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CdS nanocrystalline thin films have been prepared by sol-gel spin coating method. CdS 

nanoparticle thin films have been prepared using cadmium nitrate as cadmium source and 

thiourea as sulfur source. The effect of annealing on the properties of the prepared CdS 

nanocrystalline f i lms  has  bee n s t ud ied .  The x-ray d if fr ac t io n  st ud ies  ind ica t ed  

t he  formation of nanocrystalline CdS thin films with hexagonal phase. The grain size has been 

found to lie in the range of 5 to 8.2 nm depending on the annealing temperature suggesting the 

formation of CdS quantum dots. These results have been confirmed using high resolution 

transmission electron microscope (HRTEM) analysis which also indicated the formation of 

nanocrystalline CdS with a grain size of nearly 5 nm. The absorption spectra demonstrated the 

presence of quantum confinement effect in the prepared CdS nanocrystalline films because of 

the small size of the particles. The photoluminescence spectra of the CdS films exhibited green 

and yellow emission bands. 

 

 

Keywords: Structural; CdS; Nanoscale.  

 

 
1. INTRODUCTION 
 
CdS nanocrystalline thin films belonging to the cadmium chalcogenide family and used as 

window material for CdS/CdTe solar cells continues as a subject of intense research due 

to its potential application in solar cells. CdS with hexagonal structure is highly favorable for 

solar cell application as a window layer because of its suitable band gap and stability. CdS 

is one of the important materials for application in electro-optic devices such as laser 

materials, transducers, photoconducting ce lls , p ho t o s e ns o r s , opt ica l w a ve -guides and  

no n -linear int eg r a t ed  o pt ica l  devices [1]. The II–VI semiconductor nanocrystals exhibit 

interesting properties and their emission spectra is very narrow (spectrally pure) and the 

emission colour is simply tuned by changing their size. As the nanocrystal size decreases, the 

http://etn.siats.co.uk/
mailto:m.antoine@ensicaen.fr
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energy of the first excited state decreases qualitatively following a particle-in-a-box 

behaviour. This size dependence and the emergence of a discrete electronic structure from 

a continuum of levels in the valence and conduction bands of the bulk semiconductor result 

from quantum confinement; hence, semiconductor nanocrystals are referred to as quantum 

dots [2]. 

 

The use of polymers is a prominent method for the synthesis of semiconductor nanoparticles. 

The reason is that the polymer matrices offer advantages like easy processability, solubility 

and control of the growth and morphology of the nanoparticles. CdS nanoparticles embedded 
in different matrixes like polystyrene, polyvinyl alcohol, polyethylene glycol etc. have been 

prepared by many workers [1-6]. CdS thin films have been prepared by different workers 

using various techniques such as electro deposition[7], screen printing[8], physical vapor 

deposition[9], spray pyrolysis[10], molecular beam epitaxy[11], chemical bath 
deposition[12], successive ionic layer adsorption and reaction[13], sonochemical[14] and spin 

coating method[15]. In comparison with the other techniques, sol-gel method is more suitable 

to prepare optical materials as it permits molecular-level mixing and processing of the raw 

materials and precursors at relatively lower temperature and produces nano-structured bulk, 

powders and thin films [16-18]. Sol-gel is a very attractive method to produce CdS films for 
photovoltaic applications for which large-area devices are required at low cost. It also does 

not limit the choice of the substrate material.  In this paper, we report about the preparation 

of nanocrystalline CdS films using sol-gel spin coating method and also discuss the structural 

properties, surface morphology and optical properties of the prepared thin films. 
 
 
 
2. EXPERIMENTAL 
 
In the present study CdS particles have been embedded in polyethylene glycol-based solution. 

A polyethylene glycol (PEG 400, Merck) sol was prepared by mixing 0.6 ml of PEG, with 

8.9 ml of ethanol and 0.5 ml of acetic acid under stirring, which was continued for 1hour. 

Cadmium nitrate and thiourea were used as the precursors for incorporation of Cd and S 

respectively. These precursors were dissolved in ethanol with stirring. The as-prepared 

solution was slowly added to the PEG sol with vigorous stirring and was stirred for 5 - 6 hours 

to obtain the final sol ready for depositing thin films. The spin-coating technique was used to 

prepare thin films using the above sol on to glass substrates. The substrates were rotated at a 

speed of 500 rpm for 30 sec. After deposition, annealing of the sample is required for the 

removal of solvent and residual organics and film densification. So, the f i l m s  have been 

p o s t -annealed in air at 150°C, 250°C, 350°C and 450°C. 

 

X-ray diffraction studies have been carried out using PANalytical x-ray diffractometer, high 

resolution transmission electron microscope (HRTEM) images of the prepared CdS has been 

recorded using a  Philips TECNAI F20 microscope, AFM measurements were performed on 

the sample by measuring the topography with a Digital instruments Dimension 3100 Scanning 

Probe Microscope operated in tapping mode. The optical properties have been studied using 

spectrophotometer (JASCO V-570)    and the photoluminescence study has been carried out 

using Cary Eclise WinFLR photoluminescence device. 
 
 
3. RESULTS AND DISCUSSION 
 
The structural properties of the spin coated CdS films have been investigated by x-ray 

diffraction technique using CuKα radiation. Figure 1 shows the x-ray diffraction pattern of 
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CdS thin films prepared by spin coating method and annealed at 150°C, 250°C, 350°C and 
450°C for 30 minutes. The x-ray diffraction pattern of 150, 250, and 350°C annealed samples 
exhibit peaks at 26.32° and 43.59° corresponding to the (002) and (110) directions. The 
diffraction pattern of CdS film annealed at   450°C exhibits two more additional peaks at 
24.66 ° and 28.02° corresponding to (100) and (101) planes. As all these peaks correspond to 
the hexagonal phase, the prepared CdS films can be said to exhibit hexagonal phase.  The 
lattice parameter values a and c have been calculated and are a = 4.41Å and c = 6.72 Å which 
are in agreement with the JCPDS data (41-1049). The presence of small peaks in the x-ray 
diffractogram reveals the formation of nanocrystalline CdS films. The peaks are not sharp 
indicating that the average crystallite size is small. Due to size effect the peaks in the 
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  30  40  50 
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Figure 1. X-ray diffraction pattern of CdS films annealed at different temperature (a) 150 °C 

(b) 250 °C (c) 350 °C d) 450 °C 
 
 
 
diffraction pattern broadens and their widths become large as the particles become smaller. 

Crystallinity is found to improve with increase in annealing temperature. 

The average size of grains has been obtained from the x-ray diffraction pattern using the 
Scherrer’s formula [19] 

 
 

                                                                                           (1) 
 

 

where, D is the grain size, K is a constant taken to be 0.94, β is the full width at half 

maximum (FWHM) and λ is the wave length of the x-rays. The obtained grain size values 

of the annealed CdS films are given in Table 1. It is seen that crystallite size of CdS increases 

from 5 nm to 8.2 nm as the annealing temperature increased from 150 to 450°C. So it is found 
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that nanocrystalline CdS films with particle size less than 10 nm has been prepared using the 

sol gel spin coating method. Figure 2 shows the high-resolution transmission electron 

microscopy (HRTEM) image of CdS nanocrystalline film annealed at a temperature of 

150°C. The image (Figure 2a) clearly shows the lattice fringes indicating the formation of 

good nanocrystalline sample. The HRTEM image gives a grain size of ~ 5 nm and this is in 

agreement with x-ray diffraction results.  This confirms the formation of nanocrystalline 

CdS films with particle size lying in the quantum dot range. The HRTEM image exhibits 

lattice fringes with d spacing of 0.357 nm corresponding to the (100) reflection of the 

hexagonal phase. Selected area electron diffraction (SAED) image (Figure 2b) exhibit 

diffraction rings corresponding to the (100), (110), (004), (105) and (213) directions of the 

hexagonal phase of CdS. The d spacing values obtained for all the diffraction rings from the 

SAED pattern match very well with that of hexagonal CdS. The appearance of multiple 

diffraction rings is due to the random orientation of the polycrystallites. The spotty ring 

pattern with missing periodicity observed in the SAED image is due to the fact that the films 

have random orientation. 
 
 
 

(100) 
 
 
 
 

0.357 nm 
 
 
 
 
 
 
 
 

a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b 
 
 
 
 
 

Figure 2. High-resolution transmission electron microscopy and selected area electron 

diffraction images of CdS film annealed at 150°C. 
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Figure 3 shows the AFM image of spin coated CdS thin film annealed at a temperature 

150°C.  The image shows well defined particle like features with granular morphology and 

indicates the presence of small crystalline grains. The root mean square surface roughness of 

the film is 37 nm. The image also reveals that the film is homogeneous without any cracks 

and is continuous with very well-connected grains. The surface of most submicron particle is 

quite coarse and they are comprised of numerous nanoparticles with size ranging from 5 to 10 

nm. Due to the quantum size effects of nanoparticle semiconductors, UV-Vis spectroscopy 

has become an effective tool in determining the size and optical properties of the 

nanoparticles. Optical absorption spectra of CdS. 

 

 

 
 

Figure 3. AFM image of the CdS thin films annealed at 150°C 
 
films annealed at different temperatures are shown in figure 4. As the size of the 

semiconductor particle decreases to the nanoscale the band gap of the semiconductor 

increases causing a blue shift in the UV-Vis absorption spectra.   The bulk CdS material 

exhibits an absorption peak at about 515 nm. As the absorption peaks of the prepared CdS 

samples appear blue shifted compared with that of bulk CdS it can be easily understood that 

quantum confinement effect is present in the prepared CdS films. The gradual shift of 

absorption peaks towards longer wavelengths on increase in annealing temperature indicates 

the growth of the particles at higher temperatures. 

 
The optical band gap has been calculated by plotting (αhυ)2 versus hυ (figure 5). By 
extrapolating the straight- line portion of the curve to intercept the energy axis, the value 
of the band gap energy has been calculated. The calculated optical band gap values are found 
to be in the range 3.94 - 3.56 eV and are shown in Table 1. 
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Figure 4. Optical absorption spectra of annealed CdS films (a) 150 °C (b) 250 °C (c) 350 °C 

(d) 450 °C 
 
 
 
The optical band gap obtained using the absorption spectra are greater than the bulk band gap 

(2.42 eV) and this indicates the formation of nanoparticles. On annealing the size of the 

crystallite is found to increase resulting in decrease of band gap. The change in band gap 

with temperature. 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Figure. 5. Plot of (αhυ) 2 versus hυ of annealed CdS films. 
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Table 1. Particle size from XRD and blue-shift of optical band gap (Eg) of CdS 
films annealed at different temperatures. 
 

Annealing 
temperature (°C) 

Eg 
(eV) 

Particle size 
from blue-shift 
(nm) 

Particle size from 
XRD (nm) 

 
150 
250 
350 

450 

 
3.94 
3.82 
3.68 

3.56 

 
6.9 
7.9 
8.4 

8.8 

 
5.0 
6.5 
6.8 

8.2 

 
 

is attributed to quantum confinement effects [20]. The blue shift from 3.56 - 3.94 eV 
suggests strong quantum confinement. The band gap is found to decrease due to an increase 
of the cluster size or grain size(R); this is known as the quantum size effect. In the quantum 
size effect, both strong and weak confinements are possible, when R <<  ae the confinement 

is strong and it is weak for R >> ae where ae is  the effective Bohr radius and is 3.5 nm for 

CdS [21]. The strong and weak confinements occur due to the small and large grains in the 
sample. In general, a nanocrystalline sample is a combination of small and large grains. The 
expression for weak (Ew) and strong (Es) confinement energies can be written as [22].  

                                                                                         (2) 

 

where, Eg is the bulk band gap, M = me
* + mh

*, μ reduced mass of exciton, the second term 

represents the kinetic energy of the confined exciton and the third term indicates the 

Coulomb interaction of the electron with the hole. Here coulomb interaction is negligible [22].  
Even though the particle size obtained from x-ray diffraction results are found to be slightly 

larger than the Bohr radius of 3.5 nm for CdS, the strong confinement effect can be assumed 

to be prevalent in the prepared CdS nanocrystallline films because of the observed strong 

blue shift. Warnock and Awschalom[23] have reported strong confinement for CdSSe 

nanocrystals having grain sizes of 7.4 and 8.4 nm, even though the grain sizes were greater 
than the effective Bohr radius. The particle size has been calculated using the blue shift of 

the optical band gap caused by quantum confinement and is shown in Table 1. The particle 

size is found to lie in the range of 6.3 to 8 . 8  nm.  These values are slightly different from 

the values obtained from x-ray diffraction studies. The particle size calculated from x-ray 
diffraction pattern are smaller than those calculated using absorption spectra and this may be 

due to the fact that the submicron particles are the aggregation of CdS nano particles. 

 

Fig. 6 is the photoluminescence emission spectra of the annealed CdS nanoparticle thin films. 

PL spectra have been recorded at room temperature with an excitation wavelength of 400 

nm. Emissions from semiconductor nanoparticles originate from electrons in the conduction 

band, excitonic states and trap states. It is important to note that any physical property that is 

dependent on the size of a quantum dot could also be used for predicting its size and 

distribution. It is well known that emission is very sensitive to nature of nanoparticle surface 

because of the presence of gap surface states arising from surface non stoichiometry and 

unsaturated bonds. Broad low energy spectrum is always attributed to trap state emission 
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arising.  
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Figure. 6. Shows Photoluminescence emission spectra of annealed CdS (a) 150 °C (b) 250 

°C (c) 350 °C (d) 450 °C. 
 
 
 
From surface defects [24]. In CdS defects consists of cadmium vacancies, sulphur vacancies, 

interstitial cadmium and sulphur atoms adsorbed on the surface [25]. In the 

photoluminescence spectra the peak is found to broaden out with increase in annealing 

temperature. The inhomogeneous broadening of peaks can be attributed to high concentration 

of defects. The broadening of the peaks can be ascribed to the fact that large crystals tend to 

harbour more defects than small crystals. These defects may act as non-radiative 

recombination centres, which can quench the radiative band edge recombination [26]. The 

CdS emission spectra are also found toincrease in intensity with decrease in particle size i.e. 

with decrease in annealing temperature. In the nanocrystalline regime, since the number of 

molecules in the surface is more, surface defects play a vital role in determining the 

luminescence characteristics. In nanocrystals traps are more likely to be located at the surface. 

The smaller the particle diameter larger would be the surface area, leading to strong 

contribution from defect related luminescence emission. 

 

The PL emission spectra of the spin coated CdS films shown in figure 6 is found to exhibit two 

emission peaks centred around 486 nm and 542 nm. The emission band present at 486 nm is 

known as green emission band of CdS. There are several explanations about the origin of 

green emission band in thin films.  They may be due to i) recombination of free electrons 

from conduction band with holes captured on an acceptor level, ii) recombination of trapped 

electrons from a donor level with free holes and iii) recombination of electrons from a 

donor level with holes trapped on an acceptor level [27,28]. The green band emission in the 

present study may be due to the acceptor levels related to interstitial sulphur and donor levels 

due to native defects in the CdS lattice. The emission band at 542 nm is known as yellow band 

and is ascribed to the donor level of the interstitial cadmium atoms forming surface defects 

leading to trap emission in CdS. Similar results have been reported by earlier workers [29-

31]. With decreasing size of the nanocrystallites, the density of the surface states would 

increase as a result of increase in surface to volume ratio. As a consequence of this increase 

in surface to volume ratio the luminescence is found to be dominated by surface state 

transitions rather than excitonic transitions. 
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4. CONCLUSIONS 
 
Nanocrystalline CdS films have been prepared by sol-gel spin coating method. The x-ray 

diffraction and high-resolution transmission electron microscope studies revealed the 

formation of small grains having a size of 5 to 8.2 nm depending on the annealing temperature 

resulting in the formation of CdS quantum dots. The absorption studies carried out on the 

prepared CdS films revealed a strong blue shift indicating the presence of quantum 

confinement effect. Photoluminescence spectra of the CdS films exhibited green and yellow 

band emissions corresponding to the defect related luminescence emission. 
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The anatase TiO2 nanofibers of average diameters 60, 100, and 150 nm were fabricated by 

controlled electrospinning of a polymeric solution and subsequent sintering of the as-spun 

fibers. The sintered fibers were polycrystalline and composed of densely packed TiO2 

grains of size ∼12 nm. The rutile phase nucleated at the particle interface of the dense 

anatase TiO2 nanofibers at a temperature of <570 °C because of the increased surface 

stress observed in these nanofibers. X-ray and electron diffraction measurements and 

analysis of the sintered fibers showed that the lattice strain increased with a decrease in the 

fiber diameter. The diameter-dependent lattice strain is attributed to the increased surface 

energy in fibers of lower diameter. The strain most likely originates from interplay of the 

surface charge and grain boundary effects. The absorption spectra of the fibers showed a 

red shift with an increase in the fiber diameter, which is attributed to an increase in the 

surface stress with a decrease in the fiber diameter. 
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1. INTRODUCTION 
 
Nanostructured anatase TiO2 have received much attention recently [1] owing to their promising 

physical properties for applications in photocatalysis [2] and as electrodes in dye- sensitized 

solar cells (DSSC) [3]. The photocatalysis and electrical transport properties are closely related 

to the electronic band gap of the materials. The electronic band gap is affected by the particle 

size [4-7], shape [8, 9], impurities, surface charges [10] and phase transitions [11]. A large 

percentage nanofiber is preferable over sintered nanoparticles because these one-dimensional 

nanostructures can act as guided electron channels in electrodes made up of them. Several 

groups developed DSSC based on anatase TiO2 nanofibers [12, 13]. For TiO2 fibers of 50-150 

nm, surface effects are prominent compared to the quantum confinement effects because of the 

wider band gap of TiO2. Several techniques have been developed for the fabrica- tion of one-

dimensional TiO2 nanostructures, viz., template of atoms is at the surface of nanometer-sized 

particles. The growth [14, 15], self-assembling [16, 17], thermal evaporation [18], strong surface 

atoms play a major role in their local and global band structures. For the application of TiO2 as 

electrodes in DSSC, alkali treatment, and electrospinning. Among these techniques, 

electrospinning offers advantages of simplicity [19-21], process controllability, low production 

cost, and scalability for producing industrial quantities. In the electrospinning process, 

nanofibers of metal oxides are produced from a polymeric solution injected through an 

electrical field of several kilovolts per centimeter, followed by controlled evaporation of the 

polymer, calcination, and sintering [22]. The fiber diameter and morphology could be tailored 

by control- ling the injection rate and electric field. The fiber diameter also depends on the 

intrinsic properties of the polymeric solution such as the viscosity and surface charge [21]. 

Electro- spinning of the sol–gel precursor has been employed to produce nanofibers of several 

technologically important ceramic systems including TiO2 [22,23]. However, no attempt has 

so far been made to study the properties of TiO2 fibers by varying the fiber diameter. In 

particular, little is known about the correlations between the nanofiber diameter and the optical 

band-gap energy. Note that the anatase plays a key role in the injection process of DSSC with 

high conversion efficiency;3 therefore, knowledge of the phase transition in nanofibers is 

essential for fabrication of solar cells of higher efficiency. This requirement is further fueled 

by the fact that there is a considerable difference between the band-gap energies of the anatase 

and rutile phases [11]. We have now developed TiO2 nanofibers in the diameter range of 60–

150 nm by controlled electrospinning and subsequent sintering. The sintered fibers were highly 

dense and polycrystalline and consist of uniform grains of average diameter ∼12 n m .  All o f 

the three fibers of different  diameters were constructed from grains of similar diameter by 

sintering the as-spun fibers under similar conditions for shorter duration. Sintering at lower 

temperatures for shorter duration also eliminated the grain coarsening. An anatase to rutile 

structural transformation was found to occur in the nanofibers at temperatures as low as 570 °C. 

Because of the higher density of the anatase nanofiber, the nucleation of the anatase phase at 

such lower temperatures occurs at the interfaces. Lattice strains were observed along the grain 

boundaries of the polycrystalline fiber, which would most likely be the reason for the early 

nucleation of the rutile phase. The X-ray diffraction (XRD) measurements and subsequent 

Rietveld analysis showed that the strains in the lattice decrease with an increase in the fiber 

diameter. The absorption spectra of these fibers showed a red shift with an increase in the fiber 

diameter. The excitonic peak in the absorption spectra showed a shift of ∼15 nm when the 

diameter of the fiber increased from 60 to 150 nm. No complementary shift in emission spectra 

was observed. The observed shift in the absorption spectra has been attributed to the increased 

surface stress and the consequent lattice strain. 
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2. EXPERIMENTAL SECTION 
 
The TiO2 nanofibers were fabricated by electrospinning a mixture of TiO2 sol and poly 

(vinylpyrrolidone) (PVP; Mw) 1 300 000, Sigma-Aldrich) polymer. A typical synthesis route 

here is as follows. First, the TiO2 sol was prepared by hydrolyzing 0.25 g of titanium 

tetraisopropoxide [Ti(OiPr)4;  97%, Sigma-Aldrich] with a mixture of 1 mL of ethanol (98%) 

and 1 mL of acetic acid (100%, BDH, AnalaR). Next, PVP (∼9 wt %) was separately dissolved 

in ∼2.75 mL of ethanol and then added to the TiO2 sol solution. The precursor mixture was 

stirred for 12 h at room temperature to attain sufficient viscosity required for electrospinning. 

The solution was then loaded into a syringe connected to a stainless-steel needle of ∼210 µm 

inner diameter. A direct-current (dc) electric field was applied between the needle and 

collector plate using a high voltage supply (Gauss High Voltage Research Inc. model RR50-

1) that generates dc voltage up to 30 kV. The feed rate of the precursor solution was controlled 

using a syringe pump (KDS 200). Samples were collected on aluminum foil flattened on a 

laboratory jack. Quartz and/or glass substrates (Asahi Glass Co.) placed over the aluminum 

foil were used for nanofiber collection for microscopic and optical measurements. The 

needle-collector plate distance was fixed at ∼10 cm. Electrospinning was performed in a 

fume hood in air, whose humidity was maintained below 50%. The precursor solution was 

then electrospun at three conditions of applied voltage (kV) and flow rate (mL/h), i.e., (A) 10 

kV and 1 mL/h, (B) 20 kV and 1 mL/h, and (C) 20 kV and 0.5 mL/h. During electrospinning, 

the applied electric field overcomes the surface tension of the polymeric solution, thereby 

ejecting a continuous jet, which upon subsequent solvent evaporation and bending produces 

nanofibers on the collector surface. The as-spun PVP-TiO2 composite nanofibers were then 

annealed at ∼120 °C for 12 h for drying and removal of the solvents. The annealed fibers 

were then sintered in the range 450–650 °C for 30 min (1) in a glass plate for electron 

microscopic measurements and (2) in a crucible for XRD measurements. The heating rate was 

fixed at 1 °C/min. The diameter and morphology of the PVP-TiO2 precursor nanofibers as 

well as those annealed TiO2 nanofibers were studied by using field-emission scanning 

electron microscopy (Quanta 200F) operating at 10 kV. Samples for scanning electron 

microscopy (SEM) were prepared by directly collecting the fibers on two glass plates for each 

spinning condition. One of the glass plates was maintained without heat treatment while the 

other was heated at ∼500 °C for recording the SEM images of the as-spun and sintered fibers, 

respectively. The fiber diameters were measured from the SEM images using image analysis 

software (Image J1.29X). The sintered TiO2 fiber surfaces were further examined by high- 

resolution t r ans mis s io n  e lec t ro n  mic r o scop y ( HRTEM; JE OL 2010Fas) operating at 

200 kV. Samples for HRTEM were prepared by ultrasonically dispersing the heated TiO2 

fibers in methanol and allowing a drop of this suspension to dry on a carbon-coated copper grid. 

The phase evolution and transition of the TiO2 nanofibers were studied by an XRD technique 

using Ni-filtered Cu KR radiation (Shimadzu XRD-6000). The optical absorption spectra of 

the TiO2 nanofibers were recorded using a UV–visible spectrophotometer (Shimadzu UV-

1601) at a resolution of 1 nm. The photolumines- cence (PL) spectra were recorded using a PL 

spectrophotometer (PTI photometer) by exciting the samples at 320 nm. Samples for optical 

measurements were obtained by directly collecting as-spun fibers on a quartz plate. The 

samples were first heated to 120 °C for 12 h and then to 500 °C for 30 min. The smooth TiO2 

nanofiber film deposited on the quartz substrate thus obtained was used for optical 

measurements. 
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Figure 1. SEM micrograph of the (A) as-spun TiO2-PVP composite nanofibers. Ceramic 

nanofibers with average fiber diameters of (B) 150 nm (10 kV and 1 mL/h), (C) 100 nm (20 

kV and 1 mL/h), and (D) 60 nm (20 kV and 0.5 mL/h). 

 

3. RESULTS AND DISCUSSION 
 
Figure 1A shows a SEM image of TiO2-PVP composite nanofibers electrospun at the (A) 10 

kV and 1 mL/h condition from the ethanol/acetic acid/PVP/Ti(OiPr)4 solution. Each individual 

nanofiber maintained cross-sectional uniformity throughout the length, indicating a smooth 

injection of fine TiO2 sol dispersed in the polymer matrix during electrospin- ning. The fiber 

diameter depended on the spinning conditions; the fiber diameters decreased with (i) an increase 

in the applied electric field and (ii) a decrease in the solution feed rate [20,23]. Average sizes 

of the as-spun fibers, which were measured from a sample of 100 fibers, were 450, 262, and 

145 nm for the spinning conditions (A) 10 kV and 1 mL/h, (B) 20 kV and 1 mL/h, and (C) 20 

kV and 0.5 mL/h, respectively. It is interesting to note that the electrospun fibers were 3 orders 

of magnitude less in diameter compared to that of the needle (∼210 µm) through which the 

droplets were injected. 

 

Parts B-D of Figure 1 show the morphology of the three sintered TiO2 nanofibers developed 

by control of the initial electrospinning condition. These fibers have average diam- eters of 

150, 100, and 60 nm for the spinning conditions (A) 10 kV and 1 mL/h, (B) 20 kV and 1 

mL/h, and (C) 20 kV and 0.5 mL/h, respectively. The diameters of the sintered TiO2 nanofibers 

were decreased to nearly one-third of those of the as-spun fibers. The PVP-TiO2 composite 

fibers were sintered similarly to conventional metal oxide sintering: the binder burned off, and 

the pores thus created were filled by mass transport. The lowering of the fiber diameter on 

sintering is therefore partially due to the PVP evaporation and partially due to mass transport. 

The sintered TiO2 nanofibers were dispersed in methanol and ultrasonically stirred to 

qualitatively examine the sintered density and mechanical strength of the fibers. The SEM 

images of the ultrasonically stirred fibers were the same as before, thereby indicating the 

mechanical strength and high sintered density of the electrospun TiO2 nanofibers. The 

morphology of the TiO2 nanofibers was further studied using HRTEM. Figure 2A shows a 

bright-field micrograph of a free-standing TiO2 nanofiber of average diameter ∼100 nm. The 

fiber surface was smooth and uniform, which indicates that TiO2 was uniformly dispersed in 



15 

Exp. Theo. NANOTECHNOLOGY 4 (2020) 11–20 

the PVP mixture. The fibers were polycrystalline and consisted of uniform grains of size ∼12 

nm. The grains were densely packed along the fiber length. The fiber cross section was a solid 

circle. Figure 2B shows a selected area electron diffraction (SAED) pattern recorded at 200 kV, 

which corresponded to an electron wavelength of 2.508 pm, and at a camera length of 1000 nm. 

The SAED pattern showed polycrystalline rings and was indexed for anatase TiO2. No line 

corresponding to an impurity or secondary phase was detected. Figure 2C shows a typical 

HRTEM micrograph of the anatase TiO2 nanofibers. HRTEM micrographs showed an 

alteration in the lattice periodicity along grain boundaries, which is possibly due to the lattice 

strains in the nanofibers. These lattice strains most likely originate from the interaction between 

the forces that bind the grains tightly together and the increased surface energy due to the 

nanocrystallinity of the particles.  

 

 

 
Figure 2. Bright-field micrograph of (A) free-standing anatase TiO2 nanofibers of 100 nm 

diameter sintered at 500 °C. (B) Corresponding electron diffraction pattern. (C) HRTEM 

lattice micrograph of typical anatase crystallites showing strains. 
 

 
To investigate whether the observed lattice strains have any effect on the optical properties 

of the nanofibers, we have recorded the absorption spectrum of the nanofibers. Figure 3A 

shows the UV absorption spectra of the nanofibers of diameters 60, 100, and 150 nm. The 

absorption peak was shifted from 320 to 335 nm when the fiber diameter increased from 60 to 

150 nm. For nanometer-sized semiconductors, the shift of optical band gap originates from the 

quantum confinement effect and surface effects due to the higher surface energy of the 

nanofibers. Note that several authors have observed the blue shift in nanosized TiO2 particles 

with 
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Figure 3. (A) Absorption spectra of TiO2 nanofibers. (B) Corresponding PL spectra. 
 
 
Anpo et al. [6] have reported the quantum confinement effect in the size regime of several tens 

of nanometers, whereas Serpone et al.33 reported the confinement effect in TiO2 particles of 

several nanometers. To the best of our knowledge, so far, no reports exist in the open literature 

on the effect of the fiber diameter on the elec- tronic band gap of TiO2 nanofibers. Remember 

that the size of the grains composing the fibers of different diameters were nearly the same in 

all of the fibers because of the lower sintering temperature and time; therefore, a size 

quantization effect is not likely the reason for the observed shift in the absorption spectra. 

Further, if a size quantization is the reason for the observed shift, a complementary shift would 

have been observed in their PL spectra. The PL spectra of these fibers exhibited a PL peak at 

∼400 nm and are not shifted with the fiber diameter (Figure 3B). A possible reason for the 

observed shift in the band-gap energy would be the surface stress associated with the surface 

energy of the nanofibers. Banfield et al. [10] have demonstrated that the stress and strain in 

nanoparticles strongly affect their functional behavior. These authors report that the surface 

stress induced structural disorders and the consequent changes in the lattice parameter in the 

nanoparticles occur even on chemically passivated surfaces. A stress-related band shift has been 

reported for heterojunction superlattices [34] and semiconductor ceramics [35]. Concerning bulk 

TiO2, Camassel et al. [36] observed that the band gap increases because of the stress-induced 

breaking of the selection rule and resonance effects, when an external stress of several kilobars 

is applied [36]. In the case of nanofibers and nanoparticles, considerably high stress is likely 

to be generated by surface tension, which increases dramatically with decreasing nanofiber 

diameter/particle size. Thermodynamically, surface tension arises from the com- petition of 

surface atoms to attain lower energy states. A direct consequence of the surface tension is the 

compressive stress, the magnitude of which is inversely proportional to the radius of 

curvature. In the case of the TiO2 nanofibers developed in the present work also, we observed 

an inverse relationship between the band gap and fiber diameter. The observed shift in the 

band gap is thought to originate from the surface stress due to the enhanced surface energy of 

these nanofibers. The surface stress strains the lattice and thereby stiffens the solid. The lattice 

strain and distortion give rise to band modification by breaking the selection rule36 and/or by 

changing the Brillouin zone, in a way similar to that of the confinement-induced band 

modification [37]. Moreover, this stiffening of the surface-charge-induced stress affects the 

electron–hole mobility [34] and Ti-O binding energies, which, in turn, changes the band 
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structure. The surface stress in the electrospun TiO2 nanofibers was calculated using the 

Laplace equation for excess pressure for circular cross section. 

 
 
 
 
 

 
 

Figure 4. Variation of the excitonic peak energy and surface stress calculated based on the 

Laplace equation as a function of the fiber diameter. 

 

  

Figure 4 that there is a clear relationship between the surface stress, fiber diameter, and band-

gap energy of the nanofibers. The surface stress generates a strain in the fiber, the magnitude 

of which depends on the elastic constants of the fiber. Furthermore, we observed from the XRD 

patterns that the lattice strain decreases with an increase in the fiber diameter, consistent with 

the calculation of the surface stress. The results of fitting showed that fibers of lower diameter 

had higher strain values compared to fibers of larger fiber diameter. Indeed, the actual stress 

and strain and the associated phenomena such as lattice distortion and stacking faults [10] inside 

the nanofiber and the surface reconstruction at anatase TiO2 surfaces [38] are rather complex 

and could not be accounted for by such a simplified model. Nevertheless, the simplified model 

and the self-consistent results presented here definitely prove the enhanced importance of 

surface energies at the nanometer scale. 

 

4. CONCLUSIONS 
 

In conclusion, the anatase TiO2 nanofibers of variable diameters were fabricated by 

electrospinning of a polymeric solution and subsequent sintering. The sintered nanofibers were 

highly dense and polycrystalline and consist of uniform grains of average diameter ∼12 nm. 

An anatase to rutile structural transformation occurred in the nanofibers at temperatures lower 

than ∼570 °C. The rutile phase nucleated at the interface where an increased strain was observed 

as a result of the interaction between the surface energy and the forces that hold the grains 

together. These lattice strains were decreased with an increase in the fiber diameter. The surface 

stress in the fibers provoked a diameter-dependent shift in the absorption spectra. The 

excitonic peak showed a shift of ∼15 nm when the diameter of the fiber increased from 60 

to 150 nm. No complementary shift in emission spectra was observed; therefore, the shift in 

absorption spectra is unlikely due to the quantum size effect. 
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In this paper, experimental and numerical investigations were carried out to evaluate the drag force 

of a combined frame with movable vanes. For this purpose, the combined frame model was 

developed from a flat plate with three movable vanes and one Darrieus straight bladed NACA0012. 

A straight-bladed Darrieus NACA0012 airfoil is attached at the tip of the model structure. The 

design increases the starting and total torque of the model on the side, which rotates to wind 

direction, hence increasing the drag coefficient 𝐶𝑑 and reduces the negative torque on the other side 

of the frame that rotates opposite to the wind. Combined frame in experimental work is tested in 

the subsonic wind tunnel to analyze the performance parameters like drag force𝐹𝑑  and drag 

coefficient 𝐶𝑑. The frame is tested under different wind speed ranging from 4 m/s to 28 m/s, test 

results show the reliable and efficient performance. The results indicated that the maximum drag 

force 𝐹𝑑 for the combine frame is 6 N at experimental work and 5.649 at numerical simulation 

under the same condition (wind speed V=28 m/s and azimuth angle θ = 90°). Computational Fluid 

Dynamic software (CFD) ANSYS FLUENT is used in this simulation which is carried out for the 

combined frame to investigate the drag force and drag coefficient, The finite volume method with 

Shear Stress Transport (STT), k-𝜔 turbulence model is used, the predicted results show that the 

flow through the combined frame at the negative side when all the vanes are freely open. The static 

pressure drops across the combined frame when the combined frame rotates to the negative side 

and the resistance of the combined frame to the flow decreased. This case helps to increase turbine 

angular velocity (𝜔) and this leads to an increase in the power coefficient of the turbine. 
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I. INTRODUCTION  

 The need for the development of renewable energy has been increasing because of the 

continuing oil crisis and environmental pollution, and one of these resources is wind energy. The 

survey carried out in the USA and Europe showed that about 12% of the global power generation 

would be substituted with wind power by 2020 (http://www.spiedl.org/ 2015). Wind energy is the 

most potential renewable energy resource and low cost compared with conventional fossil 

resources. Wind energy can help in reducing the dependency on fossil fuel. Many countries realized 

the importance of wind energy as an important power resource. Necessary measures are being taken 

up across the world to harness maximum power from wind and its effective utilization in power 

production. It has been predicted that roughly 10 million MW of wind energy continuously 

available on the surface of the earth [1]. 

Wind turbine, which has a mainly horizontal axis type and vertical axis type, can convert 

wind energy into mechanical energy. Although the horizontal axis wind turbine (HAWT) is the 

most common type, the demand for a vertical axis wind turbine (VAWT) has been increasing in the 

world, especially the straight-bladed vertical axis wind turbine (SB-VAWT) because of its 

advantages such as low in price, easy installation and maintenance and many more. However, the 

capability of self-starting of the (SB-VAWT) is very low, which is one of its disadvantages. On the 

contrary, the Savonius and flat plate rotor, which are a drag-type (VAWT), has good starting 

performance. Therefore, the Savonius and flat plate rotors can be used as a starter for the (SB-

VAWT) to increase the start torque at low rotation and low wind speed. 

Takao and other researchers worked on improving the performance parameters with the 

addition of guide vane row around the turbine. As a result, they observed an increase in power 

coefficient to 0.215, which is 1.8 times higher than that of the original turbine without any guide 

vane row [2]. 

The straight bladed Darrieus vertical axis wind turbine (VAWT) is very attractive for its low 

cost and simple design. Here in the Caribbean, there is little use of wind turbines with more 

emphasis on solar energy. This research is generally towards sensitizing the general population to 

the possible use of wind turbines for the power generation [3]. Research has shown that properly 

designed wind turbines have the potential to compete with other renewable sources of energy and 

can be economically feasible [4]. Increasing the power output of these VAWT can increase its 

attractiveness as an option for power generation.  

The overall performance of a rotor is mainly influenced by rotor geometry, rotational speed, 

airfoil shape, the mean angle of attack, amplitude, and oscillation of the instantaneous angle of 

attack, Reynolds number, the turbulence levels and type of motion of the blades [5]. 

In this study, and to increase the drag force and the drag coefficient for the combined frame, 

different frame designs were tried. Varying the install points of airfoil NACA0012 with flat plate 

were tested, this case leads to increase the starting frame torque, total frame torque, and turbine 

output power. A combined frame model from SB- Darrieus NACA 0012 with three movable vanes 

flat plate is designed. Based on the wind tunnel tests data, the drag force, starting torque 

performance and drag coefficient were simulated and analyzed, and the feasibility of the 

combination was discussed.  

Payam Sabaeifard et al. [6] also, did a computational and experimental study into the 

aerodynamics and performance of small scale Darrieus-type straight-bladed VAWT and as a result, 
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it has been found that a 3-bladed turbine with 35% solidity has the best self-starting ability and 

efficiency among all geometries.  Jon De Coste [7] made a model of SB-VAWT using NACA0012 

profile evaluates the performance of it. It was found that VAWT performs well at certain TSR. At 

starting, it faces negative torque, which is referred to as “dead band” in which low or negative 

torque makes unable to start the turbine as low TSR. So, it considers as a major drawback of VAWT. 

Shrikant D. Had et al. [8] analyze the effectiveness of CFD used to simulate various airflows and 

directions for a model of VAWT. For accurately predicting the performance of VAWT various 

computational models can be used that can numerically predict the wind turbine performance and 

offers a tremendous benefit over classic experimental technique. 

Rosario Lanzafame et al. [9] describes the strategy to develop a 2D CFD model of H-Darrieus 

Wind Turbines. The model was implemented in ANSYS Fluent solver to predict wind turbine 

performance and optimize its geometry. As the RANS Turbulence modeling plays a strategic role 

in the prediction of the flow field around wind turbines, different Turbulence Models were tested. 

The results demonstrate the good capabilities of the Transition SST turbulence model compared to 

the classical fully turbulent models. The 2D CFD model was calibrated and validated comparing 

the numerical results with two different types of H-Darrieus experimental data, available in 

scientific literature. A good agreement between numerical and experimental data was found. 

2. METHODOLOGY 

2.1 The blade design and fabrication 

This paper presents the design of the combined wind turbines blade, which is measured by a 

drag force, and drag coefficient for the combined model blade in order to evaluate the proposed 

designs. The model consists of a flat plate with three movable guide vanes and a shaft. Installation 

of SB- Darrieus NACA 0012 airfoil  [10] was made to increase the performance of the combined 

wind turbine blade. 

2.1.1 Vane 

The flat plate is fabricated with 3 sections of horizontal movable vanes which attached to a 

blade, these movable vanes are able to open or close perfectly depends on wind direction. 

Performance of movable vanes is to be evaluated based on its drag force. Therefore, the blade has 

been designed based on the consideration to get high values of the drag factor. The dimensions of 

this vane are, width c=5.6 cm, height H=11 cm, thickness t = 1mm. 

 

H 

c 

Movable    

Vanes 

Closed 

Figure  1: Flat Plate with Closed Movable 

Vanes. 
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2.1.2 Straight bladed- Darrieus NACA 0012 airfoil 

In this design, NACA 0012 airfoil is selected, see in Fig. 2. (a) The selected airfoil is 

symmetrical and the four digits of any NACA series airfoil define the wing profile by the following: 

 Maximum camber as a percentage of the chord is described by the first digit. 

 The distance of maximum camber from the airfoil leading edge in terms of a percent of the 

chord is described by the second digit. 

 The maximum thickness of the airfoil as a percent of the chord is described by the last two 

digits. 

From the above three points, the selected airfoil profile is described that it has no camber and 

it has 12 % thickness to its chord length ratio. 

 

 

                                                                                                 

 

 

2.2 Combined blade 

The shape of a combined blade vertical axis wind turbine under test has constructed from mild steel 

(only NACA 0012 airfoil constructed from PLA thermoplastic), with vane dimensions, c = 5.6 cm, 

H=11 cm, t =1 mm, as drag device and the Darrieus wind turbine dimensions for NACA 0012 

airfoil was selected considering its thickness and aerodynamic performance. The chord length C = 

0.035 m, airfoil thickness t =0.12C = 0.0042 m as a lift device. The specifically designed combined 

structure is shown in Figure 3. 

The wind tunnel uses stationary turbofan engines that suck air through a duct, equipped with 

a viewing port and instrumentation where model on the shaft are mounted for experimental work.  

Drag coefficient 𝐶𝑑, for each model can be calculated as: 

Figure  2. (a) NACA 0012 Airfoil; (b) Straight Blade Profile for VAWT 

Designed in Solid Works. 

Figure  3. (a) Front View for Combined Blade, (b) Blade in Wind Tunnel. 
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𝐶𝑑  =𝐹𝑑 / (0.5ρA𝑉2) 

Where:  

𝐹𝑑 = Drag force, ρ = Air density, A = Projected area, V = Wind velocity. 

The tests were carried out using the wind tunnel in a laboratory. The experiment setup of 

combined design in the wind tunnel is shown in Figure 3. The operating range of wind velocity is 

(4-28) m/s. The results later will be measured under wind velocity variations for investigating these 

designs. 

2.3 Experimental results and discussion 

The combined blade was placed in the middle of a wind tunnel and the blade was subjected to 

the wind that was traveling up to a maximum velocity of 28 m/s. As the wind velocity increases, 

the blade rotates faster, resulting in the increase in drag force as shown in Figure 4. indicates that 

the combined blade has shown a significant increase in drag force with the increase of wind 

velocity. The maximum drag force 5.989 N, at wind speed 28 m/s.  Figure 5 shows increasing wind 

velocity leads to decreasing drag coefficient 

 

 

Figure 6 shows the drag coefficient results for the combined blade with different azimuth 

angles (𝜃). 
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2.4 The test for combined blade design in CFD software 

 

For test confirming, the combined blade as shown in Figure 7 is testing by using CFD 

software [Fluent 14.5, 𝑘 − 𝜔] at different wind speeds. Figures (8, 9) show the top view airflow 

pressure and velocity distribution on combined blade closed vanes position at azimuth angle 𝞱 = 

90ᵅ under action two wind speed values (𝑉𝑤𝑖𝑛𝑑 = 6  𝑚/𝑠  and   𝑉𝑤𝑖𝑛𝑑 = 28  𝑚/𝑠). 

The results of the test for combined blade design using CFD Fluent, 𝑘 − 𝜔, standard Shear 

Stress Transport (SST) software show that the airstream passes on the side of the combined blade 

with high speed, and the design can decrease the effect of vortex creating behind the combined 

frame. The theoretical results from CFD software show that the combined blade has the high drag 

force. The CFD software test is confirming the results obtained by the experimental tests in the 

wind tunnel. 
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Figure  7: Combined Frame Tested in CFD 

Software. 
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Figure 8: Top View Air Flow Pressure Contour Distribution on One Combined Frame Closed 

Vanes Position Under Action Wind Velocity 28 M/S with Azimuth Angle 𝞱 = 90ᵅ By CFD 

Software 

 

 

 

Figure  9: pressure Contour Distribution on One Combined Frame Closed Vane Position (V= 28 

M/S) With Azimuth Angle 𝞱 = 90ᵅ By CFD Software 

 

 

3. CONCLUSION 

 

In this paper, an attempt was made to measure the performance flat plate blade and a combined 

straight bladed Darrieus - flat plate blade. The following conclusions are summarized in the study. 
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 The combined model blade has shown a significant increase in drag force and drag 

coefficient as a result when tested with wind velocity variations. The design enables the wind 

turbine to capture high wind energy, hence generating higher torque. 

 The scoop condition of the blade enables higher positive torque, the higher angular speed 

of a rotating shaft by using straight bladed Darrieus NACA 0012 airfoil attached to the blade which 

produces better lift force and high angular velocity 

 The movable vanes act to produce maximum positive torque while reducing the negative 

torque as it is opened when in the opposite direction of the wind. 

The presently combined blade can be used with the Darrieus-type vertical axis wind turbine as its 

producing higher starting torque and a higher number of revolutions (RPM) by minimizing the 

disadvantage of Darrieus-type when starting at a low wind speed condition. 
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Gallium nitride (GaN) nanocrystalline (NC) thin films (TH) were deposited on different 

surfaces of material as substrates; quartz, glass as well as fluorine-doped tin oxide (FTO) using 

radio frequency (RF) reactive magnetron sputtering method. The effects of substrate type on 

structural and morphological properties of GaN-NCTH were studied. X-ray diffraction 

analyses and field-emission scanning electron microscopy (FESEM) images showed that the 

GaN particles have covered all surfaces of the substrates with a smooth arrangement. The root 

mean square (RMS) surface roughness was 30.8, 1.45 and 1.46 nm for the GaN-NCTH 

deposited on FTO, glass and quartz substrates, respectively. Based on the GaN-NCTH prepared 

onto glass substrate, the optical bandgap was calculated to be 3.38 eV. 

 

Keywords: GaN nanocrystalline; RF sputtering; thin film; Epitaxial growth. 

 

 

1. INTRODUCTION 

GaN is a semiconducting material with a wide and direct bandgap of 3.4 eV, superior 

optical characteristics and good thermal constancy with binding energy of excitation of 26 

MeV, [1, 2]. GaN as a Bulk is troublesome to prepare owing to its excessive deposition states 

and complicated methods. Fortunately, with the extension and development of synthesis 

methods, GaN substrates with variety dimensions are now mercantile obtainable [3]. The 

epitaxial growth of GaN on various substrates for device fabrication is a modern and typical 

technology that reduces the cost and dimensions of GaN in bulk form.  

The heteroepilayers of GaN are commonly displayed with a large ratio of defects 

containing a high value of n-type carriers and threading disruption [4-7]. Many preparation 

methods including chemical bath deposition techniques are high in expenditure for growing 

http://etn.siats.co.uk/
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GaN-NCTH and extremely beneficial in nanomaterials fabrication. Nevertheless, the 

precursors used in previous studies were high cost and not easily obtainable. On the other hand, 

the ideality and efficiency of the grown films prepared by chemical solution methods were not 

equal to those of other methods in characterizing the optical properties and surface morphology 

[8]. So, in this work, a simple method was explored to obtain a high efficiency of GaN-NCTH 

by the RF sputtering method. In this context, a successful preparation of epitaxial GaN-NCTH 

onto glass, FTO and quartz substrates by this method was reported. 

 

2. EXPERIMENTAL PROCEDURE 

GaN-NCTH was prepared via radio frequency (RF) reactive magnetron sputtering on 

FTO, glass and quartz substrates. The growth time was recorded to be 80 minutes to produce 

thin GaN-NCTH with a thickness of 200 nm ± 5 nm. A disk of GaN (99.99% purity with 3 in 

diameter) was used as a target. Meanwhile, argon and nitrogen with high purity (99.99%) were 

used as sputtering gas at a steady ratio of 5%. All procedure details on cleaning method of the 

substrates, vacuum of preparation chamber and other conditions such as pressure, RF power, 

deposition temperature as well as characterization instruments, operation conditions of tools 

and setting parameters used in this study have been briefly described in the previous work [9, 

10]. 

 

   3. RESULTS AND DISCUSSION   

Figure 1 displays the FESEM images of GaN-NCTH grown on FTO, glass and quartz 

substrates with two magnification images (50.000 and 300.000 x). It was apparent that the 

deposited GaN-NCTHs have homogeneously covered the whole surface of the substrate 

without any crack. However, GaN-NCTH on FTO substrate appeared aggregated to form large 

grains, whereas the TH deposited on quartz and glass substrates showed a smooth arrangement 

of GaN particles on the surface with a very flat surface and a very small aggregation to form 

tiny grains.  

 

 

 

Figure. 1: FESEM images of GaN-NCTHs prepared on different substrates. 
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Figure 2 displays three dimensions AFM images of the surface morphology of GaN-

NCTHs grown on various substrates. The surface roughness of the GaN-NCTHs was calculated 

by investigating the AFM images using NanoScope Analysis program. Evidently, it was seen 

that the type of substrate had affected surface roughness. The RMS values of GaN-NCTHs 

grown on FTO, glass and quartz substrates were 30.8, 1.45 and 1.46 nm, respectively. In the 

meantime, the prepared GaN-NCTHs on glass and quartz displayed a smoother surface 

morphology compared to that deposited on FTO substrate. The large and rough surface area of 

GaN-NCTH on FTO substrate may have improved the photo-scattering activity and increase 

light absorption [11,12]. Subsequently, the RF sputtering technique can be used to prepare 

GaN-NCTH with high quality and least defects for future applications in the field of 

optoelectronic nanodevice. Moreover, the EDX analyses of all GaN-NCTHs showed the 

existing of Ga and N atoms in the films, thus supporting the synthesis of GaN-NC. Furthermore, 

Figure 3 exhibits that the ratio of Ga to N was changed with the substrate type. The Ga to N 

ratios of GaN-NCTHs grown on various substrates are recorded in Table 1.  

 

 

Figure. 2: AFM images (3D) of GaN-NCTHs prepared on different substrates. 

 

 

Figure. 3: EDX spectra of GaN-NCTHs grown on various substrates. 
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Table 1: EDX analysis results for the GaN-NCTHs grown on various substrates. 

 

These values displayed a best stoichiometry compared to the other two samples for the 

sample prepared on FTO substrate. On the other hand, results showed that this sample has 51.53 

wt.% Ga and 26.35wt.% N as well as the signal of Si in other samples that comes from the 

substrate. However, the presence of O atom maybe because of the surface contamination 

growing from substrate through deposition operation [4]. 
 

           3.2. Structural analysis and energy gap 

 

Figure 4 exhibits XRD graphs of GaN-NCTHs prepared on various substrates. All 

prepared films demonstrated different peaks that are in line with the criterion value of bulk 

GaN having a hexagonal structure (JCPDS card no. 50-0792) as earlier investigated for GaN-

NC [13-15]. The XRD Peaks of the samples grown on FTO and quartz substrates were noted 

as (100), (004), (202) and (100), (002), (004), respectively. In addition, the six detected peaks 

with higher intensity were seen belonged to FTO substrate (JCPDS card no. 30-1375). 

Dominant peaks were observed in Figure 4 and indexed as (100), (102), (110) and (200), (201) 

for GaN-NC grown on glass substrates. Meanwhile, the lattice constants (L.C) a and c, strain 

(ζa, ζc), size of crystalline (D) and  lattice mismatch (d) were obtained from the highest peak 

namely (100) using famous equations [16, 17] as listed in Table 2. 

  Table 2: Structural parameters of GaN-NCTHs prepared on different substrates. 

 

Substrate 

 

Lattice Constant Strain 

) (%)a(ζ 

 

Strain 

) (%)c(ζ 

 

Crystalline 

Size 

D (nm) 

Lattice 

Mismatch 

d (%) a c 

FTO 3.184 5.177 -0.15 -0.15 6.11 -0.077 

Glass 3.240 5.136 1.59 -0.94 10.37 1.2 

Quartz 3.162 5.182 -0.84 -0.05 7.21 -0.667 

 

 

 

Substrate 

Ga N Si O 

weight 

% 

Atom 

% 
weight % 

Atom 

% 

weight 

% 

Atom 

% 
weight % 

Atom 

% 

FTO 51.53 31.53 26.35 9.47 0 0 22.12 59 

Glass 55.21 24.52 1.81 4 14.1 15.56 28.88 55.92 

Quartz 57.05 23.54 3.57 7.33 2.16 2.21 37.22 66.92 
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Figure. 4: XRD graphs of GaN-NCTHs prepared on a variety of substrates. 

 

The optical energy gap was calculated (Fig. 5) by drawing the intercept of tangent to 

the curve in the (αhν)2 versus hν schemes according to the standard formulae [9, 18]. The 

energy gap of GaN-NCTHs prepared on glass substrate was 3.38 eV, which was very close to 

the value earlier reported [19-21]. 

 

 

Figure. 5: A plot of (α hν)2 versus (hν) of GaN-NCTHs prepared onto glass substrates. 

 

         4. CONCLUSION 

In summary, the GaN-NCTHs with hexagonal structure have been grown at room temperature 

by the RF sputtering method with a low thickness on various substrates. All results in this study 

showed that the types of substrate affected the structural and morphological properties of the 

prepared samples. Furthermore, the energy gap has been calculated for sample grown on glass 

substrate and found to be equal to 3.38 eV. 
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The research involves the preparation of the nano-accepters, titanium dioxide (TiO2). It is 

diagnosed by different techniques such as IR, AFM, SEM, XRD and EDX, which illustrated 

the topographic features and features of the nano-crystalline prepared in terms of crystalline 

level, size of minute, pore shape, and elements analysis and et al. The study also includes a 

spectroscopic study of the transfer complexes of the charge using nano-TiO2 as the accepter’s 

electron with the alizarin dye extracted as donor electrons using absolute ethanol as a solvent. 

The Bensi-Hildebrand equation is applied to calculate the equilibrium constant and the 

molecular absorption coefficient of the resulting complex. The linear relationship resulting 

from the application of the equation showed that the forward ratio of the talent to the receiver 

is 1: 1.  The effect of temperature change at the range (293-313 °K) was study on the 

equilibrium constants calculated from the Bensi-Hildebrand equation and used in the 

calculation of thermodynamic functions ΔH°, ΔS° and ΔG°. Negative values ΔG° showed that 

the reaction was automatic and the positive values ΔH° Indicate that the interaction of the 

composition of the complex is endothermic, while the positive values ΔS° are indicative of the 

random reaction. The stability energy of the complex complexes is calculated and is equal to 

(2.24 eV) as well as the calculation of the ionization Potential and the dissociation energy of 

the excitation state of these complexities and other physical properties. The kinetics of the 

transition of the prepared charge complexes were studied in the absolute ethanol solvent. The 

results of the study showed that the kinetics of the formation and decomposition of the 

complexes are first order.  

 

 

Keywords: AFM; XRD; TiO2. 

 

1. INTRODUCTION 

 
      This research diagnoses charge transfer study by donor alizarin by acceptor nanoparticle, 

as the large-scale and important charge transfer study and used in most of areas science and 

chemical.  

http://etn.siats.co.uk/
mailto:abudlayla@gmail.com
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In 1961, Dewar and Lepley[1] (1961) shows that the charge transfer complexes of the electron's 

partial movement from the donor molecule (or rarely of the atom) to the acceptor molecular  as 

the partial transfer of the charge means the transmitted electron spends most of the time next 

to the acceptor molecule (A) its more than his survival to the donor molecule (D). The unequal 

distribution of electrons in the different molecular regions leads to an unstable high-energy 

state. Electronic high-density regions (electron donor regions) tend to give electrons to low-

density regions (electron acceptor regions) this state causes weak bonds between the molecules 

themselves and formation of self-partial correlations or between different molecules.  

    These weak bonds form molecular complexes that have few composition energies (several 

kilocalories for one molar). They are not stable but decompose and consists of a new, and these 

complexities cannot be separated in pure condition and can be diagnosed in solution only in 

physiological and most important spectral methods. The concentration of these molecular 

complexes is subject to the equilibrium constant and depends on temperature and gives the 

ratio between the complex concentration and concentration or concentrations of the free 

particles formed from it. 

    Studies demonstrate the importance of using charge transfer complexes in estimation of a 

number of amino and pharmacological compounds [2]. 

Nanotechnology is of a micro-nanoparticles technology Infinitesimal and specialized in the 

treatment of mater on the nanometer to produce new products that are unique in their properties 

[3]. 

    Nanomaterials are materials ranging from 0.1nm to 100m. These measurements are different 

in size and characteristics compared to materials larger than nm100, which can be organic or 

inorganic [4]. 

    Some of the materials and compounds were in sizes according to the nanometer 

measurements, making them possess characteristics that are not available when they are in their 

normal size. They possess electrical, magnetic, thermal and optical characteristics that are 

completely different from those observed in the materials when their minutes are in their 

normal state. The reason for this is due to the new arrangement in which the atoms take after 

the re-arranged nanometers measurement [5]. 

 

2. EXPERIMENTAL PROCURER  

Material and Method   

                                                 

 Chemical  Purity  The company  

Ethanol 99.9% GCC-England 

Hydrochloric acid 99% Riedel-de haёn 
Titanium dioxide %99 BDH 

Sodium hydroxide 99.9% MERCK 

Petroleum ether %99 ROTH 
Alizarin yellow dye extract  

 

The used instrument                                                  

Termaks-S-No104544-Germany Drying Oven 

Sartorius Lab-BL 210 S Germany Balance Electric 

Hotplate-Jlassco Hotplate Stirrer 
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Shimadzu UV– Visible Spectrophotometer 
UV-1650PC 

UV-Visible Spectrophotometer 

Shimadzo IR Affinity -1 Infra-Red Spectrophotometer 
Shemadzu– XR – 6000 X-Ray Diffraction(XRD) 
 Atomic Force Microscope 
 Scanning electron microscope  (SEM) 
YCW012S         A Thermal Shaking Water Bath  

           

 

Preparation of TiO2 nanoparticles 

 

  10gm of industrial TiO2 was added to 50ml of 10mM NaOH in a 250ml reaction flask and 

then placed at a temperature of 110 °C in an oil bath for 35 hours with intermittent hours. After 

that, 10ml of concentrated hydrochloric acid was added slowly with stirring until we get pH = 

7 after filtration and drying process and then taken for measurement [6]. 

 

Preparation Charge Transfer Complexes  

 

   The charge transfer complex preparation for nano-acceptor with electron donor alizarin 

yellow dye, are prepared in an analytical solution 

1- Preparation of the alizarin dye solution: A standard solution at a concentration of 5x10-

4M was prepared in a volumetric flask 50ml and completed with the absolute ethanol 

solvent. Series of concentrates were prepared to form the complex (3.5 x 10-4-1x10-4M). 

2-  Preparation of the acceptor solution: A standard solution (5x10-4 M) was prepared in a 

50ml and completed with the absolute ethanol solvent. Concentrates were prepared. 

(1x10-5M). 

3- To mix alizarin solution and nano-acceptor is acceptor concentration is constant, and 

donor concentration is variable and using reference acceptor, should be the donor 

concentration is much greater than the acceptor concentration. for calculate (KCT) and) 

Ɛmax). 

4-  After passage (15-30 min) to the (λmax) measurement for complex by UV-Visible 

Spectrophotometer. From the result of the spectrum, the physical constants of these 

complex can be calculated according to mathematical relations. 

 

Effect of temperature on the formation of complex and the calculation of thermodynamic 

fraction  

 

    The complex solutions were prepared for each concentration in a 10ml volumetric flask and 

used a thermally controlled water bath to maintain the automatic temperature stability less than 

± 0.1 °C. After adjusting the desired temperature (293-313 °K).  

 

Study of the kinetic charge transfer complex at different temperatures 

 

   Prepare (1x10-3 M) for both the acceptor and donor (as a complex) of a standard solution of 

concentration (5 x 10-4M) in a volumetric flask size (10ml) and complete with absolute ethanol. 

To followed of the absorption values with time using UV-visible, using the acceptor as a 

reference solution, the (λmax) of the complex was fixed with the temperature constant at (293-

313°K). The rate constants were calculated by applying the information obtained from the 
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curve graph between (lnA0 / At) Vs time according to the first order equation, Activation energy 

of the charge transfer complexes. 

 

3. RESULTS AND DISCUSSION                                                  

  FT-IR of TiO2 nanoparticles                                       
      

It showed the infrared spectrum of TiO2 nanoparticles in Figure (1) beak at 451 cm-1 which is 

due to stretch bond Ti-O , stretching 3531 cm-1 and the strong bands of 1662 cm-1 They 

indicate the presence of groups (OH) because they are the adsorption of TiO2 to moisture from 

the atmosphere fast due to its effective nanoparticle size [7].  

 

 
Figure. (1) FT-IR for nano-TiO2 

 

X-ray diffraction of TiO2 Nanoparticles  

The figure (2) for X-ray diffraction of TiO2 Nanoparticles, where calculating the size of the 

nanoparticles are prepared by the Debray Shearer equation (8). 

  

D =  
K λ

β cos θ
                                                                                                                              (1) 

D= size minuet be unit (nm) 

K=Deby constant is equal (0.9)  

= wave length for X-ray is equal 1.5406 A
ͦ
 for (Cu) λ 

β= Full Width at Half Maximum (FWHM) is unit (deg) 

θ = Diffraction angle is unit (deg). 

 

    The equation above showed that the particle size of the TiO2 is measured at 27.21nm. The 

results show the highest values of diffraction angles (25.5,31.9,48.1). These angles 

corresponded to the values of (001,101,200) respectively, Miller for each material and by which 

they can know the form of minutes figure which is cubic, cylindrical or other forms.     

 

 
Figure (2): Diffraction of X-ray for TiO2 
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AFM of TiO2 Nanoparticles 

 

          Using the AFM technology in the diagnosis of minutes the diagnostic results are 

illustrated in Figure (3).         

 

 
Figure (3): AFM measurement for nano-TiO2 

    

     The highest peak of the nanoparticles is (18 nm) as shown in the figure above in the three 

and two-dimensional picture of the sample. Where the results interpretation for the 

nanoparticles shown in Table (1), the diameters differed. That is nanoparticle diameters ranged 

(60-125nm), that is average diameter was (89.66nm). This average  included minutes of 10% 

in diameter (65nm) and 50% in diameter (85nm) and the largest percentage of the minutes of 

90% nano-TiO2 was(115nm) [9]. 

 

Table 1 distribution Percentage for nano-TiO2 

 

Avg. Diameter:89.66 nm <=10% Diameter:65.00 nm 

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

Diameter(
nm)< 

Volum
e(%) 

Cumulati
on(%) 

Diameter(
nm)< 

Volum
e(%) 

Cumulati
on(%) 

Diameter(
nm)< 

Volum
e(%) 

Cumulati
on(%) 

60.00 
65.00 
70.00 
75.00 
80.00 

3.33 
3.33 
10.00 
10.00 
11.33 

3.33 
6.67 
16.67 
26.67 
38.00 

85.00 
90.00 
95.00 
100.00 
105.00 

6.00 
8.67 
8.00 
6.67 
10.00 

44.00 
52.67 
60.67 
67.33 
77.33 

110.00 
115.00 
120.00 
125.00 

4.67 
7.33 
4.67 
6.00 

82.00 
89.33 
94.00 
100.00 

 
Figure. (4): distribution Percentage for nano-TiO2 
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 SEM of TiO2 Nanoparticles 

 

    The scanning electron microscopy image shows a Three-dimensional exterior appearance of 

the nano-TiO2 figure at (500nm) shown in Fig.(5) presents the clear clusters of nanoparticle  is 

shown nano-particle [9]. 

 

 
Figure.(5): SEM of TiO2 Nanoparticles 

 

 

EDX of TiO2 Nanoparticles   

 

   The use of EDX technology to find out the elements in the prepared materials also know the 

extent of purity. The results of the analysis of TiO2 shows that Ti and O a large proportion  in 

Table (2) and also the Na, Cl elements attributed to the presence of remnants of the initial  

materials involved in the reaction, In addition, TiO2 prepared nanoparticles were pure due to 

the of overlapping band of impurities as shown in Fig(6) [10].           

 

Table 2 Proportion of elements in the sampled nano-TiO2 sample. 

 

Element Weight% Atomic% 

O 52.72 68.33 
Na 19.61 17.69 
Si 4.16 3.07 
Cl 4.78 2.80 
Ti 18.73 8.11 

Totals 100.00 100.00 
 

 
Figure. (6): X - ray dispersion spectroscopy of nanoTiO2. 
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Charge transfer complexes results  

 

   Alizarin extracted from the madder plant was used as a donor because for abundance of 

electrons (n) in combination with acceptor electronic (nano-TiO2) to form complexes of charge 

transfer by solvent ethanol polar , after the stability of the solution for a quarter of an hour was 

up absorption band  between the donor and acceptor, as showed in table ( 3).  

 

      

Table 3 Absorption band for Alizarin extract and nano-acceptor in UV.Visible. 

 
λmax/ nm 

ε /cm-1. L. mol-1 
Color Acceptor 

λmax/ nm 
1-. L. mol1-ε / cm 

Color Donor 

268      282 
(3186)    (2938) 

White 2TiO-nano 
432 

(1098) 
Yellow Alizarin 

     

Table (4) shows the physical constants of the acceptor used during the study. As shown, the 

nano-TiO2 was obtained by using the chem. office program. 

 

 

Table 4 Physical constant for nano-acceptor. 

 
EA(eV) b a Acceptor 

13.36 -4.928 1.622 nano-TiO2 

 

Bensi-Hildebrand equation results   
 

     Figure (3-6) represents an application of the Benesi-Hildebrand equation for charge transfer 

complexes between alizarin and nano-acceptor at 25 °C.       

The values of the physical constants (hυct, W, Ip, EA, λct, Kct, ε ct) are calculated in 

UV.Visible regions are shown in Table (5). The Benesi-Hildebrand equation is applied by 1: 1 

(donor:acceptor) on the complex. 

From values obtained for these complexities show that the alizarin is rich electrons for type (n). 

It is expected that the charge transfer complexes formed with the nano-acceptor receptor are 

inter molecular.  

The plot between [A0]/O.Dct and 1/[D0] to find the stability constant KCT  from slope and from 

intercept find  ƐCT value , table (5) and figure (7) show the value .  

 

Table 5 The values (hυct , W , Ip , EA,λct, Kct , εct  ) for charge transfer with nano-acceptor. 

 
W 

(eV) 
Ip 

(eV) 
hυct 
(eV) 

EA (eV) Ɛct 

(mol-1.m2 ) 
Kct 

(mol-1. m3) 
λct 

 (nm) 
Acceptor 

15.54 4.42 2.24 13.36 500 333 554 nano-TiO2 
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Figure. (7): Bensi-Hildebrand equation application for charge transfer with nano-TiO2 at 25°C 

 

were used different temperatures in range (293-313 °K) to find the stability constant by Bensi-

Hildebrand equation application as in the following forms (8) to (11) and to find the 

thermodynamic functions (ΔH°, ΔG°, ΔS°). By using the following equations:  

 ln 𝐾 = −
𝛥𝐻

𝑅𝑇
 + lnC                                                                                                         (2) 

ΔG = - RT ln K 

ΔG = ΔH- T ΔS 

thermodynamic functions (ΔH°, ΔG°, ΔS°) to found in table (6). 

 
Figure. (8): Bensi-Hildebrand equation application for charge transfer with nano-TiO2 at 

20°C 

 

 
Figure (9): Bensi-Hildebrand equation application for charge transfer with nano-TiO2 at 30°C 
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Figure (10): Bensi-Hildebrand equation application for charge transfer with nano-TiO2 at 

35°C 

 

 
Figure (11): Bensi-Hildebrand equation application for charge transfer with nano-TiO2 at 

40°C 

 

 

Table 6 Stability constant and thermodynamic functions value for charge transfer complex. 

 

nano-TiO2 
KCT 

mol-1.m3 
T °K 

Donor 

ΔG° 

J.mol-1 

ΔS° 

J.mol-1. K-1 

ΔH° 
J.mol-1 

Alizarin 
Yellow 

-112.18 61.222 135019 100 293 

-143.9 60.301 333 298 

-150.82 59.329 380 303 

-188.92 58.49 1600 308 

-205.29 57.607 2667 313 

 

   

  We find that the value of ΔH° is positive, indicating that the reaction is Endothermic, and the 

negative ΔG° values indicate that the reaction occurs automatically to form charge transfer 

complexes and the reaction is automatically increased by increasing the temperature. Positive 

ΔS° values indicate that the alizarin molecules are in continuous motion which increases the 

difftion of nano-TiO2 molecules.  

Charge transfer complex kinetic  

 

    The kinetics of charge transfer complexes study between alizarin extracted and nanoparticle 

(nano-TiO2), to find the reaction rate and activation energy of the implicitness reactions that 

are formed during charge transfer process.  

y = 5E-07x + 0.0008
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    By drawing between time and absorption as in Fig. (12), and between lnC and lnr, it was 

found that the reaction rate for complex, of the  charge followed the first order as in Fig. (13) 

and the application of the first order equation between the lnAₒ/At vs time to find the reaction 

rate constant from slope , show the figure (14) to (18) and table (7). The plot between 1/T vs 

ln K to find the activation energy value   

           

 
Figure (12): reaction rate for charge transfer complex 

 

 
Figure (13): Reaction order for charge transfer complex 

  

 
Figure (14): first order equation application for charge transfer complex in 20°C

ͦ
 

 

 
Figure (15):first order equation application for charge transfer complex in 25°C

ͦ
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Figure (16): first order equation application for charge transfer complex in 30°C

ͦ
 

 
Figure (17): first order equation application for charge transfer complex in 35°C

ͦ
 

 

 
Figure (18): first order equation application for charge transfer complex in 40°C

ͦ
 

 

Table 7 Reaction rate constant and activation energy value in different temperature for 

charge transfer complex   

k min-1 T °K 

4.03 x 10-2 293 

4.45 x 10-2 298 

5.71 x 10-2 303 

5.86 x 10-2 308 

6.6 x 10-2 313 

17826.04 Ea (J.K-1.mol-1) 
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4. CONCLUSIONS 

 

It was concluded that the measured oxide (TiO2) is a nanoparticle and can be applied to 

improve the physical and chemical properties of the dye. The best ratio of the kinetic study 

was found to be 1: 1 as shown by the measurements (HPLC, AFM, SEM), and the values of 

the physical constants between the dye and the nano-oxide can be calculated. 

In the kinetic study it was found that the reaction of the charge transfer   complexes of the 

follows first rate at energy activation is (17826.04 J.K-1.mol-1). 
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The current–voltage (I–V) characteristics of Schottky diodes on free-standing GaN substrate 
are investigated by using electrical characterization and analytical modelling calculation. We 
have calculated the electrical parameters from experimental current-voltage curve by two 
methods: ln(I) and Cheung. So, we calculated different electrical parameters using 
experimental I-V curve such as saturation current, ideality factor, series resistance and barrier 
height. We have found from the first method, the ideality factor n (1.02), the barrier height b 

(0.65 eV) and a series resistance Rs (84 Ω). From the second method, we have found, n (1.09), 
b (0.79 eV) and Rs (79.58 Ω - 79.73 Ω). Using analytical approach, we plotted the theoretical 
curves for comparison with the experimental characteristic and also to determine the dominant 
current transport mechanism. The results found support an assumption that the dominant 
current mechanism in Au/n-GaN (free-standing substrate) Schottky diode is the thermionic 
current.  
 

 

Keywords:  I-V characteristics, Gallium nitride free-standing, Schottky diode, Analytical 

modeling. 

 

1. INTRODUCTION 

 
Wide band-gap nitride semiconductors continue to attract attention as materials for novel 
optoelectronic and electronic devices. From these semiconductors, we find the GaN and related 
nitride compounds which show great promise for applications in optical devices (LEDs), laser 

http://etn.siats.co.uk/
mailto:h_mazari2005@yahoo.fr
http://www.tandfonline.com/action/doSearch?Keyword=current%E2%80%93voltage%20characteristics
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diodes (LDs), metal-oxide-semiconductor field effect transistors (MOSFETs), high electron 
mobility transistor (HEMTs), THz detectors etc. 
 
Metal–semiconductor (MS) contact is one of the most widely used rectifying contacts in 
electronic industry [1-3]. Much work has been done on developing Schottky and ohmic 
contacts to n-GaN [4]. For realized these contacts a high contact resistance has plagued many 
contact metallizations to GaN, leading to poor device performance [5]. Also, GaN can be used 
for high temperature devices and hence the contacts need to with stand elevated temperatures 
without breaking down. Free-standing GaN substrates [6-8] are thus expected to open the way 
to explore the intrinsic performance of GaN and its related alloys. 
 
In addition to previous studies on the Au/GaN (free-standing) structure [8-10] we have found 

it useful to analyze its current-voltage characteristic to provide more information,. The 

objective of this work is to use this substrate for the realization of other structures such as the 

Hemts transistors and the THz detectors which exploits the Gunn effect in the GaN 

substrate.So, we report on the study of the electrical behavior of Schottky diode realized on 

free-standing GaN substrate (Au/n-GaN). We have extracted the electrical parameters of 

experimental I-V curve by two methods (lnI-V and Cheung) and then we plotted the theoretical 

characteristics using analytical modeling in order to determine the dominant current in this type 

of structure. 

 

2. EXPERIMENTAL METHOD 

 
The samples GaN (type n) unintentionally doped were manufactured by the company Lumilog 
who used the HVPE growth technique (Hydride vapor phase epitaxy). The thickness of the 
GaN substrate is 200 μm and it’s free-standing (Fig.1).  
 

 

 
 

Figure 1 free-standing GaN substrate. 
 

 
The contact Schottky used is the gold (Au), was carried out by sputtering (substrate carrier at 
a temperature  300°C), with area contact equals to 1.96×10-3 cm2. The ohmic contact is formed 
on the rear face using the silver (Ag). The schematic diagram of vertical Au/n-GaN structure 
(SBD: Schottky Barrier Diode) is shown in Fig. 2.  
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a. Schematic of vertical Au/n-GaN structure                    b. Presentation of vertical Au/n-GaN                     
structure 

 
 

Figure 2 Schematic and presentation of Au/n-GaN structure (SBD). 

 

To characterize our samples electrically, we used the measurements of current with a measuring 

instrument "HP 4155 B, Semiconductor Parameter Analyzer". 

The current-voltage (I-V) measurements of Au/GaN Schottky diode are illustrated in Fig. 3. 

The experiments are taken at room temperature. 

 

 
Figure 3 I-V measurements 

  

 

3. RESULTS AND DISCUSSION 

3.1 Experimental study 

 

The current-voltage (I-V) curve is illustrated in Fig. 4. We observed that the structure presents a 

rectifier behavior for forward bias voltage and the reverse current shows a weak voltage 

dependence. The change in the slope of this characteristic for high forward bias is caused by the 

effect of the series resistance. 
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Figure 4 Experimental I-V characteristic of the Au/n-GaN Schottky diode (SBD) at room 

temperature [8]. 
 

The current through a Schottky barrier diode (Au/n-GaN SBD) with Rs at the forward bias, 

according the thermionic emission (TE) theory, is given by the relation [11]: 

 

ITE = ITE0exp (
q(V-RsI)

nkT
) 𝐼𝑇𝐸 = 𝐼𝑇𝐸0𝑒𝑥𝑝 (

𝑞(𝑉−𝑅𝑠𝐼)

𝑛𝑘𝑇
)                                                              (1)

                                                                                   

 

where ITE0 is the saturation current, q is the electron charge, Rs is the series resistance of 

structure, n is the ideality factor, k is the Boltzmann constant and T is the absolute temperature 

in Kelvin. 

The saturation current ITE0 derived from the straight line region of the forward-bias current 

intercept at a zero bias and is given by: 

 

ITE0 = AA*T2exp (-
qϕb

kT
) 𝐼𝑇𝐸0 = 𝐴𝐴∗𝑇2𝑒𝑥𝑝 (−

𝑞𝜙𝑏

𝑘𝑇
)                                                  (2)

                                                                                                      

 

where A is the contact area, A* is the effective Richardson constant (by using an effective mass 

of 0.22 me for n-GaN [12, 13], the calculated value of A* is 26.4 A cm−2 K−2) and b is the 

barrier height. 

The value of ITE0 determined from the forward lnI-V characteristic is found equals to 1.98×10-

7A [8]. 

The ideality factor n is calculated from the slope of the linear region of the lnI–V curve and 

can be written, as: 

 

n =
q

kT

d(V-RsI)

d(lnI)
 𝑛 =

𝑞

𝑘𝑇

𝑑(𝑉−𝑅𝑠𝐼)

𝑑(𝑙𝑛𝐼)
                                                     (3)                                                               

 

The series resistance can be evaluated in this region of high voltage by: 

 

Rs =
dV

dI
 𝑅𝑠 =

𝑑𝑉

𝑑𝐼
                                                       (4)                                                                     
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The values of n, b and Rs determined from experimental forward lnI-V characteristic [8] are 

shown in table 1. 

The Schottky diode parameters were achieved also using a method developed by Cheung [14] 

which is also used in other works [15, 16]. Cheung’s functions can be written as follows: 

 
dV

d(lnI)
= RsI + n

kT

q
 

𝑑𝑉

𝑑(𝑙𝑛𝐼)
= 𝑅𝑠𝐼 + 𝑛

𝑘𝑇

𝑞
                                                               (5)                                                                 

 

 

H(I) = V-n
kT

q
ln (

I

SA*T2) 𝐻(𝐼) = 𝑉 − 𝑛
𝑘𝑇

𝑞
𝑙𝑛 (

𝐼

𝑆𝐴∗𝑇2)                                       (6)                                                                                                  

 

and 

 

H(I) = RsI + nϕ
b
 𝐻(𝐼) = 𝑅𝑠𝐼 + 𝑛𝜙𝑏                                                    (7)                                                                                 

 

Experimental dV/d(lnI) vs. I and H(I) vs. I plots of the Au/GaN SBD are presented in Fig. 5 at 

room temperature. 

0.0 5.0x10
-3

1.0x10
-2

1.5x10
-2

2.0x10
-2

0.0

0.5

1.0

1.5

2.0

Current (A)

d
V

/d
(l
n
I)

 dV/d(lnI)

0.5

1.0

1.5

2.0

2.5

H
(I)

 H(I)

 
Figure 5 H(I) and dV/d(ln(I)) vs I plots of Au/n-GaN Schottky diode (SBD). 

 
 

The values of n, b and Rs determined by Cheung’s method are shown in table 1. 
 

 
 

Table 1 Calculated parameters of the studied sample. 
 

 

Method 

 

Parameter 

n b (eV)                    Rs (Ω) 

lnI [8]                   1.02  

 

0.65                 84 

 

Cheung 
1.09 / dV/d(lnI):    79.58 

/ 0.76 H(I):            79.73 
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It can be seen obviously that the values of n, b and Rs obtained from lnI-V characteristic (Fig. 
4) are in close agreement with the value obtained from dV/d(lnI)-I and H(I)-I curves (Fig. 5).  
The analysis of the experimental curve-voltage characteristic showed that the Au / GaN 
structure has a good ideality factor and a low series resistance. This indicates that the GaN 
substrate has fewer defects at the surface or at the interface. So this substrate can be used for 
the realization of other structures such as Hemts transistors and THz detectors in the future. 

3.2 Analytical modeling 

In this paper, we have developed analytical codes, using Turbo Pascal software, to determine 

the current–voltage characteristics of a Au/GaN Schottky diode. The analytical calculations are 

based on the resolution of the equations giving the current according to the bias voltage. From 

I-V plots we determined the dominate current in the studied structure.  

The current transport in a Schottky diode can be described, in general, as a contribution of the 

following mechanisms [11]: thermionic emission (TE), generation-recombination (GR), and 

leakage (LK) currents. Thus, the total current can be expressed as: 
 
I = ITE + IGR + ILK 𝐼 = 𝐼𝑇𝐸 + 𝐼𝐺𝑅 + 𝐼𝐿𝐾                                                                           (8)

                                                                                                       
 
The individual contributions of current are: 
 

ITE = ITE0 {exp [
q(V-RsI)

kT
] -1} 𝐼𝑇𝐸 = 𝐼𝑇𝐸0 {𝑒𝑥𝑝 [

𝑞(𝑉−𝑅𝑠𝐼)

𝑘𝑇
] − 1}                                                (9)                                                                      

  

IGR = IGR0 {exp [
q(V-RsI)

2kT
] -1} 𝐼𝐺𝑅 = 𝐼𝐺𝑅0 {𝑒𝑥𝑝 [

𝑞(𝑉−𝑅𝑠𝐼)

2𝑘𝑇
] − 1}                                             (10)                                                                                       

 

𝐼𝐿𝐾 =
𝑉−𝑅𝑠𝐼

𝑅𝐿𝐾
                                                                                                                             (11)                 

  
The generation-recombination saturation current IGR0 is written by [17]: 
 

IGR0 =
qAWni

2τ
 𝐼𝐺𝑅0 =

𝑞𝐴𝑊𝑛𝑖

2𝜏
                                                                                     (12)                                        

 
where W is the depletion width, ni is the intrinsic carrier concentration and  is the carrier 
lifetime.  
The leakage component of the current is given by (11) [18], where RLK is the shunt resistance 
corresponding to the leakage current which represents the inhomogeneities and defects at the 
metal-semiconductor interface. 
The parameters chosen for a data fit at 300 K are shown in table 2:   

 
Table 2 Simulation parameters values. 

 
Parameters                   Values 

ITE (A) [8]                       6.46×10-8  

 b (eV) [8]                     0.65 

 Rs (Ω) [8]                       84 

RLK (Ω) [8]                     4.68×104 

IGR0 (A)                           3.38×10-9 
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Fig. 6 shows the effect of the thermionic current, generation-recombination current and 
leakage current on the final relationship. 
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Figure 6 I-V characteristics according to the contribution of each current for the Au/n-GaN 

structure (SBD). 
 

 
As can be seen in Fig. 6, the curve of the thermionic current joins the experimental curve for 
the entire range of polarization. The characteristic of the generation-recombination current 
moves away from the experimental curve for bias voltages below 2 V and beyond this voltage 
the two curves approach. The characteristic of the leakage current coincides with the 
experimental characteristic for low voltages. 
Fig. 5 represents the I-V characteristics of the sum of two current (thermionic + leakage) and 
the experimental current of Au/n-GaN structure (SBD). 
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Figure 6 Experimental (IEXP) and theoretical (simulated with ITE + ILK) I-V characteristics of 

Au/n-GaN structure (SBD). 
 

From this figure, the curve of the theoretical current (ITE + ILK) joins the experimental curve for 

all bias voltage. 

Figure 7 represents the I-V characteristics of the sum of two currents (thermionic + generation-

recombination) and the experimental characteristic of the Au/n-GaN structure (SBD).  
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Figure 7 Experimental (IEXP) and theoretical (simulated with ITE + IFU) I-V characteristics of         

Au/n-GaN structure (SBD). 
 

Starting from this figure, a slight difference is observed between the two curves in the range of 
low and high voltage. 
These results support an assumption that the dominant current mechanism in Au/n-GaN (free-
standing substrate) Schottky diode is the thermionic current.  
 
 

4. CONCLUSIONS 

 
The current–voltage (I-V) characteristics of Schottky barrier diodes on free-standing GaN 
substrate were both experimentally and computationally investigated. We have calculated the 
electrical parameters from experimental current-voltage curve by two methods (lnI-V and 
Cheung) and they are found almost the same. We have found from the first method, the ideality 
factor n (1.02), the barrier height b (0.65 eV) and a series resistance Rs (84 Ω). From the second 
method, we have found, n (1.09), b (0.79 eV) and Rs (79.58 Ω - 79.73 Ω). Using analytical 
modeling, we traced the theoretical curves for a comparison with the experimental 
characteristic. From these theoretical characteristics, we have confirmed that the dominant 
mechanism in this type of the structure is the thermionic current. In general, one can say that 
the Schottky diode based on free-standing GaN substrate presents good electrical parameters. 
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A field experiment was conducted in Padang Besar, Perlis, Malaysia from 2014 and 2016 four 

seasons. In each year, the experiments have been implemented in order to study the effect of 

three levels of irrigation water (25% (no stress), 50% (moderate deficit), 75% (water deficit) 

of field capacity), and five concentrations of Gibberellic acid (GA3) (0,50,100, 200,300 ppm). 

From the study there were a significant influence of sprayed gibberellic acid on the corn leaves, 

which led to increase in the growth characters while sprayed gibberellic acid caused to lengthen 

the growing season and stimulate the vegetative growth. The results showed increased the 

amount of protein, chlorophyll content, gibberellic acid concentration (mg. Kg-1) and oil in the 

seeds, with an increased the concentration of sprayed gibberellic acid. 

 

Keywords: Corn, Water stress, Gibberellic acid, Water shortage. 

 

1. INTRODUCTION  

According to [1], maize is the third most important crop in the world, after rice and wheat. It 

is also one of the most important crops in the milder, subtropical and tropical regions of the 

world [2]. In view of its increasing importance, improvement in agronomic characteristics of 

maize has received considerable attention in the world, especially in the optimal use of 

irrigation water. According to The Food and Agriculture Organization of the United 

Nations (FAO) [3] Most of the agricultural land in the arid and semi-arid regions experiencing 

scarcity of water resources for different reasons and this problem is exacerbated in the future 

due to increase farmland and population growth. Thus, becomes necessary to develop a good 

management of water resources in order to optimize utilization of water. Located about 97.4% 

above the earth, the water in the seas and oceans has very limited use without treatment. Also, 

approximately 2% are on the ice at the poles, so it is only 0.6 for human, animal and plant 

usage, which was estimated at 12,500 km3 approximately from all water. The physiological 

overlapping relationships in the plant which associated with water deficit requiring it 

necessitates a serious consideration, especially in the nutritional balance operation in the plant 

to keep the water content in line with the climatic conditions [4]. 

http://etn.siats.co.uk/
mailto:alani2005ms@yahoo.com
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Gibberellic acid (GA3), one of the plant growth regulators is known by the activated impact of 

growth where it leads to speeding the elongation of dwarf species were recovery of the plants 

to natural length. Gibberellic acid (GA3) was found that treated seeds and buds in many plant 

species and the operate as an alternative to low temperature and long day and the red light. The 

spraying of gibberellic acid (GA3) on the plant leaves has led to the removal of symptoms of 

aging in the plant and Increase the chlorophyll "a", chlorophyll "b" and the carotenoids, also I 

lead to constitutes a group of plant regulators, which play an important role in both the 

regulation of growth and the process of flowering. In angiosperms, gibberellic acid (GA3) is 

considered to be necessary for the normal elongation growth, and  lack ability to biosynthesize 

[5].The results were listed, in order to get the most accurate information regarding the impact 

of Gibberellic acid (GA3) in the water deficiency conditions and surrounded all the aspects of 

the subject and understanding the effect of the water deficit on the corn and how to decrease 

the detrimental the effect. 

 

This study was conducted  at the Agro Technology Research Station, University Malaysia 

Perlis Padang Besar, Perlis, Malaysia. Soil samples were taken from the field before planting 

it was crushed and then passed from the sieve diameter of the openings to estimation some of 

the chemical and physical parameters of the soil study. 

 

2. MATERIALS AND METHODS. 

2.1 SOIL ANALYSIS 

1. Soil texture: estimated by the pipette method as set out in [6] explained in [7]. 

1. Bulk density: estimated in a core sampler method [6] explained in [8]. 

The soil sample was taken by a vicious cylinder (moist soil) from three different places of 

experiment field. The soil was chosen randomly. The diameter and height of the cylinder, was 

measured the sample and then weighed the samples in a sensitive balance and values of these 

weights was recorded, and then the samples were placed in an oven with temperature of 105 ° 

c for 8 hours.  

Bulk Density (BD) = [𝑀 ÷ 𝐷] × 𝐿                                                                                                        (3.1) 

BD = bulk density of the soil (g / cm 3). 

M = dry sample weight (grams). 

D = cylinder diameter (cm). 

L = Length of the cylinder (cm). 

2. Electrical conductivity EC: measured in the extract of saturated dough by using a 

conductivity bridge by way of [9] explained in [10]. 

3. Soil moisture: estimated the percentage of the soil moisture at tensile 33 kpa (field 

capacity) and 1500 kpa (The wilting point) by using a pressure membrane apparatus pressure 

plate by the method reported by [6] explain in [11]. 

The percentage of soil moisture is measured on a dry weight basis to calculate the 

percentage of soil moisture taken a sample of moist soil from 3 different places, at least on the 

experiment field these places are selected randomly, weighed samples in a sensitive balance 

and recorded the values of these weights samples be placed in an oven with temperature of 

105°C for 8 hours, and use the following formula to calculate the moisture content of the soil: 

MC= 𝑊1 − 𝑊2                                                                                                                  (3.2) 

MC = moisture content of the soil depending on the dry weight (%). 

W1 = weight of moist sample (grams). 

W2 = weight of dry sample (grams). 

https://www.google.com.my/url?sa=t&rct=j&q=&esrc=s&source=web&cd=9&cad=rja&uact=8&ved=0CDkQFjAI&url=https://foursquare.com/v/stesen-agrotek-unimap/4d06dd1e30a58cfa8980ade7&ei=Q2LFU6PeCs6eugT3xoCoAw&usg=AFQjCNEWo0AV9fhRhMkxd36qgsLyBFaF6g&sig2=WO1vdTTLyYxINSfrDN7oig&bvm=bv.70810081,d.c2E
https://www.google.com.my/url?sa=t&rct=j&q=&esrc=s&source=web&cd=9&cad=rja&uact=8&ved=0CDkQFjAI&url=https://foursquare.com/v/stesen-agrotek-unimap/4d06dd1e30a58cfa8980ade7&ei=Q2LFU6PeCs6eugT3xoCoAw&usg=AFQjCNEWo0AV9fhRhMkxd36qgsLyBFaF6g&sig2=WO1vdTTLyYxINSfrDN7oig&bvm=bv.70810081,d.c2E
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4. Determination of soil reaction (pH): the measurement in leaky saturated soil dough by 

using pH-meter  according to method cited by [9] , [12]. 

5. Determine of matter: The organic matter was determined by weighing one gram of air-

dried soil sample in an Erlenmeyer flask of 500 ml capacity. 10 ml of 1N potassium dichromate 

solution was added at the rate of 10 ml per sample and 20 ml of sulfuric acid (concentrated) 

was added by means of a pipette. The sample was mixed by shaking and left for 30 minutes. 

Distilled water at the rate of 150 ml and 0.5 N ferrous sulfate solution at the rate of 25 ml was 

added to the sample and the excess was titrated using 0.1 N solution of potassium permanganate 

to pink end point (Moodie et al., 1959). 

6. Available nitrogen in the soil : ready nitrogen in the soil is estimated by using  a micro-

Kjeldahl device according to the method of [9]. 

7. Phosphorus determine: estimated according to the method (Olson) as stated [9]. 

8. Potassium: extraction by using an ammonium acetate solution (1n) was estimated by 

optical flame device flame photometer as stated in [6]. All results were recorded in Table 1. 

 

Table 1 the chemical and physical properties of the soil before planting. 

Value Measurement 

4.89 Electrical conductivity ds.m-1 

7.35 The degree of soil interaction 

 Nutrients: 

1.12 Total nitrogen (N) % 

32 Available Phosphors (P) (mg.kg-1 soil)  

96.1 Potassium (K) (mg.kg-1 soil) 

0.18 Organic Metter (OM) % 

1.22 Apparent density megagram/m3 

 Volumetric distribution of separate soil (G. kg 1-soil)  

70.32% Sand 

10.74% Clay 

18.94% Silt 

Sandy Loam Conception 

18.4 Percentage soil moisture when pulling 33 KPa  

6.6 Percentage soil moisture when you lift 1500 kPa 

 

2.2 DETERMINE THE SOIL MOISTURE DIRECTLY IN THE FIELD (A). 

Using method (CPN 503 DR hydro probe), the moisture of soil was determined and 

follow-up attrition moisture with layers of soil. The irrigation scheduling process as it has been 

installed measurement pipes in the field; measurement process has been at depths of 10, 20, 30 

and 40 cm from the soil surface. The weight method was used to compare the moisture 

measurements of soil with device data aforementioned. 
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2.3 PREPARATION OF GIBBERELLIC ACID (GA3): 

 

It was sprayed gibberellic acid (0, 50, 100,200 and300ppm) was prepared as follows: 

Gibberellic acid (GA3) at the rate of one gram was taken and dissolved in some drops of ethanol 

95% (ethyl alcohol) when the dissolve it with 1 liter of distilled water (1000 ml) gives a solution 

concentration 1000 mg. liter (Abbas, 2011). Prepared the concentration of 50 mg. liter  by 

taking 50 ml of the original solution (concentration of 1000 mg. Liter) It was completed to size 

1000 ml of distilled water, to prepare the concentration of 100 mg. Liter then taking 100 ml of 

the original solution and has been completed to 1000 ml, and repeated the same method with 

the other concentrations by using the mitigation equation (Harborne, 1973): 

C1 =the concentration of stockpiling. 

V1 = Original size for solution (stockpiling). 

C2 = Required concentration. 

V2 =the required size. 

(C1V1 = C2V2)                                                                                                                   (3.6) 

These concentrations were sprayed once on leaves at the stage of (4-6) leaves. Tween (80) at 

the concentration of (0.025) % was added to the foliar solution as surfactant agent. Spraying 

processes were carried out during the morning (6 am) until the solutions were run off all plants 

by using a manual sprayer. A split-plot design based on a randomized complete block design 

with three replications was employed in this study. The factors, including field capacity in the 

main plot at three levels (25%, 50%, and 75% of field capacity) as well as optimum irrigation 

(no-deficit irrigation). The Secondary plot was sprayed with Gibberellic acid at the five 

concentrations. 

 

2.4 PARAMETERS OF STUDY 

2.4.1percentage of protein in the seeds (%) 

The percentage of protein in the seeds was estimated by following method Micro – Kjeldal as 

mentioned in AOAC (1980 ) as described  (Sheoran et al., 2006). 

 

2.4.2 Total leaf chlorophyll content 

 

Extract chlorophyll by following  method (Molazem et al., 2012). Chlorophyll a and 

chlorophyll b content were measured in the laboratory. Photosynthetic pigments (chlorophyll a 

and b) were measured in fresh leaf samples, a week before the harvest. One plant per replicate 

was used for chlorophyll determination. Fresh Weight). Chlorophyll content was estimated by 

extracting fresh leaves with 80% acetone, and after centrifugation at 8,000 rpm for 20min, 

measuring the colour intensity of the extract at (645 and 663) nm wave lengths by 

spectrophotometer (Spectra scan UV 2700). The method of (Al-Dulaimi et al., 2014) was used 

to calculate:  

 

Total chlorophyll =   

 

 

D (663) = Reading the optical absorption of wavelength 663 nm. 

D (645) = Reading the optical absorption of wavelength 645 nm. 

V= Volume 20 ml. 

W = weight 1 g. 

20.2 × D (645) + 8.02 × D (663) 

         

(V/W × 1000) × 100 

 

 

https://en.wikipedia.org/wiki/Ethyl_group
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2.4.3 Proline content in the seeds (m.g-1) 

Free proline accumulation was determined using the method of Bates et al., (1973) that 

Described by Marín Velázquez et al., (2010). Where extracted the free proline (unencumbered) 

by adding 10 ml of 30% aqueous sulfosalicylic acid on the fresh sample to 5.0 g, the sample 

was then ground and filtered, 2 ml of the filtrate was taken. It was added to 2 ml of reagent 

solution (ninhydrin acid) (which was prepared by dissolving ninhydrin in glacial acetic acid 

and phosphoric acid), and after that added to the mixture of 2 ml glacial acetic acid. 

Subsequently  heating the sample with the reagent in a water bath for an hour after cooling the 

sample was added to 4 ml of toluene shaking well, then separating the aqueous phase and using 

the upper part (layer toluene), to measure the optical density at a wavelength 520 NM by using 

UV/ visible ،spectrophotometer. 

 

3. RESULTS AND DECISION 

3.1. Percentage of protein in the seeds (%) 

The results of statistical analysis indicated in Fig .1. outweigh the interaction between the levels 

of irrigation and the concentration of Gibberellic acid (GA3) was sprayed indicated to 

superiority of the interactions at 25% of field capacity and 300ppm Gibberellic acid (GA3). The 

highest rate of percentage of protein in the seeds  amounted to 9.9% with a significant 

difference from the other interactions, the lowest  rate for percentage of protein in the seeds 

(%) it has been in interactions 75% of field capacity and 0ppm Gibberellic acid (GA3) reached 

to 5.7%, this was followed by the interactions 75% of field capacity and 50ppm Gibberellic 

acid (GA3) with the percentage of protein in the seeds (%) amounted 7.4% with a significantly 

decrease from the other treatments that have been sprayed by Gibberellic acid (GA3), while it 

is given a significant increase when compared with control. Numerous physiological and 

biochemical changes occur in response to drought deficit in various plant species. Changes in 

protein expression, accumulation, and synthesis have been observed in many plant species as 

a result of plant exposure to drought deficit during growth. Ghani, et al., (2014) has described 

the dependence of increase in dry weight, starch hydrolysis, and protein release in excised 

barley endosperm in the presence of added Gibberellic acid (GA3). 

 

 

 

 

 

 

 

 

 

 
 

Figure 1 Effect of Field Capacity levels and sprayed Gibberellic acid (GA3) on percentage of 

protein in the seeds (%). 
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3.2 total leaf chlorophyll content (mg-1) 

Statistical data analysis detection superiority the interactions (25% of field capacity and 

300ppm Gibberellic acid (GA3)) in the highest rate of leaf chlorophyll content (mg-1) reached 

(40.08mg-1) with a significant difference from the other interactions, while the lowest  rate for 

leaf chlorophyll content (mg-1) it has been in interactions (75% of field capacity and 0ppm 

Gibberellic acid (GA3)) reached to (13.45mg-1), this was followed by the interactions 75% of 

field capacity and 50ppm Gibberellic acid (GA3) with  leaf chlorophyll content (mg-1) reached 

15.43mg-1 with a significant decrease from the other treatments that have been sprayed by 

Gibberellic acid (GA3), while it is given the significant decrease when compared with that 

treatments have not been sprayed by Gibberellic acid (GA3) (control). Severe drought deficit 

also inhibits the photosynthesis of plants by causing changes in chlorophyll content, by 

affecting chlorophyll components and by damaging the photosynthetic apparatus and the 

decrease in chlorophyll under drought deficit is mainly the result of damage to chloroplasts 

caused by active oxygen species (Arjenaki, Jabbari, & Morshedi, 2012). Gibberellic acid (GA3) 

increase the stem and root elongation and the plant growth parameters like root length, shoot 

length, the number of leaves, leaf area increase, and seed contents also increase. An increasing 

number of leaves and leaf area increases the level of the chlorophyll a & b (Sao & Sahu, 2013). 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Effect of Field Capacity levels and sprayed Gibberellic acid (GA3) on total 

leaf chlorophyll content (mg-1). 

 
3.3 proline content in the leaves (mg-1) 

 

Study results showed the interaction between different Field Capacity levels and concentrations 

of Gibberellic acid (GA3) with hight prolin content at 75% of field capacity and 300ppm 

Gibberellic acid (GA3) in a higher rate of  the proline content in the leaves (mg-1) reached (84 

mg-1) with a significant difference from the other interactions, while the lowest  rate for the 

proline content in the leaves (mg-1) it has been in interactions at (25% of field capacity and 

0ppm Gibberellic acid (GA3)) reached to (59 mg-1), it was followed by the interactions (25% 
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of field capacity and 50ppm Gibberellic acid (GA3)) with  the proline content in the leaves 

(mg-1) at (64 mg-1) with a significantly decrease from the other treatments that have been 

sprayed by Gibberellic acid (GA3), while it is given a significant decrease when compared with 

treatments that have not been sprayed by Gibberellic acid (GA3) (control). Increased in proline 

content in plants exposed to any deficit leads to increased gathering of proline due to inability 

the plant to bioconstruction of protein, thereby increasing the amount of amino acids within the 

plant, including proline which is one of the defense methods to minimize the harmful impact 

of the drought.The proline concentration increases greatly in the growing region of maize (Zea 

mays L.) primary roots at low water potentials, largely as a result of an increased net rate of 

proline deposition (Biancucci et al., 2015). The interaction between Field Capacity levels and 

sprayed Gibberellic acid (GA3), that clearly effected on this characteristic. Where that water 

deficit and Gibberellic acid (GA3) remarkably have raised the accumulation of proline in the 

plant and this, in turn, reflected positively on raising the plant's resistance for deficit situation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3 Effect of Field Capacity levels and sprayed Gibberellic acid (GA3) on proline 

content in the leaves (mg-1). 

  
4 CONCLUSION 

 

The interaction between Gibberellic acid (GA3) and water deficit showed the clear 

influence of water deficit by increased all parameters of growths and yield of corn. Sprayed 

Gibberellic acid (GA3) resulting to increase the plant efficiency by maintaining the cell bulge 

and balance the osmotic potential between the root and surroundings.  
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Zinc Sulfide (ZnS) thin films were deposited on glass substrates at the pressure of 10-6 mbar 

by thermal resistor evaporation technique. The effects of annealing on the structural and optical 

properties of ZnS films were studied. Polycrystalline ZnS films have been analyzed by X-ray 

diffraction. Only hexagonal phase with the preferred (111) plane was found in ZnS films. 

Optical characteristics were studied as a function of annealing temperature and film thickness 

in air. The results show that the energy band gap was found to be about 3.5 eV. It was observed 

that the energy gap decreases with the increase in the film thickness and increases with the 

increase in the annealing temperature. 

 

Keyword: ZnS; Optical; Vacuum; Annealing. 

 

1. INTRODUCTION 

 

Zinc sulfide (ZnS) is a wide gap and direct transition semiconductor [1] and belonging to the 

II-VI group is one of the promising materials for electronic devices. Consequently, it is a 

potentially important material to be used as an antireflection coating for hetero-junction solar 

cells [2]. It is an important device material for the detection, emission and modulation of visible 

and near ultra violet light [3, 4]. In particular, ZnS is believed to be one of the most promising 

materials for blue light emitting laser diodes [5] and thin film electroluminescent displays [6]. 

The deposition of ZnS films has become increasingly important due to the widened industrial 

applications. ZnS has been the subject of intensive research because of its intermediate band 

gap (3.5 eV) making the material suitable as window material for a hetero-junction solar cell, 

high absorption coefficient, reasonable conversion efficiency, stability and low cost. 

Knowledge of the optical properties of ZnS films is very important in the field of optoelectronic 

devices like photo-detectors. 

There are several preparation methods for ZnS films such as vacuum evaporation, sputtering, 

spray and Pulsed laser deposition. In our work, ZnS films were deposited with vacuum 

evaporation technique at room temperature. These ZnS films were then submitted to thermal 

annealing at different temperatures in order to improve their properties. In this paper we report 

the optical properties of vacuum evaporation prepared ZnS films and their microstructure. 

 

 

https://www.sciencedirect.com/science/article/pii/S0167610520301203#!
mailto:cason@dtu.dk
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2. EXPERIMENTAL DETAILS 

 

VAS BUC (78535-France) evaporation system was used to prepare ZnS thin films. A tungsten 

boat was used as a support to evaporate ZnS granule with 99.99٪ purity. A quartz crystal 

monitor mounted near the substrate was used for in-situ measurement of the thickness of the 

thin films as well as the evaporation rate, which was kept around 0.3 nm/s at the pressure of 

about 1.5 10-5 mbar. ZnS thin films with a thickness of 200 nm were obtained on cleaned glass 

substrates with dimensions of 76mm × 25mm. Samples were annealed in air for an hour at 

temperatures 100, 200, 300 and 400 C. XRD measurements were carried out using D8 

ADVANCE system from Bruker company, (Anode material: Cu-Cu kα1 line with λ= 1.542Ǻ) 

of Karaj MERK Institute of Materials and Energy.  

 

3.    RESULTS AND DISCUSSION 

3.1 XRD measurements 

 

Fig 1. shows the X-ray diffraction patterns of ZnS films without heat treatment and annealed 

in air at 100, 200, 300 and 400 C. Diffraction angles and Miller indices of the peaks are shown 

in figure.  

 

 
Figure 1 X–ray diffraction patterns of the (111) peaks of the ZnS films as-deposited and 

annealed at different temperatures 

 

 

The strong XRD peaks at 2θ28.6 C correspond to both diffraction angles of the (111) plane 

of cubic ZnS. Therefore, the ZnS films deposited on a glass substrate by vacuum deposition 

were of cubic structure and the c-axis of crystallites was mostly oriented perpendicular to the 



Theo. Exp. NANOTECHOLOGY 4 (2020) 65-72 67 

substrate. The grain size of the crystallite (diameter Dhkl) was determined from the full width 

at half maximum (∆ ω2Ө) of the (111) and peaks by using the Scherer formula [7]. 

Dhkl=Kλ/βcosθ                                                                                                          (1) 

where K is a constant, β the full width at half maximum in radians, λ is the X-ray wavelength 

and θ is the Bragg's angle. Here K=0.89 for spherical shape (evidence from TEM) [8]. 

Annealing caused by the rearrangement of ions Zn and S inside the ZnS lattice and to the 

diffusion of atoms or ions into its volume.   

 

 
Figure 2 Transmittance versus wavelength of incident radiation for the ZnS thin films as-

deposited and annealed at different temperatures. 

 

The values of Dhkl were determined according to Fig 2. introduced with presented in Table 1. 

for ZnS thin films without heat treatment and for annealed samples at 100, 200, 300 and 400 
C in air. The largest value of the full width at half maximum at 100 C showed that the size of 

the crystallites and unit cell volume were minimum at this temperature. 

 

Table 1 Structural properties of ZnS thin films with deposited in 50 C and grain sizes obtained 

at different annealing temperatures. 

 

°C 2  d(A) a(A) D(nm) 

Nun 28.5968 0.288 7.11482 12.32287 0.497279 

100 28.6357 0.336 3.11482 5.394868 0.426276 

200 28.6228 0.24 4.11482 7.126868 0.59677 

300 28.6273 0.288 5.11482 8.858868 0.497313 

400 28.6907 0.24 6.11482 10.59087 0.59686 

 

 

3.2 Optical measurements 

 

The optical properties of ZnS thin films are determined from transmission and absorbance 

measurements using double beam automated spectrophotometers (Cintera 101) in the range of 

wavelength 350–750 nm. Fig. 2. shows the transmission spectra of ZnS thin films deposited at 

50 C and annealed in air in varying temperature from 100 to 400 C. The ZnS films showed 

optical transmission 60- 95 % in the visible range. The absorption coefficient () was analyzed 

using the following expression for near edge optical absorption of semiconductors: 

h=k(h-Eg)
m/2

                                                              (2) 
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where k is constant, Eg is the separation between the valance and conduction bands and m is a 

constant that is equal to 1 for direct band gap semiconductors. Using the fundamental relations 

of photon transmission and absorbance, 

I=I0 exp(t)                                                    (3) 

where t is thickness and 

A = log I0/I                                                  (4) 

we have  =2.303A/t. 

The band gap values were determined from the intercept of the straight line portion of the 

(h)2 against the h graph on the h-axis using computer fitting program. The linear part 

shows that the mode of transition in these films is of direct nature. For ZnS films (h)2 versus 

photon energy, h are plotted in Fig. 3. and Fig. 4. The band-gap value was calculated in the 

range of 2.25–3.35 eV. The band-gap values are lower than bulk value of hexagonal ZnS 

because of quantum confinement of ZnS nanocrystals which is consistent with the literature 

[9].  

 

 
 

Figure 3 Plot of (h)2
 versus photon energy h for the ZnS thin films as-deposited and 

annealed at different temperatures. 

 

 
 

Figure 4 Plot of (h)2
 versus photon energy h for the ZnS thin films at different 

thicknesses. 

 

Transmission spectra of the annealed films exhibit a decrease in the optical transmittance 

with its absorption edge shifted towards the lower wavelength. It is inferred from this that the 

optical band gap increases on annealing the films. 

Fig 5. shows the transmission spectra of hexagonal ZnS thin films in varying thickness from 

75 to 225 nm grown on a glass substrate at 50 °C. This figure shows that the films are highly 

transparent in the visible region. The transmission for the films deposited was 85% between 
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380 and 800 nm wavelengths, with a minimum of 65% at approximately 550 nm. The sharp 

absorption edge and high transmission values of the ZnS films at wavelengths >400 nm 

demonstrates a narrow grain size distribution as well as a low concentration of defects, such as 

pits and voids in the films [10]. 

 

 
 

Figure 5 Transmittance versus wavelength of incident radiation for the ZnS thin films at 

different thicknesses. 

 

 
 

Figure 6 Absorbance versus wavelength of incident radiation for the ZnS thin films at different 

thicknesses. 

 

The absorbance spectra of the thin films, having different thickness, are shown in Fig 6. These 

spectra reveal that films, grown under the same parametric conditions have low absorbance in 

the visible and near infrared regions. However, absorbance in the ultraviolet region is high. The 

enhanced absorption is observed in the neighborhood of   = 360 nm. It has been observed that 

the maximum absorption peak shifts towards the lower wavelength with increasing film 

thickness. This suggests the increase in the band-gap with the increasing thickness. The overall 

absorbance has been increased with the film thickness. This is because of the reason that in 

case of thicker films more atoms are present in the film so more states will be available for the 

photons to be absorbed. Fig 7. shows the optical reflectance spectra for ZnS thin flms. The 

reflectance has been found by using the relationship: 

R + T + A =1                                                              (5) 

The reflectance of ZnS thin films is small in the near infrared and visible region. The over all 

reflectance of the film increases with the film thickness. 

For normal reflectance [11], we have, 

R= (n-1)2/ (n+1)2                                                                      (6) 
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where R is the normal reflectance; using the above relation the refractive index, n was 

determined. 

 

 
 

Figure 7 Reflectance versus wavelength of incident radiation. 

 

 
 

Figure 8 Refractive index versus incident photon energy. 

 

Fig 8. shows the variations in the refractive index with the incident photon wavelength. The 

increase in the film thickness results in the overall increase in the refractive index. This increase 

is due to the overall increase in the reflectance with the film thickness which is consistent with 

the well-established result that the crystallinity of the polycrystalline films improves on 

increasing thickness. Better crystallinity of the films i.e. larger grain size leads to the higher 

value of n [12], which in turn increases the optical reflectance. Thus, on increasing of thickness, 

decrease in the optical transmittance may be attributed to the larger grain size of the films. 

The peak value of the refractive index for the ZnS thin films of various thickness vary in the 

range of 1.52 to 3.84, which is in good agreement with the value 2.62 reported by I. C. Ndukwe 

[13]. 
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Figure 9 Optical Conductivity versus incident photon energy. 

 

Fig 9. shows the variation of optical conductivity with the incident photon energy. The optical 

conductivity was determined using the relation [13] 

=nc/4                                                                  (7) 

where c is the velocity of light. 

The enhanced optical conductivity at the lower wavelengths is due to the high absorbance 

of the films in that region. 

 

3. CONCLUSIONS 

 

Zinc sulfide (ZnS) thin films of different thickness were deposited on glass substrate at 50 C 

temperature and high vacuum using resistive heating technique. The structural and optical 

characterization of film investigated include their X-ray Diffraction, absorbance / transmittance 

/ reflectance spectra, band gap, refractive index and optical conductivity. The films were found 

to exhibit high transmittance (60-95%), low absorbance and low reflectance in the visible 

region up to 750 nm. However, the absorbance of the films was found to be high in the ultra 

violet region with peak around 360 nm. The thickness (Using quartz crystal) of various films 

ranges from 75 nm to 225 nm. The band gap measured was found to be in the range 3.25 eV to 

3.48 eV. ZnS films at various annealing temperatures have a hexagonal structure with a 

preferred orientation of (111). The value of optical conductivity is in the range of (0.02 - 

0.2)1012 sec-1 at room temperature.  
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Wurtzite (w) and zincblende (zb) InN films have been grown on (011) SrTiO3 (STO) substrates 

by metal- organic chemical vapor deposition, the epitaxial relation- ships and optical properties 

are characterized by X-ray diffraction (XRD), absorption and photoluminescence (PL). Based 

on XRD θ –2θ  and  Φ  scanning results,  the  epi- taxial relationships between (w- and zb-) 

InN films and STO substrates are determined, that is, (0001)[1120]w-InN (011)[100]STO and 

(100)[011]zb-InN //(011)[100]STO. Compared with the w-InN films, the zb-InN films exhibit 

a red shift in absorption edge and PL spectra, and a much nar- rower and stronger PL 

spectrum, implying a better optical quality of zb-InN films. The structure transition is supposed 

to be due to the difference in atom and bond areal density between the crystal plane of w-

InN(0001) and zb-InN(100). 

 

Keywords: InN; Nanostructure; Phase tranition.  

 

 

 

 

1. INTRODUCTION 

 

The group-III nitrides provide enormous potential applications in optoelectronics, because they 

cover the entire visible and near-ultraviolet spectrum. Amongst them, InN films have attracted 

much attention in terms of its narrow band gap and a high mobility [1, 2]. Up to now, a huge 

majority of research on InN has been concentrated on the hexagonal wurtzite form, which is 

the thermodynamic stable phase at usual growth conditions. Nevertheless, zincblende InN (zb- 

InN) with a cubic symmetry is also interesting because it is predicted to possess superior 

electronic properties for de- vice applications [3–7]. For instance, the cubic structure can 

improve the device performances due to the isotropic nature of properties and absent/reduced 

built-in spontaneous polarization. Furthermore, it is expected to have a lower band-gap energy 

than wurtzite InN (w-InN), which would expand the application of group-III nitrides more 

https://www.sciencedirect.com/science/article/pii/S1876610211003201#!
mailto:servicecenter@gu.se
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toward the infrared region. Since the lattice of zincblende structure is isotropic, the phonon 

scattering would be lower and zb-InN is expected to have a higher saturated electron drift 

velocity than w-InN. Also, since both n- and p-type doping are known to be most efficient in 

zincblende structure III–V semiconductors, cubic InN is expected to be easier to dope than 

wurtzite. The metastable zb-InN phase have been obtained on cu- bic substrates (In2 O3 , YSZ 

and MgO) [3–5], nitrided or indium pre-deposited sapphire substrates [6, 7]. However, as far 

as we know, little is reported to realize zb-InN on SrTiO3 (STO), which is often used as a 

substrate to deposit functional oxide films. If high-quality zb-InN films can be grown on STO 

substrates, multifunctional devices integrating the superior optoelectronic properties of zb-InN 

with the rich functional characters of perovskites could be developed in the future. In this paper, 

we obtained zb-InN on (011) STO substrates using metal-organic chemical vapor deposition 

(MOCVD) by decreasing the flow rate of indium precursor. 

 

 

 

 
 

 

Figure 1 (a) XRD (b) Scanning patterns. 

 

 

 

2. EXPERIMENTS 

 

InN films were grown on (011) STO single crystal sub- strates  in  a  horizontal  MOCVD  

reactor.  The substrates were sequentially cleaned with organic solvents and rinsed with de-

ionized water. InN films were grown by utilizing trimethylindium (TMIn) and ammonia (NH3 

) as precursors. The utilized growth parameters were as follows: TMIn, 7.8 and 15.7 

micromoles/minute (µmol/min); NH3 , 3 standard liter per minute; V/III ratio, ∼17000 and 

8500; pressure, 760 Torr; temperature, 580°C; time, 30 minutes (min). The surface and cross-

sectional morphologies were character- ized by field-emission scanning electron microscope 

(SEM) (Hitachi, S4800). The epitaxial relationships are determined by X-ray θ –2θ (Panalyti-

cal, X’Pert Pro MPD) and Φ scan- ning (Rigaku, TTR III) patterns with Cu-Kα radiation. The 

infrared absorption spectra were taken in range of 5000–15000 cm−1 with a resolution of 
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4 cm−1 at room temper- ature (Bruker, IFS120HR). Photoluminescence (PL) spec- tra were 

performed using a Fourier transform spectrometer equipped with a solid-state laser emitting 532 

nm of 100 mW and InGaAs detector at 12 K (Bruker, IFS120HR). 

 

 

3. RESULTS AND DISCUSSION 

 

Figure 1a shows XRD θ –2θ scanning patterns of InN films deposited on (011) STO substrates 

under different flow rates of TMIn. InN films exhibit evidently different structures, that is, 

wurtzite (0002) (w-InN) at a TMIn flow rate of 15.7 µmol/min and zincblende (200) (zb-

InN) at a reduced TMIn flow rate of 7.8 µmol/min. The intensity scale of Fig. 1a is linear, 

and the curve of 7.8 µmol/min is enlarged by several times for clarity, so that the small signals 

of zb-InN can be seen clearly, but little w-InN is seen from this curve, therefore the 7.8 µm/min 

sample seems to be somewhat pure zb-InN from Fig. 1a. From the XRD peak position shown in 

Fig. 1a, the lattice constants for w- and zb-InN can be calculated to be cw-InN = 5.7034 Å 

and azb-InN = 4.9914 Å, respectively, which are larger than those of bulk w- and zb- InN, that 

is, cw-InN = 5.669 Å [8] and azb-InN = 4.932 Å [9]. The out-of-plane residual strain. X-ray Φ 

scans are performed to identify the in-plane orientation relationships between the films and 

substrates. In a Φ scan, the number of peaks corresponds to the number of planes for a particular 

family that possesses the same angle with the crystal surface, while the separation between peaks 

correlates with the angular separation between the corresponding projections of the normals 

to the scanning fam- ily onto the crystal surface. In STO single crystal, there are three crystal 

planes belonging to the {100} family, (100), (010), (001), but only the latter two have the same 

angle of 45° with the (011) surface plane ((011) STO substrates are used in the present work), 

while the former one is perpendicular to the (011) surface plane. Generally, the crystal planes, 

which are neither perpendicular nor parallel to the surface, are used to obtain the Φ scanning 

patterns. Under the condition of 2θ = 22.76° and χ = 45°, two reflection peaks separated by 180° 

are shown from STO {100} family, implying {100} family, it is proved that the (011) STO 

substrates in the present work are cubic single crystal; while from the rel- ative peak positions 

in the Φ scans of STO {100}, w-InN {1011} and zb-InN {111}, the in-plane epitaxial relation- 

ship between InN films and STO substrates can be deter- mined. Similar to the Φ scanning of 

STO {100} family, the reflections from w-InN {1011} (2θ = 33.49°, χ = 61.86°), and zb-InN 

{111} (2θ = 31.39°, χ = 54.74°) families show six and four peaks separated by 60° and 90°, 

respectively, as shown in Fig. 1b, implying a sixfold and fourfold symme- try as expected. The 

peak positions in the Φ scans of STO {100}, w-InN {1011} and zb-InN {111} coincide, imply- 

ing that the intersections of scanning family with the sur- face are parallel to each other. Hence 

the epitaxial relation- ships between w-InN, zb-InN films and STO substrates are, respectively, 

[1120]w-InN //[100]STO , [1100]w-InN //[011]STO , and [011]zb-InN //[100]STO , [011]zb-InN 

//[011]STO , as shown in Fig. 1c, d. The lattice mismatches along the directions of [100]STO 

and [011]STO are −10.3% and 9.8% for w-InN films, −10.7% and 26.3% for zb-InN films, 

respectively. For both w- and zb-InN films, each of these lattice mismatches will induce a 

tensile and compressive strain along the di- rection of [100]STO  and [011]STO . According 

to Poisson’s relation, there is an in-plane compressive strain, which will lead to the stretching 
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out of InN films in the growing direc- tion from XRD θ –2θ scanning patterns shown in Fig. 

1a. It implies that the lattice mismatch along the direction of [011]STO plays an more 

important role in the residual strain in both w- and zb-InN films than that of [100]STO . Further- 

more, the lattice mismatch along the direction of [011]STO for zb-InN films is larger than that 

of w-InN, which is consistent with the larger out-of-plane residual tensile strain in the zb-InN 

films. 

It is interesting that the crystal structure of InN films transit from wurtzite to zincblende when 

decreasing the flow rate of TMIn, although the lattice mismatch between zb- InN and STO is 

larger than that between w-InN and STO. The structure transition of III–V thin films has been 

found to be strongly dependent on growth temperature, pressure, doping, diameter, epitaxial 

burying, and metal flux [10–15]. The effect of metal flux on structure is considered to be con- 

trolled by initial stage nucleation kinetics. Generally, there are three basic steps in MOCVD 

growth: adsorption of metal organic precursors on the substrate surface, decomposition of the 

precursors resulting in the deposition of In and N atoms, surface diffusion and incorporation 

of adatoms at preferred sites [10]. Based on these steps, we suppose that the wurtzite to zinc-

blende transition of InN films is due to different quantities of In (or N) atoms required to form 

one monolayer. Therefore, it is crucial to compare the atom and bond areal density for crystal 

planes of zb-InN(100) and w- InN(0001). As expected, the atom areal density for the crystal 

plane of zb-InN(100) (8.22 × 1014 cm−2 ) is smaller than that of w-InN(0001) (9.42 × 1014  

cm−2 ). To estimate the more important quantity of the bond areal density, we considered the 

in-plane atomic arrangements at both w- and zb- InN/STO interfaces.  
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 Figure 2 The surface and cross-sectional scanning electron microscopies of w-InN (a, 

b) and zb-InN (c, d) films on (011) STO substrates. of the (0001)w-InN/(011)STO and (100)zb-

InN/(011)STO interfaces. In these figures, only the N atoms and SrTiO atoms closest to the 

interface are shown. Due to the large in-plane lattice mismatch between (w- and zb-) InN and 

STO, the arrangements of SrTiO-N bonds show the superstructure.  

The surface and cross-sectional SEM morphology of w- and zb-InN films on STO substrates 

are shown in Fig. 2. A flake-like growth mode is found in the w-InN films, which is similar 

to that of w-InN films on (111) STO substrates [16]. However, it turns into a long strip shape 

in the same direction in zb-InN films, in accordance with the rather different lattice mismatch 

in the two vertical directions of [100] STO and [011] STO . Both w- and zb-InN films show 

microcrystallites with hexagonal shape from Fig. 2, implying that hexagonal grains exist in 

both films. How- ever, the hexagonal grains are not detected in zb-InN films by XRD shown 

in Fig. 1a because of its limited resolution. This phenomenon has also been observed in 

(110)ZnO by Wu et al. [17]. The interfaces between InN and STO are quite sharp, and no 

obvious new phase resulting from chem- ical reaction in the interface is observed. The thickness 

of w-InN films (450 nm) is almost two times of that of zb-InN (250 nm), which is consistent 

with the fact that the TMIn flow rate provided for growing w-InN is twice of that for zb- InN. 

The crystalline quality of both w- and zb-InN films are not too high, see Fig. 2. However, it is 

meaningful to investigate these samples because some qualitative results can still be concluded 

from them. 

To check the optical qualities of w- and zb-InN films on STO substrates, we measured the 

absorption and PL spec- tra by a Fourier transform infrared spectrometer. Figure 3a shows the 

squared absorption coefficient α2 of InN films as a function of photon energy. The α2 first 

rises gradually and then steeply to about 109 cm−2 with increasing photon energy, which is 

the typical absorption intensity for di- rect band-gap semiconductors [18, 19]. The optical band 

gap is determined to be about 0.96 and 0.87 eV for w- and zb- InN films by extrapolating the 

linear part to α2  = 0. The band-gap energy of w-InN films is much larger than that of zb-

InN, which is consistent with Hsiao’s results [6]. The Hall mobility and carrier concentration 

of the w- and zb- InN layers at room temperature are 136.9 and 64.2 cm2 /V s, 4.2 × 1019 and 

7.8 × 1019  cm−3 measured by the van der Pauw method. The Hall mobility of w-InN films 

is much larger than that of zb-InN, which is possible due to the much thicker and denser 

morphology of w-InN than that of w-InN. Compared with the absorption edge of zb-InN 

reported by Hsiao [6], there is a blue shift of 0.25 eV in our zb-InN, possibly resulting from the 

larger carrier den- sity in the present work than that of Hsiao’s due to Burstein- Moss shift. From 

the PL spectra of w-InN and zb-InN films measured at 12 K and 100 mW, as shown in Fig. 3b, 

it can be seen that the PL peaks of the w- and zb-InN films are located at 0.81 and 0.78 eV, 

respectively. The red shift of zb-InN compared with w-InN in PL spectra is much smaller than 

that in absorption edge, which is also observed by Hsiao [6]. Moreover, zb-InN films exhibit a 
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much narrower and more than four times stronger PL spectra than w-InN, implying a better 

optical quality of zb-InN films. The absorption and PL spectra of InN films depend on the crystal 

structure, crystal quality and carrier density due to Burstein-Moss effect [6]. So the different 

band gaps of the two samples should reflect the crystal structure, crystal quality and carrier 

density. Thus, it is somewhat meaningful to show the optical results of the two samples in the 

present work. 

 

 
 

Figure 3 The squared absorption coefficient as a function of photon energy recorded at room 

temperature and PL spectra measured at 12 K and 100 mW for w-InN and zb-InN films on 

(011) STO substrates 

 

4 CONCLUSIONS 

 

In summary, w- and zb-InN films have been grown on (011) STO substrates by MOCVD. 

Based on XRD θ –2θ and Φ scanning results, the epitaxial relationships have been 

determined to be  (0001)[1120]w-InN //(011)[100]STO and (100)[011]zb-InN 

//(011)[100]STO   for w- and zb-InN, respectively. The zb-InN films show a larger out-of-

plane residual tensile strain determined by XRD θ –2θ scanning results, which is consistent 

with the larger in-plane lattice mismatch along [011]STO for zb-InN than that for w-InN by 

XRD Φ scanning results. Flake- and long strip-like surface morphologies have been found for 

w- and zb-InN films, re- spectively. Compared with the w-InN films, the zb-InN films exhibit a 

red shift in absorption edge and PL spectra, and a much narrower and stronger PL spectra, 

implying a bet- ter optical quality of zb-InN films. The structure transition is supposed to be 

due to the difference in atom and bond areal density for the crystal plane of w-InN(0001) and 

zb- InN(100). 
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In this work a surfactant free microwave method for preparation of Cu2S nanostructure is 

reported. Cu2S nanostructures (without formation of other phases such as CuS and Cu1.8S) 

were prepared using Na2SO3 as a weak reducing agent. The effect of different parameters 

such as time and power of irradiation on the morphology and particle size of the samples have 

been investigated. The nanostructures were characterized by X-ray diffraction (XRD), energy-

dispersive X-ray analysis (EDX), scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), Fourier transform infrared (FT-IR), photoluminescence (PL) and 

ultraviolet-visible (UV-vis) spectroscopy. 

 

 

Keywords: Nanostructure; Semiconductors; Cu2S. 

 

1. INTRODUCTION 

 

Cu2S (chalcocite) is a p-type semiconductor with a bulk band gap of 1.21 eV which can be 

used in catalyst, biosensors and optoelectronic devices [1-5]. Hence, many studies have focused 

on finding a simple method for synthesis of Cu2S nanostructures such as nanoparticles [6], 

nanowires [7], nanoplate [8], dendrites [9] and hollow microspheres [10]. The main purpose is 

synthesis of pure Cu2S nanostructures without other phases such as CuS, Cu1.8S, Cu7S4 and 

Cu31S1 [11]. By employing microwave irradiation CuS nanostructure is mainly obtained [12]. 

It seems that, in the microwave synthesis of Cu2S, the polyol solvent is not sufficient for 

reduction of Cu2+   to Cu+.  We have been interested in the synthesis of sulfide nanostructures 

for a few years so in this paper we report a simple method for preparation of Cu2S 

nanostructures by employing Na2SO3  as a weak reducing agent [13-16]. Nanostructures were 

synthesized from reaction between copper (II) salicylate (Cu(Hsal)2) and thiosemicarbazide. 

The influence of different parameters such as type of copper source, power and time of 

irradiation were also studied. 

 

 

https://www.sciencedirect.com/science/article/abs/pii/S0959652613001534#!
https://www.sciencedirect.com/science/article/abs/pii/S0959652613001534#!
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2. EXPERIMENTAL 
2.1 Materials and physical measurements 

 

All the chemical reagents were of analytical grade and were used without further purification.  

X-ray diffraction (XRD) patterns were recorded by a Philips-X’pertpro, X-ray diffractometer 

using Ni-filtered Cu Kα radiation. Fourier transform infrared (FT-IR) spectrum was recorded 

by a Nicolet Magna-550 spectrometer in KBr pellets. The electronic spectrum of the sample 

was taken on Perkin-Elmer LS-55 luminescence spectrometer.  Scanning electron microscopy  

(SEM)  images  were  obtained  on  LEO instrument model 1455VP. Prior to taking images, 

the samples were coated by a very thin layer of Pt to make the sample surface conductor and 

prevent charge accumulation. The UV-vis spectrum of the sample was taken on a JASCO UV–

visible (Model V-670) scanning spectrometer. 

 

2.2 Preparation of copper (II) salicylate (Cu(Hsal)2) 

 

0.01 mol of Cu(NO3)2 3H2O was dissolved in 20ml of distilled water. 0.02 mol of sodium 

salicylate was dissolved in 20 ml of distilled water and was then added to the solution slowly. 

The mixture was stirred and heated (80
°
C) for 5h. The white obtained precipitate was 

centrifuged, washed with ethanol and distilled water and dried at 50
°
C. 

 

2.3 Preparation of copper sulfide nanocrystals 

 

Copper precursor (0.3 mmol) was dissolved in 40ml of propylene glycol. Na2SO3 (0.15mmol) 

and HCl (0.1 ml) were then dissolved in the solution. 0.15mmol thiosemicarbazide was then 

added to the solution. Afterward, the solution was exposed by microwave irradiation with 

different powers and times. The microwave oven followed a working cycle of 30s on and 70s 

off (30% power). The black obtained precipitates were centrifuged, washed with ethanol and 

distilled water and dried at 50°C at vacuum oven for 10h. The summarized parameters of 

different conditions are listed in Table 1. 

 

Table 1 The summarized parameters of different reactions. 

 

Sample Copper source Na2SO3 Power Time Product 

Fig 2 

 

Fig 3a 

CuSO4 

 

Cu(Hsal)2 

- 

 

- 

750 

 

750 

5 

 

5 

Impure 

Cu2S CuS 

 

Fig 3b 

 

Cu(Hsal)2 

 

√ 

 

750 

 

2 

 

Cu2S 

 

Fig 3c 

 

Cu(Hsal)2 

 

√ 

 

750 

 

3.5 

 

Cu2S 

 

Fig 3d 

 

Cu(Hsal)2 

 

√ 

 

750 

 

5 

 

Cu2S 

 

Fig 3e 

 

Cu(Hsal)2 

 

√ 

 

750 

 

6.5 

 

Cu2S 
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Fig 3f 

 

Cu(Hsal)2 

 

√ 

 

750 

 

8 

 

Cu2S 

 

Fig 4a 

 

Cu(Hsal)2 

 

√ 

 

300 

 

5 

 

Cu2S 

 

Fig 4b 

 

Cu(Hsal)2 

 

√ 

 

600 

 

5 

 

Cu2S 

 

Fig 4c 

 

Cu(Hsal)2 

 

√ 

 

900 

 

5 

 

Cu2S 
      

3. RESULTS AND DISCUSSION 
 

XRD patterns of as-obtained samples at 750W in 5 min are shown in Fig. 1. Impure Cu2S was 

obtained using CuSO4 precursor (Fig 1b). CuS nanostructure was obtained by use of 

Cu(HSal)2  (Fig 1a), while pure Cu2S (JCPDS no. 02–1284) was obtained when both 

Cu(HSal)2 and Na2SO3 were used (Fig 1c). Fig. 2 shows SEM images of impure Cu2S 

powders obtained with CuSO4 at two different magnifications. Fig. 3a shows SEM image of 

pure CuS nanoparticles obtained with Cu(HSal)2 without Na2SO3 and images of pure Cu2S 

obtained with Na2SO3 at 750W in different times 2, 3.5, 5, 6.5 and 8 min are shown in Fig 

3b-3f respectively. When the reaction time was lasted, from 5 to 8, nanoparticles with bigger 

diameter were obtained that is consistent with Oswald ripening. 

 

 
 Figure 1 XRD patterns of the as-synthesized products (a) CuS (without Na2SO3) 

(b) impure Cu2S (with CuSO4) and (c) pure Cu2S (with Na2SO3). 
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 Figure 2 SEM images of impure Cu2S achieved with CuSO4 at 750W in 5min. 
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Figure 3 SEM images of as-synthesized with Cu(HSal)2 at 750W (a) without Na2SO3 

(CuS) and (b) with Na2SO3 (Cu2S) in 2min (c) 3.5min (d) 5min (e) 6.5min (f) 8min. 

 

Dependence of morphology and particle size of the products with irradiation power was also 

investigated. SEM images of products at different intensities at 300, 600 and 900W are shown 

in Fig 4a-4c respectively. As shown in Fig. 4c, when the power increases from 600 to 900 non-

uniform particles with average diameter of  100–300  nm  were  obtained.  Results show in 

higher powers growth stage overcome to nucleation stage and bigger particles will be 

achieved. The influence of various factors on the morphology of the products is schematically 

shown in Fig 5. 
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 Figure 4 SEM images ofthe obtained Cu2 S at (a) 300W (b) 600W (c) 900W. 
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 Figure 5 The effect of different parameters on the morphology of the products. 

 

Fig. 6 shows TEM image of Cu2S nanostructures obtained with Cu(HSal)2 for 5 min at 750W 

(Fig 3d). The purity of the nanostructures was also confirmed by energy-dispersive X-ray 

analysis. EDX analysis of CuS nanoparticles and Cu2S nanostructures are illustrated in Fig 

7a and 7b respectively. The La, Ka and Kb lines of Cu and Ka of S are obviously observed. 
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 Figure 6 TEM image of Cu2S nanostructure obtained at 750W in 5 min. 

 
 

 

 Figure 7 EDX analysis of (a) CuS nanoparticles and (b) Cu2S nanostructures. 
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The UV–vis absorption spectrum of the as-synthesized Cu2S nanocrystals was recorded as 

shown in Fig. 8. Compared with bulk Cu2S, which has an absorption onset at about 1020nm 

[1, 2], the absorption edge of obtained Cu2S nanostructures exhibit a blue-shift, which is 

attributed to the quantum confinement of charge carriers in the nanoparticles [16]. 

Photoluminescence measurement of Cu2S was carried out at room temperature with 

excitation wavelength 398 nm which are laid out in Fig. 9. The PL spectrum was consisted of 

a strong peak at 461nm that can be ascribed to a high-level transition in Cu2S semiconductor 

crystallites. It has been reported that this kind of band edge luminescence arises from the 

recombination of excitons and/or shallowly trapped electron–hole pairs [16]. Fig. 10 shows 

FT-IR spectrum of the Cu2S nanostructure at 750W in 5 min. Absorption at 3441 cm
–1  

is 

attributed to the O-H bond and absorptions at 1624 cm
–1 

and 1231 cm
–1 

are also related 

to C=O and C-O bonds respectively. These peaks proved the presence of a low amount 

of salicylate (precursor) on the surface of Cu2S nanostructure. 

 

 
 

 

 Figure 8 UV–vis absorption spectrum of Cu2S nanostructure. 
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Figure 9 Room temperature photoluminescence spectrum of Cu2S. 

 

 
 

 

 

 Figure 10 FT-IR spectrum of Cu2S nanostructure. 
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4. CONCLUSIONS 

 

Cu2S nanostructures were synthesized via microwave method employing Na2SO3 as a weak 

reducing agent. This method is rapid, simple and can be easily controlled. It was found 

that the CuS nanoparticles were formed by non-Na2SO3-assisted. According to this 

mechanism, the Na2SO3 acted as a soft reducing agent leading to formation of the Cu2S 

nanocrystals. Influence of different parameters such as time and power on the morphology of 

the products was also investigated. Results show Na2SO3 and salicylate are key factors for 

formation of the Cu2S phase. 
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