), (101), (103) and (105), 

respectively, with new peak belonging to MoS2. The 

crystallite size (Cs) of the films was calculated using 

Debye-Scherrer’s equation as follows [21]: 

𝐶𝑠 =
0.9 𝜆

𝛽 COS 𝜃
                (1) 

The strain (ε) can be determined using the 

following relation [22]: 

𝜀 =
𝛽ℎ𝑘𝑙

4 𝑡𝑎𝑛𝜃
    (2) 

The dislocation density (δ) was determined as the 

length of the dislocation lines to the crystallite size as 

follows [23]: 

𝛿 =
1

𝐶𝑠
2     (3) 

Table (1) presents the results obtained from the 

diffraction patterns of the prepared TiO2:MoS2 thin 

films. The data in Table (1) demonstrate that despite 

the increase in the microstrain and dislocation values 

following the increase in the MoS2 content, the 

average crystallite size was reduced possibly due to 

the ability of MoS2 phase to stop TiO2 from growing 

new grains. Additionally, it is asserted that MoS2 is 

substituted for TiO2 in the TiO2 lattice due to the 

smaller atomic radii of MoS2 particles compared to 

those of TiO2. 

 

 
Fig. (1) XRD patterns of (TiO2)1-x(MoS2)x thin films prepared 

at room temperature with different MoS2 concentrations 

 

The AFM results showed that the doping 

procedure with MoS2 had a substantial impact on the 

surface characteristics of the produced TiO2 films. 

The 3D AFM images of TiO2:MoS2 thin films shown 

in Fig. (2) and Table (2) showed the surface 

morphology of thin films grown on glass substrates at 

room temperature, as well as the grain size, average 

and root mean square (r.m.s.) roughness. It is easy to 

see the delicate morphology and roughness of the 

TiO2:MoS2 films. It is shown that the surface grains 

are much more uniform as the roughness decreases 

based on the Rr.m.s. values. 

 

 
X = 0.02 

 
X = 0.04 

 
X = 0.06 
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X = 0.08 

 
X = 0.10 

Fig. (2) AFM-acquired surface features of (TiO2)1-x(MoS2)x thin 

films prepared at room temperature with different MoS2 

concentrations 

 

These results demonstrate that the values of the 

average grain size of the surface structures of the 

generated TiO2 films decreases as the content of 

MoS2 dopants is increased. Average and r.m.s. 

roughness values also changes as MoS2 is added, with 

a maximum value of a MoS2 ratio of 0.02%. The 

largest crystalline size and maximum roughness were 

achieved in the 0.02% MoS2 ratio, hence, the films 

can be used to fabricate several devices, such as 

optoelectronic devices. 

 
Table (2) values of average grain size, average roughness, and 

r.m.s. roughness of the (TiO2)1-x(MoS2)x thin films prepared at 

room temperature with different MoS2 concentrations 

 

Sample 
Avg. Grain 

Size (nm) 

Avg. 

Roughness 

(nm) 

R.M.S 

Roughness 

(nm) 

0.02 40.48 9.45 4.02 

0.04 32.50 7.91 3.44 

0.06 31.17 7.23 1.88 

0.08 20.49 3.38 1.72 

0.10 8.86 1.52 1.38 

 

The transmission and absorption spectra, 

refractive index, dielectric constant, extinction 

coefficient, and optical energy gap of the prepared 

TiO2:MoS2 thin films were measured and recorded in 

the spectral range of 300-1100 nm. Figure (3) showed 

the transmission spectra of TiO2:MoS2 thin films. The 

data in table (3) showed an increase in the 

transmittance with increasing MoS2 content for all 

samples, while the absorbance decreases as the 

amount of MoS2 increases. This is due to the 

formation of localized states in the band gap, which 

increases the sample’s opacity to the incident light. 

This could be caused by an increase in the heavy 

atoms, which would increase the absorption. The 

decrease in transmission, on the other hand, might be 

caused by the appearance of levels close to the energy 

band gap, which causes the peak to shift to lower 

energies as earlier reported by [24]. 

The absorption coefficient can be calculated as shown 

in Fig. (4) using the following relation [25,26]: 

α =2.303A/t    (4) 

 

 
Fig. (3) Transmission spectra of prepared films with different 

MoS2 concentrations 

 
Fig. (4) Absorption spectra of prepared films with different 

MoS2 concentrations 

 

The following relation was used to calculate the 

optical energy gap (Eg) value of the prepared thin 

films [27]: 

αhv = B(hv-Eg)r                                       (5) 

where hv is the incident photon energy, r is an 

exponent that describes the material’s optical 

transitions, and B is a constant that inversely 

correlates with amorphous nature of the material 

This phenomenon is due to the occurrence of 

band-to-band absorption that usually happens 

following the migration of an electron from the 

valence band to the conduction band, giving rise to a 

new pair of charge carriers (one electron and one 
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hole). TiO2:MoS2 films have excellent absorption and 

low transmission properties in the UV range (as seen 

in Fig. 5). In addition, table (3) showed that the band 

gap decreases with increasing MoS2 content. For 

instance, when the MoS2 content is increased from 

0.02 to 0.10, the optical band gap dropped from 

approximately 3.92 to 3.80 eV. Being that it closely 

resembles what is available in the existing literature, 

this conclusion is tenable. However, the opacity of the 

material increased at higher MoS2 content (x) due to 

the lowering of Eg (much more absorbance). This 

phenomenon can be explained by the observed 

increase in the density of localized states in the 

conduction or valence band that is ready to accept 

electrons and form optical energy gap tails that are 

attempting to fill the energy gap [28]. A smaller band 

gap may also be due to many-body interaction 

phenomena that occur between free carriers and 

charge carriers or ionized impurities [29,30]. 

 

 
Fig. (5) Variation of (αhv)2 as a function of photon energy (hv) 

for (TiO2)1-x(MoS2)x films at different MoS2 concentrations 

 

The extinction coefficient (k) can be estimated 

using the equation k=αλ/4π, and it is obvious that its 

value rises as doping levels rise, as shown in table (3). 

The variation of refractive index of TiO2:MoS2 

films with wavelength in the range of 300-1100 nm is 

depicted in Fig. (7) and table (3). It is clear that as 

doping levels increase, the refractive index falls. 

The complex optical refractive index of the 

prepared films can be described using the following 

relation [31]: 

n*=n – ik    (7) 

The refractive index of the thin film can be 

roughly determined as follows [32]: 

𝑛 =
1+R

1−R
+ √

4R

(1−R)2
− 𝑘2    (8) 

The real (εr) and imaginary (εi) parts of the 

dielectric constant are measured using the following 

equations [33]: 

εr = n2 − k2    (9) 

εi = 2𝑛k     (10) 

The variations of these parts as functions of 

wavelength are shown in table (3). It can be seen from 

the table that as concentration increases, the 

imaginary part of the dielectric constant increases, 

and the real part decreases. This is because the 

extinction coefficient increases and the refractive 

index lowers as the incident wavelength increases. 

 

 
Fig. (7) Variation of refractive index as a function of 

wavelength for (TiO2)1-x(MoS2)x films at different 

concentrations of MoS2 

 
Table (3) Transmittance, refractive index, absorption 

coefficient, extinction coefficient, and dielectric constant of 

the (TiO2)1-x(MoS2)x thin films prepared in this work with 

different contents of MoS2 at room temperature at 300nm 

 

Sample 
Tmax 

(%) 

α 

(cm-1) 
k n εr εi 

Eg 

(eV) 

0.02 60.36 25241 0.060 5.028 25.24 0.399 3.76 

0.04 17.48 87215 0.208 4.988 24.83 2.095 3.81 

0.06 16.42 90343 0.216 4.538 20.50 2.153 3.89 

0.08 7.41 130144 0.311 3.306 10.92 2.300 3.80 

0.10 3.34 169944 0.406 2.833 7.860 2.822 3.75 

  

Equations (11) and (12) were used to predict the 

type and concentration of charge carriers (nH), as well 

as the Hall mobility (µH) using Hall measurements. 

The values of the obtained parameters are illustrated 

in table (4) 

RH = -1/n.e                                         (11) 

µH = σ|RH|                                (12) 

The table clearly shows a negative Hall 

coefficient (n-type) for all the samples, showing 

decreases in Hall voltage as current increases. The 

mobility is directly inversely proportional to the 

carrier concentration, and these characteristics are 

proportional to the MoS2 concentrations, as can be 

seen from the table. The substitution doping of MoS2 

produces an extra free carrier during the process, 

raising the doping level, which leads to more dopant 

atoms occupying Ti atoms’ lattice sites and producing 

more charge carriers. As the molecular weight of 

MoS2 increases, it is anticipated that the density of the 

carriers will rise as well. In contrast to the Hall 
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mobility, it is observed that as MoS2 concentration 

increases, µH rapidly decreases. The mobility 

decreases due to the inverse connection between µH 

and nH; this is a typical behavior exhibited by many 

polycrystalline films which are caused by the 

presence of possible barriers in the grain boundaries. 

 
Table (4) Hall Effect observations on (TiO2)1-x(MoS2)x films 

with different MoS2 concentrations at room temperature 

 

TiO2:MoS2 σ
 

(Ω
.c

m
)-1

 

ρ
 

(Ω
.c

m
) 

R
H

 

(c
m

-3
.C

-1
) 

n
H

 x
1
0

1
7
 

(c
m

-3
) 

µ
 

(c
m

2
.V

-1
.S

-1
) 

Type 

1.921:0.079 17.2 0.0580 -38.5 1.62 663 n 

1.84:0.16 12.9 0.0773 -30.5 2.05 395 n 

1.77:0.23 13.4 0.0748 -66.2 4.43 285 n 

1.70:0.30 12.9 0.0776 -93.7 6.66 121 n 

1.63:0.37 11.8 0.0846 -58.8 10.6 69.5 n 

 

4. Conclusion 

In concluding remarks, nanocomposites were 

successfully prepared from TiO2 films doped with 

MoS2 by PLD technique. Their structural, 

morphological, optical and electrical characteristics 

were determined. These nanocomposite films were 

hexagonal. The content of 0.02% MoS2 was the 

optimal to produce the maximum crystalline size and 

highest roughness. The band gap energy of TiO2 was 

varied with varying the content of MoS2 in the 

nanocomposite. All samples have negative Hall 

coefficients (n-type). Therefore, it is concluded that 

TiO2 doped with different concentrations of MoS2 can 

serve as appropriate materials for solar cell 

applications. 
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Table (1) Diffraction peaks, inter-planar distance, and full-width at half maximum (FWHM) of (TiO2)1-x(MoS2)x thin films prepared 

at room temperature with different MoS2 concentrations 

 

Sample 
2θ 

(deg.) 

FWHM 

(deg.) 

dhkl 

(Å) 

dhkl Std. 

(Å) 

C.S. 

(nm) 
hkl Phase 

δ ×1015 

(line/m2) 
𝜺 

X=0.02 27.3427 0.2914 3.2591 3.2483 28.1 (110) RutileTiO2 1.27 0.00124 

X=0.04 27.3427 0.4953 3.2591 3.2483 16.5 (110) RutileTiO2 3.67 0.00210 

X=0.06 
27.1387 0.7575 3.2832 3.2483 10.8 (110) RutileTiO2 8.58 0.00321 

28.1294 0.4079 3.1697 3.1325 20.1 (004) Hex. MoS2 2.48 0.00173 

X=0.08 

27.4592 0.6410 3.2456 3.2483 12.8 (110) RutileTiO2 6.14 0.00272 

28.4499 0.3205 3.1347 3.1325 25.6 (004) Hex. MoS2 1.53 0.00136 

32.9371 0.3205 2.7172 2.7193 25.9 (100) Hex. MoS2 1.50 0.00134 

33.6072 0.5245 2.6646 2.6575 15.8 (101) Hex. MoS2 3.99 0.00219 

39.4347 0.8741 2.2832 2.2789 9.7 (103) Hex. MoS2 10.72 0.00359 

49.2541 0.8158 1.8485 1.8428 10.7 (105) Hex. MoS2 8.71 0.00324 

X=0.1 

27.5175 0.6118 3.2388 3.2483 13.4 (110) RutileTiO2 5.59 0.00259 

28.3042 0.2914 3.1506 3.1325 28.1 (004) Hex. MoS2 1.26 0.00123 

32.9371 0.3205 2.7172 2.7193 25.9 (100) Hex. MoS2 1.50 0.00134 

33.6655 0.4954 2.6601 2.6575 16.8 (101) Hex. MoS2 3.56 0.00207 

39.3473 0.7867 2.2880 2.2789 10.7 (103) Hex. MoS2 8.69 0.00323 

49.3124 0.6993 1.8465 1.8428 12.5 (105) Hex. MoS2 6.39 0.00277 
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In this study, a new method of double delayed feedback chaotic system has been 

suggested. The optisystem program uses semiconductor lasers for generating chaos. 

To determine the effect of chaos created by semiconductor lasers, many parameters 

are taken into account and simulated. Experimental data have shown that using a 

Mach-Zehnder modulator (MZM), semiconductor lasers (SL) with double feed-back 

exhibit spikes over generations. Chaotic laser output is fed back to MZM, based on the 

chaotic optoelectronic and optical oscillator system to create the original system. 
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1. Introduction 

A term chaos represents a paradigmatic name 

which has been utilized for describing deterministic 

dynamic systems that have a complex behavior, 

which is unpredictable and has extreme sensitivity to 

the initial conditions. The sensitive dependence upon 

the initial conditions indicates the fact that in the case 

where two chaotic temporal sequences begin from 

very close however, a little different initial condition, 

then the behavior of those two sequences is similar at 

first, none-the-less, begin exponentially diverging in 

the time and never exhibit identical behaviors again 

[1-3]. The irregular spiking sequences in the 

chemical, electronic and biological systems were 

observed often to result from the dynamics of the 

multiple time scales. Chaotic spiking regime may be 

comprehended according to the chaotic attractor’s 

excitability, in which small chaotic background is 

spontaneously triggering the excitable spikes in 

erratic, however, deterministic sequence [4]. In a case 

where a semiconductor laser (SL) has been subjected 

to one perturbation or more like the optical injection 

(OI), optical feedback (OFB), optoelectronic 

feedback (OEFB) and optical modulations, it may 

show rich non-linear dynamics that include chaos [5]. 

A Mach-Zehnder interferometer (MZI) represents 

non-linearity source, whereas SL providing optical 

power plays the role of a linear current-to-optical 

converter of frequency. The interferometer’s 

nonlinearity that is coupled with the feedback loop 

delay combine for producing a steady state, periodic, 

and chaotic behavior range [6,7]. Nonlinear reduction 

of the gain for semiconductor laser that is utilized in 

the systems of the optical communication is quite 

strong and its direct consequences on dynamics of 

those lasers results in suppressing the chaotic output. 

One of the most important roles in the modeling of 

the dynamics of the semiconductor lasers is the fact 

that dynamic semi-conductor laser response is highly 

dependent upon non-linear gain [8]. 

In recent years, the rapid development of related 

technologies at home and abroad, at present there are 

four international produce optical chaos and three 

modulation signal. Design an optical chaos secret 

system key is generated chaos method, and the 

selection of the synchronous mode based on the 

optical communication simulation software 

optisystem [9]. OptiSystem can be defined as a 

software package for optical communication devices 

that enables users to simulate, design, and test optical 

links at the transmission layer of advanced optical 

networks [10]. A radio over fiber (RoF) 

communication system has been designed in a 

licensed Optisystem software version 17 where the 

signal of the radiofrequency is modulated on the 

optical signal through the use of the laser and MZM 

[11]. Propagation of chaos hiding multiformat 

message has been researched for the model of the 

long distance communications. Synchronization 

between receiver and transmitter is accomplished for 

obtaining acceptable eye-diagrams and quality 

factors based upon the optisystem [12]. An SL diode 

is driven to chaotic area with the use of the scheme of 

the direct modulation and RoF signal is added by the 

chaos message masking approach [13]. Following 

introducing extra optical feedback loop, the time-

delay signature characteristics regarding chaotic 

signal output from the optoelectronic oscillator 

(OEO) have been numerically examined [14].  

The optisystem program is used in this study to 

create chaos in semiconductor laser with the double 

delayed feedback. High bandwidth chaos is generated 

by semiconductor lasers in simulations. To identify a 

route from periodic to quasi-periodic and then to 

chaos behavior, many semiconductor laser 

parameters including modulation peak current, bias 

current, and frequency have been optimized. Chaotic 

pulses of acceptable amplitude are produced so that 

to use them for long distance communication and to 

hide message modulated with advance formats. 

 

2. System’s Model and Theory 

A chaotic signal generation diagram depending 

on OEO after the addition of extra optic feedback is 
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shown in Fig. (1). MZM, SL, photodetector (PD), and 

amplifier make up the device. Using a laser diode, a 

chaotic dynamics laser was created and delivered to a 

MZM with a frequency (F) half-wave voltage of VF. 

The MZM could be specified as a tool used to 

measure relative phase shifting between two 

collimated beams of light coming from a specific 

source, either by altering length of one arm or by 

inserting a sample into the path of one of the beams. 

MZM has 2 ports for the input and the output, two 

couplers are used for constructing a 

fundamental MZM; one is placed at the input and 

functions as a splitter, and the other is placed at the 

output and functions as a combiner. One of the two 

parts of MZM's output passes through delay line 1 

and is transformed into an electrical signal by a photo-

detector (PD). The FA amplifies electrical signals 

further, and an amplifier functions as a band-pass 

filter with a low cut-off frequency of Fl and a high 

cut-off frequency of fH. Once optoelectronic feedback 

was established in loop1 with a delay time equal to 

T1, the electrical signal which was amplified V(t), 

which was reliant upon PD conversion efficiency and 

FA magnification, is delivered to MZM. The other 

part is injected into the delay line 2–based optical 

feedback loop, and the feedback delay time is T2. In 

order to maximize coupling efficiency, the strength 

regarding the optical feedback K is controlled using a 

variable amplifier in conjunction with a MZM. 

 

 
Fig. (1) Diagram of chaos signal generation that is based upon 

OEO after the introduction of extra optical feedback. FC: fiber 

coupler; LD: laser diode; MZM: Mach- Zehnder modulator; 

PC: polarization controller; PD: photo-detector; DL: fiber 

delay line; VA: variable attenuator; FA: frequency amplifier 

 

According to Ikeda rate equations [15] and taking 

extra optic feedback under consideration, for the 

convenient comparison to results that have been 

obtained by [16], dynamic chaotic system equations 

that have been mentioned earlier may be explained in 

[16] 
d𝑥(𝑡)

d𝑡
= −

1

𝑡H
{𝑥(𝑡) +

1

𝑡L
𝑦(𝑡) − 𝑃in (𝑡 − 𝑇1) × 𝑄×

cos2[𝑥(𝑡 − 𝑇1) + 𝜙]}   (1) 

𝑃in(𝑡) = 𝑃0 + 𝐾 × 𝑃in(𝑡 − 𝑇2) × cos2⁡[𝑥(𝑡 − 𝑇2) +
𝜙]     (2) 
d𝑦(𝑡)

d𝑡
= 𝑥(𝑡)    (3) 

Here, 

x(t) = πV(t)/(2VπF), 

tH = 1/(2πfH), 

tL = 1/(2πfL), and 

Q = πgAG/(2VπF)  

A represents the total optoelectronic feedback 

loop attenuation, g and G represent PD conversion 

efficiency and FA gain, respectively). Po represents 

power of the laser output, and Pin(t) represents the 

coupled MZM input power. PoQ denotes non-linear 

function strength, playing a significant role in chaotic 

behaviors with a high level of the complexity. 

 

2.1 Implementation of Optisystem Simulation 

OptiSystem software was used for simulating the 

circuit and design. The simulated circuit diagram for 

the suggested method is shown in Fig. (2), in 

which the built-in components were used according 

to the right requirements. 

Research was done on the chaotic behavior of the 

OEFB when MZM bias voltage is present. Figure (2) 

depicts the experimental setup for analyzing the 

chaotic behavior regarding MZMs using optical and 

optoelectronic delayed feedback. The input 

couple divides the light into the two interferometer 

arms. The coupler divides the light into two equal 

beams, one of which, the SL (1550nm) beam, 

was coupled into MZM and after that into the PD in 

order to convert the optical signal into electrical one. 

PD is after that coupled to amplifier and feedback 

arm. It is amplified through optical amplifier, and 

after that, it enters the MZM once more to produce 

chaotic lasers through non-linear modulation. The 

coefficient of the gain regarding the original electro-

optical oscillator (OEO) is altered dynamically, and a 

further time delay is added to system, resulting in a 

more complex chaotic laser signal, when system 

output is fed back to MZM through delayed optical 

path. 

 

 
Fig. (2) Diagram of OEO chaotic system with the double 

feedback 

 

Aforementioned properties make it easier to 

create a chaotic secure communication system that 

offers enhanced security. Also, the optical paths of 

two arms are not equal in length due to the addition 

of a light path feedback delay, which causes the phase 

shifting, which is corresponding to delay to be the 

input signal’s wavelength function. The parameter 

interval which couldn't cause chaos experiences 

chaos as well, path into the chaos is increased, and the 

system becomes more workable. 
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2.1.1 Changing of the Bias Current (i.e. the 

Route from the Periodic to the Quasi-

Periodic and Chaos)  

Table (1) lists the semiconductor laser parameters 

that can cause chaos. Chaos in a laser is the signal’s 

variation in frequency and amplitude. Gradually 

increasing the bias current from 35 to 41 mA, the 

quasi-periodic behavior begins to appear. The 

semiconductor laser bias current changing causes the 

variation of nonlinear dynamics of the system.  The 

time series undergoes a transition from a line (at 

40mA bias current) to semi sinusoidal oscillations. 

These semi-sinusoidal oscillations increase in 

amplitude gradually until they reach to another types 

of periodicity and finally to chaotic spiking 

oscillations . Thus, This scenario is called the period-

doubling route to chaos .Three cases of current’s 

values  are chose  to demonstrate the behavior of the 

system as shown in Fig. (3). 

 
Table (1) Parameters of the SL with various values of the bias 

current 

Parameters Values Unit 

Bias current 35-41 mA 

Power 10 dBm 

Wavelength 1550 nm 

Modulation peak current 40 mA 

Power (at bias current) 0 dBm 

Threshold power 0.0154 mW 

Threshold current 33.46 mA 

Frequency 2 GHz 

 

Figure (3a) represents periodic behavior at the 

start when the bias current is 40 mA. While the bias 

current is 39 mA as shown in Fig. (3b), chaotic pulses 

exhibit quasi-periodic behavior. Each bunch has a 

span that roughly equals 1ns and then a new set of the 

chaotic pulses begins one ns later. The frequency of 

Bunches increased as the bias current increased, and 

as they overlapped, they created a chaotic route as 

shown in Fig. (3c). This mean Fig. (3) shows the path 

from periodic to quasi-periodic and after that chaos 

from bias current 41 mA to 35 mA.  

The scenario that results in chaos is summarized 

by the bifurcation diagram, as shown in Fig. (4). The 

bifurcation diagram illustrates how the intensity 

relates to the laser output (i.e., peak-to-peak) when a 

control parameter is changed (bias current of laser 

source). The bifurcation diagram was produced 

within the confines of a constant increase in the 

control parameter (bias current) of 0.25 mA. 

The region between 35-41 mA was described in 

the bifurcation diagram. The dynamic changed 

to quasi-chaotic behavior first appears at 39.75-36.75 

mA in the first region, which exhibits periodic 

behavior from 41-40 mA. As the bias current is 

gradually reduced, chaotic behavior starts to show 

between 37 and 35 mA. This indicates that the 

dynamic system of SL changed from periodic to 

chaotic and quasi-chaotic behavior as a result of the 

variation in bias current. 

 

 
(a) Bias current is 40mA 

 
(b) Bias current is 39mA 

 
(c) Bias current is 36mA 

Fig. (3) The output of SL at different values of bias current 

 

2.1.2 Changing the Modulation Peak Current 

(i.e., the High Amplitude Pulses)  

The parameters for generating chaos using 

semiconductor lasers with different modulation peak 

currents are shown in table (2). Modulation peak 

current is increased from 40 to 60 mA while 

maintaining the same bias current. Low modulation 

peak current results in extremely small pulse 
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amplitudes that not just stray from the chaotic 

behaviors but are useless as well for any useful length 

of the fiber. Figure (5) represents the best case of the 

system’s behavior which shows a noticeable change 

in pulse amplitude with an increase in the value 

regarding modulation peak current, where various 

pulses of low-amplitude are followed by pulses of 

high-amplitude. 

 
Table (2) Parameters of SL with different values of the 

modulation peak current 

Parameters  Values  Units  

Bias current 50 mA 

Power 10 dBm 

Wavelength 1550 nm 

Modulation peak current 40-60 mA 

Power (at bias current)  0 dBm 

Threshold power 0.123 mW 

Threshold current 33.46 mA 

Frequency 5 GHz 
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Fig. (4) Bifurcation diagram for bias current variation 

 

The series appears to be periodic as shown in Fig. 

(5a). Additional increasing in the Modulation peak 

current lead to quasi- periodic  as shown  in Fig. (5b). 

Figure (5c) shows the chaotic spiking oscillation 

beginning of the behavior of non-regular periodicity 

(i.e., appearing of different amplitudes). Pairs of 

small-amplitude oscillations alternate with pairs of 

large amplitude oscillations. The result is an example 

of a mixed mode oscillation which is oscillation that 

consist of a mixture of different kinds of oscillation, 

usually small and large amplitude relaxation spikes, 

with the intermediate amplitudes left unrealized. 

The bifurcation diagram was utilized to examine 

chaotic routes and output evolutions in nonlinear 

systems due to the changes in the control parameter. 

A bifurcation diagram for varied modulation peak 

currents is shown in Fig. (6). 

Figure (6) exhibits such modulation peak current 

values resulted in the system to be changed from the 

periodic at 40-41 mA, and after that into quasi-chaotic 

behavior at 42-47 mA and finally into chaotic at 48-

60 mA.  

Findings indicate that modulation peak current 

may be a parameter that regulates system's overall 

dynamics and that varying amplitudes are employed 

in order to govern chaotic system's transition from the 

periodic to the quasi-periodic, and then into chaotic 

behavior. 

 

 
(a) Modulation peak current is 40mA 

 
(b) Modulation peak current is 50mA 

 
(c) Modulation peak current is 60mA 

Fig. (5) Output of the SL at different values of the modulation 

peak current 
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Fig. (6) Bifurcation diagram with different values of the 

modulation peak current 

 

2.1.3 Changing the Current Source Frequency 

(i.e., Random Amplitude Pulses)  

 The chaotic nature regarding the pulses must be 

achieved with an adequate pumping power or current. 

Pulses of the same amplitude are seen in the case 

when the current source's frequency is low and the 

electric field strength is not particularly high. 

Because of an increase in field strength, increasing 

the frequency causes variations in pulse amplitude. 

Table (3) displays the frequency generator's 

properties when used for external modulation at 

various frequencies between 1 and 5 GHz. 

 
Table (3) Parameters of the current source with different 

frequency values 

Parameters Values Units 

Phase 90 Deg 

Amplitude  1 a.u. 

Frequency  1- 5 GHz 

Bias  0 a.u. 

 

Figure (7) represents the most common variation 

in the semiconductor laser outputs with respect to the 

changes of frequency. At the beginning, the first 

figure (7a) is indicated to a stable equilibrium, 

therefore the dynamics of SL is in the form of periodic 

motion, any more increasing in frequency at 3GHz (in 

Fig. 7b), will demonstrates the quasi-periodic 

behavior begins to appear. Gradually increasing the 

frequency (5 GHz) as shown in Fig. (7c), the chaotic 

behavior begins to appear. 

Figure (8) illustrates how a function generator was 

used to modulate the source's frequency. Results 

imply that the frequency modulation could be a 

control parameter with regard to system’s collective 

dynamics. Many frequencies have been used in order 

to govern the chaotic system, from periodic state at 1-

1.25 GHz to quasi chaotic state at 1.5-1.75 GHz to 

chaotic state at 2-5 GHz. Therefore, in the case 

when frequency is added to chaotic systems, quite 

intriguing results are discovered. 

 

 
(a) Frequency of a current source is 1GHz 

 
(b) Frequency of a current source is 3GHz 

 
(c) Frequency of a current source is 5GHz 

Fig. (7) Output of the SL at different values of frequency of a 

current source 

 

Finally the appropriate control in bias current, 

modulation peak current and frequency of SL can be 

generate chaotic laser which is utilized for 

communication purposes (i.e. by modulating the 

chaotic waveform with the signal to be send, in order 

to protect the signal from the spy), and this variation 

in the control parameters could give us an impression 

or an idea about the method of elimination of the 

chaotic behavior when it is considered as an 
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undesired phenomenon in several engineering 

applications because it restricts the operating range of 

many electronic and mechanical devices, etc. 
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Fig. (8) Bifurcation diagram with different modulations of the 

frequency 
 

3. Conclusion 

The improvement of double delayed feedback 

oscillator’s security circuit is successfully built in 

optisystem program for the secure communications, 

which resulted in greatly improving the original 

optoelectronic delayed feedback oscillator’s security, 

and is simpler to implement compared to the majority 

of the other suggested optoelectronic delayed 

feedback systems. The bias current, modulation peak 

current & frequency of SL act good control 

parameters ingenerating chaotic semiconductor laser. 

As a best result, the value of bias current varied 

between 37 and 35 mA, the modulation peak current 

at 48-60 mA and frequency at 2-5 GHz. The system 

might attain increased chaotic complexity, which 

partially hides the massage's signals and increases the 

system's practicability. These properties are helpful 

for promoting the level of the security and further 

maturity of the optical chaos secure communications. 
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1. Introduction 

Due to its exceptional optical, electrical, physical, 

and magnetic characteristics, copper oxide (CuO) is 

one of the most p-type semiconductors that is 

receiving a lot of interest [1]. Numerous applications, 

including catalysis, make substantial use of CuO, 

which has a low band gap of 1.2 eV [2] converted 

from solar energy [3] gas detector [4] likewise field 

emission [5]. The fabrication of CuO nanostructures, 

which have demonstrated exceptional performance 

when compared to their bulk equivalent, can, 

nevertheless, improve these unique features [6]. CuO 

is produced into a variety of nanostructures, including 

nanowires, nanorods, nanoneedles, nanoflower, and 

nanoparticles. Several techniques, including thermal 

oxidation, have been suggested in recent years to 

prepare CuO nanoparticles of varied sizes and forms 

such as sonochemical [7,8], combustion [9], chemical 

vapor deposition (CVD) [10], reactive sputtering 

[11,12], and swift precipitation [13,14]. Precipitation 

is a simple process that takes a lot of attention due to 

its low energy and temperature requirements, cost-

effective for mass production, and high yield. 

The current work concerns to prepare copper 

oxide (CuO) nanoparticles by precipitation method 

and characterize their structural and spectroscopic 

characteristics. These nanoparticles are employed in 

the fabrication and characterization of heterojunction 

photodetectors for photonics and optoelectronics 

applications. 

 

2. Experimental Work 

Copper nitrate (Cu(NO3)2.3H2O) was the major 

chemical material used as a precursor to prepare the 

copper oxide nanoparticles via precipitation method. 

The precursor was first dissolved to a concentration 

of 1.87 g/mol in 100 ml of distilled water. Then, 9 cc 

of a 1M NaOH solution was added gradually while 

being vigorously stirred until the pH reached 14. 

Precipitations with black color were found. 

The structural characteristics of the prepared 

nanoparticles were introduced by the x-ray diffraction 

(XRD) and atomic force microscopy (AFM), while 

their spectroscopic characteristics were introduced by 

Fourier-transform infrared (FTIR) and UV-visible 

spectroscopy. As well, the parameters of the 

photodetectors fabricated from these nanoparticles on 

silicon substrates were determined and compared as 

two different types of conductivity of these substrates 

(n- and p-type) were used. 

The copper oxide films were deposited on glass 

substrates and silicon wafers by casting method. The 

substrates were cleaned using distilled water and 

ethanol by ultrasonic for 15 min. Thereby, porous 

silicon surfaces were prepared using hydrofluoric 

acid (HF) with a concentration of 40% M. The 

etching process was performed throughout subjecting 

the acid to current (15-20mA). The thickness of 

obtained films was 1 µm. The experimental setup of 

this work is shown in Fig. (1). 

 

 
 
Fig. (1) Experimental setup of precipitation method to prepare 

CuO nanoparticles 
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3. Result and Discussion 

Figure (2) displays the absorption spectrum of the 

CuO NPs in the spectral range 200-1000 nm. It is 

clear that the absorbance start to decrease at 

wavelength of 212nm to reach its minimum at 264nm 

then increases to a peak centered on 346nm. Then, it 

decreases again within the visible region and beyond. 

This reveals that the samples transmit the visible light 

and infrared radiation without reasonable absorption 

or scattering effects. 

 

 
Fig. (2) Absorption spectrum of the CuO NPs prepared in this 

work 

 

The formula shown below [15] may be used to 

calculate the optical band gap of CuO NPs prepared 

in this work from their UV-Vis spectra: 

(𝛼ℎ𝜈)1/𝑑 = 𝐴(ℎ𝜈 − 𝐸𝑔)   (1) 

where α is the absorption coefficient, Eg is the optical 

band gap, hv is the incident photon energy 

Figure (3) shows the determination of energy 

band gap of 5.1 eV, which is larger than the reported 

value [16] as well as of the bulk CuO (2.1eV). The 

size of the prepared nanoparticles is responsible for 

the larger band gap as the quantum confinement 

effect takes place. Accordingly, the band gap energy 

starts to rise as particle size decreases and the size of 

nanocrystals is less than the Bohr radius of the excited 

electron-hole pair [12]. This result agrees with 

previous study [17]. 

Based on the result of UV-visible 

spectrophotometry shown in Fig. (4), the optical 

constants, mainly absorption (extinction) index, 

refractive index, and complex dielectric constant 

were presented. The following relationships [18] 

were used to study the relationship between the 

extinction coefficient (k) and the refractive index (n) 

as functions of photon energy: 

𝑘 =
𝛼𝜆

4𝜋
     (2a) 

𝑛 = [
4𝑅

(𝑅−1)2 − 𝑘2]1/2 −
𝑅+1

𝑅−1
  (2b) 

whereas the complex dielectric constant (ε) was 

identified as follows: 

𝜀 = 𝜀1 − 𝑖𝜀2    (3) 

 

 
Fig. (3) Determination of optical energy band gap the CuO NPs 

prepared in this work 

 

The real part (ε1) and the imaginary part (ε2) of the 

dielectric constant can be obtained using the 

following formulas [18]: 

𝜀1 = 𝑛2 − 𝑘2    (4a) 

𝜀2 = 2𝑛𝑘    (4b) 

From the data of refractive indices, there are two 

ways to calculate the high-frequency dielectric 

constant. The free carriers and lattice vibration modes 

of the dispersion are discussed in the first technique. 

The second approach relies on the scattering caused 

by bound carriers in an empty lattice. The high-

frequency dielectric constant of the lattice was 

calculated using both techniques. 

Figure (5) depicts the XRD pattern of the CuO 

NPs prepared in this work. The position peaks, which 

correspond to the (111), (110), (220), and (002), 

could hardly be seen at the 2θ values of 17.57°, 

29.39°, 31.73°, and 35.57°, respectively. The 

following equations were used to determine the 

average crystallite size (D), dislocation density (δ), 

and micro-strain (ε) for the prepared samples [19]: 

𝐷 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
    (5a) 

𝛿 =
1

𝐷2     (5b) 

𝜀 =
𝛽

4𝑡𝑎𝑛𝜃
    (5c) 

The peaks are located and compared to the 

published JCPDS data. The prepared nanoparticles 

have crystallite size ranging between 33.997 and 

58.897 nm. The XRD pattern reveals the formation of 

monoclinic CuO with an average crystallite size of 

51.21nm. However, this pattern shows that Cu(OH)2 

nanostructures are immediately developed by 

position peaks at 10.46° and 26.48° [20] when adding 

copper nitrate solution to the NaOH solution. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. (4) The optical parameters as functions of photon energy 

for CuO NPs prepared in this work 

 

 
Fig. (5) XRD pattern of the CuO NPs prepared in this work 

 

Figure (6) shows the FTIR spectrum of the CuO 

NPs prepared in this work. The peak at 741 cm-1, 

ascribed to the Cu-O wagging, indicates that the 

material contains a metal-oxide group. The presence 

of the hydroxide group in the sample is confirmed by 

the vibration peak at 3493.5 cm-1. This could be 

attributed to the water which is a chemical byproduct 

that is bound to the CuO nanoparticle surface and that 

can be evaporated with more heating. CuO is formed 

from copper nitrate at 1655.5 cm-1 (M-O rocking out 

of plane). 

 

 
Fig. (6) FTIR spectrum of the CuO NPs prepared in this work 

 

Figure (7) displays the three-dimensional AFM 

surface images of CuO film samples. Many crucial 

issues, such as fraction, contact deformation, 

tightness, etc., may be effectively addressed by the 

assessment of surface roughness characteristics 

[21,22]. The CuO film demonstrates the development 

of aggregated nanosized grains spanning the whole 

substrate surface. The average size of the regularly 

formed agglomerated grains is 7.22 nm. Such 

morphology is the product of synthesis at ambient 

temperature. These films slowly develop into 

nanograins as a result of room-temperature 

production. Additionally, the produced grains have a 

regular shape and a root-mean-square (r.m.s.) of 1.86 

nm, which indicates minimal roughness. 
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Fig. (7) AFM result of the CuO NPs prepared in this work 

 

One peak can be seen at 496nm in the 

photoluminescence (PL) spectrum (Fig. 8) of CuO 

nanoparticles. Defect states coming from the 

emission mediated between oxygen (O) vacancies 

and copper (Cu) interstitials are responsible for the 

blue emission peak at 496nm  [23,24]. Due to the 

existence of valence defects in the synthesized 

nanoparticles, an indirect interband transition peak at 

496nm has been identified [25-27]. 
 

 
Fig. (8) PL spectrum of the CuO NPs prepared in this work 

 

For a photodetector, particular responsivity and 

detectivity are crucial factors. In the wavelength 

range of 400-900nm with a 5V bias, the spectral 

responsivity of the fabricated structures is studied and 

computed using the following equation: 

𝑅𝜆 =
𝐼𝑃ℎ

𝑃𝑖𝑛
     (𝐴/𝑊)  (6) 

Two heterojunctions make up Si/Ag; the first is 

between the CuO layer and porous silicon (CuO/PSi), 

and the second is between the porous silicon layer and 

crystalline (substrate) silicon (PSi/Si). Consequently, 

there are two depletion zones formed in the 

CuO/PSi/(n,p)-Si. 

Figure (9) demonstrates the spectral responsivity 

and specific detectivity of the CuO/PSi/(n,p)-Si as 

functions of wavelength after being etched for 15 min 

at a current density of 20 mA/cm2. The spectral 

responsivity curve of CuO/PSi/(n,p)-Si has two 

response peaks, the first peak being due to the 

absorption edge of CuO nanoparticles at 640 nm and 

the second area being related to the absorption edge 

of silicon at 850 nm. 
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(d) 

 
(e) 

 
(f) 

Fig. (9) The spectral responsivity (Rλ), specific detectivity (D*) 

and external quantum efficiency (EQE) of the CuO/PSi/n-Si 

structure (a-c), and of the CuO/PSi/p-Si structure (d-f) 

 

It is worth noting that the CuO samples prepared 

by the chemical precipitation method contain very 

small nanoparticles, which make them promising 

material in the photonic and optoelectronics 

applications due to their effects on the values of 

energy gap and the generated currents [28]. The 

results conclusively explain the band gap alteration 

due to different confinement sizes which lead to the 

phenomenon above. 

 

4. Conclusions 
Chemical precipitation method was successfully 

used to prepare CuO nanoparticles. Their structural 

and spectroscopic characteristics introduced and 

discussed. The structural characterizations revealed 

the development of monoclinic CuO with an average 

particle size of 51.21 nm. An optical energy band gap 

of 5.1 eV was determined. The photoluminescence 

spectrum showed five major peaks at 334.2, 466.8, 

630, 765.8, and 830 nm. Moreover, the main 

parameters of photodetectors fabricated from the 

Ag/CuO/PSi/(n,p)Si/Ag structures were determined 

and compared. 
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Beta tri-calcium phosphate is due to its superior degradation in vivo, osteoconductivity, and 

osteoinductivity qualities, has become a promising material for bone regeneration 

applications. In addition, it is compatible with body tissues and has the ability to integrate 

bone, being very similar to the bone of an organism in addition to being a material with a 

very low thermal expansion coefficient, which makes it a desirable material for a wide 

range of applications in the field of biomedicine. In this work, beta tri-calcium phosphate 

was synthesizing by the reaction of calcium hydroxide and phosphoric acid at room 

temperature using a precipitation chemical method. Sodium hydroxide was use as a catalyst 

to fixing the pH at a range of (10-11). Scanning electron microscope and energy dispersion 

were used to investigate the characteristics particularities of these scaffolds. Final scaffold 

was immersed in simulated body fluid to help tissue correlation. Finally, Vickers 

microhardness, mechanical impact strength, Young’s modulus and compressive strength 

were calculated for the prepared composites. The outcomes turn up a good linkage 

correlate between the prepared samples with human’s teeth and bones substitutions. 

 
 Keywords: Bio-ceramics, hydroxyapatite, bones substitutions, beta tri-calcium phosphate 
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1. Introduction 

Due to their bioactive qualities, calcium 

phosphate (CaP) ceramics are extensively researched 

for orthopedic and dental applications. A chemical 

link is typically formed to this tissue bone-bonding 

when bioactive molecules contact with the nearby 

bone. Beta tri-calcium phosphate [Ca3(PO4)2] (TCP) 

is one of most important bio-ceramic systems due to 

their identification in structure and properties with 

hydroxyapatite [ Ca10(PO4)6(OH)2] (HA), which is 

the major mineral built-up of bones and teeth, it has 

been established that nano-sized hydroxyapatite 

increases the bioactivity of biomaterials.  The 

bioactivity of composed of (HA) and (TCP) have 

been broadly exemplified. The resulting mechanical 

characteristics, biodegradability, and stability are all 

confined by an established equilibrium between HA 

and TCP, despite the fact that the two phosphates 

appear to have differing biological resorption 

capacities [1, 2]. Co-precipitation or acid–base 

titration can be used to produce both HA and TCP 

bio-ceramics from aqueous solutions containing 

calcium nitrate and di-ammonium hydrogen 

phosphate. They've been made via a wet-chemical 

process by various researchers [3, 4, 5, 6, 7] and using 

both Ca (NO3)2.4H2O and (NaHPO4) as precursors in 

all of this research. Tas et al. [8], Akao et al. [9] and 

Jarcho et al. [10]. In the current study, tri-calcium 

phosphate was synthesized using a precipitation 

chemical method due the simplicity of this method 

also the final sample obtainable from this method had 

a high homogeneity.    

A tri-calcium phosphate compound, or calcium 

phosphate group, which can be obtained by altering 

and manipulating the molar ratios of the calcium-

phosphorus complex to match them with bone tissue. 

The hardness and hardness of the compound comes 

because of the correct and effective association 

between phosphorous and calcium in the presence of 

cofactors while keeping the pH value above 10. At 

room temperature, two types of calcium phosphate 

were form, which are stable and compatible with the 

body fluid. At high temperatures at 1200 oC, this is 

done through the reaction of the compound in a 

thermal furnace in the presence of oxygen. In this 

case, we get the hydroxyapatite compound when 

these new compounds interact with the body fluid 

[11]. 

Due to its macro porosity, beta tri-calcium 

phosphate has significant osteoconuctive ability, 

resulting in strong and healthy bone formation. It 

fuses straight to the bone, enhancing the healing 

process at the extraction site. The effect of a tri-

calcium phosphate on bone density around newly 

implanted dental implants has been extensively 

studied in several articles. When tri-calcium 

phosphate was introduced to certain areas of the body, 

bone density assessments increased. 

In previous years, over decades, types of bone 

restoration and replacement were use, including 

ceramic, including organic, and self-replacement [13-

16]. Which showed tissue compatibility with the 

organism. Among the most important ceramic 

materials that are biocompatible with the body are the 

group of calcium phosphate and hydroxyapatite, 
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which are unique in properties for the engineering of 

body tissues [17-19]. 

Both HA and tri-calcium phosphate materials 

have been studied, and encouraging results have been 

obtained for fields of biotechnology (bone substitute 

or regenerate bone tissue) and material sciences. 

The bone morphogenetic proteins (BMP) are huge 

group of proteins involves of more than twenty 

BMPs, but a few of them such BMP7 have important 

role in osteogenesis and bone formation, and these 

proteins were obtaining from non-mineralized cells to 

osteoprogenitor cells, therefore they have become one 

of likely treatment option [20]. 

Bioceramic materials such as calcium phosphate 

and other compounds such as alumina, zirconia, silica 

and calcium carbonate in addition to calcium titanium 

can be used as a coating material for metal alloys, 

which enhances their strength and resistance to 

corrosion, as well as to increase the bond of these 

minerals to integrate with the tissues of the body [21]. 

The use of synthetic bone protein and adding it to 

ceramic materials will increase bone perfection and 

the speed of fusion in addition to the release of 

calcium and phosphorous, which are included in the 

composition of bone and are the main elements in it 

[22]. The use of nanotechnology in medical 

applications [23,24], especially in orthopedics, has 

led to a great development in providing promising 

materials with unique properties and interest in this 

field encouraged researchers to create prosthetic 

materials and new techniques in replacement and 

grafting. HA composite and its usage in medical 

application as bones and teeth substitutions after 

proceedings of a several investigations and tests. 

 

2. Experimental Part 

A precipitation chemical method was used to 

synthesized beta tri-calcium phosphate as following: 

A 10 gm of CaO is mixed with 300ml distilled water 

at 27°C to get a white Ca(OH)2 suspension. A 0.3 M 

of H3PO4 was subsequently add to the last suspension 

under continuous stirring to get a final suspension at 

pH ranged 10-11 with assistance of adding sodium 

hydroxide. The mixture was stirred for one hr. at fixed 

temperature. Precipitates were separate from the 

glassware immediately by filtration and dried at 60°C 

for one day. Finally, the sample was sintering at 

400°C for 4 hours to resulting the final Ca-P powder. 

Characteristics tests were acquired such (XRD) at 

three temperatures (400, 800 and 1000°C). At 

1000°C, the tri-calcium phosphate will have formed 

and this final production will have compressed as 

bulk with dimensions 1x1 cm2 using hydraulic 

compressor. Scanning electron microscopy (SEM), 

energy-dispersive x-ray (EDX) spectroscopy and x-

ray diffraction (XRD) were used to investigate the 

characteristics of these scaffolds. A tri-calcium 

phosphate scaffold was mash in 250 ml of (SBF) for 

30 days at 37°C without stirring and dark place after 

adding 5% of BMP to the scaffold to help tissue 

correlation. After that a HA forming in the TCP 

scaffold’s surface as obvious white layer, the 

homogeneity of HA/tri-calcium phosphate composite 

was checked by (XRD) after calcination at 600°C for 

2 hours. Finally, Vickers micro hardness, mechanical 

impact strength, Yong’s modulus and compressing 

strength for this composite were calculated. 

 

3. Results and Discussion 

The EDX analysis for the final scaffold product is 

shown in Fig. (1). From EDX data, the Ca-P ratio of 

the bone hydroxyapatite (BHA) under investigation 

varies by as much as 3:1. As can be shown from the 

HA weight and atomic composition (Fig. 1). (Ca, P, 

and O2) are the primary components of (HAp) and 

there is a small amount of Na and Mg in the EDX of 

(BHA) is consistent with published studies [25].  

 

 
 

Element Wt.% Wt.% Sigma 

O 41.67 0.28 

Na 2.65 0.07 

Mg 0.15 0.04 

Al 0.24 0.03 

Si 0.23 0.03 

P 23.77 0.15 

Cl 1.47 0.04 

K 0.38 0.03 

Ca 29.45 0.17 

Total: 100.00  

 
Fig. (1) EDX analysis for final scaffold product in SBF 

 

The x-ray diffraction (XRD) analysis was carried 

out for the prepared samples. The (2θ) range was from 

10° to 80°. Data used for structural investigation were 

collect in the 2θ range of 10-100° with a 0.026° step 

and counting time of 500 s/step. The XRD pattern of 

obtained beta-TCP using wet chemistry synthesized 

is shown in Fig. (2). The most-intense XRD peaks 

were at 40.7° and 47.4° of the CaO product phase 

coincided with those of HA and beta-TCP 

respectively. Also figure (2) shows intense peaks at 

25.8°, 31.7- 3°, 39.8°, 47-48°, 49.5° and 53.2°, 

attesting that the synthetized Ca-P has a crystalline 

HA. The peaks at 30-35° indicated the presence of a 

crystallinity of nano-sized hydroxyapatite [26]. XRD 

examination of the Ca-P synthetized at low pH 

appearing the main specific peaks of HA at 2θ such 

25.8°, 31.7°, 32.2°, 32.8°, 34.1°, 46.9° and 49.4°, and 

main peaks for tri-calcium phosphate are 25.8°, 26.5°, 

29.6°, 32.8° and 34.3° [27]. The morphology of tri-

calcium phosphate and HA particles synthetized at 

400, 800 and 1000°C, particles at pH ranging in 10-



IRAQI JOURNAL OF APPLIED PHYSICS 
Vol. 19, No. 3A, July-August 2023, pp. 43-48 

ISSN (print) 1813-2065, (online) 2309-1673 © ALL RIGHTS RESERVED  PRINTED IN IRAQ  45 

11 and final scaffold were observed using (SEM) and 

shown in Fig. (3). 

 

 
(a) 

 

 
(b) 

Fig. (2) (a) XRD of beta-TCP at 600°C and (b) XRD of TCP/HA 

composite after calcination at 1000°C for two hours 

 

Scanning electron microscopy images indicated 

that the granular size of the powder is within the 

nanoscale range with little clumping of the prepared 

powder. The morphology is resembled between the 

samples synthetized at different temperatures as 

shown in Fig. (3). However, at 1000°C, the particle 

size will decrease. A Ca-P condensed as spheroidal 

shape and micro-pores, being the sample treated at 

1000°C the most condensed.  

The bioactivity examines of the tri-calcium 

phosphate scaffold showed that morphological 

changes. Figure (4) shows the result of dipping into a 

body fluid-simulated solution after 30 days; the all 

sample had an elementary change on the scaffolds 

surface and tend to white colored due HA forming as 

shown in Fig. (4a). 

 

 
(a) 

 

 
(b) 

 

 
(c) 
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(d) 

Fig. (3) SEM for final scaffold product 

 

The use of the sintering temperature at 1000°C 

made the compound have high performance 

(biomechanical) properties. As a result, mechanical 

properties were obtained close to the bone of the 

organism. The shape represents the hip joint made of 

calcium phosphate (Fig. 4b). Because of the great 

strength of the ionic bonds in tri-calcium phosphate, 

it is generally fragile. The crystallinity, size, borders, 

and grain porosity of HA and tri-calcium phosphate 

can be used to identify their mechanical properties. 

With smaller grains, the number of grain boundaries 

decreases, resulting in an improvement in mechanical 

strength. It is useful to coat beta tri-calcium phosphate 

scaffolds with HA to boost the mechanical strength of 

porous ceramic materials. 

In fact, beta tri-calcium phosphate-based 

scaffolds coated with bioabsorbable HA provide a 

novel way to obtain good compressive strength while 

preserving high levels of biocompatibility, 

biodegradability, and osteoconductibility. The 

interpenetrating structure that resulted is presumably 

what gave the scaffold its strength. 

A comparison of mechanical properties between 

the finished scaffold product and various ceramic 

materials and some hard tissues of the human body is 

shown in table (1). 

 
Table (1) the final scaffold product's mechanical properties 

are compared to those of several human tissues 

 

Material 

Compressive 

Strength 

(MPa) 

Flexural 

Strength 

(MPa) 

Modulus 

of 

Elasticity 

(GPa) 

Ref. 

Final scaffold 

product 
190 210 1.6  

hydroxyphosphate. 400 112 40-120 [28] 

Zirconia 1800 600 195-210 [29] 

Alumina 1000-2500 200-380 350-400 [30] 

Bone 100-200 90-120 3-30 [31] 

Teeth 300 51.7 15-20 [32] 

Tooth enamel 250-550 10.3 10-90 [33] 

 

 

 
(a) 

 

 
(b) 

Fig. (4) (a) before (left) and after (right) immersed in SBF, and 

(b) hip join 

 

Comparing the resultant scaffold with the 

materials mentioned in table (1), ceramic system of 

tri-calcium phosphate synthesis in this work with 

mentioned ratios is within the mechanical properties 

ranging of cortical bone for the compressive strength 

and the other properties could be closer whether the 

ratios be more suitable and accurate the calcination 

temperature. 

 

4. Conclusion 

The manufacturing properties of the compound 

tri-calcium phosphate bio ceramic associated with 

hydroxyapatite and tri-calcium phosphate particles 

were acquire with nano-dimensional size distribution, 

for with high hand the agglomeration in more stable 

structures that they conformed. A clear XRD test of 

the prepared powder showed a multi-phase 

crystallization of a tri-calcium phosphate compound 

in addition to a pattern of calcium phosphate with 

hydroxyapatite. The structural and mechanical 

properties of the synthesized tri-calcium phosphate 

are suitable for their use as biomaterials, which make 

this product a good material for bones and teeth 

regeneration reliance on the mechanical properties. 
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In this work, nanocomposites from titanium dioxide (TiO2) and titanium nitride (TiN) thin 

films were prepared by dc reactive magnetron sputtering technique. A highly-pure titanium 

sheet was used as a sputtering target and gas mixtures of (Ar∶O2) and (Ar:O2:N2) with missing 

ratios of (50:50) and (40:40:20) were used to prepare TiO2 and TiO2:TiN samples, 

respectively. The structural and morphological characteristics of these samples were 

investigated. They showed that the TiO2 samples contain both anatase and rutile phases with 

no other materials as impurities, while an additional phase of TiN structure was found in the 

TiO2/TiN samples. Reasonable changes in the chemical structure and surface morphology 

were shown due to the formation of the nanocomposite material when compared to the TiO2 

samples. 
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1. Introduction 

Nature often creates structures that incorporate 

hierarchical features, from the tiny cell all the way to 

large forests. One can observe a rule of growth that is 

applied repeatedly to construct the next stage of the 

structure. Many man-made materials too involve 

structural elements within their structure. Such 

structural hierarchies can play a large role in 

determining the bulk properties of the materials [1]. 

When structures inspired by nature are fabricated in 

the nanoscale dimensions, the physical properties of 

the starting materials can be modified considerably to 

provide great opportunities to enhance their 

performance for many different technological 

applications [2]. 

Among all semiconductor photocatalysts, 

titanium dioxide (TiO2) is receiving high concern as 

a promising material due to its evidence properties, 

including chemical stability, highly photocatalytic 

activity, ability to deposit as thin film, and 

environmentally friendly [3-5]. From the three 

distinct polymorphs of TiO2, rutile and anatase phases 

are the most stable forms [6]. While rutile TiO2 has a 

direct bandgap and anatase TiO2 has an indirect 

bandgap, the latter has a wider bandgap (3.2 eV) 

[7,8]. There are several methods and techniques used 

for the deposition of titanium oxide thin films such as 

spray pyrolysis [9], chemical vapor deposition [10], 

thermal vacuum evaporation [11], radio-frequency 

sputtering [12], and reactive dc magnetron sputtering 

[13]. Despite the high cost of sputtering technique 

under high vacuum, it remains amongst the important 

and widely used techniques in many fields due to the 

purity and homogeneity of the nanostructures 

produced by this technique [14,15]. 

The characteristics of nanocrystalline TiO2 thin 

films can be improved by different routes including 

preparation technique, engineering of nanostructure 

shape and size, or composing with other materials 

[16,17]. Pure TiO2 thin films have a wide bandgap, 

which restricts their photosensitivity to the UV 

radiation, which represents a drawback in 

photocatalytic applications [18]. In order to enhance 

the photocatalytic activity, many methods have been 

used to expand the light response to the visible 

ranges. The most popular method to do so is the 

preparation of doped TiO2 material as nanoparticles. 

There have been several methods for doping the TiO2 

with metals, non-metals (such as nitrogen), and 

semiconductors [19]. 

Since the p states of nitrogen (N) atom mix with 

O2
p states help in narrowing the bandgap of TiO2, 

substitutional doping of N is the most successful. 

Although doping with sulfur (S) exhibits a 

comparable bandgap narrowing, due to its large ionic 

radius, it would be challenging to incorporate it into 

the TiO2 crystal, as shown by the significantly higher 

formation energy needed for the substitution of S than 

for the substitution of  N atoms [20]. 

Al-Oubidy and Kadhim [21] have studied the 

structural characteristics of TiO2 nanostructures 

prepared by dc reactive magnetron sputtering without 

any heat treatment. These nanostrcutures  exhibited 

anatase phase only with average particle size of 5-7 

nm. Shanmuga et al. have reported the synthesis and 

characterization of pure TiO2 as well as N-, B-, and 

Ag-doped TiO2 using the sol-gel method and the 

ability of these oxides to photodegrade methylene 

blue (MB) under sunlight or UV- radiation. 

Photocatalytic efficiency was significantly increased 

by N-doping, resulting in 98% MB decomposition 
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under UV- irradiation for 180 min, while Ag- and B-

doped TiO2 lowered the degradation rates. 

Photocatalysis with N-doped TiO2 was proved to be a 

promising alternative for photocatalysis employing 

solar energy [22]. 

As an outcome of this work, new nanocomposites 

from titanium dioxide (TiO2) and titanium nitride 

(TiN) thin films were prepared by dc reactive 

magnetron sputtering technique for photocatalysis 

applications. The structural and morphological 

characteirstics of these nanocomposites are studied 

and compared to those of individual TiO2 

nanostrcutures. 

 

2. Experimental Part 

A dc reactive magnetron sputtering system was 

used to prepare TiO2 thin films and TiO2:TiN thin 

film nanocomposite on glass substrates. A highly-

pure titanium sheet of 4cm diameter was mounted on 

the cathode inside deposition chamber of the 

sputtering system. The magnetron configuration 

consists of two permanent ring magnets positioned on 

the cathode’s backside. The inner magnet is 31 mm in 

diameter with a 17 mm diameter central hole, while 

the outer magnet is 80 mm in diameter and 40 mm 

diameter central hole. The inter-electrode distance 

was fixed at 4 cm, the working pressure was 0.085 

mbar and the deposition time of 3 hours was 

considered to prepare the optimum samples. The 

anode might be heated up to 350°C using a controlled 

heating system. Argon was used as a sputtering gas, 

as well as nitrogen and oxygen as reactive gases. The 

TiO2 samples were prepared using gas mixture 

(Ar∶O2) with mixing ratio of 50:50, while the 

TiO2:TiN samples were prepared using gas mixture 

(Ar/O2/N2) with five different mixing ratios in order 

to control the contents of TiO2 and TiN in the final 

sample. It was found that the optimum mixing 

(Ar/O2/N2) ratio was (40/40/20), which produces the 

highest content of TiN in the prepared 

nanocomposite. 

The structural and surface morphology of the 

prepared samples were examined by x-ray diffraction 

(Shimadzu XRD 6000), scanning electron 

microscopy (JSM-7600F by JEOL), and Fourier-

transform infrared (FTIR) spectroscopy. 

 

3. Results and Discussions 

Figure (1) illustrates the x-ray diffraction (XRD) 

patterns recorded for the as-deposited TiO2 and 

TiO2:TiN thin film prepared on glass slides. The two 

samples appeared as polycrystalline nature. The TiO2 
samples appeared of mixed Anatase and Rutile phases 

according to the standard cards No. 96-900-9087, and 

96-900-7532, respectively, which indicated the 

oxidation of the sputtered substances. The preferred 

orientation peak appeared for the dominant anates 

phase located at diffraction angles of 2θ=25.39°, 

corresponding to the (101) crystal planes. Addition of 

N2 cause to appeared new phase of TiN with peaks 

located at 2θ = 36.8340°, 42.7363°, 62.0139°, and 

74.2040° corresponding to the crystal planes of (111), 

(200), (220), and (311), according to the standard 

cards No. 96-900-8749. As shown in table (1), the 

inert-planer distances (dhkl) were calculated according 

to Bragg’s law [23], while the crystallite size 

determine according to Scherrer’s formula [24]. In 

general the crystallite size reduced after N-doping. 

The result agree with previous studies [25,26]. 

 

 
 

Fig. (1) XRD patterns for TiO2 thin film (a) and TiO2:TiN 

composite thin film (b) prepared by reactive DC sputtering 

 

Figure (2) shows the FE-SEM images for the 

surface of TiO2 and TiN/ TiO2 thin films. There is a 

difference in the particle size between samples. The 

TiO2 thin film appeared as nanoparticles with 

irregular shapes, sizes aggregate to each other and 

average particle size of 47.44nm (Fig. 2a). The 

TiO2/TiN sample appeared as nearly uniform 

spherical and average particle size of 30.23nm in Fig. 

(2b). The average particle diameter significantly 

decreased due to the difference in growth. Such 

changes may enhance the applicable in photo 

catalytic applications. 

Figure (3) and table (2) show the analysis of 

energy-dispersive x-ray spectroscopy (EDS) for TiO2 

and TiO2:TiN thin films, which based on that each 

element has a unique atomic spectra after x-ray 

excitation. The measured shows many peaks 

corresponding to emission lines for titanium (Ti) and 

oxygen (O). The peaks intensities varies according to 

their existence in the samples. Additional peak 

corresponding to N2 appeared in TiO2:TiN samples 

indicate form new nanocomposite. The EDS map 

shown next to the patterns indicate the homogeneity 

distribution of the deposited elements. 
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(a) 

 

 
(b) 

Fig. (2) SEM images for TiO2 thin film (a) and TiO2:TiN 

composite thin film (b) prepared by reactive DC sputtering 

 
Table (2) Elements and their weights in EDS spectra for TiO2 

and TiO2:TiN nanocomposites prepared in this work 

 

TiO2 

Element Atomic % Weight % 

C 8.0 3.2 

O 46.6 24.7 

Ti 45.4 72.1 

 

TiO2:TiN 

C 16.1 7.9 

N 9.7 5.6 

O 45.0 29.4 

Ti 29.2 57.1 

 

 
 

 

 

 
(a) 

 

 
 

 
 

 
 

 
(b) 

Fig. (3) EDS analysis and EDS map for TiO2 thin film (a) and 

TiO2:TiN composite thin film (b) prepared by reactive DC 

sputtering 

 

The FTIR patterns for TiO2 and TiO2:TiN 

nanocomposite samples were shown in Fig. (5) and 

table (3). For the TiO2, the band at around 3420 cm–1 

in is attributed to hydroxel group. The C-H stretch 

appeared at 2987.24 corresponding to adsorbed 

carbonel group on the sample surface.  A band at 

around 655.22 cm–1 which is represent of TiO2 
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matrixes [27]. While a weak band at 423.23 Ti-O 

corresponding to rutile structure [28]. Additional 

band appeared at 1587.00 cm–1 corresponding to 

intermediate phase of Ti-OH causing defect sites in 

the TiO2 matrix. Addition N2 cause appearance of 

new bands, and some bands are shifted. The band at 

1421.68 cm–1 corresponding to N-H band. The bands 

at 1134.27, 1041.96 and 1008.39 cm–1 attributed to 

Ti-N band for TiN phase. The band at 920.28 cm –1 

may attribute to NO for intermediate nitride phases. 

The shoulder band at 540.56 cm –1 corresponding to 

Ti-O-Ti vibration [29,30]. 

 

 
 

Fig. (4) FTIR analysis for TiO2 thin film (a) and TiO2:TiN 

composite thin film (b) prepared by reactive DC sputtering 

 
Table (3) FTIR bands for TiO2 and TiO2:TiN composite thin 

film  prepared by reactive DC sputtering 

 

Band Type TiO2 20% N2 

O-H 3420.14 3435.66 

C-H stretch 2987.24 2993.01 

Ti-OH 1587.00 1576.92 

N-H bending - 1421.68 

Ti-N 

- 1134.27 

- 1041.96 

- 1008.39 

N-O - 920.28 

Ti-O 655.22 643.36 

Ti-O-Ti - 540.56 

Ti-O rutile 423.23 416.78 

 

4. Conclusions 

Titanium dioxide (TiO2) and Titanium dioxide: 

Titanium nitride (TiO2:TiN) nanocomposite thin film 

were successfully deposited by a dc reactive 

magnetron sputtering technique from a titanium 

target. The structural, morphological, and optical 

properties of the TiO2 and TiO2:TiN samples indicate 

the successful prepared new nanocomposite and the 

diagnosis techniques show the distinct variations in 

thin film properties after adding N2. The results of the 

TiO2:TiN thin film prepared by reactive-DC 

sputtering were quite reasonable compared to the 

literature using other techniques, and the 

nanocomposite  effect can enhance the photocatalytic 

activity. 
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Table (1) XRD peaks parameters for TiO2 and TiO2:TiN composite thin film prepared by reactive DC sputtering 

 

N2 % 
2θ 

(Deg) 

FWHM 

(Deg) 

dhkl 

(Å) 

C.S. 

(nm) 
hkl Phase Card No. 

0% 

25.3983 0.4355 3.5040 18.7 (101) Anatase 96-900-9087 

27.4171 0.4354 3.2504 18.8 (110) Rutile 
96-900-7532 

36.0069 0.4750 2.4923 17.6 (101) Rutile 

37.0361 0.4355 2.4254 19.2 (103) Anatase 
96-900-9087 

37.8278 0.3562 2.3764 23.6 (004) Anatase 

41.1925 0.4751 2.1897 17.9 (111) Rutile 96-900-7532 

48.0010 0.4750 1.8938 18.3 (200) Anatase 

96-900-9087 54.4137 0.6729 1.6848 13.3 (105) Anatase 

55.0866 0.4354 1.6658 20.6 (211) Anatase 

56.6304 0.4750 1.6240 19.0 (220) Rutile 96-900-7532 

62.8055 0.5145 1.4784 18.1 (204) Anatase 96-900-9087 

64.0327 0.4750 1.4530 19.7 (310) Rutile 96-900-7532 

69.0203 0.5938 1.3596 16.2 (116) Anatase 

96-900-9087 

70.3266 0.7521 1.3375 12.9 (220) Anatase 

75.1954 0.5937 1.2626 16.9 (215) Anatase 

82.6373 0.9896 1.1667 10.7 (224) Anatase 

20% 

25.3983 0.5541 3.5040 14.7 (101) Anatase 

27.4171 0.5146 3.2504 15.9 (110) Rutile 
96-900-7532 

36.0861 0.5146 2.4870 16.2 (101) Rutile 

36.8340 0.5320 2.4382 15.7 (111) TiN 96-900-8749 

37.8278 0.7126 2.3764 11.8 (004) Anatase 96-900-9087 

41.2716 0.5937 2.1857 14.3 (111) Rutile 96-900-7532 

42.7363 0.7521 2.1141 11.3 (200) TiN 96-900-8749 

48.0010 0.5542 1.8938 15.7 (200) Anatase 

96-900-9087 54.3741 0.7125 1.6859 12.5 (105) Anatase 

55.0866 0.5542 1.6658 16.2 (211) Anatase 

56.6700 0.5938 1.6230 15.2 (220) Rutile 96-900-7532 

62.0139 0.7125 1.4953 13.0 (220) TiN 96-900-8749 

62.8055 0.5937 1.4784 15.7 (204) Anatase 96-900-9087 

64.1118 0.6729 1.4514 13.9 (310) Rutile 96-900-7532 

69.0203 0.5542 1.3596 17.4 (116) Anatase 
96-900-9087 

69.9703 0.7521 1.3435 12.9 (220) Anatase 

74.2040 0.5435 1.2769 18.3 (311) TiN 96-900-8749 

75.0371 0.8313 1.2648 12.1 (215) Anatase 
96-900-9087 

82.6769 0.9500 1.1662 11.1 (224) Anatase 
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1. Introduction 

Photocatalysts are classified into two categories: 

homogeneous and heterogeneous photocatalyst, 

Homogeneous photocatalysts are dispersed in the 

same phase as the reactants in the presence of light. 

The heterogeneous photocatalysts are in a different 

phase than the reactants, separated from them by a 

phase boundary under light [1]. Most common 

heterogeneous photocatalysts are transition metal 

oxides and semiconductors, which have unique 

characteristics. Unlike the metals which have a 

continuum of electronic states, semiconductors 

possess a void energy region where no energy levels 

are available to promote recombination of electrons 

and holes produced by photoactivation in the solid 

[2]. 

Crystallinity is an important factor to be 

considered in the optimization of the 

photodegradation efficiency. It has been shown that 

amorphous TiO2 has negligible photodegradation 

efficiency compared with TiO2 of high crystallinity. 

The low efficiency of amorphous TiO2 is caused by 

the high recombination rate of electrons and holes due 

to the large amount of defects [3,4]. 

The primary criteria for an efficient 

semiconductor photocatalyst is that the redox 

potential of the charge couple, i.e., e–/h+, lies within 

the band gap domain of the photocatalyst. The energy 

level at the bottom of conduction band determines the 

reducing ability of photoelectrons, while the energy 

level at the top of valence band determines the 

oxidizing ability of photogenerated holes [5]. The 

internal energy scale is given on the left for 

comparison to normal hydrogen electrode (NHE). 

The positions are derived from the flat band potentials 

in a contact solution of aqueous electrolyte at pH 

equal to 1. The pH of the electrolyte solution 

influences the band edge positions of the various 

semiconductors compared to the redox potentials for 

the adsorbate [6]. 

TiO2 is close to be an ideal photocatalyst and the 

benchmark for photocatalysis performance. TiO2 is 

cheap, photostable in solution and nontoxic. Its holes 

are strongly oxidizing and redox selective. For these 

reasons, several novel heterogeneous photocatalytic 

reactions have been reported at the interface of 

illuminated TiO2 photocatalyst, and TiO2-based 

photocatalysis has been researched exhaustively for 

environmental cleanup applications. The single 

drawback is that it does not absorb visible light [7]. 

To overcome this problem, several methods including 

dye sensitization, doping, coupling and capping of 

TiO2 are proposed. 

In this work, the photocatalytic activity of three 

samples of TiO2 nanoparticles different in their 

structures was introduced and compared. These 

nanoparticles were prepared by two different 

methods; solvothermal and dc reactive sputtering. 

The photocatalytic activity was studied as a function 

of photodegradation methylene blue dye in aqueous 

solution. 

 

2. Experimental Part 

Two methods were used in this work to prepare 

titanium dioxide (TiO2) nanoparticles. In the first 

method, solvothermal method, the TiO2 nanoparticles 

were synthesized from the titanium isopropoxide and 

banana peels. The synthesized nanopowder was 

polycrystalline and containing both anatase and rutile 

phases (1:1) of TiO2, with minimum nanoparticle size 

of 25.41, and good structural purity. For more details 

on this work, see reference [8]. In the second method, 

dc reactive magnetron sputtering, a highly-pure 

titanium sheet was sputtered in presence of Ar:O2 gas 

mixture inside a vacuum chamber at gas pressure of 

0.5mbar and discharge current of 40mA to deposit 

TiO2 thin films on glass substrates. The deposited 
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films were containing both rutile and anatase phases 

of TiO2. In order to deposit TiO2 films with only 

anatase phase, a heat sink was placed under the 

substrate to avoid the thermal transition of anatase 

into rutile phase. For more details on this technique, 

see references [9-14]. The nanopowder was extracted 

from the tin film samples by the conjunctional 

freezing-assisted ultrasonic extraction method [15]. 

The photocatalytic activity of the prepared TiO2 

nanoparticles was determined by monitoring the 

degradation of the methylene blue (MB) dye in 

aqueous suspensions containing TiO2 nanopowders 

under UV-radiation exposure. A 50 mL of aqueous 

suspension was prepared by completely dissolving 

0.0159 gm of the MB dye in the deionized water. The 

MB dye placed in a quartz tube with TiO2 

nanopowder and stirred in the dark (without UV-

radiation exposure) for one hour to stabilize the 

adsorption of the MB dye over the surface of TiO2 

nanoparticles. 

The aqueous suspension was then exposed to the 

UV radiation; whose wavelength is in the range 300-

410 nm. The UV radiation source was placed at a 

distance of 10 cm from the quartz tube. Following UV 

radiation exposure, 3 mL of aqueous suspension was 

taken out of the test chamber after each 30 min of UV-

radiation exposure to record the absorption spectrum. 

The intensity of the main absorption peak (A) of 

the MB dye solution was taken as a measure of the 

residual MB dye concentration (C). The UV-visible 

absorption spectrum of the MB dye solution, without 

the addition of TiO2 nanopowder and the UV-

radiation exposure, was also recorded as a reference 

spectrum corresponding to the initial MB dye 

concentration (C0). The normalized residual MB dye 

concentration was calculated using the following 

relationship [16]: 

(
𝐶

𝐶𝑂
)

𝑀𝐵
= (

𝐴𝑡𝑖𝑚𝑒=𝑡

𝐴𝑡𝑖𝑚𝑒=0
)

656 𝑛𝑚
   (1) 

where Atime=0 is the initial intensity of main absorption 

peak located at 656 nm, Atime=t is the intensity after 

exposure time of t, C0 is the initial concentration of 

MB dye before adding the TiO2 nanoparticles to the 

solution, and C is the residual concentration of MB 

dye after exposure time (t) 

It is observed that the kinetics of the 

photocatalytic activity is measured in terms of the 

degradation of the MB dye. 

 

3. Results and Discussion 

Figure (1) shows the solution samples prepared in 

this work after 30 min of irradiation with UV source. 

The effect of catalytic activity of TiO2 nanoparticles 

on the degradation of the MB dye solution is 

generally clear. However, slight differences can be 

observed due to the structure of these nanoparticles. 

Also, the degradation of the MB dye solution is 

increased with irradiation time. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. (1) Prepared solution samples (a) before irradiation, (b) 

after 30min irradiation, and (c) after 120min irradiation (from 

left to right: MB with (2:1) TiO2 NPs, MB with (1:1) TiO2 NPs, 

MB with anatase TiO2 NPs, and MB only) 

 

Figure (2) shows the absorbance decay of 

methylene blue (MB) dye with UV irradiation time in 

presence of anatase TiO2 nanoparticles in the MB 

solutions. It shows that after two hours, the 

absorbance was decreased to about 72% of its initial 

value soon after irradiation of the dye solution with 

UV radiation. This decrease is obviously attributed to 

the effect of anatase TiO2 nanoparticles in the MB 

solution. The dye solution containing anatase:rutile 

(2:1) TiO2 nanoparticles showed a decrease by 65% 

while the green-synthesized TiO2 nanoparticles (1:1) 

showed 71% decrease in absorbance. 

The packing factor (PF) concept was developed to 

evaluate inherently existing internal fields that can be 

used to rank the charge separation abilities among 

oxide materials. Due to the lower value of PF for 

anatase TiO2 (0.6455) when compared to that of rutile 

TiO2 (0.7045), the loosely packed structure of anatase 

TiO2 is favorable for photocatalytic activity. 

However, the mixed-phase (1:1) TiO2 nanoparticles 

can be better for the MB degradation. This may be 

attributed to the synergetic effect originated from the 

existence of both structural phases in the final sample. 
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Fig. (2) Absorbance decay of methylene blue (MB) dye with UV 

irradiation time in presence of TiO2 nanoparticles in the MB 

solutions 

 

Typical variation in the normalized residual MB 

dye concentration as a function of UV radiation 

exposure time for the TiO2 nanoparticles is presented 

in Fig. (3). It is observed that the kinetics of the 

photocatalytic activity, measured in terms of the 

degradation of the MB dye, is enhanced by about 33% 

for the anatase TiO2 nanoparticles, 34% for the green 

synthesized nanoparticles, and 43% for the mixed-

phase nanoparticles. The values of the apparent first-

order reaction rate constant (kapp) were obtained using 

the data presented in Fig. (2). The kapp values for the 

(1:1), (2:1) and anatase TiO2 nanoparticles are 

obtained from the slopes of these fitted straight lines 

to be 2.8x10-3, 3.5x10-3 and 2.7x10-3 min-1, 

respectively, which reflects the rate of degradation of 

the photocatalyst against the pollutant. 

The photocatalytic activity of the TiO2 

nanoparticles was introduced by monitoring the 

degradation of methylene blue (MB) dye in an 

aqueous solution containing these nanoparticles 

under UV-radiation exposure. The normalized 

residual MB dye concentration [(C/C0)MB] was given 

by Eq. (1). 

The kinetics of the photocatalytic activity 

measured in terms of the degradation of the MB dye 

are observed. So, after this process, the mixed-phase 

(2:1) TiO2 nanoparticles showed much more 

degradation than the green-synthesized (1:1) and 

anatase TiO2 nanoparticles, as shown in Fig. (4). 

This can be ascribed to a strong electronic 

interaction between the rutile and anatase TiO2 

structures, which may result in an improvement in the 

kinetics of the photocatalytic activity of mixed-phase 

(2:1) TiO2 nanostructures. A photocatalysis 

experiment was also carried out in the absence of 

TiO2 nanoparticles as photocatalysts to confirm the 

stability of MB dye in an aqueous solution under 

continuous exposure by UV radiation. Under this 

condition, the initial concentration (C0) of MB dye 

remained constant even after irradiation time of 210 

min. 

 

 
Fig. (3) Typical variation in the normalized residual MB dye 

concentration as a function of UV radiation exposure time for 

the TiO2 nanoparticles 

 

 
Fig. (4) The photocatalytic activity of the TiO2 nanoparticles in 

MB dye aqueous solution under UV-radiation exposure 

 

4. Conclusion 

In this work, the effect of structure on the 

photocatalytic activity of titanium dioxide 

nanoparticles for the degradation of methylene blue 

dye in aqueous solution was introduced. The titanium 

dioxide nanoparticles were prepared by two different 

methods (solvothermal and dc reactive sputtering) 

with three different structures (anatase only, 

anatase:rutile with 2:1 and 1:1). According to the 

obtained results, the TiO2 nanoparticles prepared by 

solvothermal method showed lower photocatalytic 

activity than the mixed-phase (2:1) TiO2 

nanoparticles prepared by dc reactive sputtering but 

better than the anatase TiO2 nanoparticles prepared by 
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dc reactive sputtering. The solvothermal method can 

be described as a green method to prepare 

nanoparticles as photocatalysts for environmental and 

biomedical applications. 
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In this study, silver nanoparticles were biosynthesized using garlic extraction 

and their main structural characteristics were characterized. The x-ray 

diffraction (XRD) pattern showed four diffraction peaks at 32.10°, 38.34°, 

45.68° and 77.59°, which match the silver crystalline planes of (111), (200), 

(220), and (311) planes, respectively. The field-emission scanning electron 

microscopy (FE-SEM) revealed that the prepared Ag NPs were agglomerated 

spheres. The energy-dispersive x-ray spectroscopy (EDX) showed reasonable 

structural purity of the prepared nanoparticles as a result of biosynthesis 

method. These results show can be considered promising for many 

applications, such as medicinal therapies, wastewater treatment, and other 

industries. 
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1. Introduction 

Novel nanomaterials and nanoparticles represent 

the numerous potential scientific and technological 

uses of nanotechnology, a field that has just recently 

emerged as an academic discipline. Particles between 

(1 and 100 nm) in size are considered nanoparticles 

(NPs) [1,3]. Biomedicine, agriculture, pharmaceutics, 

textiles, food technology, catalysis, sensors, 

mechanics, electronics, and optics are just a few of 

the sectors that could benefit from their use, therefore 

they have involved a lot of attention from the 

scientific community. Silver, gold, zinc, cadmium 

sulfide, copper, iron, titanium dioxide, etc. are only a 

few of the many materials that can be found in 

nanoparticles [3-8]. Silver nanoparticles (Ag NPs) 

have been one of the most studied nanoparticles in 

recent decades [9-13] due to their would-be uses in 

biomedical science. These applications include their 

use as (an antibacterial, antifungal, antioxidant, anti-

cancer, anti-inflammatory, drug delivery, wound 

dressing, biosensor, and biocatalyst) also used in 

Wastewater treatment, Wastewater is 99.9% water, 

with the materials that must be removed accounting 

for only 0.1 percent by volume. This solid substance 

is a mixture of feces, food particles, grease, oils, soap, 

salts, metals, detergents, plastic, sand, and grit. The 

organic fraction is primarily composed of proteins, 

carbohydrates, and fats [14]. Recent research 

indicates that green-produced silver nanoparticles 

have potent antibacterial, antioxidant, and anti-cancer 

properties [11-15]. 

These nanoparticles (Ag NPs) can be synthesized 

using a wide range of physical and chemical 

techniques, including chemical reactions, 

photochemical processes, thermal degradation of 

different silver compounds, electrochemical 

processes, radiation, and microwave-assisted 

methods [16]. Using poisonous substances, spending 

a lot of money, using a lot of labor-intensive 

equipment, and producing hazardous byproducts are 

the main downsides of these approaches [3,6,17]. 

Because of the limitations of physicochemical 

techniques, scientists are increasingly interested in 

biological methods for the green which are non-toxic, 

cheap, and eco-friendly instead of using pricey 

harmful chemicals, green synthesis makes use of 

natural substances such as reducing, capping, and 

stabilizing agents. The green production of bioactive 

nanoparticles [18-21] could make use of a wide 

variety of biological resources, including plants and 

plant components (roots, plants, fruit, etc.), bacteria, 

fungi, algae, etc. Antimicrobial properties and green 

production of silver nanoparticles utilizing plant 

extracts or microorganisms have received a lot of 

attention as of late. This global health dilemma is 

significant because multidrug-resistant bacteria are 

the root cause of many serious infectious illnesses. 

 

2. 2. Material and Method 

Introducing the morphology, size, shape, 

limpidness, and chemical appearance of the silver 

nanoparticles is a crucial step to achieve green 

synthesis. UV-visible spectrophotometry, x-ray 

diffraction (XRD), field-emission scanning electron 

microscopy (FE-SEM), and energy-dispersive x-ray 

spectroscopy (EDX) have been used to characterize 

green-synthesized silver nanoparticles. These tests 

showed that good results were obtained as the garlic 

plant extract was used for biosynthesis of silver 
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nanoparticles, which were then employed in a wide 

variety of medical uses. 

Allium sativum (garlic) bulbs, sodium hydroxide 

(NaOH), distilled water, and silver nitrate (AgNO3) 

were used as the raw and starting materials. They 

were supplied from the local market. The garlic 

cloves were peeled and washed with distilled water to 

remove any remaining debris and dirt. The aqueous 

extract was then set by pounding 10 g of garlic pieces 

with a pestle and mortar, then combining this mixture 

with 100 mL of distilled water. The extract was 

filtered using filtration paper and the resulting filtrate 

was stored in the refrigerator at 4 °C to be used later. 

To neutralize the silver ions, an aqueous extract of 

garlic was produced using a full pipet and 100 mL of 

2 mg AgNO3 with the addition of 2 pieces of sodium 

hydroxide (NaOH) to balance the pH solution. A 

magnetic stirrer was used to continually agitate the 

reaction mixture at 650 rpm. After few seconds (less 

than 5 s), the colorless solution began to become 

yellow-brown, representing the creation of a silver 

colloid. After 15 minutes, the color saturation reached 

a maximum. The UV-Visible spectroscopy revealed 

this phenomenon to be occurring at 380 nm. 

 

3. Results and Discussion 

The main idea of this work is to prepare 

nanomaterials in a short time from plant extracts that 

are cheap and available in nature, using green 

synthesis, which is an environmentally friendly 

method that does not cause any pollution and gives 

good and fast results. 

The first visible sign of the formation of silver 

nanoparticles is the change in color. In most cases, the 

synthesis of silver nanoparticles can be identified by 

the presence of a dark brown color in the reaction 

mixture. UV-visible spectrophotometry is then used 

to verify the formation of silver nanoparticles. In UV-

visible spectrophotometry, the synthesized silver 

nanoparticles exhibit an absorption peak at 380 nm, 

as shown in Fig. (1). The size and form of 

biosynthesized silver nanoparticles can determine 

their absorption spectra [22]. 

In order to determine the crystalline structure of 

the synthesized nanoparticles, the XRD pattern 

shown in Fig. (2) was introduced. Four diffraction 

peaks can be clearly seen at 2θ of 32.10°, 38.34°, 

45.68° and 77.59°, corresponding to the (111), (200), 

(220) and (311) crystalline surfaces of silver. This 

result confirmed the polycrystalline structure of the 

biosynthesized silver nanoparticles [18,23,24]. 

Ordinarily, other peaks seen in this pattern belong to 

other materials used in the synthesis process as the 

plant extract and precursor of the silver nanoparticles 

contain different elements and compounds. As the 

synthesized nanoparticles would be employed in 

some applications those not very sensitive to other 

materials than the silver nanoparticles, then this result 

can be accepted well. For the applications with high 

sensitivity to other materials in the final sample, 

additional purification methods may be required to 

obtain highly-pure silver nanoparticles. However, 

this may add cost, time and complexity to the 

synthesis process. 

 

 
 

Fig. (1) UV-Visible absorption spectrum of silver nanoparticles 

biosynthesized in this work 

 

 
 

Fig. (2) XRD pattern of silver nanoparticles biosynthesized in 

this work 
 

In order to introduce the surface morphology of 

the prepared silver nanoparticles, the FE-SEM was 

used, as shown in Fig. (3). The silver nanoparticles 

are shown to have spherical shapes with highly 

uniform distribution. The minimum particle size can 

be determined to be 23.21 nm. No aggregation is 

seen, which can be considered as an advantage of the 

synthesis method as the formed nanoparticles were 

sufficiently dispersed in the liquid preparation 

medium [19,25,26]. The EDX spectrum showed that 

no other elements were found in the final sample 

other than silver, which may show the reliability of 
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the biosynthesis process used in this work to produce 

silver nanoparticles with reasonable purity. 

 

 
(a) 

 
(b) 

Fig. (3) FE-SEM microimage and EDX spectrum of silver 

nanoparticles biosynthesized in this work 

 

4. Conclusion 

Silver nanoparticles were synthesized by an 

environmentally friendly (green) biosynthesis 

method. This method includes the employment of 

garlic plant extract for the reduction of silver from 

silver nitrate aqueous solution. Microorganisms 

produce many main and minor metabolites that act as 

reducing agents, capping and stabilizing agents, 

enzymes, and amino acids in biomolecule production. 

This method is effective, simple and fast. The 

synthesized nanoparticles were polycrystalline and 

spherical shaped with no aggregation and minimum 

particle size of 23.21 nm. These nanoparticles showed 

an absorption peak at 380 nm, which gives them an 

ability to absorb the UV radiation when used in the 

practical application requiring the absorption in this 

region of electromagnetic spectrum. The silver 

nanoparticles synthesized in this work can be 

successfully employed in wastewater treatment and 

medical and medicinal applications, such as cancer 

treatment and drug delivery. 
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