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In this study, a multilayer gas sensor based on CdO coated with Nb2O5 and 

CdO coated with PdO is developed using an effective thermal-vacuum 

evaporation deposition. The structural characteristics were studied by X-

ray diffraction (XRD). Field emission scanning electron microscopy (FE-

SEM) and atomic force microscopy (AFM) were used to investigate 

morphological and topographical features. FE-SEM study validated the 

nanofiber-like structures with clusters of spherical particles, while AFM 

analysis showed an average diameter of 14.21 nm to 37 nm. Various gas 

concentrations and work temperatures were used to analyze the sensing 

properties of CO2 and NH3. This work could facilitate the fabrication of 

nanostructured thin film oxides with distinguishing structural and 

morphological features for interesting gas sensor applications. 
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1. Introduction 

Due to their extensive potential applications in 

numerous scientific and technological disciplines, 

such as electronics, optics, aviation science, defense, 

etc., the preparation of thin films with nanoscale 

dimensions is of the utmost importance [1-3]. Also, 

the design of nanostructures of various 

semiconductor materials or conductors can contribute 

to improving their original properties [4-7]. Many 

physical and chemical methods, such as pulsed laser 

deposition, ion beam sputtering, thermal evaporation, 

vacuum deposition, chemical vapor deposition, co-

precipitation, sol-gel, chemical bath deposition, etc. 

are available for the preparation of thin films [8-13]. 

With a direct band gap of 2.5 eV and an indirect band 

gap of 1.98 eV [14-16], CdO, a significant n-type 

semiconductor, has intriguing uses in a variety of 

industries, including solar cells, phototransistors, 

transparent electrodes, catalysts, and gas sensors 

[17,18]. Particle size, porosity, and specific surface 

area are crucial factors in these applications. 

Nanowires [19], nanobelts [20], and nanoparticles 

[21] are only a few of the intriguing morphologies of 

CdO nanostructures that have been created thus far. 

Niobium pentoxide has gained attention and 

widespread scientific interest in recent years as a 

substance with several uses. One of the widely used 

transparent oxide semiconductor materials is this one 

[22]. Due to its wide band gap, inability to dissolve in 

water, and air stability, this substance is transparent 

in the ultraviolet (UV) region. Its structure is rather 

complicated and exhibits polymorphism depending 

on the conditions and technique of manufacture 

[23,24]. Due to its use in solar cells, batteries, photo-

detectors, and other electronic devices, particularly 

nanostructured Nb2O5, attention to Nb2O5 has 

increased [25-27]. PdO is a p-type oxide 

semiconductor [28,29] whose research into it as a gas-

sensing material is still in its infancy. The literature 

on the mechanism of oxygen species respondingto 

CO has contradictory results. Chiang and Pan [30] 

provide the oxygen ionosorption hypothesis for the 

CO sensing mechanism on PdO. The combination of 

chemisorbed oxygen with co-adsorbed CO at low 

temperature led to the sensing behaviour of PdO. 

During the air gas-sensing reaction, Pd was able to 

maintain its oxidation state. In the literature, PdO 

species' reactivity towards CO oxidation has been 

researched and compared [31]. 

Due to the high surface-to-volume ratio, metal 

oxide nanoparticles increase the chemical reaction 

rates on the sensor surface of the thin films. This 

maximizes the interaction between the exposed 

surface of the nanostructured coatings and the gas 

species, significantly altering their physical and 

chemical properties [32]. This study aims to 

investigate the influence of Nb2O5 and Pdo coatings 

on the structural, morphological, and optical 

properties of nanostructured CdO thin films to 

develop a multilayer gas sensor for CO2 and NH3 

detection under varying conditions. 
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2. Experimental Part 

The sensor samples were prepared using CdO, 

Nb2O5 and PdO powders purchased from ReaChem, 

India (purity >99%). Two substrates were employed 

to deposit thin films. The first were glass substrates 

from China's National Equipment with dimensions of 

25.576.2 cm2 and thickness of 1-1.2 mm2. The 

second were n-type silicon substrates (0.1-100 Ω.cm) 

with diameter of 2.25 cm2. The glass and silicon 

substrates were cleaned with soap, rinsed with water, 

ultrasonically bathed, treated with an ethanol solution 

for impurities, and air-blasted for complete drying. 

Thermal vacuum evaporation was used to deposit 

thin films under a high vacuum (3×10-5 mbar). A dc 

current was applied through the tungsten boat to heat 

the powder to the melting point before evaporating 

and depositing it on the substrate. The deposited films 

were annealed at 300°C for 1 hour in the air. For a 

200±5 nm CdO film thickcness, 0.21 g of CdO 

powder was used, while 0.07 g and 0.11 g were used 

for 70±5 nm Nb2O5 and PdO thickcness, respectively. 

The first layer was a thin layer of CdO, followed by a 

thin layer of Nb2O5 deposited on top of the CdO layer 

(Nb2O5/CdO). Finally, the preceding procedures are 

repeated with PdO substituted for Nb2O5 (PdO/CdO). 

The structural properties of CdO, Nb2O5/CdO, and 

PdO/CdO thin films were studied using a Bruker D2 

PHASER x-ray diffractometer with a Cu-Kα x-ray 

tube (λ =1.5406Å) and diffraction angle (2θ) ranging 

in 10-80°. The MIRA3 model-TE-SCAN field-

emission scanning electron microscope (FE-SEM) 

was used to analyze the surface morphology of 

developed films. Roughness and grain size were 

investigated by atomic force microscopy (AFM) 

using an Angstrom AA3000 Scanning Probe 

Microscope (SPM). A SPX500 photoluminescence 

(PL) spectrometer with a 325nm He-Cd laser as an 

excitation source, and a beam power of 20 mW at 

room temperature were utilized to investigate 

electronic transitions. The thickness of the prepared 

sensors was estimated using cross-sectional FE-SEM 

images and ImageJ software. 

 

3. Results and Discussion 

The XRD matching and chemical element 

identification were performed using X'Pert High 

Score software. Figure (1) indicates the XRD 

pattern of a Nb2O5/CdO sample with a thickness of 

70 nm Nb2O5 deposited on 200 nm CdO. The 

results confirm the presence of cubic CdO crystal 

system with sharp diffraction peaks toward (111), 

(200), and (220), matcing the reference JCPDS 96-

900-6688 [33]. Additionally, it signifies the 

development of an orthorhombic Nb2O5 phase, 

characterized by a relatively weak diffraction peak 

along the (100) direction, which aligns with the 

findings reported in the JCPDS 00-030-

0873 reference [34]. The absence of any additional 

diffraction peaks and the sharpness of the peaks, 

which suggest excellent crystallization, both attest 

to the high purity of the Nb2O5/CdO sample. 

 

 
Fig. (1) The XRD pattern of Nb2O5/CdO thin film 

 

The crystallite size (C.S) was calculated using 

Scherrer's equation as follows [35,36]: 

𝐶. 𝑆 =  
0.9𝜆

𝛽 𝑐𝑜𝑠 𝜃
    (1) 

where (λ) is the x-ray wavelength (1.5406Å), θ is 

the diffraction angle, and β is the full-width at half 

maximum (FWHM) of the peaks. This can be 

explained by a rise in the number of deposited 

particles from the target toward the substrate as the 

powder weight in the deposition boat increases. 

 
Table (1) XRD parameters of Nb2O5/CdO thin film 

 

2θ 
(deg) 

FWHM 
(deg) 

dhkl Exp. 
(Å) 

C.S 
(nm) 

Hkl Phase 

28.0286 0.2883 3.1809 28.4 (100) Orth. Nb2O5 

33.1296 0.1996 2.7019 41.5 (111) Cubic CdO 

38.4968 0.2420 2.3366 34.8 (200) Cubic CdO 

55.4411 0.2884 1.6560 31.1 (220) Cubic CdO 

 

Figure (2) shows the XRD pattern of PdO/CdO thin-

film samples with a thickness of 70 nm PdO deposited 

on 200 nm CdO. The results confirm the presence of 

distinct diffraction peaks for a cubic CdO with a 

diffraction peaks (100), (200), and (220). This result is 

consistent with the JCPDS 96-900-6688 [33]. 

Furthermore, the results shows diffraction peaks 

towards the (110) and (200) at angels of 29.3902° and 

61.9186°, respectively, belonging to tetragonal crystal 

system of PdO, according to JCPDS 96-101-1330 

[37]. Depending on the XRD parameters in table (2), 

the results confirm an increase in the average 

crystallite size. The absence of some diffraction peaks 

for PdO and Nb2O5 oxides may be attributed to their 

small thickness compared to CdO film [38]. The 

increase in crystalline size indicates an increase in the 

agglomeration of atoms with each other, which 

contributes to an increase in their size, which is what 

the gas sensor needs [39]. 
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Fig. (2) The XRD pattern of PdO/CdO thin film 

 
Table (2) XRD parameters of PdO/CdO thin film 

 

2θ 
(Deg.) 

FWHM 
(Deg.) 

dhkl Exp. 
(Å) 

C.S 
(nm) 

hkl Phase 

29.3902 0.2918 3.0366 28.1 (100) Tet. PdO 

33.1792 0.280 2.6979 29.6 (111) Cubic CdO 

38.4887 0.2918 2.3371 28.8 (200) Cubic CdO 

55.4822 0.310 1.6549 29.0 (220) Cubic CdO 

61.9186 0.2553 1.4974 36.3 (200) Tet. PdO 

 

The FE-SEM was used to study the surface 

morphology of the deposited films and determine 

their thickness, in addition to study the effect of the 

nanopowder concentration on the particle size of the 

deposited films. 

Figure (3) shows the top view, cross-sectional, and 

a diagram of the particle size distribution. Figure (3a) 

shows the FE-SEM image of the Nb2O5 film, which 

shows a regular distribution free of cracks, in addition 

to that the atoms were deposited to appear in the form 

of small, regular-shaped spherical agglomerates with 

different dimensions. Figure (3b) shows that the 

thickness of the deposited Nb2O5film was about 90 

nm, while the graphic distribution of the formed 

granules shown in Fig. (3c) indicates that the amount 

of grain size is 32 nm [40]. 

Figure (4a) shows the FE-SEM image of the PdO 

film, which shows a regular distribution free of 

cracks; in addition to that the atoms were deposited to 

appear in the form of small, regular-shaped spherical 

agglomerates with different dimensions. Figure (4b) 

also shows that the thickness of the deposited PdO 

film was about 85 nm, while the graphic distribution 

of the formed granules shown in Fig. (4c) indicates 

that the averagegrain size was 12 nm [41]. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. (3) FE-SEM microimages of (a) top-view, (b) cross-

sectional, and (c) grain size distribution of Nb2O5/CdO sample 
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(a) 

 
(b) 

 
Fig. (4) FE-SEM microimages of (a) top-view, (b) cross-

sectional, and (c) grain size distribution of PdO/CdO sample 

 

Figure (5) shows the 2D and 3D AFM images of 

the Nb2O5/CdO thin film structure deposited on a 

silicon substrate under the influence of different RF 

power at room temperature. The low-power pictures 

show that the films are consistent and that the 

substrate surface is thoroughly coated with grains that 

are almost evenly spaced apart when RF power is 

increased. The microstructure of the deposited films 

revealed the creation of the particles, and as the power 

is increased, certain tiny grains grew larger [41]. 

High-roughness films play an essential role in 

electronic and optical applications and gas sensors 

due to their large surface area, which greatly enhances 

the absorption of light in the visible region. Also, 

these films are good trap for target gas molecules, 

which gives a good idea of the surface quality and 

grain growth [42]. Average grain size (GSave) obtained 

from the distribution charts of the aggregated grains 

grown on the surfaces of thin films. 

Figure (5a) shows a 2D AFM image of the 

Nb2O5/CdO thin film structure topography. It was 

found that the average surface roughness of this 

structure was 3.787 nm, with a root mean square (Sq) 

roughness of 6.569 nm. Figure (5b) also shows a 3D 

AFM image, which indicates a semi-uniform 

distribution of depsoited atoms, which arrange 

themselves to show a pyramid-like structure, with an 

average grain size of 14.21 nm (Fig. 5c). 

Figure (6a) shows a 2D AFM image of the 

PdO/CdO thin film sample topography. It was found 

that the average surface roughness of the film was 

1.267 nm, with a root mean square (Sq) of 1.552 nm. 

Figure (6b) also shows a 3D AFM image, which 

shows a uniform distribution of deposited atoms, with 

an average grain size of 37.00 nm (Fig. 6c). 

From observing the behavior of the previous two 

models (Nb2O5/CdO) and (PdO/CdO), the results 

showed a decrease in the average of surface 

roughness from 3.787 to 1.267 nm and a decrease in 

the root mean square (Sq) from 6.569 to 1.552 nm. 

Figure (6b) shows a 3D AFM image that reveals the 

disappearance of some peaks with emerging 

hierarchical shapes, which contributed to the 

reduction of surface roughness, and the decrease in 

the average particle size to 33.98 nm, which 

contributed to the decrease in the average and mean 

square root roughness values, which in turn will 

contribute to increase the smoothness of the surface 

and the regularity of the deposited atoms. 

Comparing the XRD, FE-SEM and AFM results, 

we observe that the decrease in crystallite size and 

grain size when coating the CdO film with Nb2O5 and 

PdO nanoparticles at a concentration of 2 mM is 

consistent, indicating that the prepared films exhibit 

uniform crystalline, morphological, and 

topographical properties. 
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(a) 

 
(b) 

 
(c) 

Fig. (5) (a) 2D, (b) 3D AFM images of Nb2O5-coated CdO thin 

film, and (c) distribution of particle diameters 

 

Figure (7) illustrates the variation of electrical 

conductivity (logσ) with operating temperature. With 

a temperature rise, an increase in conductivity is 

shown in each sample. The semiconducting nature of 

the multilayer materials and negative temperature 

coefficient of resistance caused the conductivity to 

rise as the temperature was raised [44,45]. 

 

 

 
(a) 

 
(b 

 
(c) 

Fig. (6) (a) 2D, (b) 3D AFM images of PdO-coated CdO thin 

film, and (c) distribution of particle diameters 

 

Table (3) shows that all films have two activation 

energies because Nb2O5 and PdO have spinel 

structure, therefore, it is known that normal spinal 

have hopping kind of mechanism for carrier 

conductivity. The conduction of the films was 

confirmed to be due to polaronic hopping of holes. 

This is in agreement with Chun et al [41]. 
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Fig. (7) Variation of log (σ) as a function of operating 

temperature 

 
Table (3) Activation energies of the preapered samples 

 

Sample 
Ea1 
(eV) 

Range 
(K) 

Ea2 
(eV) 

Range 
(K) 

σRT 

(Ω.cm)-1 

Nb2O5/CdO 0.010 303-363 0.095 363-453 2.27 

PdO/CdO 0.026 303-343 0.166 343-453 0.13 

 

One of the important optical analyses is the 

photoluminescence (PL). Figure (8) shows the PL 

spectra of the prepared Nb2O5/CdO thin film samples 

with an excitation wavelength of 320 nm. The 

spectrum shows PL bands catered at 403.12, 477.60, 

580.81, 662.83, and 745.03 nm. The emission at 

477.60 nm (2.60 eV) corresponds to the direct band-

to-band radiative transition, which has less energy 

gap than the pure CdO film. The broad emission band 

at 580.8 nm corresponds to the exciton bound to the 

donor-level emission [46]. In addition, another bands 

located at 662.83 and 745.03 nm correspond to defect 

centers and oxygen vacancies or metal interstitials. 

 

 
Fig. (8) PL spectra of the prepared Nb2O5/CdO structure 

 

Table (4) PL emission peaks for the Nb2O5/ CdO thin film 

 

Wavelength 
(nm) 

FWHM 
(nm) 

Intensity 
(a.u) 

E 
(eV) 

403.12 49.32 16.2 3.08 

477.60 63.57 54.4 2.60 

580.81 76.17 34.8 2.13 

662.83 62.23 45.4 1.87 

745.03 85.13 81.5 1.66 

 

Figure (9) shows the PL spectra of the prepared 

PdO/CdO thin film structure with an excitation 

wavelength of 310 nm. The spectra show many bands 

located at 404.98, 482.13, 563.83, 634.32, and 784.48 

nm. The emission at 482.13 nm (2.57 eV) 

corresponds to the band-to-band transition for the 

recombination of conducting electrons with holes. 

 

 
Fig. (9) PL spectra of the prepared PdO/CdO structure 

 

The broad intense emission bands at 563.83 and 

634.32 nm are attributed to the defect centers due to 

the donor localized levels. While the emergence of 

the PL emission line at 784.48 nm is due to the doping 

effect. The high intensity of these peaks is due to the 

presence of new defect centers induced by impurities 

after composing with Pd and Nb ions. This agrees 

with the doping effect of metal ions compared to work 

reported with other metal ions such as Al [47]. The 

pure CdO film does not show such a large peak as 

observed in the doped films. 

 
Table (5) PL emission peaks for the PdO/ CdO thin film 

 

Wavelength 
(nm) 

FWHM 
(nm) 

Intensity 
(a.u) 

E 
(eV) 

404.98 69.86 17.2 3.06 

482.13 53.47 27.8 2.57 

563.83 56.35 14.7 2.20 

634.32 98.01 30.6 1.95 

784.48 46.78 44.3 1.58 

 

The gas response (S%) of the sensor can be 

mathematically expressed as the ratio of the change 
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in the sensor’s initial electrical current to the sensor’s 

electrical current when subjected to a specific target 

ga concentration (Eq. 2) [40], assuming constant 

operating conditions, as 

𝑆(%) =
𝐼𝑔−𝐼𝑎

𝐼𝑎
    (2) 

where Ia is the electrical current of the sensor when 

exposed to atmospheric conditions, and Ig is the 

electrical current of the sensor when exposed to target 

gas 

Figure (10) illustrates the relationship between the 

gas response and the operating temperature of the 

samples when exposed to a concentration of 17.25 

ppm of CO2 gas. From Fig. (10a), it can concluded 

that the response of the Nb2O5/CdO sample to CO2 gas 

shows a maximum sensitivity (90.7%) at room 

temperature as compared to PdO/CdO sample 

(19.5%) (Fig. 10b). It is well known that interactions 

between a target gas and the surface of the metal 

oxide semiconductor sensors play a major role in 

determining their response [48]. The sensor has a 

strong response to CO2 gas even at working 

temperature up to 350 °C. 

Figure (11a) depicts the variation in the reaction of 

the Nb2O5/CdO samples to 78.58 ppm of NH3 gas as 

a function of operating temperature. For the 

PdO/CdO samples, the response declines with 

increasing operating temperature and reaches a 

maximum (2.5%) at 150°C before falling further to 

17.2% with increasing operating temperature to 

150°C (Fig. 11b). The speed of the chemical reaction 

taking place on the grain’s surface and the rate at 

which gas molecules diffuse to that surface 

determines how quickly sensors react to these two 

variables. These are activation processes, and 

chemical reactions have higher activation energy. The 

pace of chemical reactions limits the sensor 

responsiveness at low temperatures [49]. The speed 

of the gas molecules' migration to that surface limits 

the sensor response at higher temperatures. The 

maximum sensor response occurs when the two 

processes are equal in rate at some intermediate 

temperature. According to this process, the sensor 

response reaches its maximum value at a certain 

temperature for each gas. 

The sensor chooses to sense a certain gas at a 

specific temperature. As a result, the sensor may be 

used to identify a specific gas by adjusting the 

temperature. By running it at a certain temperature for 

a common gas, the same sensor may be used to detect 

a variety of gases. At various temperatures, the sensor 

response would vary on the gas being detected since 

gases have different energies for reaction on the metal 

oxide surface, desorption, and adsorption [50]. 

The rapid recuperation of the sensor can be 

attributed to the significant volatility exhibited by the 

by-product. The Nb2O5/CdO sample showed better 

recovery to CO2 than PdO/CdO sample. While we see 

the response of the Nb2O5/CdO and PdO/CdO thin 

film to NH3 are relatively close. 

Various reaction pathways can lead to the oxidation 

of CO2 on the CdO surface, depending on the 

surface’s composition, structure, temperature, and 

species that have been adsorbed. Reaction complexes 

and intermediates are typically short-lived 

compounds that are challenging to identify. To 

understand the CO2 gas sensing mechanism, we must 

understand the quantity and extent of oxygen species 

present on the surface, how CO2 is adsorbed on the 

surface, the potential reaction pathways and the rates 

of each step, as well as the possibility of other 

elements interfering with the reaction and their 

presence. 

 

 
(a) 

 
(b) 

Fig. (10) Variation of response to CO2 gas vs. operating 

temperature of (a) Nb2O5/CdO sample, and (b) PdO/CdO 

sample 
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(a) 

 
(b) 

Fig. (11) Variation of response to NH3 gas vs. operating 

temperature of (a) Nb2O5/CdO sample, and (b) PdO/CdO 

sample 

 

The reaction time is the time required by the sensor 

to achieve 90% of the maximum resistance drop after 

being exposed to the target gas. The recovery time is 

the time required by the sensor to regain 90% of its 

initial resistance. When the sensor was exposed to a 

concentration of 17.25 ppm of NH3 and CO2 at 

different operating temperatures, the high sensitive 

structure composed of Nb2O5/CdO thin films 

exhibited rapid recovery (12.4s) and response (10.9s) 

to NH3 and CO2. This can be attributed to the 

presence of highly oxidizing and adsorbed oxygen 

species on the surface of the nanoparticles film [41]. 

 

4. Conclusions 

The Nb2O5/CdO and PdO/CdO thin film structures 

were successfully deposited on glass and silicon 

substrates using the thermal vacuum evaporation 

technique. The current study confirmed that the 

deposition of a top layer of Nb2O5 or PdO 

significantly affected the structural and 

morphological properties of the CdO gas sensor, 

improving the sensitivity when exposed to various 

concentrations of CO2 and NH3 at various operating 

temperatures. One of the essential characteristics of 

this sensor is its fast response and short recovery time, 

so the developed sensors can effectively contribute to 

rapidly detect harmful gases in various environmental 

conditions. 
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In this study a dye (Malachite green) was prepared at a concentration of (80 mg/L), 

and a series of dilute solutions were prepared. Then prepare activated charcoal from 

Khastawi dates. The effect of several factors on adsorption was also calculated, 

including the impact of the amount of adsorbent, the effect of adsorption, the effect 

of contact time, the effect of the pH function, and the effect of volume. In addition, 

the Langmuir equation, the Temkin equation, the second-order equation on the 

isotherms, the second Freundlich equation, the isotherm, and thermodynamics were 

calculated. 
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1. Introduction 

One of the most well-liked and often-used 

adsorbents for water and wastewater treatment 

worldwide is activated carbon (AC) [1]. The first 

adsorbent for water filtration is charcoal, the 

precursor to current-activated carbon [2]. In 1773, 

Scheele made the initial discovery of the specific 

adsorptive properties of charcoal for the treatment of 

gases [3]. Two years later, in 1786, he made the same 

discovery for decolorizing solutions. Scheele also 

gave the first comprehensive account of the 

adsorptive power of charcoal in the liquid phase [4,5]. 

From 1789 to 1790, Lowitz invented charcoal to 

eliminate unpleasant tastes and odors from water. The 

Swedish scientist von Ostreijko is credited with 

creating commercial activated carbon. In 1900 and 

1901, he was granted two patents that covered the 

fundamental ideas of chemical and thermal (or 

physical) activation of carbon using metal chlorides 

and carbon dioxide and steam, respectively [6]. The 

first industrial-scale chemical activation of sawdust 

with zinc chloride took place at an Austrian facility in 

Aussing in 1914 and in the Bayer dye plant in 1915 

[7]. In this activation, the carbonaceous material was 

heated by pyrolysis and exposed to dehydrating 

agents like zinc chloride or phosphoric acid [8]. The 

phrase "activated carbon" refers to carbon-based 

materials with established internal pore systems. AC 

is created from carbonaceous-rich materials such as 

wood, coal, lignite and coconut shell [9]. Because of 

its high surface area, high porosity, well-developed 

internal pore structure made up of micro-, meso-, and 

macropores, and a broad range of functional groups 

on its surface, alumina ceramic (AC) is a flexible 

material with a wide range of uses, mostly in the 

environmental sector. The most common forms of 

oxygen, hydrogen, sulfur, and nitrogen in AC are 

functional groups and atoms chemically connected to 

the structure. The primary functional groups in the 

carbon structure commonly thought to be involved in 

the absorption of contaminants include carboxyl, 

carbonyl, phenols, lactones, quinones, and others. 

The distinctive adsorption characteristics of AC may 

be considerably influenced by these functional groups 

[4]. The activation procedure, precursor(s), heat 

treatment, and post-chemical treatment are the key 

sources of the functional groups on the carbon 

surface. To enhance the effectiveness of AC for the 

removal of certain pollutants, sensible heat or 

chemical treatments may change the type and 

concentration of surface functional groups. It has 

been widely shown that ACs are effective adsorbents 

for various contaminants [10]. Removing organic 

molecules with activated carbon has been far more 

effective than removing metals and other inorganic 

contaminants. By using various chemicals or practical 

treatment techniques, efforts are being made to 

significantly boost the potential of carbon surfaces 

[11], enhancing AC's capacity to remove certain 

pollutants from the aqueous phase. Many techniques, 

such as activation conditions (different agents, 

temperature, and duration of the process), precursors, 

additions, etc., might modify carbon's physical and 

chemical structure [12]. Several kinds of AC surface 

modification have been documented in the literature 

[13–17], which provide information on the chemistry 

and mechanism of the treatment approaches that 

allow for greater absorption of certain contaminants. 

Typically, the activation phase is followed by the 

surface modification of AC. Three types of alteration 

exist chemical, physical, and biological. Chemical 

modification is the first kind of modification. In 

addition, both oxidative [18] and non-oxidative [19] 

techniques for treating the surface of AC have been 

documented in the literature. Widely varying 

complexing groups, such as carboxylic, lactonic, and 

phenolic, have been studied on AC surfaces [20]. 

Understanding the many elements that affect the 

adsorption potential of AC is crucial before making 

any modifications. It will make modifying their 
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physical and chemical properties easier to improve 

their propensities for certain contaminants in an 

aqueous solution. The preliminary results of different 

modification techniques used with AC have been 

evaluated and addressed in this study. Readers are 

directed to the complete publications in the sources 

for information on the experimental approach and 

conditions [21]. Dye removal uses activated carbons 

[22,23]. A synthetic dye called malachite green (MG) 

colors silk, wool, leather, cotton, or paper. The 

treatment of fungus infections in fish eggs has a long 

history. Nevertheless, several negative consequences 

have been linked to the use of this dye owing to its 

teratogenic, mutagenic, genotoxic, and carcinogenic 

characteristics in animal studies [24]. Because of this, 

carbon-based adsorbents have been used to remove 

malachite green from the aqueous solution. These 

materials may be made by pyrolyzing various wastes 

and activating them with phosphoric acid and sodium 

hydroxide [25] or by chemically activating lignite 

with KOH [26]. Nevertheless, prior studies conducted 

by our research team have shown the significance of 

choosing suitable precursors and pyrolysis conditions 

[27] for the low-cost and environmentally friendly 

synthesis of carbon-based adsorbents without 

needing external chemical activation. Malachite 

green (MG) needs to be removed from an aqueous 

solution, and the current work seeks to investigate the 

adsorption capacity of carbon-based adsorbents 

generated by pyrolysis of waste products from the 

paper industry (WMPI) and pine bark (PB) [28]. 

Activated carbon is used in a wide range of 

applications, including the storage of methane and 

hydrogen [29], air purification, capacitive 

deionization, super capacitive swing adsorption [30], 

solvent recovery, decaffeination, gold purification, 

metal extraction, water purification, medicine, 

sewage treatment, air filters in respirators, 

compressed air filters, teeth whitening, the production 

of hydrogen chloride, and edible electronics [31]. One 

of its main industrial uses is using activated carbon in 

metal finishing to purify electroplating solutions. The 

direct purification method, for instance, is used to 

eliminate organic contaminants from brilliant nickel-

plating solutions [32]. Various organic compounds 

are added to increase the deposit characteristics of 

plating solutions and enhance features like brightness, 

smoothness, flexibility, etc. [33]. Organic additives 

produce undesirable breakdown products in the 

solution due to the flow of direct current and 

electrolytic reactions of anodic oxidation and 

cathodic reduction [34]. Its excessive accumulation 

may hurt the deposited metal's plating quality and 

physical characteristics [35]. Such contaminants are 

eliminated by activated carbon treatment, which also 

restores plating performance to the required level 

[36]. Upon oral intake, activated carbon is used to 

treat poisonings and overdoses. Several nations 

utilize tablets or capsules of activated carbon as an 

over-the-counter medication to treat diarrhea, 

indigestion, and flatulence [37]. Nevertheless, 

intestinal gas and diarrhea are unaffected by activated 

charcoal [38]. It is often medically useless if 

poisoning is brought on by consuming caustic 

substances, boric acid, or petroleum products. It is 

sensitive to poisoning by cyanide, iron, lithium, 

arsenic, methanol, ethanol, and ethylene glycol in 

solid acids and bases [39]. These compounds won't be 

stopped from entering the body by activated carbon. 

It is included in the WHO's list of essential 

medications [40]. 

 

2. Experimental Part 

The materials used in this work include malachite 

green (M.G.) and activated charcoal as adsorbent 

surfaces, HCl, NaCl, Na2CO3, and NaOH. According 

to published procedure [41,42], a dye (malachite 

green) was prepared at a concentration of 80 mg/L by 

dissolving 80 mg in one liter (1000 mL) of distilled 

water, and a series of dilute solutions were prepared. 

In order to prepare activated charcoal, a 20g of ZnCl2 

was dissolved in 100 mL of distilled water. A 50g of 

date stones (Khastawi dates from the Hawija region) 

was soaked in this solution for three days at a 

temperature of 80-90°C and a boiling stone was 

added to distribute the heat. After soaking, the 

material was burnt at a temperature of 550°C for three 

hours, then washed with HCl acid at a concentration 

of 1 M. Then the material was soaked in HCl acid 

solution of 10 M concentration for 24 hours, then 

filtered and washed until it the pH value was 7. Then 

it was dried in the oven for four hours at a temperature 

of 100°C. After that, the material was grinded until it 

became as a powder. This procedure was presented 

by [43,44]. 

 

3. Results and Discussion 

The effect of adsorbent weight on the removal 

efficiency of M.G. of aqueous solutions was studied 

at a constant temperature and a constant time, and we 

have several variables, where six weights were taken 

(0.02, 0.016, 0.013, 0.01, 0.007, 0.004) [45], as 

shown in table (1), where the ideal weight was (0.013) 

g / liter to give it the highest absorption, equal to 95.7. 

 
Table (1) Effect of adsorbent weight on adsorption of M.G. 

dye from aqueous solutions 

 

Dye Dose (g/L) Abs Co (mg/L) 
Qe 

(mg/g) 
Adsorption 
efficiency 

M.G 
Co=80 

Before 
adsorption 

1.000 80.00 0 0 

0.020 0.045 3.60 47.75 95.5 
0.016 0.043 3.44 47.85 95.7 
0.013 0.048 3.84 47.60 95.2 
0.010 0.050 4.00 47.50 95.0 
0.007 0.065 5.20 46.75 94.5 
0.004 0.076 6.08 46.20 92.5 

 

The study was done by taking four different 

variable solutions (NaCl, HCl, Na2CO3, NaOH), as 

shown in table (2), where the variables for each 

solution appeared. 
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Table (2) The effect of changing solutions on the dye of 

malachite green from aqueous solutions 

 

Dye Solution Abs 
Co 

(mg/L) 
Qe 

(mg/g) 
% 

M.G Co=80 

NaCl 0.124 9.92 350.4 87.6 

HCl 0.106 8.48 357.6 89.4 

Na2CO3 0.214 17.12 314.4 78.6 

NaOH 0.113 9.04 354.8 88.7 

 

The equilibrium time was studied on the 

adsorption process of green malachite dye as in table 

(3) and figure (1), where thirteen times were studied, 

which are 0, 5, 10, 15, 20, 25, 30, 45, 60, 90, 120, 150, 

and 180 minutes. The highest percentage of dye 

removal from the aqueous solution was found at (30 

minutes), with an absorbance value of 340.4, the 

adsorption capacity, and adsorption efficiency of 

85.1, which is the best contact time found to remove 

the dye from aqueous solutions. 

 
Table (3) The effect of equilibration time on the removal of 

M.G. from aqueous solutions 

 

Dye Time 
Co 

(mg/L) 
Qe 

(mg/g) 
Adsorption 
efficiency 

Abs 

M.G 
80 

0 80.00 0 0 1.000 
5 18.00 310.0 77.5 0.225 

10 16.96 315.2 78.8 0.212 
15 14.48 327.6 81.9 0.181 
20 22.84 340.8 85.2 0.148 
25 10.64 346.8 86.7 0.133 
30 11.92 340.4 85.1 0.149 
45 12.08 339.6 84.9 0.151 
60 14.40 328.0 82.0 0.180 
90 12.08 339.6 84.9 0.151 

120 8.24 358.8 89.7 0.103 
150 11.84 340.8 85.2 0.148 
180 14.00 330.0 82.5 0.175 

 

The effect of the pH function on the adsorption 

process was studied within the range (of 3-11) pH for 

green malachite dye in aqueous solutions and at a 

temperature of 25°C (pH=7), equal to 94.5, and at 

pH=3, similar to 94.5, meaning that the dye tends to 

the acidic medium because of the repulsion between 

the positive charge of the dye, the amount of the extra 

proton ions, and the positive direction of the surface, 

as shown in table (4). 

 
Table (4) The effect of pH on the adsorption of M.G. dye from 

aqueous solutions 

 

Dye Ph Abs Ce qe % 

M.G Co=80 

3 0.079 6.32 368.4 92.1 
5 0.069 5.52 379.4 93.1 
7 0.055 4.40 378.0 94.5 
9 0.057 4.56 377.2 94.3 

11 0.055 4.40 378.0 94.5 

 

The effect of volume was studied by taking 

several different volumes, which are 250, 150, 75, 50, 

25, and 10 ml of solutions to the green malachite dye, 

where several results were obtained as shown in table 

(5) and the best volume was 25 ml [46]. 

 

 

Table (5) Effect of size on the dye of malachite green in 

aqueous solutions 

 

Dye Volume Abs 
Co 

(mg/L) 
Qe 

(mg/g) 
% 

M.G Co=80 

250 0.780 62.40 88.0 22.0 
150 0.570 45.60 172.0 43.0 
75 0.490 39.20 204.0 51.0 
50 0.132 10.56 347.2 86.8 
25 0.118 9.44 352.8 88.2 
10 0.268 21.44 292.8 73.2 

 

The effect of temperature change on the 

adsorption of green malachite dye was studied, where 

a range of temperatures was taken (20, 25, 30, and 

35°C), as shown in table (6) and Fig. (2). 

The values of the thermodynamic functions for 

the change of interactions in the adsorption process 

give information about the adsorbent material. The 

adsorbent surface and the nature of the force in the 

adsorption through knowledge of the enthalpy (∆H) 

that was measured from the Vant Hoff equation as in 

table (7) and Fig. (3), which gave Negative values for 

enthalpy, entropy, and free energy, endothermic, and 

thus the adsorption is physical. Table (7) shows the 

values of the maximum adsorption quantities (lnK) 

and the different temperatures (T) for the green 

malachite formula [47]. 

K=
𝑞𝑒∗𝑤(𝑔)

𝐶𝑒∗𝑉 (𝐿)
 

K293=
337.6∗0.015

12.48∗0.05
   →   K= 8.115         and            

K298=
348.4∗0.015

10.32∗0.05
   →   K= 10.127 

K303=
372∗0.015

5.6∗0.05
     →   K= 19.92         and            

K308=
374.4∗0.015

5.12∗0.05
   →   K= 21.937 

∆G= ∆H-T∆S       →   ∆S=
∆H

𝑇
 

The study of the adsorption kinetics of the green 

malachite dye was at a fixed concentration of 0.013 

for the adsorbent and 0.08 for the green malachite and 

a range of temperatures (20-35°C) and at different 

times, as shown in table (8) and Fig. (4), and the false 

first-order equation was applied. Calculating the 

second-order equation on isotherms Y=0.0037X-

0.0031 [48]. 

 
Table (8) The values of the pseudo-first- and second-order 

equations, or the so-called pseudo-first-order, for the 

adsorption of M.G. dye from aqueous solutions 

 

t 293 t/qt 298 t/qt 303 t/qt 308 t/qt 

5 0.020 0.022 0.013 0.015 
15 0.040 0.053 0.041 0.048 
25 0.120 0.125 0.069 0.071 
35 0.115 0.102 0.095 0.096 
45 0.163 0.148 0.124 0.125 
55 0.183 0.169 0.150 0.148 
65 0.192 0.197 0.174 0.173 
70 0.240 0.246 0.193 0.192 
75 0.290 0.288 0.210 0.209 
80 0.345 0.215 0.215 0.212 

 

The results obtained from the different isotherms 

(Langmuir, Temkin, Freundlich) are of great 

importance because they clarify the particles and their 
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distribution between the phases. Here, the study was 

done on the green malachite dye by taking different 

concentrations (5-80) [49], as shown in table (9), and 

different temperatures (20, 25, 30, and 35°C) and the 

acidity function (pH = 7) as in tables (10-12), and 

figures (5-8). 

Calculation of the Langmuir equation for 

malachite green   
𝐶𝑒

𝑞𝑟
=

1

𝑞𝑚𝑎𝑥 𝐾𝐿
+

𝐶𝑒

𝑞𝑚𝑎𝑥
 

Calculation of the Freundlich equation for 

malachite green   lnqe= ln Kf + 1/n lnCe 

Calculation of the Temkin equation for malachite 

green qe = bT ln KT + bT ln Ce 

 
Table (9) Langmuir isotherm values for adsorption of 

malachite dye from aqueous solutions 

 
293 298 303 308 

Ce Ce/qe Ce Ce/qe Ce Ce/qe Ce Ce/qe 

36.88 0.109 35.20 0.101 7.04 0.0189 15.28 0.040 
38.40 0.113 32.80 0.099 7.76 0.0200 9.28 0.024 
38.64 0.114 33.92 0.097 8.24 0.0210 10.00 0.026 
19.52 0.057 19.76 0.056 7.04 0.0180 7.12 0.019 
24.80 0.073 26.40 0.075 7.76 0.0200 8.08 0.021 
20.00 0.059 19.60 0.056 7.12 0.0180 5.92 0.015 
12.48 0.036 12.64 0.036 5.60 0.0130 5.12 0.013 
21.68 0.002 23.12 0.066 7.52 0.0190 7.20 0.019 
28.40 0.084 28.16 0.080 8.64 0.0220 8.24 0.022 
33.68 0.099 10.32 0.002 5.84 0.0150 4.88 0.002 

 
Table (10) Temkin isotherm values for adsorption of 

malachite dye from aqueous solutions 

 

293 298 303 308 
qe lnCe qe lnCe qe lnCe qe lnCe 

215.6 3.60 224.0 3.56 364.8 1.95 323.6 6.57 
208.0 3.64 280.0 3.49 361.2 2.04 307.2 2.22 
206.8 3.65 206.8 3.52 358.8 2.10 350.0 2.30 
202.9 3.97 302.4 2.98 364.8 1.95 364.4 1.96 
276.0 3.21 276.0 3.27 361.2 2.04 359.6 2.08 
300.0 2.99 300.0 2.97 364.4 1.96 370.4 1.77 
337.6 2.52 337.6 2.53 372.0 1.72 374.4 1.63 
291.6 3.07 291.6 3.14 362.4 2.01 364.0 1.97 
258.0 3.34 259.2 3.33 356.8 2.15 358.8 2.10 
231.6 3.51 348.4 2.33 370.8 1.76 375.6 1.58 

 
Table (11) Freundlich isotherm values for adsorption of 

malachite dye from aqueous solutions 

 

293 298 303 308 
lnCe lnqe lnCe lnqe lnCe Lnqe lnCe lnqe 

3.60 5.373 3.56 5.411 1.95 5.89 6.57 5.770 
3.64 5.337 3.49 5.634 2.04 5.889 2.22 5.720 
3.65 5.331 3.52 5.331 2.10 5.882 2.30 5.857 
2.97 5.710 2.98 5.711 1.95 5.899 1.96 5.898 
3.21 5.620 3.27 5.620 2.04 5.899 2.08 5.670 
2.99 5.700 2.97 5.700 1.96 5.898 1.77 5.910 
2.52 5.820 2.53 5.820 1.72 5.910 1.63 5.920 
3.07 5.670 3.14 5.670 2.01 5.892 1.97 5.890 
3.34 5.550 3.33 5.550 2.15 5.877 2.10 5.880 
3.51 5.440 2.33 5.850 1.76 5.915 1.58 5.920 

 

The XRD of activated charcoal nanoparticles was 

measured, and the particle size, according to the 

Scherrer’s equation, was 1.05 nm. These results are 

consistent with what has been published in previous 

studies [1], as shown in Fig. (9). 

As for the SEM measurement, it is the best that 

has been prepared so far, as it contains nanochannels 

and nanoslits and is characterized by periodic 

nanostructures and sizes mentioned in Fig. (10). In 

addition to this, the material has a nano-chip 

structure, which provides a very high surface area. In 

addition to this, the material has micro spacing 

between particles. From this, we can predict that the 

adsorption will be very effective. 

 

 
Fig. (1) The effect of equilibration time on the removal of M.G. 

from aqueous solutions 

 
Fig. (2) The effect of temperature on the adsorption capacity of 

M.G. dye in aqueous solutions 

 
Fig. (3) The values of the thermodynamic functions 
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Fig. (4) The values of the pseudo-first- and second-order 

equations, or the so-called pseudo-first-order, for the 

adsorption of M.G. dye from aqueous solutions 

 
Fig. (5) Temkin isotherm values at 293°C 

 
Fig. (6) Temkin isotherm values at 298°C 

 

 
Fig. (7) Temkin isotherm values at 303°C 

 
Fig. (8) Temkin isotherm values at 308°C 

 

 
 

Fig. (9) XRS of activated charcoal nanoparticles 
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A dye (Malachite green) was prepared in this 
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Khastawi dates. The effect of several factors on the 
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the impact of the amount of adsorbent, the ideal 

weight was (0.013) g/L, the effect of changing the 

solution, and the development of contact time. The 

highest percentage of dye removal from the aqueous 

solution was found at (30 minutes) and the 

absorbance value (340.4), adsorption capacity, and 

adsorption efficiency (85.1), which is the best contact 

time found to remove the dye from aqueous solutions, 

and the effect of pH, where the highest percentage of 
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absorbance appeared at pH=7, equal to 94.5, and 

pH=3, similar to 94.5, meaning that the dye tends to 

the medium acid due to the repulsion between the 

positive charge of the dye, the amount of the extra 

proton ions, and the positive direction of the surface, 

and the effect of volume, and the best volume was 

(25) ml. Thermodynamics was also studied, which 

gave negative values for enthalpy, entropy, and free 

energy, endothermic; thus, the adsorption is physical. 

The adsorption kinetics was calculated, and the false 

first-order equation was applied. Adsorption 

isotherms were studied, and it was found that 

adsorption behaves like a theory that can be given to 

adsorption as high as possible and equal to (0.9943). 

 

 

 
 

Fig. (10) SEM images of activated charcoal nanoparticles 

 

References  

[1] I. Uzun and F. Güzel, “Adsorption of some 

heavy metal ions from aqueous solution by 

activated carbon and comparison of percent 

adsorption results of activated carbon with those 

of some other adsorbents”, Turk. J. 

Chem., 24(3) (2000) 291-298. 

[2] N.J. Wagner and R.J. Jula, “Activated carbon 

adsorption”, in Activated carbon adsorption for 

wastewater treatment, CRC Press (2018) 41-60. 

[3] H. Marsh and F. Rodriguez-Reinonso, 

“Activated Carbon”, Elsevier Science & 

Technology Books (Amsterdam, 2006), 89-100. 

[4] Bansal, R. C., & Goyal, M. (2005). Activated 

carbon adsorption. CRC press.  

[5] T.J. Bandosz and and C.O. Ania, “Surface 

chemistry of activated carbons and its 

characterization”, in Interface Science and 

Technology, Elsevier, vol. 7 (2006) 159-229. 

[6] H. Sontheimer, J.C. Crittenden and R.S. 

Summers, “Activated Carbon for Water 

Treatment”, University of Karlsruhe (1988). 

[7] A. Dąbrowski, “Adsorption—from theory to 

practice”, Adv. Colloid Interface Sci., 93(1-3) 

(2001) 135-224. 

[8] P.J. Purcell, “Milestones in the development of 

municipal water treatment science and 

technology in the 19th and early 20th centuries: 

part I”, Water Env. J., 19(3) (2005) 230-237. 

[9] J.T. Cookson, P.N. Cheremishinoff and F. 

Eclerbusch, “Carbon Adsorption 

Handbook”, Michigan: Ann Arbor Science 

Publishers (1978). 

[10] R.T. Yang, “Adsorbents: fundamentals and 

applications”, John-Wiley & Sons (2003). 

[11] L. Monser and N. Adhoum, “Modified activated 

carbon for the removal of copper, zinc, 

chromium and cyanide from 

wastewater”, Separ. Purif. Technol., 26(2-3) 

(2002) 137-146. 

[12] P. Pietrowski, I. Ludwiczak and J. Tyczkowski, 

“Activated carbons modified by Ar and CO2 

plasmas–acetone and cyclohexane 

adsorption”, Mater. Sci., 18(2) (2012) 158-162. 

[13] J. Lee, J. Kim and T. Hyeon, “Recent progress 

in the synthesis of porous carbon 

materials”, Adv. Mater., 18(16) (2006) 2073-

2094. 

[14] C.Y. Yin, M.K. Aroua and W.M.A. Daud, 

“Review of modifications of activated carbon 

for enhancing contaminant uptakes from 

aqueous solutions”, Separ. Purif. 

Technol., 52(3) (2007) 403-415. 

[15] J. Rivera-Utrilla et al., “Activated carbon 

modifications to enhance its water treatment 

applications. An overview”, J. Hazard. 

Mater., 187(1-3) (2011) 1-23. 

[16] M.S. Shafeeyan et al., “A review on surface 

modification of activated carbon for carbon 

dioxide adsorption”, J. Anal. Appl. Pyrol., 89(2) 

(2010) 143-151. 

[17] J.M. Dias et al., “Waste materials for activated 

carbon preparation and its use in aqueous-phase 

treatment: a review”, J. Env. Manag., 85(4) 

(2007) 833-846. 

[18] M. Santiago et al., “Modified activated carbons 

for catalytic wet air oxidation of 

phenol”, Carbon, 43(10) (2005) 2134-2145. 

[19] S. Sato et al., “Influence of activated carbon 

surface acidity on adsorption of heavy metal 



IRAQI JOURNAL OF APPLIED PHYSICS 
Vol. 19, No. 4A, October 2023, pp. 13-20 

ISSN (print) 1813-2065, (online) 2309-1673 © ALL RIGHTS RESERVED  PRINTED IN IRAQ  19 

ions and aromatics from aqueous 

solution”, Appl. Surf. Sci., 253(20) (2007) 8554-

8559. 

[20] V.L. Snoeyink and W.J. Weber, “The surface 

chemistry of active carbon; a discussion of 

structure and surface functional groups”, Env. 

Sci. Technol., 1(3) (1967) 228-234. 

[21] A. Üçer, A. Uyanik and Ş.F. Aygün, 

“Adsorption of Cu (II), Cd (II), Zn (II), Mn (II) 

and Fe (III) ions by tannic acid immobilised 

activated carbon”, Separ. Purif. Technol., 47(3) 

(2006) 113-118. 

[22] Y. Al-Degs et al., “Effect of carbon surface 

chemistry on the removal of reactive dyes from 

textile effluent”, Water Res., 34(3) (2000) 927-

935. 

[23] A.K. Jain, V.K. Gupta and A. Bhatnagar, 

“Utilization of industrial waste products as 

adsorbents for the removal of dyes”, J. Hazard. 

Mater., 101(1) (2003) 31-42. 

[24] S.J. Culp et al., “Toxicity and metabolism of 

malachite green and leucomalachite green 

during short-term feeding to Fischer 344 rats 

and B6C3F1 mice”, Chemico-biol. 

Interact., 122(3) (1999) 153-170. 

[25] I.A. Rahman et al., “Adsorption characteristics 

of malachite green on activated carbon derived 

from rice husks produced by chemical–thermal 

process”, Biores. Technol., 96(14) (2005) 1578-

1583. 

[26] Y. Önal, C. Akmil-Başar and Ç. Sarıcı-

Özdemir, “Investigation kinetics mechanisms of 

adsorption malachite green onto activated 

carbon”, J. Hazard. Mater., 146(1-2) (2007) 

194-203. 

[27] G. Gascó et al., “The influence of organic matter 

on sewage sludge pyrolysis”, J. Anal. Appl. 

Pyrol., 74(1-2) (2005) 413-420. 

[28] A. Méndez et al., “Preparation of carbon-based 

adsorbents from pyrolysis and air activation of 

sewage sludges”, Chem. Eng. J., 108(1-2) 

(2005) 169-177. 

[29] N. Chada et al., “Activated carbon monoliths for 

methane storage”, in APS March Meeting 

Abstracts (vol. 2012, pp. W33-012). 

[30] Y. Soo et al., “Adsorbed methane film 

properties in nanoporous carbon monoliths”, 

in APS March Meeting Abstracts (vol. 2013, pp. 

M38-001). 

[31] K.A. Marill et al., “Prospective, randomized 

trial of template-assisted versus undirected 

written recording of physician records in the 

emergency department”, Annals Emerg. 

Med., 33(5) (1999) 500-509. 

[32] P.J. Paul, “Value Added Products from 

Gasification–Activated Carbon”, Bangalore: 

The Combustion, Gasification and Propulsion 

Laboratory (CGPL) at the Indian Institute of 

Science (IISc) (2002). 

[33] J. Lehmann and S. Joseph, “Biochar for 

environmental management: an introduction”, 

in Biochar for Enviro. Manag., (Routledge, 

2015) 1-13. 

[34] J. Xia et al., “A review on adsorption 

mechanism of gold cyanide complex onto 

activation carbon”, J. Indust. Eng. Chem., 

(2022). 

[35] G. Oliveira et al., “Paper pulp-based adsorbents 

for the removal of pharmaceuticals from 

wastewater: a novel approach towards 

diversification”, Sci. Total Env., 631 (2018) 

1018-1028. 

[36] P. Cataldi et al., “An electrically conductive 

oleogel paste for edible electronics”, Adv. Func. 

Mater., 32(23) (2022) 2113417. 

[37] World Health Organization, World Health 

Organization model list of essential medicines: 

21st list 2019 (No. 

WHO/MVP/EMP/IAU/2019.06). 

[38] K.A. Adegoke et al., “Modification of cellulosic 

material for rapid dyeability with malachite 

green dye”, Sci. African, (2022) e01138. 

[39] M. Rajabi, K. Mahanpoor and O. Moradi, 

“Preparation of PMMA/GO and PMMA/GO-

Fe3O4 nanocomposites for malachite green dye 

adsorption: kinetic and thermodynamic 

studies”, Composites Pt. B: Eng., 167 (2019) 

544-555. 

[40] Y.K. Alasadi et al., “Synthesis, 

Characterization, and Molecular Docking of 

New Tetrazole Derivatives as Promising 

Anticancer Agents”, J. Pharmaceut. Neg. 

Results, 13(3) (2022) 513-522. 

[41] A.M. Abdullah, L.H. Alwan and A.M. 

Abdulqader, “Thermodynamic and kinetic 

studies of Eriochrome black adsorption on 

activated charcoal prepared from lemon 

leaves”, Mater. Res. Exp., 6(12) (2020) 1250h8. 

[42] M.A. Toma et al., “Study the adsorption of 

cyclopentanone on to natural polymers”, AIP 

Conf. Proc., 2394(1) (2022) 040007. 

[43] A.S. Ahmed et al., “High surface area activated 

charcoal for water purification”, J. Compos. 

Sci., 6(10) (2022) 311. 

[44] A.H. Dalaf et al., “Synthesis, Characterization, 

Biological Evaluation, and Assessment Laser 

Efficacy for New Derivatives of Tetrazole”, Key 

Eng. Mater., 911 (2022) 33-39. 

[45] A.H. Dalaf, F.H. Jumaa and I.A. Yass, 

“Synthesis, characterization, biological 

evaluation, molecular docking, assess laser 

efficacy, thermal performance and optical 

stability study for new derivatives of bis-1, 3-

oxazepene and 1, 3-diazepine”, AIP Conf. 

Proc., 2394(1) (2022) 040037. 

[46] Y.K. Alasadi, F.H. Jumaa and A.H. Dalaf, 

“Synthesis, identification, antibacterial activity 

and laser effect of new derivatives of bis-1, 3-

oxazepene-4, 7-dione and 1, 3-diazepine-4, 7-



IRAQI JOURNAL OF APPLIED PHYSICS 
Vol. 19, No. 4A, October 2023, pp. 13-20 

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

dione”, AIP Conf. Proc., 2394(1) (2022) 

040019. 

[47] A.M. Hamad et al., “Green synthesis of copper 

nanoparticles using strawberry leaves and study 

of properties, anti-cancer action, and activity 

against bacteria isolated from Covid-19 

patients”, Karbala Int. J. Mod. Sci., 9(1) (2023) 

12. 

[48] M.M. Aftan et al., “Impact para position on rho 

value and rate constant and study of liquid 

crystalline behavior of azo compounds”, Mater. 

Today: Proc., 45 (2021) 5529-5534. 

[49] M.M. Aftan et al., “Application of biological 

activity of oxazepine and 2-azetidinone 

compounds and study of their liquid crystalline 

behavior”, Mater. Today: Proc., 43 (2021) 

2040-2050. 

__________________________________________________________________________________________ 

 
Table (6) The effect of temperature on the adsorption capacity of M.G. dye in aqueous solutions 

 

Concentration 
20 25 

Abs % qe Ce  Abs % Qe Ce  

5 0.461 53.9 215.6 36.88 0.440 56.0 224.0 35.20 

15 0.480 52.0 208.0 38.40 0.410 59.0 280.0 32.80 

25 0.483 51.7 206.8 38.64 0.424 57.6 206.8 33.92 

35 0.244 75.6 302.9 19.52 0.247 75.3 302.4 19.76 

45 0.310 69.0 276.0 24.80 0.330 67.0 276.0 26.40 

55 0.250 75.0 300.0 20.00 0.245 75.5 300.0 19.60 

65 0.156 84.4 337.6 12.48 0.158 84.2 337.6 12.64 

70 0.271 72.9 291.6 21.68 0.289 71.1 291.6 23.12 

75 0.355 64.5 258.0 28.40 0.352 64.8 259.2 28.16 

80 0.421 57.9 231.6 33.68 0.129 87.1 348.4 10.32 

Concentration 
30 35 

Abs % qe Ce  Abs % Qe Ce  

5 0.088 91.2 364.8 7.04 0.191 80.9 323.6 15.28 

15 0.097 90.3 361.2 7.76 0.116 88.4 307.2 9.28 

25 0.103 89.7 358.8 8.24 0.125 87.5 350.0 10.00 

35 0.088 91.2 364.8 7.04 0.089 91.1 364.4 7.12 

45 0.097 90.3 361.2 7.76 0.101 89.9 359.6 8.08 

55 0.089 91.9 364.4 7.12 0.074 92.6 370.4 5.92 

65 0.070 93.0 372.0 5.60 0.064 93.6 374.4 5.12 

70 0.094 90.6 362.4 7.52 0.090 91.0 364.0 7.20 

75 0.108 89.2 356.8 8.64 0.103 89.7 358.8 8.24 

80 0.073 92.7 370.8 5.84 0.061 93.1 375.6 4.88 
 

Table (7) The values of the thermodynamic functions 

 

T 1/T K lnk ∆H (J) ∆S (K.J) ∆G (J) 

293 0.00340 8.115 2.093 

-7012.4 

-0.023900 -7019.4000 

298 0.00331 10.127 2.315 -0.023500 -7014.4119 

303 0.00330 19.92 2.991 -0.023143 -7019.4120 

308 0.00324 21.937 3.088 -0.022767 -7012.4220 
 

Table (12) Isothermal variables for each of Langmuir, Freundlich and Temkin the adsorption capacity of malachite green from 

aqueous solutions 

 

C 
Freundlich Langmuir Temkin 

Kf n R2 Qmax Kt R2 BT KT R2 

20 0.4631 7.0603 0.9400 0.0199 0.0034 0.73 0.0078 5.3133 0.9687 

25 0.3435 6.6988 0.7600 0.0167 0.0034 0.94 0.0085 5.5202 0.8277 

30 0.0825 6.0564 0.9200 0.0017 0.0028 0.96 0.0284 12.2800 0.9943 

35 0.0116 5.6155 0.0006 0.0047 0.0031 0.89 0.0383 16.0170 0.3391 
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In this work, (ZnO)1-x(MnO2)x compounds were synthesized with composition (x=0, 0.1, 

0.2, 0.3, 0.4, and 0.5) of manganese oxide content using solid state reaction. Thin films 

were prepared from these compounds on glass substrates at room temperature using 

pulsed laser deposition method. The structure of the prepared compounds and thin films 

were analyzed using x-ray diffraction while the optical properties was measured using 

UV-visible spectrophotometry. It was found that the synthesized composites declared 

many peaks in the diffraction pattern which indicate polycrystalline structure with 

hexagonal wurtzite hexagonal structure of ZnO, and MnO2 and Mn2O3 secondary phases. 

A narrowing in the optical energy gap was found as Mn content increases up to 0.4 and 

then a blue shift was observed for residual x value. The optical constants were reduced as 

Mn was introduced to ZnO and then they got to grow up. The dependencies of the a.c. 

conductivity, dielectric constant and tangent loss on angular frequency and Mn content 

were explored. Good correlation was observed between the structural optical and 

electrical properties. 
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Introduction 

Zinc oxide (ZnO) has taken great interest as a 

result of excellent employment in many fields such as 

electronics, optics and photonics [1,2]. So, in order to 

acquire higher speeds of electronic transportation and 

investigate the confinement effect on the optical 

properties, many researchers have focused their 

attention and works on the micro- and nanostructure 

zinc oxide. It is well known that ZnO has energy band 

gap of 3.3 eV and shows negative conductance. This 

enables to use it in the manufacture of transparent 

electronic and optoelectronic devices as well as 

sensors [3]. The importance of mixing ZnO – instead 

of indium tin oxide (ITO) – with another oxide can 

facilitate the engineering of the magnetic, electrical 

and optical properties of the devices based on such 

structures [4-8]. As well, mixing ZnO with transition 

metals was found to produce multifunctional 

composites those possess the same magnetic and 

optical properties [9]. It was referred that the samples 

can be fabricated in different forms like bulk or thin 

films with huge range of magnetic properties [10-11] 

and used in magneto-optical devices in the short 

wavelength region [12]. The incorporation of 

transition metal elements into ZnO structure provides 

easy way to produce tunable band gap that can be 

used in UV detectors and light emitting diodes 

(LEDs). Many researchers pointed out that mixing 

manganese (Mn) with ZnO will reduce energy band 

gap. It has been showed previously [13,14] and the 

monotonic increment of the energy band gap become 

in the shape of band bowing [15-21]. 

In this work, some features of (ZnO)1-x(MnO2)x 

thin films produced by PLD are reported, and the 

influence of Mn content on microstructural 

parameters, energy band gap and dielectric properties 

of (ZnO)1-x(MnO2)x thin films is explained. 

 

Experimental Part 

Six composite samples were made from mixing 

the appropriate amount of zinc oxide (ZnO) and 

manganese oxide (MnO) and the mixtures were put in 

quartz ampules. The ampules were evacuated, sealed 

and heated in an oven at temperatures of 1273 K for 

five hours. The obtained materials were grinded and 

pressed in form of pellets with thickness and 

diameters of 0.5 cm and 1 cm, respectively. These 

pellets were used as targets to prepare thin films using 

pulsed-laser deposition (PLD) method. The 

deposition of thin films were conducted by focusing 

Nd:YAG laser pulses on the target inside a chamber 

evacuated down to 10-3 torr. A Huafei Tongda 

TechnologyــDiamond-288 pattern EPLS laser 

system was used. This laser operates in Q-switching 

mode, wavelength 1064/532nm, repetition frequency 

of 1-6. The structural analysis was carried out using 

x-ray diffraction (XRD) patterns. The optical 

parameters were determined from the optical 

measurements using UV-visible spectrophotometry. 

The absorption coefficient was measured from the 

relation: 

𝛼 = −
1

𝑑
(𝐿𝑛𝑇)    (1) 

The energy band gap was obtained from Tauc’s 

relation for direct allowed transition: 
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(𝛼ℎ𝜈)2 = 𝐵(ℎ𝜈 − 𝐸𝑔)   (2) 

The optical constants; mainly refractive index (n), 

extinction coefficient (k), real and imaginary parts of 

dielectric constant (ɛr) and (ɛi) were measured 

according to the following relations: 

𝑛 = √
4𝑅

(𝑅−1)2−𝑘2
−

(𝑅+1)

(𝑅−1)
   (3) 

𝑅 =
(𝑛−1)2+𝑘2

(𝑛+1)2+𝑘2
    (4) 

𝑘 =
𝛼𝜆

4𝜋
     (5) 

𝜀𝑟 = 𝑛2 − 𝑘2    (6) 

𝜀𝑖 = 2𝑛𝑘    (7) 

where R is the reflectance 

The electrical conductivity has been conducted by 

using LCR meter in the frequency range of 50 Hz to 

50 MHz. The a.c. conductivity was estimated from 

𝜎𝑎.𝑐. =
𝑑

𝑅̅.𝐴
    (8) 

where 𝑅̅ is the resistance, d is the sample thickness 

and A is the effective area 

 

Results and discussion  

Figure (1) shows the x-ray diffraction patterns 

(ZnO)1-x(MnO2)x  powders . The composites samples 

were prepared with different (x) values. XRD pattern 

shows  many peaks located at two theta 31.9°, 34.55°, 

36.33°, 47.63°, 56.71°, 68.76°, and 69.42° 

corresponding to the reflection planes (100), (002), 

(101), (102), (110), (112), and (201), respectively, 

with strong peaks at (101) for all of  manganese oxide 

values reflection. It can be observed that by the 

increasing in Mn content from x=0.3 and go on 

reduced the intensity of the all the peaks. The crystal 

size were (32.9, 32.9, 32.9, 28.8,3 8.4, and 34.6 nm), 

referred that the addition of manganese oxide reduced 

the crystal size up x= 0.3 and the opposite of that take 

place. There are secondary phases appeared at x=0.1 

and beyond. The peaks located at two theta equal 

23.29°, 32.99°, 33.06°, 38.33°, 55.26°, and 65.83° 

corresponding to planes (211), (200), (200), (411), 

(440), and (622), respectively, belonging to Mn2O3  

phase, while the peaks appeared at 2θ equals to 

12.76°, 18.00°, 13.00°, 28.74°, 37.60°, and 44.52° 

corresponding to planes (110), (200), (310), (211), 

and (411), respectively, belonging to MnO2 phase. 

Similarly, figure (2) shows the XRD patterns of 

(ZnO)1-x(MnO2)x thin films. There is secondary phase 

MnO appeared at 2θ equals to 35.13° and 40.43° 

belonging to the reflection planes (111) and (200), 

respectively. The peak intensities also decrease at 

x=0.3 to 0.5. This refers that too much Mn doping 

decadents the crystallinity of the films, which reflects 

the creation of additional stress and lattice disorder by 

the effect of larger radius of manganese ion (Mn2+) 

(0.66Å) in compared to the radius of zinc ion (Zn+2) 

(0.6Å) [22]. 

The values of lattice constants (a and c) of the 

(ZnO)1-x(MnO2)x structure were obtained from the 

following equation: 

 

1

𝑑𝑘ℎ𝑙
=

4

3
[
ℎ2+ℎ𝑘+𝑘2

𝑎2
] +

𝑙2

𝑐2
   (9) 

where h, k and l are the Miller indices, dhkl is the 

interplanar spacing for the plane (hkl) 

The crystal size (D), the dislocation density δ and 

the strain (ε) were calculated from the following 

equations: 

𝐷 =
0.9𝜆

𝐵𝑐𝑜𝑠𝜃
    (10) 

𝛿 =
1

𝐷2
     (11) 

𝜀 =
𝐵𝑐𝑜𝑠𝜃

4
    (12) 

 

 
 

Fig. (1) The XRD patterns of (ZnO)1-x(MnOx)x powders 

 

 
 

Fig. (2) The XRD patterns (ZnO)1-x(MnOx)x thin films 

 

Table (1) displays the measured data of x-ray 

diffraction. It was found that average crystalline size 

increases to 47.6nm in the first stage of manganese 

oxide addition beyond x=0.3 and then decreases to 

lower value (24.4nm). On the other hand, the main 

diffraction peaks shift toward higher 2θ with the 
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increase of x content, while the lattice constants 

values (a and c) were reduced by the continues 

addition of manganese oxide. The reduction of a and 

c values takes place as a result of zinc vacancies. It is 

well-known that manganese can exist in three 

different ionic forms named Mn2+, Mn3+, and Mn4+. 

The ionic radius of the manganese ions Mn2+, Mn3+, 

and Mn4+ are 0.66Å, 0.58Å and 0.53Å, respectively. 

The increase of x content increases the values of a and 

c due to Zn2+ (0.60Å) is substituted by Mn3+ and Mn4+ 

[23]. This results was proved by previous work [24]. 

The growing of lattice constants take place for 

high value Mn content is occurred as a results of 

creation of deformations and strain in the films by the 

influence of admission of Mn as well as lattice 

mismatch between the film and the substrate as 

shown in table (1). This results agreed with the 

finding of references [25-28]. 

 
Table (1) The measured data from the XRD patterns, the 

lattice constants, crystal size, dislocation density, and stress of 

(ZnO)1-x(MnO2)x thin films 

 

x a c 

Crystal 

Size 

(nm) 

Dislocation 

Density 

(line/m2) 

Strain 

(ε) 

0 3.2407 5.1918 26.00 1.48x1015 0.0070 

0.1 3.2407 5.1918 47.70 0.44x1015 0.0070 

0.2 3.2407 5.1875 47.60 0.44x1015 0.0070 

0.3 3.2378 5.1875 47.60 0.44x1015 0.0013 

0.4 3.2436 5.2046 26.00 1.48x1015 0.0013 

0.5 3.2432 5.2046 24.40 1.48x1015 0.0070 

 

The optical band gap (Eg) can be measured by 

fitting the absorption data to the direct transition 

equation by extrapolating the linear portions of the 

curves to zero as shown in Fig. (3). It can be observed 

a red shift in the energy gap as a result of Mn addition 

to ZnO. The energy gap of pure ZnO was 3.4 eV and 

it begin change as Mn was added to the host material. 

The energy gap values for different MnO content 

were 3.5, 2.7, 2.65, 1.6 and 2.65 eV, respectively. The 

reduction of the energy gap occurred by increasing of 

x content is ascribed to the interaction of different 

orbitales s-d and p-d which consequently leads to 

bowing of band gap in accordance to the explanation 

of second-order perturbation theory [29]. The energy 

gap return to increase for high Mn content. 
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Fig. (3) The relation between (αhν)2 and photon energy (hν) for 

(ZnO)1-x(MnO2)x thin films with different values of x 

   

The refractive index, extinction coefficient, real 

and imaginary dielectric constant were plotted as 

functions of wavelength as shown in figures (4-7). It 

is obvious that refractive index gets to change with 

increasing mixing ratio. The refractive index suffers 

reduction as manganese oxide added to the starting 

material otherwise the refractive index grow up by 

increasing of manganese ratio. The reduction and 

growing of refractive index is related with increasing 

of transparency and opacity of the composites thin 

films respectively [30-31]. The behavior of extinction 

coefficient is shown in Fig. (5) and table (2). It is 

clearly observed that (k) reduced in the first as MnO2 

added to the starting material and then get to grow up. 

The variation of (k) is ascribed to the variation of 

absorption coefficient. The plot diagram of real and 

imaginary dielectric constant shown in figures (6) and 

(7). The variation of real dielectric constant with 

mixing ratio is related with the variation of (n) 

according to Eq. (7) while the changing of imaginary 

dielectric constant is related with (k) according to Eq. 

(8). 

 

 
Fig. (4) The refractive index of (ZnO)1-x(MnO2)x thin films as a 

function of wavelength 

 

 
Fig. (5) The extinction coefficient of (ZnO)1-x(MnO2)x thin films 

as function of wavelength 

 

 
Fig. (6) The real dielectric constant of (ZnO)1-x(MnO2)x thin 

films as function wavelength 
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Fig. (7) The imaginary dielectric constant of (ZnO)1-x(MnO2)x 

thin films as function wavelength 

 
Table (2) The optical parameters measured at λ=550nm and 

the energy band gap of (ZnO)1-x(MnO2)x thin films 

 

Sample 
T 

(%) 
α 

(cm-1) 
k n εr εi 

Eg 
(eV) 

0.0 30.67 59101 0.259 2.474 6.054 1.281 3.40 

0.1 90.11 5211 0.023 1.603 2.570 0.073 3.50 

0.2 87.15 6880 0.030 1.711 2.927 0.103 2.70 

0.3 89.58 5504 0.024 1.623 2.634 0.078 2.65 

0.4 19.68 81296 0.356 1.906 3.506 1.357 1.60 

0.5 76.87 13156 0.058 2.040 4.159 0.235 2.50 

 

The plot of the dielectric constant versus the 

dielectric loss (ɛr vs. ɛi) of (ZnO)1-x(MnO2)x   

composites at different composites ratios are 

demonstrated in Fig. (8). In the investigated 

frequency range, the relation creates one semi- circle 

where the center occur below of the dielectric  

constant axis, this arc is a feature of presence of 

relaxation time distribution in the entire system [32]. 

It is clearly observed that the diameter of the circle 

get to vary with the x content, indeed it can be noticed 

that the diameter of the circle get change irregularly 

with the increase of x content this refers to 

pronounced change in the resistivity which reflect the 

modification the electrical properties of ZnO. The 

equivalent circuit can be given by parallel connection 

of resistance with a constant phase element which 

identical with the Cole–Cole model proposed by [33]. 

The measured polarizability were listed in table (3). 

The polarizability get to grow with x content reach 

maximum value at x=0.4 and the fall again. The 

behavior explanation of polarizability can be is found 

published elsewhere [34-38]. 

Figure (9) shows the frequency dependence of 

ln(σa.c) for (ZnO)1-x(MnO2)x composites at various 

composites content. It is clear that the conductivity is 

basically increase as frequency increase. The 

demonstration of conductivity change with frequency 

(ω) and temperature is given by power law of 

Jonscher universal power law [39]: 

𝜎𝑡𝑜𝑡(𝜔) = 𝜎𝑑.𝑐. + 𝜔𝐴̅𝑠   (13) 

where 𝐴̅ a constant a criteria of measuring the 

polarizability strength σd.c. is the dc conductivity due 

to band conduction and (s) the important physical 

meaning is an exponent where the value ≤ 1 [40]. 

The slope of the same plot at high frequencies 

represent (s). The measured values of the exponent (s) 

are pot in table (2). There are many theories were 

postulated to described the behavior of (s). The 

quantum mechanical tunneling QMT model which 

proposed that (s) is temperature independent [41]. 

While when overlapping take place is the most 

convenient model postulated by Wang et al. [42] is 

large polaron tunneling model here (s) reduced by 

increasing of temperature till certain value after (s) 

suffering growing with raising temperature. In the 

case of small polaron model, (s) must grows by 

increasing of MnO2 content [43]. The values of (s) in 

this work get to change non systematically with the 

increase of x content (decreases and increases with x). 

The proposed models are correlated barrier hopping 

(CBH) and small polaron (SP).The reduction of (s) 

proved the hopping of charge carriers over potential 

barrier will take place. The formula for (s) established 

of this model is given by Elliott [44,45]: 

s=1−6kBT/Eg    (14) 

where Eg is the energy gap 

This expression proposed that there is inverse 

relation between (s) and band gap of the investigated 

samples. The data display in table 1 and 3 proved this 

relation. The investigation of dielectric properties is 

additional reference to obtain valuable information in 

such a way that can be expected the type of 

conduction take place in the entire material as well as 

the sources of dielectric losses. Figure (10) shows the 

frequency dependence of dielectric constant for 

(ZnO)1-x(MnO2)x composites. It is clearly observed 

that dielectric constant get to reduce by the increase 

in frequency of the applied field. The dielectric 

constant at low frequency come from the contribution 

of different kinds of which are: deformational 

polarization (electronic, ionic) as well as relaxation 

(orientational and interfacial). At higher frequency 

the dipoles stope to follow the electric field variation 

which consequently reduced the orientational 

polarization and the dielectric constant reach constant 

value which related to interfacial polarization. On the 

other hand, at a constant frequency, the dielectric 

constant get to grow by increase of x content. This 

may be attributed to the inability of the dipoles to 

orient themselves at low x content by increasing x 

content, the orientation of the dipoles is become more 

easily (following thermal movements), which tends to 

an increase in dielectric constant value. The tangent 

loss is given by: 

𝑡𝑎𝑛𝛿 =
𝜀𝑖

𝜀𝑟
    (15) 

The changing of tangent loss with the frequency 

for (ZnO)1-x(MnO2)x composites with different x 

content is shown in Fig. (11). It is found at definite 

frequency, the dielectric loss increases by increase as 

MnO2 was added to the starting oxide but then fall for 

further increase of MnO2. This behavior may be 

attributed that to the minimum conduction loss for 
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low MnO2 content. The continuous addition of MnO2 

is found be accompanied by creation of additional 

loss in the conductivity [46]. On the other hand the 

tangent loss for x content in the range (0-0.3) 

increases with increase in frequency reaching a 

maximum peak and then decreases, while the 

behavior for residual x values is opposite to that. 

 

 

 

 

 

 
Fig. (8) The plot of dielectric constant versus dielectric loss of 

(ZnO)1-x(MnO2)x composites 

 

 
Fig. (9) The frequency dependence of electric conductivity of 

(ZnO)1-x(MnO2)x composites 
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Fig. (10) The frequency dependence of dielectric constant of 

(ZnO)1-x(MnO2)x composites 

 

 
Fig. (11) The frequency dependence of dielectric loss of (ZnO)1-

x(MnO2)x composites 

 
Table (3) Values of polarizability, (s) power factor and density 

of states at Fermi level 

 
x α s N(Ef) 

0 0.144444 0.948 6.77165E+34 

0.2 0.044444 0.798 1.01874E+36 

0.3 0.200000 0.711 1.3306E+36 

0.4 0.222222 0.806 2.74113E+36 

0.5 0.111111 0.731 1.34422E+36 

 

Conclusion 

Solid state reactions were adopted to prepare 

different composites from ZnO and MnO2. The 

characterization of structures proved that manganese 

atoms substitute zinc sites in the crystals without 

modifying the hexagonal zinc oxide structure, with 

little variation in the lattice parameters with the extent 

of mixing. The optical measurements declare 

reduction of the energy gap upon MnO addition for 

Mn content x≤0.4. The optical constant together 

reduced as Mn introduced to ZnO after that they get 

to grow up. The study of ac conductivity for various 

MnO2 content was found to follow the Jonscher’s 

power law where s in the range 0.711-0.948. The 

polarizability values estimated that (ZnO)1-x(MnO2)x 

composites can be used in electronic circuits as 

resistor. 
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Sol-gel technology has been used to prepare silver (Ag+) nanoparticles-samarium 

(Sm3+) ions co-doped silica xerogel. Typical surface plasmon resonance (SPR) band 

is observed in the spectra of Ag NPs in both collision solutions and silica xerogels at 

431 nm and 427 nm respectively. FE-SEM and XRD examination highlight the 

nanoscale and polycrystalline structure of Ag NPs, while FTIR study shows how the 

ions (Ag+,Sm3+) are distributed within the porous structure of silica xerogels. The 

photoluminescence (PL) and absorption (A) spectra have been obtained as a function 

of Sm3+ concentrations at room temperature. Prominent emission bands of Sm3+ ions 

have been observed for the transitions 4G5/2→6H5/2, 4G5/2→6H7/2 and 4G5/2→6H9/2: 

569, 601 and 645nm respectively, at 400nm excitation. The presence of Ag NPs 

improves the PL intensity of the Dy3+ ions, as illustrated by the PL of Sm3+ in doped 

and co-doped silica xerogels. This improvement has been obtained by leasing the 

strong local electric field induced by SPR of Ag NPs in order to transfer energy from 

the Ag NPs to the Sm3+ ions. Radiative lifetime (τrad) and emission cross section (σem.) 

for the 4G5/2→6H7/2 transition in doped and co-doped samples have been calculated. 

All co-doped samples have shown white light emission, with color coordinates in the 

white range. 
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1. Introduction 

Light-emitting diodes (LEDs) have attracted 

increased attention from engineers and scientists in 

the solid-state luminescence sector in recent years 

due to their environmental friendliness, extended 

lifetime, energy-saving specifications, and high 

luminous efficiency [1,2]. Due to their potential use 

in photonic applications, silica containing metallic 

nanoparticles (NPs) and lanthanide (Ln3+) have 

attracted a lot of attention. In particular, silver 

nanoparticles (Ag NPs) have garnered an extensive 

of interest because of their remarkable optical 

properties due to a surface plasmon resonance (SPR) 

in the visible range [3-6]. In the presence of 

plasmonic nanoparticles, the luminescence intensity 

emitted by lanthanide ions can be enhanced due to a 

strong absorption cross-section related to surface 

plasmon excitation in noble-metal nanoparticles 

and/or a large local field enhancement that is 

generated around the excited nanoparticle. [7-9], Ln+3 

occupies a special place in the field of photonics, 

Since it can produce white luminescence, Sm3+ ion 

has attracted significantly of interest among rare earth 

(RE) ions [10,11], the shielding around 4f shell of 

Ln+3 by the outer 5s and 5p shells caused the sharp 

fluorescence in the ultraviolet (UV), to infrared (IR) 

regions [12-14]. The element Sm3+ was chosen as it 

excited under UV wavelength, broad emission bands 

can be seen from Sm3+ ions in any host matrix 

because of their 4G5/2→6HJ (J=5/2, 7/2, 9/2) 

transitions. It is also well-known that the 

concentration and host composition affect the 

intensities of the emission bands of the Sm3+ ion in 

silica xerogel [15]. The study of the host of Sm3+ and 

concentration-dependent properties is essential if 

preferred emission characteristics are to be obtained 

for device applications. 

Various wet chemical methods, such as co-

precipitation, hydrothermal, sol-gel technology, and 

combustion method, have been developed for 

materials synthesis [15-18]. The sol-gel technology is 

widely used, and it is an effective process. The chosen 

host silica is designed to have high lanthanide ions 

solubility, moderate lower melting point, structure, 

and chemical stability, as well as outstanding 

transparency and lower phonon energy, in order to 

satisfy the required application with the appropriate 

optical qualities [19-21]. Sm+3-doped silicates for 

intense emissions in the visible region, especially the 

yellow-orange-red emission region, due to a growing 

market for their application in traffic signs, 

decoration, and textile printing, near white- light 

emitting diode (LED) [10,11,22]. 

Silica xerogel was chosen as the host matrix. 

Upon doping of these xerogels with samarium and 

silver, this enabled us to analyze the sensitization of 
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a luminescence of the lanthanide activator by Ag ions 

and the influence Ag NPs on the intensity of optical 

transitions of the activator under investigation. White 

LEDs are one potential application for these 

monoliths. 

 

2. Experimental Procedure  

2.1 Chemicals 

 Tetraethyl orthosilicate (TEOS, purity >98% 

supplied by Schuchardt, Germany), ethanol 

(C2H5OH, 99.0% supplied by Fluka Garantie, 

Germany), water and hydrochloric acid (HCl) were 

used as the starting materials and catalyst, 

respectively. The molar ratio was taken as 1:5:10 for 

TEOS/ethanol/water. Samarium chloride 

hexahydrate solutions (SmCl3.6H2O, 99.9% from 

Aldrich, silver nitrate (AgNO3), by sodium citrate 

(Na3C6H5O7) and sodium citrate (Na3C6H5O7) were 

supplied by Fluke (Germany). 

 

2.2 Preparation of Monoliths 

Silica xerogel monoliths doped with Sm3+ and co-

doped with Sm3+-Ag+ were prepared using the sol-gel 

technique. Pure ethanol was mixed with a TEOS and 

denoted as sol(I) containing TEOS. A catalyst 

solution of HCl and pure ethanol in deionized water 

is used to make sol(II), then for preparation doped 

and co-doped samples with the molar ratio 1:5:10 for 

TEOS/ethanol/water, Sm3+ doped silica xerogels 
were prepared by mixing the samarium chloride 

hexahydrate solutions prepared by dissolved 

(SmCl3.6H2O) in deionized water with different 

concentrations (0.04, 0.09, 0.225, 0.55, 1.5)x10-1 M 

with sol(II) and then added to sol(I) with magnetic 

stirring for 30 min. Then a 0.5ml of N-N 

dimethylformamide was added as drying control 

chemical additive (DCCA) to the final sol. By 

pouring the Sol into a covered glass tube in an oven 

set at 60 °C, monoliths were able to gel after 14 hours, 

and for Ag+-Sm3+ co-doped, mixture of samarium 

chloride hexahydrate solutions and silver colloid 

(yellow-brown) with concentration of 5x10-3 M has 

been prepared by using the chemical reduction 

method [23-24], were added to sol(II). The sol(II) 

was slowly added to sol(I) with magnetic stirring for 

30 min to ensure homogeneity, then 0.5ml of N-N 

dimethylformamide was added to the final sol. A 

sealed glass tube containing the final sol was placed 

in an oven heated to 60 °C. The aging process was 

achieved after reaching the gel point after 24 hours. 

The transparent samples achieved by drying the gel 

with diameter of 0.7-0.8 cm, length of 1.9-2.1 cm and 

weight of 1.1899-1.3932 g for Sm3+ doped silica 

xerogel, and with diameter of 0.73-0.85 cm, length of 

2.0-2.2 cm and weight of 1.3079-1.4099 g for Sm3+-

Ag+ co-doped silica xerogels. 

 

3. Results and Discussion  

The surface plasmon resonance (SPR) band of Ag 

NPs was recorded using a Shimadzu UV-1800 

Double-Beam UV-Visible spectrophotometer (Fig. 

1a,b). Figure (1a) represents the plasmon band 

centered at 437 nm in the colloid solution (yellow-

brown) with concentration of 5x10-3 M. Figure (1b) 

shows a slight blue shift in SPR centered at 427 nm 

due to the doping of Ag NPs to silica xerogel at a 

concentration of 35.7x10-5 %. 

 

 
(a) 

 
(b) 

Fig. (1) UV-visible absorption spectrum of (a) Ag NPs in colloid 

solution, (b) Ag NPs doped silica monolith 

 

The crystallinity of Ag NPs was detected using a 

Philips PW 1050 X-ray diffractometer, 1.54Å from 

Cu-K). Figure (2) shows an XRD pattern for 

polycrystalline Ag NPs, as shown by the single peak 

at 2θ=38°. This corresponds to the peak expected 

according to ASTM standards. 
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Fig. (2) XRD pattern of silver nanoparticles synthesized by 

chemical method 

 

Field-emission scanning electron microscopy 

analysis was carried out using an Inspect F50 FE-

SEM instrument to determine the morphology and 

size of the Ag NPs colloid. Figure (3) demonstrates 

that the nanoparticles of Ag NPs were nearly 

perfectly spherical, with sizes ranging from 31 to 35 

nm and least agglomeration. 

 

 
 

Fig. (3) FE-SEM image of Ag NPs synthesized from chemical 

reduction method 

 

The intra-configurational 4fn-4fn transitions 

detected by spectra of Sm+3 ions in monoliths at 

various concentrations (4.3, 10.0, 21.9, 50.5, 178.0) 

x10-4 %. According to the absorption spectra 

displayed in Fig. (4), the absorbance increases as the 

concentration of Sm+3 ions increases [25,26]. 

In Fig. (5), the photoluminescence (PL) spectra 

were recorded using a xenon lamp source in 

Shimadzu RF-5301 PC Spectrofluorophotometer of a 

Sm3+-doped silica monolith at 400 nm excitation 

wavelength for the range of Sm3+ ion concentrations. 

The 4G5/2→6H5/2 and 4G5/2→6H7/2 transitions are 

responsible for the 569 and 601 nm emission peaks, 

respectively, in the yellow-orange region of the 

spectrum, while the 4G5/2→6H9/2 transition causes the 

faint emission peak at 645 nm in the red region of 

spectra [25-27]. The absence of a symmetry center 

results in an occurrence of electric-dipole transitions 

(4G5/2→6H9/2), the intensity of which is highly 

sensitive to variations in the local structural 

environment of the Sm3+ ions. 

 

 
Fig. (4) The absorption spectra of silica monoliths doped with 

different concentrations of Sm+3 ions 

 

 
Fig. (5) The emission spectra of silica monolith doped with 

different concentrations of Sm+3 ions, excited by 400 nm 

 

Despite the existence of the magnetic-dipole 

allowed transitions 4G5/2→6H5/2 and 4G5/2→6H7/2, the 

strengths of these transitions rarely vary with the 

local structural symmetry of the Sm3+ ions [25,26]. It 

is worth observing that the emission intensity is 

higher in the sample with a concentration of 

0.00219% than in the other samples. Luminescence 
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quenching for Sm+3 in the silica matrix at other 

concentrations may be due to energy transfer between 

excited Sm+3 ions, as seen in cases such as cross-

relaxation (CR) interactions between lanthanide ions, 

strong interactions between two active ions that can 

transfer excitation energy from one Sm+3 ion to 

another, O-H vibrations of water, and concentration 

quenching exhibited by Sm+3 ions at higher 

concentrations [25]. This phenomenon is most likely 

caused by an increase in the number of nonradiative 

decay channels and also due to many closely spaced 

excited states, which leads to the quenching; it 

denotes the clustering of these ions within the pores 

of the sol-gel material. 

Figure (6) shows the absorption spectra of all 

Ag+/Sm3+ co-doped silica xerogel samples with 

concentrations between 35.7×10-5/0.00034 and 

35.7×10-5/0.0178%), containing Ag NPs. Each 

spectrum consists of fourteen absorption bands, 

thirteen corresponding to intra-configurational 4fn-

4fn transitions of the Sm3+ ions and one 

corresponding to the Ag NPs. The presence of these 

bands in Ag+-Sm3+ co-doped and Sm3+ doped 

materials is indicative of the spectroscopic activity of 

these ions. 

 

 

 

 
Fig. (6) (a) Absorption spectra of Ag-Sm3+ co-doped monoliths, 

(b) photographs of co-doped samples 

 

Figure (7) illustrates the recorded PL spectra of 

the Ag+-Sm3+ co-doped monoliths using the 400 nm 

excitation wavelength. It should be mentioned that 

the PL intensity of the monoliths is enhanced, local 

field effect (LFE), caused by surface plasmon 

resonance (SPR) of metallic NPs, can contribute to 

the enhancement, since the relative permittivity of the 

host silica oscillations of electrons, moving along the 

surface of metal NPs, oscillations induce a confined 

electromagnetic field in the vicinity of NPs [29,30], 

which result in an enhancement of the local electric 

field around the NPs, energy transfer from Ag NPs to 

Sm3+ ions has also been estimated as a cause for 

enhanced luminescence intensity (Ag+→Sm3+) 

[28,29]. 

Fourier-transform infrared (FTIR) spectra of the 

all doping and co-doping samples were illustrated in 

Fig. (8). These spectra supported a distribution of 

ions (Ag+, Sm3+) in these porous structures. the 

absorption bands that correspond to the host's 

characteristic vibrational bands were discovered in 

the FTIR spectra; these bands were located at 

approximately 470, 800, and 1064 cm-1, respectively, 

and were caused by the bending, symmetric 

stretching, and asymmetric stretching vibrations of 

siloxane Si-O-Si groups, while a weaker band at 

approximately 960 cm-1 was caused by the stretching 

vibration of silanol Si-OH groups, At roughly 1658 

and 3419 cm-1, two more bands were developed. The 

O-H bond in water molecules vibrates in these two 

bands [31,32], showing that the drying process at 60 

°C does not entirely capture the water molecules from 

a silica pores. 

 

 
Fig. (7) Emission spectra of silica xerogel co-doped with Ag+-

Sm3+ ions excited by 400nm 

 

AgSm5    AgSm4    AgSm3   AgSm2    AgSm1 
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Fig. (8) FTIR spectra of pure silica xerogel, Ag doped and Ag+- 

Sm3+ co-doped silica xerogel 

 

The refractive index n(λ) was calculated by 

Michelson interferometer and was about 1.46-1.47. 

Bowen and Wokes gave an empirical formula to get 

a sufficiently accurate value of radiative lifetime (τrad) 

as follows [33]: 
1

𝜏𝑟𝑎𝑑
= 2.88 × 10−9 × 𝑛2 ∗ ὺ ∫ ԑ(ὺ)𝑑ὺ (1) 

where ὺ is the wavenumber at a peak of the 

absorption band in cm-1 and ∫ ԑ(ὺ)𝑑ὺ is the area 

under the absorption band curve, and ԑ(ὺ) is the 

molecular extinction coefficient. 

Peak emission cross-section (σem) for transition 
4G5/2→6H7/2 can be determined from:

 

𝜎𝑒𝑚 =  
𝑝

4

8𝜋 𝑐 n`2    ∆𝑒𝑓𝑓  𝜏𝑟𝑎𝑑
  (2) 

where λp is a peak wavelength within the 

fluorescence band, Δλeff is the emission linewidth 

(effective); which is determined by a full-width half 

maximum (FWHM) of the emission band, and ń is 

given by: 

n` =
(𝑛2(𝜆)+2)2

9𝑛(𝜆)
    (3) 

The oscillator strength fexp can be calculated from 

the absorption spectra using the formula [34]:                                                                                                                                 

𝑓𝑒𝑥𝑝 = 4.32 × 10−9 ∫ 𝜀(ὺ)𝑑ὺ  (4) 

Table (1) (see appendix) includes the results of 

the calculated parameters from the recorder spectra. 

These parameters are related to the absorption band 

for transition 6H5/2→4F7/2 and the emission band for 

transition 4G5/2→6H7/2 of Sm+3 ions. Figure (9) 

displays the behavior of the peak emission cross-

section (σem) with different concentrations of Sm+3 

ions in doped and co-doped samples; it indicates that 

the σem are variation with the Sm+3 ions concentration, 

it a maximum value for the concentration Sm+3 

0.0034% in doped samples, this behavior due to the 

luminesces quenching related with the O-H 

vibrations of water and the concentration quenching 

at higher concentrations, and in the co-doped 

samples, σem increases with an increases the 

concentration of Sm+3 ions because of the 

enhancement  in PL intensity of Sm+3 ions by Ag 

NPs, due to the LFE which is induced by SPR of Ag 

NPs and the energy transfer from Ag NPs to Sm3+ 

ions (Ag+→Sm3+). 

 

 
Fig. (9) Variation in peak emission cross-section (σem) with the 

concentrations of Sm3+ ions in doped and co-doped samples 

 

White emission can be achieved by Ag+-Sm+3 co-

doping by the enhancement in luminescence intensity 

of the emission spectra of Sm+3 doped, as illustrated 

in Fig. (10a,b), which displays the luminescence 

colors of samples as defined by the Commission 

International de I'Eclairage (CIE) chromaticity 

diagram. The color coordinate for all samples under 

400 nm excitation, figure (10a) shows a chromaticity 

coordinates of the Sm+3-doped samples and figure 

(10b) shows positions of a chromaticity coordinates 

of the light emitted by all a co-doped samples are very 

close to each other. It can be seen that all the emitted 

light is white since all the coordinates lie within the 

white range of the chromaticity chart, a light emitted 

by AgSm5 are the closest to pure white light 

(x=0.333, y=0.333). In order to investigate the 

possibility of the as-synthesized phosphor in 

application for WLED. 

 
Table (2) The color coordinates of the all samples 

 

Sample x y Sample x y 

Sm1(B) 0.185 0.169 AgSm1(B) 0.417 0.378 

Sm2(C) 0.172 0.170 AgSm2(C) 0.447 0.383 

Sm3(D) 0.182 0.255 AgSm3(D) 0.436 0.381 

Sm4(E) 0.165 0.219 AgSm4(E) 0.369 0.349 

Sm5(F) 0.183 0.280 AgSm5(F) 0.353 0.340 
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Fig. (10) (a) Chromaticity diagram corresponding to the light 

emitted from the (a) Sm+3-doped silica, (b) Ag+-Sm+3 co-doped 

silica (excited at 400nm) 
 

4. Conclusions 

Silica xerogel has established itself as a viable 

host material for active ions such as Sm3+ and Ag+ 

due to its high transparency, friendliness to the 

environment, and thermal stability. Spectroscopic 

analysis of Sm3+ ion-doped samples showed 

luminescence quenching at high doping levels, while 

the effect of SPR in Ag NPs showed how Ag NPs can 

enhance the photoluminescence of Sm3+ ions in co-

doping samples to produce white light, the sample 

AgSm5 with the concentration (0.043-0.0357)%×10-

2 is the closest to the white light. 
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APPENDIX 
 

Table (1) The spectroscopic parameters of silica monolith doped with Sm+3 ions and co-doped with Ag+/ Sm3+ 

 

Sample 

(doped) 

Sm+3 ions 

Concentration 

(x10-2) 

(%) 

Emission 

Cross 

Section 

σem (x10−21) 

(cm2) 

Oscillator 

Strength 

fexp 

(x10-6) 

Sample 

(co-doped) 

Sm+3-Ag+ ions 

Concentration 

(x10-2) 

(%) 

Emission 

Cross 

Section 

σem (x10−18) 

(cm2) 

Oscillator 

Strength 

fexp 

(x10-6) 

Sm1 1.78 3.5 0.86 AgSm1 1.78-0.0357 1.03 1.97 

Sm2 0.505 4.9 0.97 AgSm2 0.505-0.0357 0.61 1.92 

Sm3 0.219 7.9 0.98 AgSm3 0.219-0.0357 0.53 1.89 

Sm4 0.104 3.7 0.89 AgSm4 0.104-0.0357 0.22 1.81 

Sm5 0.043 3.8 0.91 AgSm5 0.043-0.0357 0.12 0.96 

 



IRAQI JOURNAL OF APPLIED PHYSICS 
Vol. 19, No. 4A, October 2023, pp. 37-42 

ISSN (print) 1813-2065, (online) 2309-1673 © ALL RIGHTS RESERVED  PRINTED IN IRAQ  37 

 

Nabeel A. Areebi 
 

Department of Physics, 
College of Education, 

University of Al-Qadisiyah, 

Al-Diwaniyah, IRAQ 

Bandwidth Enhancement for 

Annular Dielectric Resonator 

Antenna (ADRA) Using Stacked 

Technique 

 

 

The present work focused on a dielectric resonator antenna (DRA), which has many 

applications in several systems, due to its multitasking possibilities. DR antennas can be 

fabricated in different shapes like cylindrical, cylindrical ring, rectangular and 

hemispherical. The proposed antenna is an annular DRA with an operating resonant 

frequency of 4.3GHz. Narrow bandwidth is the main disadvantage of these antennas. 

Bandwidth and gain enhancement can be achieved by stacked technique. The two and 

three annular DRAs are designed and simulated via finite-difference time domain 

(FDTD) method. Large bandwidth and better radiation power are achieved. The best 

result obtained for the bandwidth is 51.77% with three annular DRAs. Several 

parameters like return loss, directivity pattern and input impedance are calculated. 

Moreover, the stacked technique is used for increasing the bandwidth and directive gain 

in order to enhance the antenna's performance. 
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1. Introduction 

Recently, the communications have developed 

widely and the dielectric resonator antenna (DRA) 

played a curial role in this developing due to its 

multitasking possibilities which made it have many 

advantages in several applications. One of most 

applications in high-performance spacecraft, satellite 

and missile [1]. One of the most crucial antenna parts 

for a variety of microwave and millimeter wave 

communications applications is now thought to be the 

tiny microstrip patch antenna. An essential aspect of 

the microstrip antenna is its ability to readily change 

its specific bandwidth by changing the form, 

thickness, or use of a multi-layered substrate or 

stacked technique [2]. For years ago, dielectric 

resonator antennas (DRAs) have preliminary been 

used into microwave circuits (as filters and oscillators 

for example). Within reason these traditional 

applications, the dielectric resonator (DR) was 

normally treated as a devices of the energy storage 

alternatively a radiator. Open DR was established to 

radiate for years before [3-5]. The DRAs are 

distinguishable structures that offer freedom in 

selecting the dimensions and types of the substrate 

used. A broad range of dielectric constant of 6 to 100 

are used in many shapes of DRA (elliptical, 

cylindrical, and rectangular). The great features of the 

DRA are large bandwidth, high efficiency and 

mechanical simplicity  [6,7]. One drawback of these 

standard DRAs is their narrow bandwidth (BW). The 

percentage of BW up to 11%, for a pure rectangular 

DRA configuration, can be achieved. Several 

techniques have been used to improve the BW of 

DRA. For example, is to reduce size of the DRA, in 

which the middle part of the DRA is elude, to improve 

the BW about 28%. Geometric modifying of the DRA 

into several shapes, like a conical DRA, slot cylinder 

and truncated tetrahedron, is another approach to 

enhance the bandwidth. Using U-shaped DRA, 

bandwidth can be increased to 42% [8,9]. Liu et al. 

[10] was presented a broadband-notched 

reconfigurable DRA for wideband performance. 

They showed that a multiple resonant modes for the 

rectangular DR fed by feed line can be generated. One 

of methods used to enhance bandwidth is changing 

the shape of the dielectric resonator. Moreover, using 

DRA with a dielectric resonator of the lowest 

dielectric constant increases its bandwidth and 

electromagnetic (EM) energy. Increasing the 

bandwidth can be achieved using the multi-layer 

approach with different modes of excitation and 

different permittivities in the DRA [11]. DRAs have 

a much broader BW compared with a microstrip 

antenna. The DRAs made utilized of mode radiated 

of a DR, while the microstrip antennas can be radiated 

only out of two narrow radiation holes. Comparing 

with microstrip antenna, DRAs are preferable 

because of high radiation efficiency due to the 

absence of surface waves and grounded planes.  

Avoidance of surface waves is another advantage of 

DRA over the microstrip antenna. However, the DR 

antenna and the microstrip antenna behave like 

resonant cavities. Other characteristics are shared 

between them. The DR can be used as an antennas at 

1983 where the first work on the cylindrical 

Dielectric Resonator Antenna was achieved [12-14]. 

There are several advantages of DRA. DRA can be 

integrated with monolithic microwave integrated 

circuit (MMIC) as results of their small-size. They 

can be manufactured in different shapes (cylindrical, 
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rectangular, hemispherical and cylindrical rings, and 

have more design flexibility. Because of the low 

dissipation factor of dielectric materials, DRA is a 

low-loss antenna. Various feeds, such as slot, 

coplanar lines, microstrip lines, waveguide slots, 

dielectric image guides and probes, can be used to 

excite DRA [15-17]. Several techniques are used to 

enhance bandwidth, such as multi-segment DRA, 

single DRA, parasitic DRA and introducing a gap 

between the ground plane and DRA. A bandwidth of 

around 10% has been achieved by a single DRA with 

low permittivity. Parasitic DRA introduces high gain 

and can improve the BW up to 17%. BW up to 20% 

using multi-segment DRA can be achieved. 

Introducing a gap between the ground plane and DRA 

gives a typical BW of about 30% [18,19]. 

 

2. Annular Dielectric Resonator Antenna 

Annular DRA can be used to prevent mode 

degeneracy and to lower Q factor and increasing the 

bandwidth [17]. The basic structure of (ADRA) is 

shown in Fig. (1). The excitation was chosen by a 

probe feed method for several reasons including 

providing less spurious radiation from the probe 

current, in addition, to the simplicity in theoretical 

engineering installation and practical manufacturing 

[20]. The ground plane of the DRA is a metal and the 

dielectric annular is of a dielectric constant εr and 

having thickness (d) with radius (a). In practical 

applications, the dominant mode are interested, which 

has the lower resonant frequency [21]. 

 

 
Fig. (1) The geometry of annular DRA 

 

3. Finite Difference Time Domain (FDTD) 

Method 

The FDTD method is a numerical technique used 

to solve field equations which are directly subject to 

imposed boundary constraints by the geometric 

structure. The FDTD method is extremely useful in 

simulating complex configuration because it provides 

a direct integration of time- depending Maxwell's 

equations. Compare with the method of moment and 

the finite element method, the FDTD method 

distinguished by the fact that it is a time domain 

technique [22]. The FDTD method depends on the 

volume and requires dividing the solution space into 

a uniform network of cells. The components of the 

electric field (E) and magnetic field (H) are 

distributed around each cell, where the E and H fields 

are calculated using the method of time increments. It 

allows the instantaneous response of any 

electromagnetic system. In other words, by increasing 

time, the components of the E and H fields are 

calculate at this time. These fields recalculated again 

after each time increment until the value of these 

fields within the system reaches zero, using Fourier 

transforms to extract the values in terms of 

frequency. Yee suggested that the FDTD space 

consists of size identical cells ∆x∆y∆z called (Yee 

cells) and the electric and magnetic fields components 

spread around each cell. E-field component 

surrounded by four magnetic fields components and 

each magnetic field component surrounded by four 

electric fields components, as shown in Fig. (2) . The 

cell's size is defined by the highest frequency, hence 

it must be smaller than 0.1λmin, and the step time in 

the FDTD space is determined by the relationship 

∆t ≤ ∆x c√3⁄ , where ∆t represents the step time, ∆x 

represents the cell dimension[23,24]. 

 

 
 

Fig. (2) Yee's cell FDTD in 3D 

 

The system is excited by an electrical impulse that 

is mathematically represented by a Gaussian function 

in the time domain called a Gaussian pulse [23]: 

𝑝(𝑡) = 𝑒−(
𝑡−𝑡0

𝜏
)

2

    (1) 

where 𝜏 is a damping factor that relates to the pulse 

width and has a value that varies based on the 

problem’s frequency band and is the time of pulse 

delay. The method of programming in infinite space, 

a perfectly matched layer is used. The values of the 

wave's compounds diminish and become very small 

as the wave propagates through space, compared to 

the values of the compounds at their greatest values. 

Fourier transformations can be used to calculate the 

values of impedance (Zin=R+iX) after N calculations, 

where R and X represent resistance and recidivism, 

respectively. Input impedance in the frequency 

domain is [25]. 

 𝑍𝑖𝑛(𝜔) = (
∫ 𝑉(𝑡)𝑒−𝑗𝜔𝑡𝑑𝑡

∞
−∞

∫ 𝐼(𝑡)𝑒−𝑗𝜔𝑡𝑑𝑡
∞

−∞

) (2a) 
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 𝑍𝑖𝑛(𝜔) =
∑ 𝑉(𝑛∆𝑡)𝑒−𝑗𝜔𝑛∆𝑡∆𝑡𝑁

𝑛=0

∑ 𝐼((𝑛+
1

2
)∆𝑡)𝑒

−𝑗𝜔(𝑛+
1
2)∆𝑡

∆𝑡𝑁−1
𝑛=0

 (2b) 

Where V(t) is the voltage in the time domain 

calculated from Faraday’s law, and I(t) is the electric 

current in the time domain calculated from Ampere’s 

law, and return loss in the frequency domain is 

calculated as: 

 𝑆11 = (
∫ 𝑉(𝑡)𝑒−𝑗𝜔𝑡𝑑𝑡

∞
−∞

∫ 𝑝(𝑡)𝑒−𝑗𝜔𝑡𝑑𝑡
∞
−∞

) (3a) 

𝑆11 =
∑ 𝑉(𝑛∆𝑡)𝑒−𝑗𝜔𝑛∆𝑡∆𝑡𝑁

𝑛=0

∑ 𝑝(𝑛∆𝑡)𝑒−𝑗𝜔𝑛∆𝑡∆𝑡𝑁
𝑛=0

 (3b) 

 

4. Design of Annular DRA (ADRA) 

The ADRA is fed by the coaxial probe technique. 

Feed point is determined using the try and error 

method in order to matching impedance. ADRAs 

have more interested use in wireless applications. It is 

a radio antenna morally used a microwave and 

millimeter frequencies that consist a block of ceramic 

material [26]. In current work, the standard operating 

resonant frequency is 4.3 GHz and the ADRA 

proposed with dielectric constant εr=10.2, thickness 

(d) of 8 mm and radius a=4 mm and b=2 mm. The 

simulated and designed results of ADRA with the 

optimum dimensions are shown in Fig. (3). 

 

 
(a) 

 
(b) 

Fig. (3) ADRA proposed and calculated by FDTD method (a) 

side view (b) top view 

 

 

 

5. Results and Discussion  

5.1. Resonant Frequency and Input 

Impedance 

Simulation results of input impedance (Zin) are 

presented. Both of the resistance (real part) and the 

reactance (imaginary part) are plotted in Fig. (4). At 

the moment where the reactance value is zero, 

fr=4.298 GHz and input impedance Zin=50 Ω. 

Impedance matching between transmisssion line and 

DRA is very necessary. This matching causes 

transmisssion the higher amount of power from 

transmisssion line to the DRA. 

 

5.2. Reflection Coefficient or Return Loss (RL 

or 𝐒𝟏𝟏) and Bandwidth 

Figure (5) shows that the calculated value of 

return loss (-33.75 dB) and the resonant frequency is 

fr=4.298 GHz. Bandwidth is calculated from the two 

frequencies values at sides of a -10 dB return loss. 

The percentage of bandwidth is 1.46%. Return loss is 

a measurement of reflected energy at a specific 

frequency, with the greater the radiated energy versus 

the lower the return energy. When the return loss is 0 

dB, all of the power is returned to the source, 

However when the return loss is -33.75 dB, only a 

small portion of the incident energy is returned, and 

the majority of the incident energy is radiated. 

 

 
 

Fig. (4) Input impedance versus frequency calculated by FDTD 

method 

 

 

 
 

Fig. (5) Return loss versus frequency calculated by FDTD 

method. 
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5.3. Design of Two ADRAs 
The proposed DRA is designed and simulated by 

FDTD method. Figure (6) shows the simulated results 

for two identical ADRAs, which have the same size. 

These two DRAs have different dielectric constants. 

One dielectric is aluminum nitride having a dielectric 

constant of 8.6, and the other is RT/Duroid 6010 with 

a dielectric constant of 10.2. The lower is fed by a 

coaxial probe, while the upper by electromagnetically 

coupled. Values of the return loss coefficients and 

resonant frequency are shown in Fig. (7). From these 

results, it is shown an increasing in BW from 1.46 to 

18.05 % as a result of this design (stacked). The return 

loss coefficient (S11) increased also. The resonant 

frequency was not significantly affected by this 

technique. 

 

 
 

Fig. (6) Stacked technique for two identical ADRAs 

 

 
 

Fig. (7) Return loss (S11) for two annular DRAs 

 

5.4. Design of Three ADRAs 
Next, the proposed design is to add another 

annular dielectric.  Three annular DRAs are designed 

of equal thickness and radius, 8 and 4mm, 

respectively, as shown in Fig. (8). By adding a third 

annular which is Dupont 943 having dielectric 

constant of 7.4. The range of the resonant frequency 

increased to be 3.02 to 5.13 GHz. The bandwidth 

percentage increased to 51.77%, as shown in Fig. (9). 

The increase in bandwidth is mainly due to the 

increased thickness of the dielectric medium, and the 

decreased effective of dielectric constant. In addition 

to the previously mentioned reasons, bandwidth 

increased as a result of fringe fields creation. 

 

 
 

Fig. (8) Stacked technique for three identical ADRAs 

 

 

 
 

Fig. (9) Return loss (S11) for three annular DRAs 

 

It is important to mention that the amount of 

fringe fields depends on the antenna size as well as 

the thickness of the dielectric medium. The fringe 

fields increased as the thickness of the dielectric 

substrate increased. Values of the directivity pattern 

shown in Fig. (10) are explicated an increasing the 

directive gain and enhancement antenna’s 

performance. Directivity can be calculated using the 

equations from Elsherbeni and Demir [23]. The polar 

representation of the field distribution in the two 

planes (E and H) is illustrated in figures (10a), (10b) 

and (10c), respectively. 
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(a) 

 
(b) 

 
(c) 

Fig. (10) Directivity patterns for three annular DRAs (a) in x-y 

plane, (b) in x-z plane, and (c) in y-z plane 

 

6. Conclusions  

In concluding remarks, the FDTD method was 

used to design and simulate ADRAs. The stacked 

technique has played a vital role in enhancing 

ADRA’s performance. The better directivity and the 

coefficients of return loss were improved as a result 

of three stacked annular DRAs. Hence, this study 

confirmed that using stacked technique increased the 

value of the bandwidth and improved the directivity 

(7.17 dB) with increasing the return loss coefficients. 
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Several nanocomposites dispersed with TiO2 nanoparticles reinforced with 

unsaturated polyester resin were fabricated at different filler ratios. Nano-sized TiO2-

polyester resins were prepared throughout the poly-condensation reactions. The 

nanocomposite samples were characterized by morphology, hardness, strength and 

thermal insulation. The scanning probe microscopy showed that the particles are 

almost uniformly distributed in the samples, while increasing the content of 

nanoparticles led to the formation of some agglomerations. The hardness and 

strength results showed that 0.2% TiO2 nanoparticles were the optimum ratio, 

depending on hardness and thermal conductivity results. This 0.2% ratio leads to the 

improvement of polyester resin samples and it is chosen to make a dental filling with 

other additives. 
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1. Introduction 

Unsaturated polyester resin (UPR) is a type of 

synthetic copolymer used to fabricate fibers, coatings, 

and composites [1]. Various products in numerous 

fields can be synthesized with a wide range of 

qualities depending on the curing agents, fillers, and 

regulators utilized [2]. They are interesting because of 

the inexpensive cost of production. UPR has been 

extensively studied in numerous studies due to its 

high chemical resistance and cross-linking ability [3]. 

It is used in many applications since it has broadly 

integral components with a large field of 

characteristics [4]. Unsaturated polyester is often 

synthesized as a viscous liquid through the melt 

condensation of an aromatic dicarboxylic acid such as 

phthalic acid or anhydride with polyhydric alcohol 

and unsaturated dicarboxylic acid or anhydride [5]. 

There are numerous types of resins that are used in 

furniture composite applications [6]. Polyester resins 

have been used in many fields of our lives, including 

manufacturing many components in the construction 

and automobile industries, including wall panels, 

ceilings, etc. [7]. Cobalt compounds are added to 

polyester resins for proper curing or for the purpose 

of the solidification process. Polyester resin is chiefly 

collected from monomers, which are the basic 

building elements [8-10]. Depending on the resin type 

required, the chemical compositions of such 

monomers are changed. During the curing process, a 

reactive diluent, usually styrene, binds the polymer 

chains by free radical copolymerization and then 

hardens. The strength of the final product is 

determined by cross-link density. The process starts 

with an initiator, which is commonly a peroxide, 

which decomposes into highly reactive molecule 

fractions that initiate a chain reaction [11-13]. As the 

resin dries at a normal temperature, the accelerators 

activate the initiator, increasing its breakdown. 

Accelerators are virtually always cobalt metal salts. 

According to the final product, the amount of cobalt 

accelerator used but small amounts of cobalt can 

highly affect the final product, making it strong or 

flawed [14]. 

Recent advances in the composite materials field 

are related to the addition of nanoparticles (NPs) such 

as carbon nanotubes (CNTs) to improve thermal, 

mechanical, or electrical properties [8]. Also, nano-

clays are broadly used in numerous industries, such 

as architecture [9] or fire safety substances [10,11]. 

The properties of nanocomposites depend on the 

dimensions and dispersion of nanoparticles [12]. Due 

to the high surface area of nanoparticles, a small 

amount in the matrix can provide a wide surface for 

polymer/filler interactions. Different metal oxide 

nanoparticles have been used as filler materials to 

alter the mechanical properties or enhance thermal 

conductivity [13], such as ZnO [14], Fe2O3 [15], and 

nano-alumina [16]. Titanium dioxide is commercially 

available in the form of powder that shows the largest 

surface area [17]. Polymer nanocomposites comprise 

a new class of materials with nanoscale particulates 

[18]. The mechanical properties of the composites 

filled with filler nanoparticles are better than those of 

micro-sized materials of the same material [19]. 

Rahman et al. have studied the mechanical, electrical, 

and optical properties of UPR composed of NiFe2O4 

nanoparticles and they have found that the tensile 

properties were enhanced with NiFe2O4 

nanoparticles, which reduced the sample’s elasticity 

[20,21]. Blanco et al. have studied the effect of TiO2 
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NPs on preparing photocatalytic nanocomposites 

with improved infrared reflectance properties. The 

nanocomposites were prepared by dispersing 0-20 

wt.% of TiO2 NPs in the matrix. The total solar 

reflectance greatly increased, as did the color change 

in the improved resin [22]. 

In this study, we concentrated on improving the 

mechanical and thermal characteristics of polyester 

resin by reinforcing it with TiO2 NPs composite. 

These results would be chosen for the fabrication of a 

dental filling with other additions. 

 

2. Experimental Part 

Unsaturated polyester resin from Merck 

Chemicals Limited with a density of 1.10-1.20 g/cm3 

and melting point between 135 and 165 °C was used. 

Cobalt actuates of 3% metal content, titanium (IV) 

oxide, anatase nanoparticles of 25 nm particle size, 

99.7% trace metal basis from Sigma-Aldrich, and 

commercial methyl ethyl ketone peroxide (from Sr 

Polychem) were also used. 

The UPR was mixed with the 2 wt.% curing agent, 

which is cobalt, according to the amounts mentioned 

in table (1) for each sample. The TiO2 NPs were 

added with different percentage weights (0.1 to 0.6%) 

as mentioned in the same table to the polyester-curing 

agent and mixed well for 15 minutes, after which the 

methyl ethyl ketone peroxide (MEKP) hardener was 

added and the mixing was continued for an additional 

five minutes. Then the samples were poured into 

cylindrical molds with a diameter of 20 mm and 

thickness of 15 mm. The samples were left for 24 

hours and then placed in the oven at 50 °C. 

 
Table (1) The sample’s contents of resin weight, curing agent 

weight, and TiO2 weight 

 

Sample 
Resin 

Weight 
(g) 

Curing 
Agent 
Weight 

(g) 

TiO2 
Weight 

(g) 

Total 
Weight 

(g) 

A 97.941 1.959 0.1 100 

B 97.843 1.957 0.2 100 

C 97.745 1.955 0.3 100 

D 97.647 1.953 0.4 100 

E 97.549 1.951 0.5 100 

F 97.451 1.949 0.6 100 

 

The scanning probe microscope (SPM) is used in 

the field of nanotechnology to study and map the 

surface topography of nano- and micro-dimensions. 

In this work, a AA3000 SPM instrument was used. 

Shore-hardness measurements were performed using 

the hardness tester model (TH220). A standardized 

press steel foot of 1.4 mm diameter was used, with a 

30° conical point and a 0.1 mm tip radius. The 

indenter was measured after applying force on the 

material for 15 s. The compression test was done by 

placing the sample under press until the point of 

fracture to find the compression yield and strength. 

The thermal conductivity test for the prepared blend 

samples was completed by Lee’s disc method (from 

Griffin & George, England). The sample and the three 

discs were cleansed, placed in their positions, and 

tightened firmly. The heater disc was supplied with 6 

V and the disc’s temperatures were measured by the 

thermometers after steadying for 5 mins. The final 

reading was measured after 20 min. of the initial 

reading. 

 

3. Results and Discussions 

Figures (1-3) illustrate the 2D SPM images of the 

polyester resin reinforced with TiO2 NPs (0.1, 0.2 and 

0.3 wt.%) of the samples with size of 3023nm, 3045 

nm, 2621-2552nm and 2568-2517nm, respectively. 

Some particles appeared on the surface with average 

diameter of 97.37nm, 90.33nm and 101.41nm, 

respectively, as shown in tables (2), (3) and (4) (see 

the appendix), while figures (4-6)   illustrate 

granularity cumulation distribution charts of these 

samples. SPM images illustrate that the particles are 

approximately uniformly distributed. The distribution 

of these nanoparticles in the composites is the main 

basis of successful reinforcement by crosslinking 

polymer chains with network structure [23,24]. The 

bonds added to the network of polymers restrict the 

stretching of chains, reduce the sample’s elasticity, 

and enhance its stiffness. Increasing the content of 

nanoparticles caused the formation of some 

agglomerations, some of which appeared on the 

sample surface [25]. These clumps may weaken the 

sample’s ability to hold the stresses imposed on it. 

 

 
Fig. (1) SPM images, a two-dimensional image for the polyester 

resin reinforced by 0.1 wt.% NTPs of the sample with a size of 

3023nm, 3045nm 

 

Figure (7) displays the hardness variation for the 

solid resin sample prepared with different weight 

percentages of TiO2 NPs using the shore D hardness 

test. It appears that the hardness increases from 81 to 

87.3 as the content of TiO2 NPs is increased from 0 to 

0.2% and decreases to 75.6 at 0.6%. This result is 

consistent with previous studies [9]. Low TiO2 NPs 

ratios enhance the interaction between the polymer 

chains by crosslinking, while higher ratios cause 

aggregation between the nanoparticles and restrict the 

joint between the host matrixes. The shore hardness 

values for the improved blends are good when 

compared with previous works [25,26]. 
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Fig. (2) SPM images, a two-dimensional image for the polyester 

resin reinforced by 0.2 wt.% NTPs of the sample with a size of 

2621-2552nm 

 

 
Fig. (3) SPM images, a two-dimensional image for the polyester 

resin reinforced by 0.3wt.% NTPs of the sample with a size of 

2568-2517nm 

 

 
Fig. (4) Granularity cumulation distribution chart for the 

polyester resin reinforced by 0.1 wt.% NTPs of the sample 

 

Figure (8) shows the deviation of the compression 

yield and strength of the nanocomposites with the 

TiO2 NPs. It appears that the compression yield 

contrasts with the maximum strength of 24.5 MPa at 

TiO2 NPs content of 0.2%. The reinforcement of the 

polyester resin with a specific amount of TiO2 NPs 

significantly enhanced the mechanical properties of 

the samples by increasing their stiffness, as shown by 

the AFM results. 
 

 
Fig. (5) Granularity cumulation distribution chart for the 

polyester resin reinforced by 0.2 wt.% NTPs of the sample 

 

 
Fig. (6) Granularity cumulation distribution chart for the 

polyester resin reinforced by 0.3 wt.% NTPs of the sample 

 

 
Fig. (7) The variation of hardness of the nanocomposite versus 

the TiO2 NPs wt.% additive 

 

Thermal conductivity is a property that defines the 

specific heat flow through a material due to a thermal 

gradient [27,28]. The higher the thermal conductivity, 

the better a substance conducts heat. Several 

important applications of thermal conductivity exist 

[29,30]. Figure (9) shows the variation of the thermal 

conductivity constant of the composite samples with 

the percentage content of TiO2 NPs. Thermal 
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conductivity was enhanced, where the coefficient 

increased from 0.33 W/m.K for the samples free of 

TiO2 NPs to 0.35 W/m.K for the sample with at 0.2% 

of TiO2 NPs, and reduced to 0.29 W/m.K at 0.6% 

TiO2 NPs. The increment of thermal conductivity 

owing to the added crosslinking occurs between the 

polymer chains [31] with the assistance of the added 

TiO2 NPs or owing to the contribution of the charge 

carriers of the added TiO2 NPs as a result of oxygen 

vacancies in TiO2. 

 

 
Fig. (8) The variation of compression (solid line) and strength 

(dotted line) of the nanocomposites with the TiO2 NPs wt.% 

additve 

 

4. Conclusions 

In this paper, the mechanical properties, including 

hardness, compression, and strength, in addition to 

thermal conductivity, of TiO2-reinforced saturated 

polyester resin nanocomposites at different ratios 

were tested. Incorporation of the TiO2 NPs within the 

UPR enhanced the mechanical and thermal 

conductivity at TiO2 NPs content of 0.2%. The 

hardness, compression, and strength of the 

nanocomposite samples increased from 81, 22.2 MPa, 

and 6500 N in the pure sample to 87.3, 24.5 MPa, and 

7050 N, respectively, while increasing the TiO2 NPs 

content weakened the interaction between the 

nanoparticles and the matrix due to some 

aggregations, which restricted the composite 

performance. Thermal conductivity was also 

enhanced at TiO2 NPs content of 0.2% due to 

crosslinking occurring between the polymer chains in 

the sample. 
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Appendix 

 

Table (2) Average diameter for 0.1 wt.% TiO2 NPs sample 

 

Sample: 0.1 wt.% NTPs,       Avg. Diameter: 97.37 nm 

<=10% Diameter: 70.00 nm               <=50% Diameter: 85.00 nm                                             <=90% Diameter: 125.00 nm 

Diameter 

(nm)< 

Volume 

(%) 

Cumulation 

(%) 

Diameter 

(nm)< 

Volume 

(%) 

Cumulation 

(%) 

Diameter 

(nm)< 

Volume 

(%) 

Cumulation 

(%) 

45.00 

50.00 

55.00 

60.00 

65.00 

70.00 

75.00 

0.53 

0.53 

0.53 

1.06 

3.17 

6.35 

4.76 

0.53 

1.06 

1.59 

2.65 

5.82 

12.17 

16.93 

80.00 

85.00 

90.00 

95.00 

100.00 

105.00 

110.00 

8.99 

4.76 

10.58 

6.35 

4.76 

5.82 

9.52 

25.93 

30.69 

41.27 

47.62 

52.38 

58.20 

67.72 

115.00 

120.00 

125.00 

130.00 

135.00 

140.00 

8.47 

6.35 

5.82 

5.29 

4.23 

2.12 

76.19 

82.54 

88.36 

93.65 

97.88 

100.00 

 
 

Table (3) Average diameter for 0.2 wt.% TiO2 NPs sample 

 

Sample: 0.2wt.% NTPs,       Avg. Diameter: 90.33 nm 

<=10% Diameter: 65.00 nm               <=50% Diameter: 85.00 nm                                             <=90% Diameter: 115.00 nm 

Diameter 

(nm)< 

Volume 

(%) 

Cumulation 

(%) 

Diameter 

(nm)< 

Volume 

(%) 

Cumulation 

(%) 

Diameter 

(nm)< 

Volume 

(%) 

Cumulation 

(%) 

55.00 

60.00 

65.00 

70.00 

75.00 

2.23 

1.12 

4.09 

6.69 

8.18 

2.23 

3.35 

7.43 

14.13 

22.30 

80.00 

85.00 

90.00 

95.00 

100.00 

10.41 

9.29 

9.67 

6.69 

9.67 

32.71 

42.01 

51.67 

58.36 

68.03 

105.00 

110.00 

115.00 

120.00 

125.00 

6.32 

7.43 

5.95 

8.55 

3.72 

74.35 

81.78 

87.73 

96.28 

100.00 

 
 

Table (4) Average diameter for 0.3 wt.% TiO2 NPs sample 

 

Sample: 0.3 wt.% NTPs,       Avg. Diameter: 101.41 nm 

<=10% Diameter: 70.00 nm               <=50% Diameter: 100.00 nm                                             <=90% Diameter: 120.00 nm 

Diameter 

(nm)< 

Volume 

(%) 

Cumulation 

(%) 

Diameter 

(nm)< 

Volume 

(%) 

Cumulation 

(%) 

Diameter 

(nm)< 

Volume 

(%) 

Cumulation 

(%) 

70.00 

80.00 

90.00 

2.49 

11.62 

17.01 

2.49 

14.11 

31.12 

100.00 

110.00 

120.00 

18.26 

14.94 

17.01 

49.38 

64.32 

81.33 

130.00 

140.00 

13.69 

4.98 

95.02 

100.00 
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In this study, sol-gel method was used to synthesize TiO2 nanoparticles, then thin 

layers of undoped and doped TiO2 were prepared using dip coating technique. These 

nanoparticles were doped with manganese with different concentrations in order to 

study the effect of doping on the characteristics of TiO2 samples. The final products 

were characterized by x-ray diffraction (XRD), atomic force microscopy (AFM), and 

UV-visible spectrophotometry. The XRD patterns showed that the anatase phase is 

dominant in undoped TiO2 and Mn-doped TiO2 samples and broad peaks were 

identified indicating the formation of nanoparticles. This was confirmed by the AFM 

results, those also showed high aggregated grain size and high roughness. Finally, 

the absorption measurements showed that there is a decrease in the indirect energy 

gap from 3.20 to 2.4 eV when the content of manganese is increased, allowing for 

excellent absorption in the visible region, which is appropriate for photocatalyst 

applications. 
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1. Introduction 

The sol-gel method was invented in the 1960s and 

currently, it is one of the most common methods to 

prepare thin films and nanoparticles. This method has 

some advantages those not found in other 

conventional methods and techniques of thin film 

deposition and nanoparticles preparation. In this 

method, the formation of inorganic oxides can be 

prepared with gelatinous structures, which are 

converted into solid (amorphous) glassy structures at 

low temperatures [1-4]. 

The interest to this method to prepare TiO2 thin 

films and nanostructures has been rapidly increased 

as a result of their applicability in many applications, 

such as photonics, photocatalysts, optoelectronics, 

photo-electrochemistry and electrochemistry, dye-

sensitized solar cells (DSSC), air and water 

purification, and self-cleaning [5-8]. Titanium 

dioxide is a promising semiconducting material with 

high photochemical stability and low-cost production 

[9-11]. Heterogeneous semiconducting 

photocatalysts such as TiO2 was intensively studied 

and employed for oxidative degradation of different 

organic and inorganic contaminants in air and water 

environments as a result of its high photocatalytic 

degradation capability, strong oxidation strength, 

biological and chemical stability, low cost, chemical 

corrosion stability and abundance [12-17]. Lately, 

there has been a considerable growing interest in the 

nanostructured TiO2 thin films due to the fact that it 

has numerous potential applications, such as 

chemical sensors, solar cells and biomedical 

materials. TiO2 is also the most widely utilized 

coating material due to its good transmission in the 

visible and near IR regions, good cohesion, high 

constancy towards the mechanical scratches, and high 

thermal stability [18-20]. The structural phases of 

TiO2 generally include rutile, anatase and brookite 

[21] and the energy gap of anatase is 3.20eV and of 

rutile is 3.0 eV [22]. In order to reduce the energy 

band gap of TiO2 to respond to visible radiation, the 

crystalline (bulk) structure of TiO2 is doped and/or its 

surface structure is modified with metallic or 

nonmetallic dopants such as Ag, Ni, N, etc. [23-26]. 

In the present study, preparation of TiO2 

nanoparticles by sol-gel method is presented. These 

nanoparticles are doped with different concentrations 

of Mn (1, 3, 5, 7 and 9%). Thin films of the prepared 

samples are deposited on glass substrates using dip 

coating method. The structural and optical 

characteristics of these films are determined and 

analyzed. 

 

2. Experimental part  

Initially, a solution (labeled as A) has been 

prepared by mixing 3ml of the titanium tetra-

isopropoxide (97% Aldrich) with 10.6ml of the 

anhydrous ethanol (99.80% Aldrich) whereas another 

solution (labeled as B) included 0.15ml distilled 

water, 0.3ml of the anhydrous ethanol, and 11.10ml 

of the acetic acid (99.70 % Aldrich). After that, the 

solution B has been added in a dropwise manner to 



IRAQI JOURNAL OF APPLIED PHYSICS 
Vol. 19, No. 4A, October 2023, pp. 49-54 

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

the solution A in order to obtain clear transparent 

solution. Few hours later, the solution gains milky 

consistency and after more hours, a gel has been 

obtained. The drying step has been carried out at 

110°C for 24 hours to remove volatile solvents. After 

that, a xerogel has been obtained and then milled in 

agate mortar. Resulted powder has been calcined at a 

temperature of 500°C for 2 hours (5°C/min). For the 

purpose of improving synthesis process, the impact of 

different Pluronic P-123 (Aldrich) ratios have been 

studied. The following weight ratios have been 

studied, mass P123/TiO2 = 0, 1, 3, 5, 7 and 9%. 

 

3. Result and Discussion 

The XRD patterns shown in Fig. (1) were utilized 

in order to analyze the crystalline structure of the 

prepared samples (undoped and Mn-doped TiO2 thin 

films) after they had been heated to 500°C for two 

hours. These patterns revealed the formation of 

anatase phase of TiO2 as eight peaks were identified 

and all attributed to this crystalline phase in 

accordance to the JCPDS card 21-1272 [27]. These 

diffraction peaks are corresponding to the crystal 

planes (101), (200), (004), (211), (105), (116), (204), 

(220) and (215). The peak observed at 25.28°, which 

belongs to the undoped TiO2, was considered as a 

reference to introduce the effect of doping with Mn. 

For the TiO2 samples doped with different 

concentrations of Mn (1, 3, 5, 7 and 9%), this peak 

was approximately constant in position (25.241°, 

25.29°, 25.243°, 25.27° and 25.4°, respectively) and 

intensity, as shown in table (1). This result shows that 

the anatase phase of TiO2 had actually developed 

[28]. Other peaks got weaker as the concentration of 

manganese was increased. 

 

 
Fig. (1) XRD patterns of the undoped and Mn-doped TiO2 thin 

film samples prepared in this work 

 

The crystallite size (D) was determined from the 

Scherrer’s equation as [27] 

𝐷 =
𝐾𝜆

𝛽 𝑐𝑜𝑠𝜃
    (1)         

where K represents a shaping factor equals to 0.9, λ 

represents the wavelength of the x-ray beam (nm), β 

is the full-width at half maximum intensity of 

diffracted peak (FWHM), and θ represents Bragg’s 

diffraction angle 

 
Table (1) Summary of structural parameters of the undoped 

and Mn-doped TiO2 samples according to the XRD data 

 

Mn 
(%) 

2θ 
(deg.) 

FWHM 
(deg.) 

dhkl 
(Å) 

D 
(nm) 

(hkl) Phase 

0 25.2886 0.3031 3.5190 26.9 (101) 

Anatase 
TiO2 

1 25.2412 0.5628 3.5255 14.5 (101) 

2 37.8359 0.5196 2.3759 16.2 (004) 

3 25.2432 0.6927 3.5252 11.8 (101) 

5 25.2926 0.1732 3.5184 47.0 (101) 

7 25.2744 0.4330 3.5209 18.8 (101) 

9 25.4103 0.6494 3.5024 12.5 (101) 

 

The morphology of the undoped and Mn-doped 

TiO2 thin films prepared in this work has been 

analyzed by the AFM results, as shown in Fig. (2), 

which shows the 2D and 3D images as well as the 

histogram of nanoparticle mean diameter distribution 

for undoped and Mn-doped TiO2 nanoparticles at 

different concentrations of Mn dopants. Table (2) 

shows the average diameter of the prepared 

nanoparticles in addition to the values of average (Ra) 

roughness, root-mean-square (Rr.m.s.) roughness, and 

maximum height for all samples. 

 

  

 
(a) undoped TiO2 nanoparticles 
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(b) 1% Mn-doped TiO2 nanoparticles (TM1) 

 

  

 
(c) 3% Mn-doped TiO2 nanoparticles (TM2) 

 

  

 
(d) 5% Mn-doped TiO2 nanoparticles (TM3) 

 

  

 
(e) 7% Mn-doped TiO2 nanoparticles (TM4) 

 

  

 
(f) 9% Mn-doped TiO2 nanoparticles (TM5) 

Fig. (2) 2D and 3D AFM images and histograms of undoped 

and Mn-doped TiO2 nanoparticles prepared in this work 

 

The surface roughness had varied within 49.38-

58.57nm while the maximum values were shown by 

the sample doped with 7% Mn and the minimum 

values were shown by the undoped sample. These 

results are sufficiently necessary whne the prepared 

samples are used for practical applications those 

depend on the surface area, such as photocatalysts, 

photodetectors and solar cells. These results agree 

well to the results of Sharma et al. [29]. 
 

Table (2) Summary of AFM data of the undoped and Mn-

doped TiO2 samples 

 

Sample 
Mn 
(%) 

Average 
Diameter 

(nm) 

RMS 
Roughness 

(nm) 

Average 
Roughness 

(nm) 

Height 
(nm) 

T 0 254.0 62.65 49.38 453.9 

Tm1 1 479.5 79.26 63.14 489.8 

Tm2 3 277.9 97.96 70.32 1542 

Tm3 5 368.3 86.63 67.83 763.1 

Tm4 7 735.3 208.2 188.7 1680 

Tm5 9 268.0 73.2 58.57 520.5 
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Figure (3) shows the UV-visible absorption 

spectra the undoped and Mn-doped TiO2 different 

concentrations of Mn. The undoped TiO2 sample 

exhibited high absorption to the UV radiation shorter 

than 390nm, which is corresponding to energy band 

gap of about 3.2eV and the data in Fig. (4) and table 

(3) show the variation of energy band gap with the 

concentration of Mn dopants. It is clear that the 

energy band gap has increased with increasing the 

concentration of Mn dopants. Accordingly, the 

absorption edge had been shifted toward longer 

wavelengths (i.e., red shift). This can be attributed to 

the replacement of some Ti atoms with Mn atoms 

[30]. The absorption spectrum was reasonably raised 

in the visible and near infrared regions as the Mn 

doping concentration was 7%. 

 

 
Fig. (3) Absorption spectra of the undoped and Mn-doped TiO2 

thin film samples prepared in this work 
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Fig. (4) Determination of energy band gap of the undoped and 

Mn-doped TiO2 thin film samples prepared in this work 

 
Table (3) Band gap values of the undoped and Mn-doped 

TiO2 thin film samples prepared in this work 

 

Sample Mn doping (%) Eg (eV) 

T 0 3.2 

Tm1 1 2.8 

Tm2 3 3.1 

Tm3 5 3.0 

Tm4 7 2.4 

Tm5 9 3.1 

 

4. Conclusion 

In concluding remarks, the sol-gel method can be 

considered as a good and effective method for the 

preparation of TiO2 nanoparticles as well as for 

doping these nanoparticles with different 

concentrations of manganese. In both undoped and 

doped samples, the anatase phase of TiO2 was 

dominant. The absorption edge of the doped samples 

was shifted to the visible region due to the narrowing 

of the energy band gap as the Mn dopants form 

energy states with the band gap of TiO2. This is very 

important for some applications of TiO2 

nanostructures such as self-cleaning and dye-

sensitized solar cells. 
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This paper proposes an improved performance for the circular conformal microstrip 

antennas. Narrow bandwidth is the main disadvantage of these antennas. The 

proposed antenna is a circular patch constructed on a cylindrical surface called a 

"Cylindrical Circular Microstrip Antenna" (CCMA) at the resonant frequency of 2.4 

GHz which is designed via CST program with aid Finite Difference Time Domain 

FDTD method. The slot techniques are used to improve the antenna's performance 

including bandwidth. Two ring slots and two square slots are drilled in all the patch 

and ground plane, respectively. The best result which was obtained for the bandwidth 

is 43% compare with 1.6% without slots. Furthermore, a fabricated prototype 

provides a good agreement between the measured and simulated results. The 

measured bandwidth is 30.7% compared with simulated 43%. 
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1. introduction  

An antenna is a conductor of electricity or a group 

of conductors used in electromagnetic wave 

transmission and reception systems. A microstrip 

antenna consists of two small superconductors 

sandwiched between dielectric substrates. Microstrip 

antennas come in two varieties: planar and non-

planar, or conformal. There are several uses for 

conformal microstrip antennas with strong directivity 

and cheap cost [1]. To create the simulation model of 

the FDTD approach in the time domain, Maxwell curl 

equations are solved [2]. A conformal antenna, as is 

well known, is a kind of antenna that may be utilized 

with any curved surface, regardless of its shape, by 

simply altering the geometry of the ground plane for 

the antenna. Furthermore, the patch can be applied to 

the base without causing any extra downsides or 

altering its radiation properties in an unacceptable 

way [3]. From the antOne type of conformal antenna 

is singularly curved, like a cylindrical antenna, 

depending on how many curves the geometry has, 

while the other na ground plane is doubly curved, like 

a spherical antenna. Surface wave radiation increases 

with substrate thickness and dielectric constant, 

therefore it can be reduced using a variety of 

techniques, such like restricting substrate size or 

including a modal photonic band gap [4]. As is well 

known, a wide bandwidth antenna with a variety of 

shapes, including a circle, an ellipse, and a triangle, 

has been reported [5]. Patch antennas have a variety 

of benefits, including low profile, light weight, 

compact volume, and compatibility with MMICs and 

MICs [6]. The main barrier to widespread 

implementation of the microstrip antenna is its 

limited bandwidth [7]. 

In recent years, low cost, light weight, low profile 

antennas that can sustain great performance over a 

wide spectrum of frequencies have been popular in 

commercial and government communication 

systems.  

The design of tiny strip (patch) antennas has 

received a great deal of attention in this technological 

trend. The use of a microstrip antenna has all the 

benefits that come with printed circuit technology. 

Basic microstrip structures also have other problems 

such loss, half-plane radiation, low power handling 

capacity, and gain limitations. The benefits of tiny 

strip antennas outweigh the drawbacks in many 

practical systems [8]. 

There are several methods to improve the 

bandwidth including double of the dielectric layer, 

make slots within patch, using a material with a low 

dielectric constant, partial cutting with patch or 

ground and slotted work [9]. 

Now, in proposed design, the antenna's ground 

plane and patch have been modified. Ground plane 

and the antenna have a square slots and two ring slots 

respectively. Significant increasing in bandwidth will 

be achieved. 

 

2. Finite Difference Time Domain (FDTD) 

Method 

Kane Yee 1966 presented a numerical method for 

solving problems related to Maxwell's curl equations 

[10]. Yee assumed that a point in space is a cell of 

size ∆xy∆z∆ which illustrates the distribution of the 

elements that make up magnetic fields and electric 

field and that the space will be a network of cells 

[11,12] as shown in Fig. (1). Any component of the 

electromagnetic field can be represented by a function 

u that depends on space and time, and its value is 

calculated within the Yee cell. Value of u is as follows 

[13,14] 

U(∆x, ∆y, ∆z, n∆t) = un(i, j, k)  (1) 

where i , j and k are integral 
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Fig. (1) Yee's cell in 3D 

 

The system is excited by an electrical pulse, which 

is mathematically represented by a Gaussian function 

in the time domain called a Gauss pulse [15,16] 

p(t) = e−(
t−t0

τ
)2

    (2)  

where  τ  is called the decay constant and its value is 

influenced by the frequency range used, t0 represents 

the relaxation time and  t is the simulated time 

For programming, the perfectly matched (PML) 

method was used to handle infinite space [17,18]. The 

propagation of the wave in space leads to the 

diminishing of the values of its compounds and 

becomes a very small value compared to the values 

of the compounds at their maximum values. Thus, 

after N calculations, Fourier transformations can be 

used to find the impedance value Zin = R + ix 

[19,20]. 

The matched condition can be ex-pressed by the 

formula: 

𝑍in(ω) = 𝑍𝑆
∗ = (

∫ v(t)e−iωtdt
∞

−∞

∫ I(T)e−iωtdt
∞

−∞

) 

 

         =
∑ 0N

n (n∆t)e−iωtn∆t∆t

∑ I((n+
1

2
)∆t)N−1

n=0 e
−iω(n+

1
2

)∆t
∆t

 (3) 

where Zinis the input impedance, R, the input 

resistance, x the total reluctance, ω , the frequency of 

the angular for the electromagnetic wave and  ∆(t), 

size of the time step, 𝑣(t) is the voltage at the feeding 

point that is calculated to be in the time domain. From 

Faraday's law [21] (see appendix, Eq. 4). 

I(t) is the current at the feeding point that is 

measured in the time domain, and Ampere's law is 

determined as shown in appendix (Eq. 5). 

The loss factor S11in the frequency domain is 

calculated as follows [22] 

S11 = (
∫ V(t)e−iωtdt

∞
−∞

∫ p(t)e−iωtdt
∞

−∞

) =
∑ V(n∆t)e−iωtn∆t∆tN

n=0

∑ p(n∆t)N
n=0 e−iωtn∆t      (6) 

 

 

 

3. Cylindrical Circular Microstrip Antenna 

Design  

The proposed arrangement for the antenna is a 

circular patch constructed on a cylindrical surface 

called a "Cylindrical Circular Microstrip Antenna" 

(CCMA) which is simulated vertically through CST 

Studio Suite 2021 program as shown in Fig. (2). The 

antenna design consists of a substrate with a single 

layer of 1.5 mm and dielectric thickness constant 4.4. 

A diameter of cylindrical a=8.5 cm and radius of 

circular patch ap = 17𝑚𝑚 at the resonant frequency 

2.4GHz. 

 

 
 

Fig. (2) The proposed CCMA 

 

 

The coaxial probe approach used for feeding the 

CCMA. The feeding point is located at rp=5.13mm. 

The radius and patch's resonance frequency can be 

computed by using the formula below [23]  

fr =
1.84118C

2πae√εe
    (7)                                                                                    

where aeis the effective radius, C is the speed of light, 

and εe is the effective dielectric constant. 

  
The average current can be determined by 

𝐼𝑓𝑒𝑒𝑑
𝑛 =√𝐼

𝑓𝑒𝑒𝑑

𝑛−
1

2 𝐼
𝑓𝑒𝑒𝑑

𝑛+
1

2  

where n is time step iteration 

 

4. Results and Discussion 

4.1. The Simulated Results 
The input impedance must be matched at 50 Ω. 

Input impedance 𝑍𝑖𝑛 is one of the important 

parameters. Simulation results of the imaginary 

(reactance) and real (resistance) In Fig. (3), input 

impedance is displayed.. The resonant frequency 

occurs when the reactance value is zero fr =
2.42𝐺𝐻𝑧 and the input, impedance Zin = 55Ω. 
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Fig. (3) The input impedance calculated by CST (— Z1,1 (Re), 

---- Z1,1 (Im)) 

 

Value of the return loss -50dB shown in Fig. (4). 

The range of frequencies at the two opposing corners 

of at -10dB's return loss is used to compute the 

bandwidth. Bandwidth is calculated from the 

following equation [24] and the percentage of 

bandwidth for the proposed antenna is 1.6%   

BW = 200 ×
𝑓𝐻−𝐹𝐿

𝑓𝐻−𝑓𝐿
%   (8) 

where fH is the upper frequency and fL is the lower 

frequency. 

 

 
 

Fig. (4) Return loss calculated by CST 

 

Figure (5) displays the E-plane and H-plane's 

respective polar electric field distributions. Radiation 

pattern represents the normalized values for the field 

patterns. The pattern of radiation is depicted being 

broadside and devoid of side lobes. Radiation Pattern, 

which is one of the basic characteristics of the 

antenna, which shows the direction of energy 

concentration or the intensity of radiation, whether it 

is in a specific direction or in all directions in space 

or physical media. Based on the radiation pattern, it is 

possible to determine how the direction of the antenna 

is in the case of transmission or reception. 

 

 
 

Fig. (5) Radiation pattern of the CCMA 

 

4.1.1. The Measured Results 

The CCMA was manufactured to operate at 

frequency (2.4GHz) with the same dimensions of the 

designed CCMA using CST program. Patch and 

ground plane are made of copper, and the dielectric 

substrate is (FR-4) with dielectric constant of εr= 4..4 

and thickness h = 1.5 mm. Coaxial feed is used to fed 

CCMA at rp = 5.13mm  from the patch's center, as 

shown in Fig. (6). Using Vector Network Analyzer, 

return loss is measured. Figure ) 7) shows the 

comparison between the measured and simulated 

results of the two manufactured and designed 

CCMAs. The measured bandwidth is 1.5% compared 

with simulated 1.6%. The measured resonant 

frequency is 2.375 GHz compared with simulated 

2.42 GHz and this difference occurs because of the 

dimensions of fabricated prototype those may be 

sufficiently inaccurate. Resonant frequency can be 

affected by the increase or decrease in the radius of 

patch. 

 

 
 

Fig. (6) Fabricated prototype of CCMA 

 

 
 

Fig. (7) Comparison between measured and simulated results 

of CCMA without slot 

 

4.2. Design of CCMA with Slots. 

In order to increase the bandwidth of  CCMA, two 

ring slots and two square slots have been designed in 

all the patch and ground plane, respectively, as shown 

in Fig. (8). The dimensions of proposed antenna and 

slots are summarized in Table (1). The obtained 

results of CCMA is plotted in Fig. (9). From the 

simulated return loss, bandwidth is 43% with 

resonant frequency of 4.4 GHz, which can be affected 
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by the dimensions of patch as it increases with 

decreasing the size of patch.  Figure (10) shows 

radiation pattern which depicts that the radiation 

power increases as the slots introduces. 

 

 
(a) 

 
(b) 

Fig. (8) The proposed CCMA with slots. (a): Top View. (b): 

Bottom View 

 

 
Table (1) Parameters of the Proposed Antennas 

 

Parameter Value (mm) Parameter Value (mm) 

Wsub 78.5 Lsub 78.5 

Wc 
Wf 
din 
ap 
rp 

10 
4 
14 
17 

5.13 

Lc 
Lf 

dout 

a 
D 

10 
32.62 

18 
8.5 cm 

10 

 

 

 

 
 

Fig. (9)  Return loss with slot by CST 

 

 
 

Fig. (10) Radiation pattern with slots 

 

4.2.1. The Measured Results 

Again, CCMA with slots was manufactured as 

shown in Fig. (11). Using Vector Network Analyzer, 

return loss is measured.  The measured bandwidth is 

30.7% compared with simulated 43%. The measured 

resonant frequency is 4 GHz as compared with 

simulated 4.4 GHz. This difference can be a result of 

the size of proposed prototype that may be 

inaccurately fabricated. 

 

 
 

Fig. (11) Fabricated prototype of CCMA with slots 

 

4.2.2. Comparison between measured and 

simulated results   

Figure (12) shows a comparison between the 

measured results and the simulated results .A small 

difference is due to the result that the simulation is 
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approximate, and also when manufacturing, slight 

parts of patch or the substrate material are damaged. 

In addition, the laboratory conditions are somewhat 

unsuitable, which led to a mismatch between the 

measured and simulated results. 

 

 
 

Fig. (12) Comparison between measured and simulated results 

with slots 
 

 

5. Conclusion 

In conclusion, the FDTD approach used in the 

CST software, is used to design and simulate CCMA. 

Values of, return loss, the input impedance and the 

pattern of radiation is calculated. The slots technique 

has been essential in improving CCMA's operation in 

UWB applications. With frequency range 3.37 to 5.24 

GHz and 43% of impedance bandwidth. Hence, this 

study confirmed that using slots technique (in all 

antenna's ground plane and patch) increased the value 

of the bandwidth and improved both the radiation 

pattern and return loss coefficients. 
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In this work, low-cost homemade hydrothermal autoclave is used to 

prepare CuO thin films on FTO substrates. The tape method for rating 

adhesion showed good adhesion quality between CuO films and FTO 

substrates. The XRD analysis exhibited polycrystalline structure with 

predominant monoclinic system. The peaks were at 35.72°, 38.83°, and 

48.86° against average crystallite size 34, 52, and 28 nm, respectively. 

FESEM images revealed that the films were composed of nanosheets 

and microsheets varied in length and width (up to several micrometers) 

and thickness from several hundred nanometers to several 

micrometers. The CuO micro and nanosheets provide high (area to 

volume) ratio which is favorable to offer high contact area between 

CuO as a counter electrode and the electrolyte in dye sensitized 

photodetectors and solar cells.  
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1. Introduction 

Thin films are layers of atoms or molecules of any 

material deposited on various substrates to achieve 

new surface properties which make the material with 

better sensitivity for ambient changes like light 

intensity or temperature [1]. In recent years, a great 

interest has emerged by researchers in copper oxide 

thin films due to their unique characteristics 

represented by chemical stability, high absorption 

coefficient, abundance, nontoxicity and low cost [2, 

3]. Copper oxide almost exists in two stable phases: 

CuO (Cupric oxide) and Cu2O (Cuprous oxide). The 

cupric oxide phase has a monoclinic crystal system 

with an optical bandgap (1.3-2.2 eV), while Cuprous 

oxide phase has a cubic crystal system with an optical 

bandgap (2-2.6eV) [2,4]. The semiconducting 

properties of CuO stem from Cu vacancies in the 

crystalline structure [5]. Cupric oxide is a p-type 

semiconductor, but it could be n-type by doping [6] 

or by annealing [7]. The electrical conductivity of 

copper oxide thin films varies in a wide range 

depending on the method of preparation and the type 

of impurity as well as the nature of crystallization, 

and this made it possible to develop new applications 

for CuO thin films [3,6,7].  

Copper oxide is not only used in detectors [8,9] 

and solar cells [10, 11], but also it is employed in 

other applications such as gas sensors [12], humidity 

sensors [13] and lithium batteries [14,15]. 

One of the advantages of copper oxide films is the 

possibility of preparing them by several methods, 

some of these methods are inexpensive and simple, 

such as spraying pyrolysis [1,7] and chemical bath 

deposition [3], they could be prepared by a more 

sophisticated methods such as diode sputtering [16]. 

In 2013, Gund et al [17] fabricated copper oxide 

thin films with nanosheets microstructures. The thin 

films directly grown onto a stainless-steel substrate to 

be used as a capable electrode material for super-

capacitors.  

In 2015, Ghotabi et al [18] prepared Cupric thin 

films by a hydrothermal method using copper 

hydroxide nitrate as a precursor. Thickness, 

crystallite size and morphology were modified by 

changing the time of hydrothermal treatment. They 

concluded that the contact angle and hence the 

wettability of thin films can be tailored via changing 

the hydrothermal time. 

In 2017, Teli et al [19] synthesized CuO 

electrodes by rapid hydrothermal technique. 

Trioctylphosphine oxide (TOPO) was used as a 

capping agent to study its effect on structural, 

morphological and electrochemical properties for 

different concentration of Cu precursor. They 

concluded that the specific capacitance can be 

modified by optimizing the concentrations of TOPO 

and Cu precursor. 
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In 2020, Ozga et al [20] used a modified 

hydrothermal method to prepare CuO thin films with 

nanocrystal size (7-12nm). This preparation 

technique is shown to be fast, simple and the reaction 

solutions are only three, i.e., deionized H2O, copper 

(II) acetate and NaOH as a pH regulator. 

In 2022, Mroczyński  etal [21] deposited CuO thin 

films of thickness (100 nm) on highly doped n-type 

silicon substrates using Hydrothermal method for the 

application in switching memory devices.  

In the field of solar cells, there is much new 

research that uses an alternative to the platinum 

electrode in dye-synthesized solar cells [5,22-24], 

where the metal oxides or metal sulfides have been 

used. However, attempts to prepare CuO thin films on 

FTO are quite rare. In this research, copper oxide 

nanosheets have been synthesized on FTO substrates 

and used as a counter electrode for dye sensitized 

photodetector. CuO thin films with nanosheets 

structures are appropriate for optoelectronic devices 

for their high absorption coefficient in the visible 

light, as well as its preferred high surface to volume 

ratio which provides with large contact area between 

the CuO film and the electrolyte solution. 

 

2. Experimental part 

Porous copper oxide (CuO) thin films were 

prepared using the hydrothermal method. This 

method was also used to prepare copper oxide 

nanoparticles using more complex compounds than 

what was used in this study [21,25]. All chemicals 

were used as received without further purification. 

Firstly, a solution of copper chloride (0.1 M) was 

prepared. Then ammonia (0.22M) was added until the 

pH became 12. FTO (fluorine tin oxide) slides from 

GreatCell Energy were used as substrates to deposit 

copper oxide films. The substrates are previously 

cleaned by immersing them in pure ethanol and 

placed in an ultrasonic cleaning instrument. After 

that, the slides are placed on a special homemade 

Teflon rack and autoclave (Fig. 1). 

The FTO glass slides are placed so that the 

conductive surface becomes upward since it was 

noted experimentally that CuO films could not be 

deposited onto uncoated glass slides. After the 

introduction of the slides and the solution into the 

Teflon container, the autoclave has been closed 

tightly. Then the autoclave was placed in an oven and 

heated to a temperature of 200 °C for two hours. 

Later, the autoclave is taken out of the oven and 

cooled down to room temperature. After that, the 

samples are washed with pure distilled water and 

placed inside a Pyrex Petri dish. The annealing 

treatment was implemented inside an oven for two 

hours at temperature 400 °C. After that, the samples 

were left until they cooled down to room temperature 

and then they were taken out from the oven. To 

evaluate adhesion of a CuO thin film to FTO 

substrates is the rating adhesion by tape test method 

according to the ASTM D 3359. The surface of the 

thin film scratched with cutting tool to form a lattice 

pattern with either six or eleven cuts in each direction 

is made through the film to the substrate. The surface 

is scratched to form 8 parallel lines (first lines) 

approximately 20mm long and 1mm between each 

adjacent lines in one direction, and other 8 lines 

(second lines) were scratched at 90° in direction to the 

first 8 lines as shown in Fig. (2). A tape was applied 

to the thin film and peeled away at 60° then observed 

by an optical microscope. The adhesion is estimate 

qualitatively on a scale of (0B, 1B, 2B, 3B, 4B, 5B) 

according removed area percent of thin film (>65%, 

35-65%, 15-35%, 5-15%, <5%, 0%), respectively.   

 

 
 

Fig. (1) Autoclave and Teflon rack used to deposit CuO thin 

film hydrothermally on FTO substrate 

 

 
(a) 

 
 

Fig. (2) (a) Schematic graph to demonstrate adhesion test 

method, and (b) scratching tool to form lattice pattern 
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Special tape is used to estimate the percentage 

ratio of the removed area [26]. Scanning electron 

microscopic images were recorded using Thermo 

Fisher Scientific scanning electron microscope 

supported with an energy dispersive spectroscopy 

(EDS) equipment with energy from 0 to 20keV.  

 

3. Results and Discussion 

The strength of bond between the materials of thin 

film and substrate is an important limitation in 

various applications. Adhesion or bond strength is the 

measured force or work required to separate the thin 

film away from the substrate. For a thin film to fulfill 

its function of permanence and high durability, it 

must have a good adherence to the substrate. [27,28]. 

Figure (3a) shows CuO thin film deposited on FTO 

using hydrothermal method. The film was brownish-

black color. Figure (3b) shows the film after 

scratching to estimate the adhesion capability of CuO 

on FTO. The percentage of the delaminated area was 

measured using Image J software. The percentage of 

the removed area was 3.38% which is less than 5% 

and rated as 4B according to the ASTM D 3359. In 

conclusion, we can say that CuO thin film had a 

strong adhesion to FTO substrate. For bare glass 

(without FTO), we noted some voids in the samples 

due to weak adhesion between CuO and glass. The 

adhesion of CuO to FTO appears to more efficient 

than CuO on bare glass. This may depend upon a 

number of factors such as the affinity of the substrate, 

the film structure, and the amount of oxygen in the 

film [29]. In this case a mediated seed layer is needed. 

The seed layer can be metal such as Au or metal oxide 

such as low thickness layer of CuO [30]. 
 

 

  
(a)    (b) 

Fig. (3) (a) CuO film deposited on FTO substrate, and (b) 

scratched CuO film on FTO substrate for adhesion test 

 

Figure (4) shows the X-ray diffraction pattern for 

CuO thin film deposited on FTO substrate.  In order 

to assign the peaks clearly, we plotted two ranges of 

2θ, i.e., (a) 2θ=0-45°, (b) 2θ=45-90°. The most 

prominent peaks for CuO are 2θ=35.72°, 38.83°, 

58.56°, 48.86°, 66.44°, 72.64° and 83.76°. No other 

peak attributed to other phases are found. This 

demonstrates that pure CuO is the sole product 

formed in our route. The crystallite sizes of the 

deposited CuO thin films were calculated by 

Scherrer’s analysis using the full width at half 

maximum (FWHM) data for each peak. The average 

crystallite size of CuO thin films were 34, 52, and 28 

nm respectively according to Scherrer’s analysis. The 

data are in good agreement with a previous study 

[31]. Table (1) summarizes the obtained results. 

 

 
(a) 

 
(b) 

Fig. (4) XRD patterns of CuO nanosheets deposited on FTO 

substrate using hydrothermal technique: (a) 2θ=0-45°, and (b) 

2θ=45-90° 

 

Field-emission scanning electron microscope 

(FE-SEM) is used to capture the microstructure image 

of the cupric thin films produced by hydrothermal 

technique. Figure (5) shows the images of FE-SEM at 

different magnification scales (scale bars 500 nm to 5 

μm). The structure of CuO reveals a distribution of 

irregular nanosheets with thickness in the range from 

20 to several micrometers. The average particle size 

of the CuO is quite big up to 3 μm. The shapes of the 

nanosheets are identical to those in previous works 

[32,33]. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. (5) FE-SEM images for CuO nanostructures prepared by 

hydrothermal method (a) scale bar 500 nm, (b) scale bar 1 μm, 

(c) scale bar 3 μm, (d) scale bar 5 μm 

 

 

Figure (6) shows energy-dispersive spectroscopy 

(EDS) for CuO nanosheets  prepared by hydrothermal 

method. The peaks of EDS clearly illustrate the 

presence of only peaks corresponding to Cu and O 

elements with negligible peak (0.6%) attributed to 

silicon which is believed to be assigned to the glass 

substrate (SiO2). The observed atomic ratio of 50.7%: 

48.7% as indicated in table (2), which is 

approximately 1:1 between Cu and O elements 

confirms the presence of CuO in these films. This 

result is compatible with those of XRD analysis and 

it suggests that the films predominantly contain CuO. 

The excess O (50.7-48.7=2%) observed in EDS is 

originating from FTO substrate. There were no peaks 

related to the elements other than Cu, O and Si in the 

EDS spectra, which confirms the formation of phase 

pure CuO in the thin films prepared through 

hydrothermal technique. 

 

 
 

Fig. (6) EDS spectra of CuO thin films on FTO substrate by 

hydrothermal technique 

 
Table (2) EDS data for CuO thin film on FTO substrate 

 

Element 
Atomic 

% 

Atomic % 

Error 

Weight 

% 

Weight % 

Error 

O 50.7 0.4 20.6 0.2 

Si 0.6 0.1 0.4 0.0 

Cu 48.7 0.2 78.9 0.3 

 

For an optoelectronic application, a dye sensitized 

photodetector (DSPD) with CuO as as counter 

electrode has been fabricated (Figure 7). The 

proposed structure of DSPD is identical to that for dye 

sensitized solar cell but with CuO as platinium-

alternative counter electrode. Figure 8 shows 

responsivity of CuO based DSPD with standard 

(Platinium) and alternative (CuO) counter electrodes. 

The photocurent values were recorded for different 

wavelength emitted from LEDs. The two samples 

show high responsivity in the range (460-590 nm). 

Although DSPD with CuO as a counter electrode 

showed higher respnsivity in the short wavelengths 

region (450-570 nm) [34],  we think that the high 

photo-response region in our dye sensitized solar cells 

at about 520 nm is mostly coming from the dye 

(N719) which has an identical peak absorption at 520 

nm [35]. This is reasonable since the thickness of 

titanium electrode (TiO2+N719) is about 10 

micrometers which is about 10 times higher than the 

average thickness of CuO electrode. We think the 
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contribution of CuO absorption in the total absorption 

of DSSCs is minor.  

 

 

 

Fig. (7) Dye-sensitized photodetecter with CuO nanosheet thin 

film as a counter electrode 

 

 
Fig. (8) Responsivity of CuO based DSPD for visible and near 

IR light 

 

4. Conclusions 

CuO thin films with nanosheets structure have 

been synthesized using simple and cost-effective 

hydrothermal method. The as deposited nanosheets 

exhibited polycrystalline structure with monoclinic 

system. The prepared samples were pure in phase. 

The films are composed of large micro and 

nanosheets. The high (area to volume) ratio offered 

by CuO nanosheets can be invested 

optoelectronically to fabricate alternative counter 

electrode in dye sensitized photodetectors and solar 

cells.  
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Table (1) Scherrer’s analysis for CuO film deposited on FTO substrate using hydrothermal method, d is the spacing distance, 

FWHM is full-width at half maximum, D is the crystallite size, S is the dislocation defects density and ε lattice strain 

 

Peak no. 2θ (deg) 
d 

(nm)  
FWHM 
(deg) 

D (C.S.) 
(nm) 

S=1/D2 

(lines/nm2) 
ε = βcosθ/4 

(x10-3) 

1 35.7146 0.2514 0.2600 34 0.00086 1.08 

2 38.8347 0.2319 0.1694 52 0.00037 0.69 

3 48.8621 0.1864 0.3257 28 0.00127 1.29 
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Preparation and Wettability 

of Zinc Oxide Nanostructures 

by Oxidation of Zinc Foil in 

Hot Water 

 

 

Zinc oxide (ZnO) nanostructures have been prepared by wet oxidation method 

using hot water treatment of zinc foil at 90°C. The prepared nanostructures 

were characterized using diverse techniques. X-ray diffraction results 

confirmed the formation of hexagonal wurtzite structure ZnO with averge 

crystallite size of 32 nm and 40 nm for wet oxidation at 4 h and 10 h, respectively. 

Depending on the oxidation time, field emission scanning electron microscopy 

identifies two distinct morphologies: hierarchical micro- and nanoscale 

structures and rod-like structures. The wettability of ZnO surfaces is confirmed 

by water contact angle measurements.Wet oxide ZnO surface at 4 h exhibited 

hydrophobic-strong adhesion behavior with a water contact angle of 148°±1°. 

Superhydrophobic- low adhesion behavior was revealed by the wet oxide ZnO 

surface at 10 h with water contact angle of 151°±1°.The samples wettability 

showed good stability after one year of storage in an ambient environment. 
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1. Introduction 

The wettability of solid surfaces is critical and 

determines their applications. When a liquid spreads 

equally over the surface without forming any 

droplets, the surface is called wetted. In the case of 

water, the surface is called hydrophilic. The surface 

is said to be hydrophobic when water forms droplets 

on it [1-4]. The direct definition of surface wettability 

is the contact angle of a water droplet on a solid 

surface [5,6]. A surface is said to be hydrophilic when 

the water contact angle (WCA) is less than 90° [7]. If 

the contact angle is greater than 90° and less than 

150°, the surface is termed hydrophobic. At a water 

contact angle exceeding 150, a surface is classified as 

superhydrophobic [8,9]. The lotus leaf (Nelumbo 

nucifera) and the red rose (Rosea rehd) are examples 

of naturally superhydrophobic surfaces observed in 

nature [10,11]. Although both exhibit 

superhydrophobic behavior, they differ significantly 

in terms of water adhesion properties, which are 

determined by dynamic contact angle measurements 

(hysteresis contact angle and sliding angle) [12-14]. 

Since the discovery of these bio-inspired regimes, 

researchers have invented numerous approaches and 

procedures for creating superhydrophobic surfaces 

[15-18]. These surfaces have grown in interest over 

recent decades because of their desirable properties 

and potential applications. Among numerous metal 

oxides, zinc oxide (ZnO) reveals unique structural 

and functional properties, especially at the nanoscale 

[19,20]. ZnO that is intrinsically hydrophilic because 

of the hydroxyl group's presence on its surface [21]. 

It is possible to modify hydrophilic surfaces to 

produce superhydrophobic surfaces using two main 

steps: one is by roughening the surfaces, and the other 

is by modifying the rough surfaces with low surface 

energy materials [22,23]. Surface roughness with 

micro, nano, or hierarchical scales having both plays 

an important role in obtaining superhydrophobic 

surfaces [24,25]. Hydrothermaly grown ZnO 

nanorods on zinc surfaces exhibit superhydrophobic 

and ice-phobic behavior with water contact angles 

higher than 165° and tilting angles as low as 1° [26]. 

Hierarchical ZnO nanostructures were fabricated by a 

simple chemical method exhibiting 

superhydrophobic properties without using any low 

surface energy additives or modifiers [27]. A variety 

of attempts have been made to obtain 

superhydrophobic ZnO surfaces employing various 

chemical and physical methods [28-31]. Many of 

these methods require costly and complicated 

equipment, high temperatures, multistep procedures, 

and specialized reagents. On the other hand, it is 

imperative to develop simple, low-cost, and 

reproducible synthetic methods for large-scale 

industrial and commercial applications. Recently, a 

wet oxidation process using hot water has been 

employed to grow several metal oxide nanostructures 

at low temperatures [32]. There are many 

documented studies on the synthesis of ZnO 

nanostructures grown on different substrates using 

the wet oxidation method [33-36]. This synthesis 

process is simple, cost-effective, high-throughput, 

non-toxic, and environmentally friendly since only 

deionized water was used in the synthesis process. 

Zinc oxide superhydrophobic surfaces are widely 

employed in many applications, including self-
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cleaning, ice-phobicity, oil-water separation, 

anticorrosion, and antibacteriality [37-41]. 

The present study describes zinc oxide 

nanostructures prepared by wet oxidation of a zinc 

foil substrate on hot deionized water. The influence 

of oxidation time on the structure and morphology of 

the resulting nanostructures has been studied. The 

wettability properties of ZnO nanostructured surfaces 

were investigated and confirmed by water contact 

angle (WCA) experiments. 

 

2. Material and methods  

High purity zinc foil (99.99% Zn from Sigma 

Aldrich) was used as the substrate and zinc source. 

The foil was cut into small pieces (1.5×1.0×0.3 cm) 

and ultrasonically cleaned in acetone for 15 minutes. 

Before the oxidation process, zinc foil was 

chemically etched with diluted hydrochloric acid (5 

wt% in ethanol, HCl from Sigma Aldrich) by 

immersion samples for 5 min. The wet oxidation 

process was performed by immersing samples in 100 

ml of hot, deionized water at a temperature of 90 °C 

for 4 and 10 hours. Finally the samples were then 

dried by blowing them with hot air. 

Various techniques have been used to characterize 

ZnO nanostructures prepared by wet oxidation 

method. The crystal structure was determined by X-

ray diffraction (XRD) using a Miniflex II, Rigaku, 

Japan, CuKα radiation, λ = 1.5408 Å diffractometer 

with 2θ ranging from 20° to 80°. A Hitachi S-4160 

field-emission scanning electron microscope (FE-

SEM) was used to reveal the surface morphology of 

the ZnO nanostructures. The wettability of the ZnO 

surfaces was evaluated by water contact angle (WCA) 

measurements using a homemade contact angle 

measuring instrument. A 5 μL sized deionized water 

droplets were carefully distributed on the surface. The 

digital images of water droplets were captured by a 

high-speed CCD camera with a setting of 25 frames 

per second were then analyzed using the ImageJ 

analysis software. The measurements were performed 

on at least five different regions of the surface to 

provide a mean value. The scheme of the instrument 

used to measure the contact angle is shown in Fig. (1). 

 

 
 

Fig. (1) Scheme for water contact angle instrument (1: light 

source, 2: stand, 3: sample, 4: water droplet, 5: syringe, 6: CCD 

camera, 7: computer) 

 

3. Results and Discussion 

Figure (2) shows the x-ray diffraction (XRD) 

patterns of ZnO nanostructures grown on zinc foil 

substrates at 90°C for different wet oxidation times. 

The diffraction peaks at 2θ of 31.47°, 34.18°, 36.2°, 

47.5°, 56.6°, 62.8°, and 67.8° correspond to the (100), 

(002), (101), (102), (110), (103), and (200) diffraction 

planes, are related to ZnO with a hexagonal wurtzite 

structure in accordance with the Joint Committee on 

Powder Diffraction Standards (JCPDS card no. 36-

1451). 

 

 
 

Fig. (2) XRD patterns of wet oxidized ZnO nanostructures at 

90°C for different times (a) 4 hrs and (b) 10 hrs 

 

The highest intense (002) peak observed at 34.18° 

in the XRD patterns reveals that the ZnO 

nanostructures suggest preferential growth along the 

[001] direction. The peaks correspond to the 

underlying metallic zinc foil substrate are also 

observed (JSPDS card no. 04-0831). It should be 

noted that the (002) peak of metallic Zn at 36.2° 

overlaps with the (101) peak of ZnO. An increase in 

the number and intensity of diffraction peaks that 

corresponds to ZnO composition with metallic Zn 

peaks as the oxidation time increases suggests an 

increase in the concentration of ZnO on the surface of 

the zinc foil as oxidation proceeds.  XRD pattern of 

ZnO nanostructures grown on zinc foil substrates for 
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4 hours shows two diffraction peaks at 29.30° and 

43.90° belonging to Zn(OH)2 (JCPDS card no. 38-

0385), which decomposes into ZnO as the oxidation 

time is increased. Observed shift in the peaks between 

the two cases is related to the instrumental error 

during the measurements. 

The crystallite size of ZnO nanostructures can be 

estimated from the highest intensity peak (002) using 

the Scherrer’s formula. The calculated crystallite size 

was found to be 32 and 40 nm for wet oxidation at 4 

hours and 10 hours, respectively. 

The surface morphology of zinc foil after wet 

oxidation at 90°C is shown in Fig. (3). It can be 

clearly observed from the FE-SEM image after wet 

oxidation for 4 hours (Fig. 3a) that the sample 

morphology consists of spherical-like 

microstructures covered with porous nanosheets (see 

the magnified image in Fig. (3b and c). The average 

size of spherical-like microstructures is about 4 μm. 

The sheet thickness is about 24 nm, and their diameter 

is averaged at 134 nm. As the wet oxidation time 

increased to 10 hours, the surface morphology 

changed to nanorod-like structures (Fig. 3d, e and f 

with different magnifications). It can be seen that 

these rods have a diameter average of 86 nm and a 

length average of 670 nm. 

 

 
 

 
 

 
 

 
 

 
 

 
 

Fig. (3) Top-view FE-SEM images (with different 

magnifications) of wet oxidized ZnO nanostructures at 90°C 

for different times (a,b,c) 4 hrs and (d,e,f) 10 hrs 

 

The wettability of ZnO surfaces was investigated. 

Figure (4) shows photographs of water droplets on the 

ZnO surfaces wet oxidized at 90°C for 4 and 10 hours. 

Both samples exhibited hydrophobic properties. The 

hydrophobicity of ZnO surfaces is attributed to their 

surface roughness. The wet oxidized ZnO surface for 

4 hours showed hydrophobic behavior with a WCA 

of approximately 148±1° and high water droplet 

adhesion (see Fig. 4a). The water droplet does not fall 

off even when the sample is turned upside down, as 

shown in Fig. (4b). The formation of hierarchical 

structures having both micro- and nano-roughness 

increases the effective surface area, causing water 

droplets to spread less on the surface and penetrate 

into the grooves of the surface. Having a very high 

adhesion to the surface leads to an idealized sticky 

hydrophobic state, this is in good agreement with the 

Wenzel model [42]. Wenzel’s state involves the fact 

that the water droplet filling up the grooves of the 

surface makes complete wet-contact mode with the 

solid surface, resulting in a high contact angle 

hysteresis (CAH). Owing to the high adhesive force, 

the water droplet is unable to slide on the surface. 

 

 

a 

 

b 

 

d 

 

e 

 

f 
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Fig. (4) Water droplet photographs on ZnO surfaces wet 

oxidized at 90°C for (a) 4 hrs and (c) 10 hrs. Figures (b) and (d) 

are upside-down photographs of water droplets on (a) and (c) 
 

Wet oxidized ZnO surfaces for 10 hours exhibited 

superhydrophobic behavior with a WCA of (151±1°) 

and low water droplet adhesion as shown in Fig. (4b). 

The water droplet moves very freely with a very small 

tilt angle and falls off when the samples are turned 

upside down. The photograph of a water droplet 

cannot capture (see Fig. 4d). The formation of 

nanorod morphology as wet oxidation time increased 

caused air to be trapped under water droplets, 

minimizing the contact between the water droplet and 

the surface. Water contact angles improve, and the 

surface behavior changes from hydrophobic to 

superhydrophobic. The superhydrophobic behavior 

of this sample can be described by the Cassie-Baxter 

model [43], in which, it is presumed that the grooves 

under the droplet are filled with air instead of liquid. 

A water droplet is suspended on the top of the 

irregular structure in a non-wet-contact mode with 

low contact angle hysteresis. The water droplet is able 

to roll off easily due to its low adhesive force. The 

most noticeable differences in samples 

hydrophobicity are found by varying the wet 

oxidation time. To find out the effect of the 

surrounding environment on the wettability of the 

prepared samples, they were stored for a year in an 

ambient environment. The water contact angle was 

measured after that, and no significant change was 

observed during this period for both ZnO samples. 

 

4. Conclusion 

Zinc oxide nanostructures are successfully 

prepared on zinc foil substrates via a convenient 

approach based on wet oxidation using hot deionized 

water. Oxidation time has a significant effect on 

nanostructured ZnO morphology. The surface of 

nanostructured ZnO exhibits both hydrophobic and 

superhydrophobic wetting behavior depending on 

surface morphology. Hydrophobic ZnO surfaces with 

a water contact angle of 148° and high adhesion were 

obtained after wet oxidation at 90°C for 4 hours. A 

low-water-adhesion superhydrophobic surface with a 

water contact angle of 151° was obtained as the 

oxidation time increased to 10 hours. The samples 

showed good durability and stability against 

environmental conditions.The prepared ZnO surfaces 

can be used for specific applications. 
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Conductivity 

 

 

In this work, silicon nitride thin films were prepared by dc reactive sputtering 

technique using silicon targets with different types of electrical conductivity (n-

type and p-type) and Ar:N2 gas mixing ratio of 70:30. The optical microscopy 

and spectroscopic characteristics of these films were determined in order to 

introduce the effect of target conductivity type on these characteristics. The 

results showed that using p-type silicon target would produce Si3N4 films with 

lower tendency to adsorb water vapor and other constituents of the atmospheric 

air, higher absorbance in the visible range 400-700nm, and lower variation in 

the energy band gap with film thickness than the Si3N4 films prepared from n-

type silicon target. 
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1. Introduction 

Silicon nitride (Si3N4) is widely used as a hard 

optical material with excellent piezoelectric response 

[1-3]. In addition to its many photonic applications, 

the Si3N4 and SiN1.3 films are employed in the surface 

loading of crystalline silicon solar cells, high-

frequency piezoelectric transducers, biomedical 

applications and nanostructures [4-8]. Silicon nitride 

is an important insulating material for light emitting 

diodes and transistors as well as for insulating gate 

applications [9]. Si3N4 exhibits high resistivity (~1013 

Ω.cm), dielectric constant of 7.0 and wide energy gap 

(5.06-5.25 eV) [10,11]. It can be found in two main 

structural phases, α-Si3N4 and β-Si3N4 those are both 

hexagonal [12,13]. The chemical bonding of both 

phases is attributed to the interference of sp3 hybrid 

orbitals of silicon atoms with the sp2 hybrid orbitals 

of nitrogen atoms [14]. The fundamental unit of Si3N4 

lattice is the SiN4 tetragon as the Si atom is located at 

the center of the tetragon while four N atoms are 

located at the corners [15]. The Sin4 tetragons are 

connected throughout the corners as each N atom is 

shared by three tetragons. Hence, each N atom will 

have three neighboring Si atoms [16,17]. 

Similar to most semiconductors, the intrinsic 

conductivity can be changed into extrinsic 

semiconductors by doping with n-type or p-type 

dopants to serve certain photonics and 

optoelectronics applications [18,19]. Obviously, the 

main difference between the two types of the 

conductivity in semiconductors may determine the 

structural, optical and electrical properties of the 

silicon compounds, such as Si3N4 and SiO2, made 

from n-type or p-type silicon atoms. Therefore, the 

fact that the holes are the majority charge carriers in 

a p-type semiconductor should be carefully 

considered when atoms are ejected from such 

material to bond to other atoms and form new 

compound [20]. Regardless that both hole and 

electron have the same electrical charge, they are 

different in their masses and hence different in their 

effects on the structural characteristics of the silicon-

based compound [1,4,8]. 

In this work, the effect of conductivity type of 

silicon target on the spectroscopic characteristics of 

the silicon nitride nanostructures prepared by dc 

reactive magnetron sputtering technique was 

introduced. 

 

2. Experimental Part 

In this study, silicon nitride thin films were 

deposited on glass and metallic (titanium) substrates 

using a homemade dc reactive sputtering system. 

Both types of silicon wafers (n-type and p-type) were 

used as targets. These targets and substrates were 

cleaned with ethanol and distilled water before the 

deposition process. The electric discharge of the 

argon was used to generate plasma required for 

sputtering. The operation parameters were classified 

into two groups: constant and variable. The constant 
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parameters include the vacuum pressure, discharge 

voltage, discharge current, deposition temperature, 

and inter-electrode distance. The variable parameters 

include the deposition time and Ar:N2 gas mixing 

ratio for both types of silicon wafer conductivity. The 

inter-electrode distance was optimized at 4 cm. 

Figure (1) shows the optical microscopic images of 

two films deposited on Ti substrate using gas mixing 

ratio of 70:30 from n-type and p-type silicon targets. 

 

 
(a) 

 
(b) 

Fig. (1) Optical microscope images of Si3N4 thin films prepared 

from (a) n-type Si target and (b) p-type Si target and deposited 

on Ti substrates using gas mixing ratio of 70:30 

 

As the n-type silicon wafer was used mounted on 

the cathode as a target, the deposition chamber was 

initially evacuated down to 0.001 mbar and then the 

gas mixture of Ar:N2 with mixing ratio of 50:50 was 

pumped into the chamber to prepare samples after 

different deposition times. The gas mixture pressure 

was about 0.15 mbar, the discharge voltage was 730 

V and the discharge current was 50 mA. The mixing 

ratio was changed to 70:30. This procedure was 

repeated when the p-type silicon wafer was used. 

Both electrodes were cooled by circulating water 

through the inner channels of them. The nanopowders 

were extracted from the prepared thin film samples by 

the conjunctional freezing-assisted ultrasonic 

method. 

The spectroscopic characteristics of he prepared 

samples were introduced by the UV-visible and 

Fourier-transform infrared (FTIR) spectroscopy. 

The thickness of the prepared films was 

determined by the laser fringes method as 1 mW 

semiconductor lasers (532 and 632 nm) was used to 

generate concentric fringes and then determine the 

film thickness using the following relation [21]: 

𝑡 =
∆𝑥

𝑥
∙
𝜆

2
    (1) 

where Δx is the spacing between two adjacent bright 

fringes, x is the width of a bright fringe, λ is the 

wavelength of laser used 

 

3. Results and Discussion 

Figure (2) shows the FTIR spectra of the silicon 

nitride thin films prepared using two silicon targets 

with different types of conductivity (n- and p-type) 

and gas mixing ratio of 70:30. Two apparent peaks 

can be seen in Fig. (2a) at 958.56 and 1103.21 cm-1, 

while similar peaks in Fig. (2b) can be seen at 958.56 

and 1097.42 cm-1. These peaks are ascribed to the 

vibration modes of the Si-N bonds in silicon nitride 

molecule. All peaks seen within 1400-3600 cm-1 are 

attributed to the environmental contaminations those 

reached the samples before the FTIR tests [22]. 

 

 
(a) 

 
(b) 

Fig. (2) FTIR spectra of the Si3N4 samples prepared using gas 

mixing ratio of 70:30 from (a) n-type Si target, (b) p-type Si 

target 

 

Figure (3) shows the absorption spectra of the thin 

film samples prepared after different deposition times 

(1, 1:30, 2, 2:30 and 3 hrs) in the spectral range of 

300-800 nm. It is obvious that the shorter deposition 

times produces samples with lower thickness and 

hence lower absorbance. This is typical behavior as 

the shorter deposition time leads to growth of fewer 

number of layers forming the thin film. As shown in 

Fig. (3a), the sample prepared after deposition time of 

1 hr shows an absorption peak at 400 nm and this peak 

is slightly shifted towards longer wavelengths as the 

deposition time is increased. Beyond 400 nm, all 

samples show low absorption in the visible region 
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(450-700nm). On the other hand, figure (3b) shows 

that all samples exhibit high absorption in the UV 

region and the absorbance decreases to reach a 

minimum at about 490 nm. Then, the absorbance 

starts to increase and an absorption peak can be seen 

around 685 nm. 

 

 
(a)  

 
(b) 

Fig. (3) Absorption spectra of the Si3N4 samples prepared using 

gas mixing ratio of 70:30 from (a) n-type Si target, (b) p-type 

Si target 

 

The energy band gap of silicon nitride is ranging 

in 4.55-5.30 eV. Figure (4) shows the variation of 

energy band gap of the prepared Si3N4 samples with 

deposition time. It is clear that the variation in the 

energy band gap of the samples prepared from p-type 

Si target is smaller than that of samples prepared from 

n-type Si target. In general, increasing film thickness 

leads to create energy states within the band gap of 

the silicon nitride and hence decrease the energy band 

gap [23]. For the samples prepared from n-type 

silicon target, as the electrons are the majority charge 

carriers, then the majority silicon atoms sputtered 

from the target are bonded to nitrogen atoms to form 

Si3N4 molecules. This bonding is supported by the 

availability of electrons ready for covalent bonding. 

Consequently, the number of silicon nitride 

molecules is relatively large and the probability of the 

formation of intra-band states is decreasing with film 

thickness and hence the energy band gap is increased 

to reach its maximum at 4.2 eV before decreases with 

increasing film thickness due to the formation of 

intra-band states at large thickness. 

On the other hand, the silicon atoms sputtered 

from p-type silicon target have the holes as the 

majority charge carriers, therefore, the concentration 

of electrons available for bonding is relatively low 

and hence the number of silicon nitride molecules is 

relatively small. Accordingly, the probability of the 

formation of intra-band states is low too but the 

energy band gap is ranging in the range 4.75-4.9eV. 

 

 
Fig. (4) Relation between energy band gap and deposition time 

for the Si3N4 samples prepared using 70:30 mixing ratio from 

n-type and p-type Si targets 

 

4. Conclusion 

In concluding remarks, the type of conductivity of 

silicon target used in the dc reactive sputtering 

technique has a reasonable role in determining the 

spectroscopic characteristics of the silicon nitride thin 

films prepared by this technique. Using p-type silicon 

target would produce Si3N4 films with lower tendency 

to adsorb water vapor and other constituents of the 

atmospheric air, higher absorbance in the visible 

range 400-700nm, and lower variation in the energy 

band gap with film thickness than the Si3N4 films 

prepared from n-type silicon target. These results are 

highly required to assess the prepared Si3N4 thin films 

for photonics, biomedical and gas sensing 

applications employing these films. 
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This investigation is focused on the production of hydroxyapatite (HA) powder 

and the impact of calcination temperature on the crystalline structure of HA. 

This work involved the chemical synthesis of HA powder utilizing 

stoichiometric ratios of the initial ingredients, followed by gel formation, 

drying, crushing, and calcination at temperatures ranging from 600°C to 

800°C. Samples sintered at 600°C and 800°C were examined for their 

mechanical characteristics, such as Vickers microhardness and Young's 

modulus. The results demonstrated that higher sintering temperatures 

improved crystallinity and stiffness via increasing microhardness and Young's 

modulus. The synthetic HA powder's polycrystalline nature was confirmed by 

x-ray diffraction (XRD) examination, with the main peak exhibiting the 

maximum crystallinity. Debye-equation Scherrer's formula was used to get the 

average crystallite size. The investigation of hydroxyapatite functional groups 

using Fourier-transform infrared spectroscopy (FTIR) revealed distinctive 

peaks. 
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1. Introduction 

In biological systems, the primary inorganic 

element in the structure of bones and teeth is 

hydroxyapatite (HA). In 1981, HA was used for the 

first time to treat a periodontal lesion, which has the 

same meaning as the term "periodontal", which refers 

to the area of dentistry that deals with the framework 

that supports and surrounds teeth. A lesion is a section 

of an organ or tissue that has been harmed by trauma 

or illness. In the medical field, HA is widely used and 

its applications have grown to include films, solid 

blocks, and solid components for dental implants [1]. 

Due to its exceptional biocompatibility, calcium 

phosphate has undergone substantial research for 

potential biomedical applications, numerous 

investigations have demonstrated that HA ceramics 

have the potential to connect directly to the host bone 

and exhibit no toxicity, inflammation, pyrogenetic 

reaction, or fibrous tissue formation [2]. 

In recent years, researchers working in the field of 

biomaterials have been interested in hydroxyapatite 

Ca10(PO4)6(OH)2, as an essential inorganic biomaterial 

[3,4]. On the basis of crystallographic and chemical 

research, it is known that synthetic HA and naturally 

occurring HA are comparable. Different methods can 

be used to prepare HAp particles such as modified 

precipitation [5,6], hydrothermal [7], and sol-gel [8]. 

The microstructural characteristics of HAp, including 

sintered density, grain size, grain size distribution, and 

microstructural flaws, heavily influence their 

mechanical performance. In order to create ceramic 

HAp with a high sintered density and suitable 

microstructure, the preparation of fine and well-

calcination temperature of HAp powder is the most 

crucial stage [9]. 

The main objective of this work is to synthesize 

hydroxyapatite powder by sol-gel method and study 

the effect of calcination temperature on the crystalline 

structure to obtain a high degree of crystallinity and 

purity of HA powder which may be developed later to 

use in a biomedical applications. Mechanical 

properties such as Vickers microhardness and Young's 

modulus for the prepared samples were studied as a 

function of sintering temperature. 

 

2. Experimental Work 

The chemicals such as Ca (NO3)2.4H2O supplied by 

Himedia with 99.5% purity and P2O5 with 99% purity 

were used as starting materials. Stoichiometric ratios 

for each component were used to prepare 

Ca10(PO4)6.(OH)2. Each compound was dissolved in 

100 ml of ethanol, then both solutions were slowly 

mixed using magnetic stirrer for 20 minutes until the 

formation of a gel. The prepared gel was dried in an 

electric oven at 70°C for 20 hours. The prepared 

compound was crushed in agate mortar and calcined at 

temperature of 600 to 800°C with heating rate of 

5°C/min for 3 hours. The powders were finally cooled 

by switching off the furnace to room temperature. 

The mechanical properties such as Vickers 

microhardness and Young's modulus of the prepared 

hydroxyapatite samples were studied as functions of 

sintering temperature. 
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According to the hexagonal crystallite structure of 

hydroxyapatite, the lattice constant parameters were 

calculated by [10,11] 
1

𝑑2 =
4

3
 [

ℎ2+𝑘2+ℎ𝑘

𝑎2 ] +
𝑙2

𝑐2   (1) 

where hkl are Miller indices of crystal plane, d denotes 

the distance between neighboring planes, and the 

lattice constants were determined to be a=b=9.4116 

and c=6.11 

The following Debye-Scherrer’s formula was used 

to determine the average crystallite size [12]: 

𝐷 =
0.9𝜆

𝛽 𝑐𝑜𝑠𝜃
    (2) 

The following formula was employed to determine 

the volume of a hexagonal unit cell in hydroxyapatite 

[11,12]: 

𝑉 = 2.589𝑎2𝑐    (3) 

The specific surface area of hydroxyapatite was 

calculated using the following formula: 

𝑆 =
6×103

𝐷×𝜌
    (4) 

where D is the crystallite size, and ρ is the theoretical 

density of HAp (3.16 g/cm3) 

A special hardness instrument is normally used to 

conduct the Vickers hardness test on the prepared Hap 

samples placed on the stage of the testing device. A 

load of 1 kg was applied to imprint a diamond tip. The 

device will press down on the sample's surface for a 

predetermined amount of time (often 10 to 30 s). Once 

the load is released, the two diagonals (d1 and d2) of the 

indentation are measured using a built-in optical 

microscope in the testing device. The measurement 

was repeated many times for sake of accuracy. The 

Vickers hardness number (HV) is determined by the 

following formula [13]: 

𝐻𝑣 = 1.854 ×
𝐹

(𝑑1×𝑑2)
   (5) 

where F is the applied load in kilograms 

The ASTM standard D2845-08 is used to perform 

the V-Meter MK IV ultrasonic instrument. 

The following equation was used to compute elastic 

modulus [14]: 

𝐸 =
𝑉𝐿

2𝜌(1+𝛾)(1−2𝛾)

1−𝛾
   (6) 

where E, , and VL are respectively the elastic modulus, 

bulk density, ultrasonic longitudinal wave velocity 

𝛾 =
1−2(

𝑣𝑇
𝑣𝐿

)2

2−2(
𝑉𝑇
𝑉𝐿

)2
    (7) 

where VT and VL are transverse and longitudinal 

velocity, respectively 

With fracture toughness defined as the material’s 

resistance to crack propagation, an empirical 

relationship between hardness and fracture toughness 

is utilized by indentation fracture toughness technique. 

The Vickers indent and cracks profile were observed 

under an optical microscope on the surface of prepared 

sample in order to determine the precise values of the 

fracture lengths. The Vickers hardness (HV) and 

fracture toughness (KIC) of a material are related by the 

indentation fracture toughness equation, which is a 

frequently used correlation. This method proposed by 

Antis et al. [15] offers an estimation of fracture 

toughness as 

𝐾𝐼𝐶 = 0.0161 × (
𝐸

𝐻𝑣
)2 ×

𝑃

𝐶1.5  (8) 

A load of 50 N was used in this work. It is 

reasonable to infer that the created cracks will always 

have a half-penny median crack profile. This suggests 

that only an equation specifically appropriate for half-

penny median cracks should be used for this study in 

order to calculate KIC. Figure (1) shows the profile of 

half-penny median, which typically develops at low 

indentation loads. This type of cracks combines with 

the cracks at the indent’s corner to create the radial-

median crack by diffusing beneath the indent [16]. 

 

 
 

Fig. (1) A radial-median crack brought on by the Vickers load 

 

3. Results and Discussion 

Figure (2) illustrates the XRD patterns for the 

samples prepared at 600 and 800°C. The scanning 

range of diffraction angle (2θ) was 10-80° for all 

samples. By comparing between the resulting patterns 

and tabulated data of HA for 2θ, peak intensity, and 

Miller indices with the International Centre for 

Diffraction Data (ICDD) card no. 96-431-7044, it is 

clear that the prepared hydroxyapatite 

Ca10(PO4)6.(OH)2 powder is polycrystalline and the 

highest peak on the pattern corresponds to the highest 

plane crystallinity. 

 

 
 

Fig. (2) XRD patterns of HAp powder prepared at 600 and 800°C 
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Debye-Scherrer's formula was used to determine 

the average crystallite size of Hap prepared at 800°C to 

be 36.27 nm. Equation (3) was used to calculate the 

hexagonal unit cell volume of the HAp structure to be 

1365.5203. It was found that the specific surface area 

(S) was 52.349 using Eq. (4). 

The FTIR spectra of HA powder prepared at 600 

and 800 °C, respectively, are shown in figures (3) and 

(4). It is clear that the vibrational and stretching modes 

of the hydroxyapatite -OH groups have generated the 

peaks at 634 and 3571 cm-1. The peaks seen at 468, 

567, 603, 960, and 1039-1093 cm–1 are attributed to the 

distinctive tetrahedral structure of PO4
–3. The PO4

-3(2υ) 

and PO4
-3(4υ) modes are represented by the peaks at 

468 and 567 cm-1, respectively. Additionally, PO4
-3(3υ) 

mode is responsible for the peak seen at 960 cm-1, 

while the PO4
-3(1υ) mode is responsible for the peaks 

seen at 1093 and 1039 cm-1 [17]. 

 

 
 

Fig. (3) FTIR spectrum of HA powder prepared at 600°C 

 

Figure (4) shows a sharp peak at 3509 cm-1 and a 

medium peak at 634 cm-1 due to the stretching and 

vibrational, respectively, modes of the –OH groups of 

hydroxyapatites.  The medium peaks seen at 1461 and 

1417 cm-1 are ascribed to the CO3
-2 group. These peaks 

show that the PO4
-3 group in the HA lattice has been 

replaced by the CO3
-2 group, which may have begun 

when ambient carbon dioxide was adsorbed [18]. 

Therefore, it is clear that the synthetic powder is 

unquestionably hydroxyapatite.  

 

 
 

Fig. (4) FTIR spectrum of HA powder prepared at 800°C 

 

The grain size of pure HAp was also measured 

using the field-emission scanning electron microscopy 

(FE-SEM). The concept that temperature-dependent 

development of crystallite size occurring in the 

prepared samples was based on the surface 

morphology introduced by FE-SEM. This can be used 

to explain why these microstructures of derived HAp 

form during the thermal process since particles have a 

tendency to crystallize and congregate at high 

temperatures. Figure (5a) illustrates how the prepared 

HAp crystallized into nanoparticles with sizes between 

14 and 49nm at 600°C. As the preparation temperature 

was increased to 800°C, HAp microstructures became 

more apparent (Fig. 5b). The crystallite size of the 

prepared HAp varies from 40 to 60 nm. 

The FE-SEM microimages make it easy to see 

changes in the grain size and semi-spherical shape as 

the grain size increased with increasing preparation 

temperature. 

 

 
 

 
 
Fig. (5) SEM microimages of prepared HAp powder prepared at 

(A) 600°C and (B) 800°C 

 

The exact qualities and the desired properties of the 

HAp would determine the ideal calcination 

temperature to reach the maximum microhardness. 

Table (1) shows that the microhardness increased with 

increasing sintering temperature. 

The Young’s modulus, which refers to the 

material’s stiffness or elasticity and quantifies how 
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stress and strain interact during deformation, was 

determined. This modulus of HAp can be influenced 

by the calcination temperature, which can also alter the 

crystal structure, grain size, and porosity of the 

prepared material. 

Table (1) shows values of some mechanical 

parameters as a function of sintering temperature. The 

Young’s modulus of the prepared HAp typically 

increase, similar to microhardness, with increasing 

sintering temperature. A more rigid structure is 

produced as a result of better crystallinity being 

promoted by higher sintering temperatures. As a result, 

at higher temperatures, the Young's modulus has a 

tendency to be larger. 

 
Table (1) Values of some mechanical parameters as a function 

of sintering temperature 

 

Sintering 

Temperature 

(°C) 

Vl 
(m/s) 

VT(m/s) 

Bulk 
density 

(kg/m3) 

Vickers 

Hardness 

(GPa) 

Young's 

Modulus 

(GaP) 

KIC 

(MPa 
/m1/2) 

600 3464.2 2313 1862 4.2 1.205 2.828 

800 3772.1 2494 2442 7.4 2.105 4.606 

 

4. Conclusions 

This work involved the chemical synthesis of 

hydroxyapatite (HA) powder and analysis of the effect 

of calcination temperature on the crystalline structure 

of the material. The prepared HA powder was 

polycrystalline. The average crystallite size of the 

prepared powder calcined at 800°C was determined to 

be 36.27 nm. The particle size was found to increase 

with increasing calcination temperature. Also, Vickers 

microhardness and Young's modulus were both 

increasing with temperature, showing enhanced 

crystallinity and stiffness. The findings of this work 

may contribute to the understanding of production, 

characterization, and potential applications of HA 

powder in biomedical fields. 
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