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The effect of particle size distribution on the initial susceptibility of ferrofluids was studied. 

Magnetization and initial susceptibility were calculated for Uniform, Lognormal and Gaussian 

distributions. Using statistical mechanics, the magnetization and initial susceptibility of a dimer 

model were written. Dimer model consists of 𝑁 particles, each particle interacts only with one 

adjacent particle. The system is exposed to an external magnetic field so the total energy of the 

system is the sum of the dipole-dipole interaction energy and the particles-field interaction 

energy. After writing the magnetization and the initial susceptibility it was multiplied by the 

particle size distribution at two different values of standard deviation. Using Mathematica, the 

integration over diameter was evaluated. Magnetization curve, Curie-Weiss law and initial 

susceptibility versus temperature at high fields were investigated for all of the three size 

distributions. The results were compared with experimental values and we found that Gaussian 

distribution was the best. 
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1. INTRODUCTION 

 

 Magnetic fluids have many applications in medical and industrial areas [1-3], which 

made the study of these fluids an important and evolving field. Ferrofluid is a liquid that 

becomes magnetized in the presence of a magnetic field. It consists of magnetic nanoparticles 

suspended by Brownian motion, which is the random motion of small particles in a fluid; these 

magnetic particles are surrounded by a nonmagnetic surfactant to prevent agglomeration. 

Defining these fluids as colloidal suspension comes from the metallic or metallic oxide 

magnetic particles suspended in a carrier liquid. To form this suspension, three forces must be 

balanced. These forces are gravitational force, dipole- dipole magnetic force and van der Waals 

forces. Gravitational force is balanced by Brownian motion. As gravitational force tries to 

http://etn.siats.co.uk/
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precipitate the magnetic particles in the bottom of the fluid, the Brownian motion of the 

nanoparticles keeps them suspended. 

 

Magnetic force increases by the increment of the size of the magnetic particles and the 

concentration of the magnetic fluid. To reduce the magnetic forces, the fluid is diluted and the 

size of the particle is reduced to nano size. Van der Waals force, which is attractive or repulsive 

force between molecules, is balanced by an electrostatic force or by steric stabilization. 

Electrostatic force occurs by inducing positive or negative charge on the magnetic particles, 

which will cause repulsion. Steric repulsion formed by adding a surfactant to prevent 

agglomeration [2].  In ferrofluids, each magnetic particle carries a magnetic moment.   A proper 

external magnetic field will affect these moments and enhance many magnetic properties to 

show up and become easier to be detected and studied. 

 

Magnetic properties of ferrofluids can't be analyzed completely without knowing the size and 

the size distribution of the magnetic particles in the fluid.  Ferromagnetic materials are divided 

into regions called domains. Each domain contains millions of magnetic moments pointing in 

the same direction. If the material consists of very small grains, the number of domains in each 

grain will decrease as its size decreases. In ferrofluids, the grains are in nano size so they 

contain only one domain, for that they are called single domain magnetic particles. As the grain 

size continues to decrease, they become superparamagnetic particles with specific magnetic 

properties [4]. Each particle (grain) contains many magnetic moments arranged in the same 

direction. The magnetic moment is related to the size of the particle by the relation 𝜇 = 𝑀𝑠𝑉, 

where 𝜇 is the magnetic moment, 𝑀𝑠 is the saturation magnetization, and 𝑉 is the volume of 

the particle.  

 

Studying the effect of particle size in ferromagnetic materials has many great applications. One 

of the very promising applications is in biomedicine [5-8], since the size ranges from few 

nanometers to tens of nanometers, i.e., the size of magnetic particle is comparable to the size 

of biological entities, as an example, a virus (20-450 nm), protein (5-50 nm) and gene (2 nm 

wide to 10 nm long) [9]. So, one clear application of these magnetic particles is that they can 

penetrate these biological entities, which can be controlled by external magnetic field which is 

important in drug delivery and cell separation [10-12]. 

Many methods are used to measure the size of these nano particles. Actually each method gives 

a deferent measurement of the size; however, these differences are very small and depend on 

the aspects that have been measured. For example, electron micrograph is a method to measure 

the physical size; it determines the solid contents of the particle. The magnetic size, determined 

from magnetic data, is smaller than the physical size. Hydrodynamic size is the largest of these 

sizes because it includes the surfactant; it is obtained from viscosity or light scattering data 

[13]. 

 

Using theory and experiment, many researchers tried to construct the relation between 

magnetization and initial susceptibility with many factors like the magnetic field direction, inter 

particle interaction, anisotropy, particle size and size distribution [13-23]. 

 

Odeh et al [13] used statistical mechanics to calculate magnetization and initial susceptibility 

of the dimer model in a dilute ferrofluid. They found that Curie temperature and the ordering 

temperature depend on the direction of the magnetic field with respect to the dimer chain.  

Obeidat et al [19] used dimer model to study shape and inter-particles interaction on initial 

susceptibility. They found that anisotropy plays a major role in determining the magnetic state. 

There is a great theoretical interest in dipoles of interacting particles, because the dipole- dipole 
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interaction is long range and it depends on the orientation of the magnetic particle. Chantrell et 

al [16] found that initial susceptibility in the limits of small interaction follow Curie-Weiss law. 

Ayoub et al [14] measured the initial susceptibility of magnetite ferrofluid experimentally. 

They found that the initial susceptibility depends on the packing fraction. Their results indicate 

that, the nature of the inter-particle coupling is antiferromagnetic like. 

 

Szalai et al [24] used Ruelle’s algebraic perturbation theory to calculate the free energy 

expression at which magnetic properties of ferrofluids can be determined, and their results from 

perturbation theory as well as from Monte Carlo simulations were compared with those of 

Ivanov and Kuznetsra [25]. The data were in good agreement regarding the initial 

susceptibility, and their Monte Carlo simulations showed fair agreement regarding the second 

order nonlinear magnetic susceptibility. Also, Szalai et al [26-28] extended the work of 

Lebedev [29], who transformed the theory of mean spherical approximation (MSA), which was 

used originally by Werthem [30] to obtain an analytical expression for the dielectric constant 

of dipolar fluids, to magnetic fluids. Later on, Kristof et al [31] applied the MSA on two 

dimensional ferrofluid to obtain an exact expression for the magnetization of dipolar hard disk. 

 

Popplewell et al [21] studied experimentally the effect of particles interactions on Curie-Weiss 

behavior of ferrofluid. They found that the ferrofluids exhibit Curie-Weiss type behavior with 

negative Neel temperature.  Effects of particle size on the properties of magnetic fluid were 

studied by Popplewll et al [4]. They found that shape and size are important factors to take into 

account when interpreting physical and magnetic measurements. Lognormal distribution was 

found to give the best fit for the experimental results. Ayoub [15] suggested log- normal 

distribution to calculate susceptibility; he predicted the peak in susceptibility and the effect of 

concentration on the temperature of that peek.  

 

Particle size distribution of magnetic particles in ferrofluids was determined in many 

experimental researches. Woodward et al [23] made a comparison between three methods for 

determining the particle size distribution. The methods were electron microscopy, magnetic 

measurements and small angle neutron scattering. The distributions determined are Gaussian 

and Lognormal. Pshenichnikov et al [22] showed that the particle size distribution of magnetite 

ferro colloids can be approximated with almost the same  accuracy either by the Lognormal or 

by the Gamma distribution by using magneto-granulometric analysis. Biasi et al [17] used 

ferromagnetic resonance experiments to determine the particle size distribution. They found 

that the distribution consists of two terms.  The first term of the distribution was the lognormal 

distribution and the second term was a Lifshitz-Slyozov distribution. 

 

Particle size distribution effects on the ferromagnetic resonance were theoretically investigated 

by Marin [18]. He assumed that the particles diameters obey Gaussian distribution and show 

that the resonance line, the resonance field and the line width are strongly affected by particle 

size and temperature. Theoretical calculations were made by Payet et al [20] using the Debye 

model including the lognormal particles size distribution to show the influence of particle size 

on the initial susceptibility. 

 

In this work, we will determine the effect of particle size distribution on magnetic properties 

of a ferrofluid consists of magnetite particles. These particles have different sizes, with 

diameters ranges between 3 – 11 nm. Our model consists of N particles. Each particle interacts 

only with one adjacent particle forming N/2 non-interacting systems. The magnetization was 

calculated when the external field is parallel and perpendicular to the chain of the particles. In 
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our calculation we will consider the particle size distribution. Three different distributions have 

been considered: Uniform, Lognormal and Gaussian distributions. 

 

The initial susceptibility was calculated depending on the particle size distribution. The 

calculations curried out for samples assumed to have different concentrations. Then, the 

ordering temperature was calculated and compared with experimental data obtained from 

Popplewell et al [21] and Obeidat et al [32]. 

 

2. THEORY 

 

Our system of magnetic particles consists of N identical spherical particles, the chain 

of these particles are constrained to move in one dimension. Each particle interacts with one 

adjacent particle, so this assembly is divided into 𝑁/2 non – interacting systems.  

The magnetization for this system is calculated from the equation 

 

 𝑀 = 𝑘𝐵𝑇
𝜕

𝜕𝐻
ln 𝑍𝑇                               (1) 

   

Where the total partition function of this system is given by 

 

   𝑍𝑇 =
𝑍𝑁/2

(
𝑁

2
)!

   

 

(2) 

And the partition function Z for two interacting particles is 

 

 Z =  ∫ exp [−
𝐸𝑇

𝑘𝐵𝑇
]  𝑑Γ     

 

(3) 

The total energy 𝐸𝑇  consists of the interaction energy between the magnetic dipole moments 

(𝜇) and the external magnetic field (H) and the interaction energy between two dipoles.   

Particle size distribution (PSD), in general, is a function that describes the number of particles 

as a function of diameter, mass or surface area [33]. In our study we define a function 𝑓(𝑦)𝑑𝑦  
as the fraction of the total magnetic volume having reduced diameter between 𝑦 and 𝑦 + 𝑑𝑦  , 
where 𝑓(𝑦) = 𝑁(𝑦)𝑉(𝑦)/𝑉𝑇, where 𝑁(𝑦) is the number of particles having diameter 𝑦, 𝑉(𝑦) 

is the particle volume having diameter 𝑦, 𝑉𝑇 is the total magnetic volume, 𝑦 = 𝐷/𝐷𝑣 is the 

reduced diameter, 𝐷  is the particle diameter, and 𝐷𝑣 is the median diameter of the distribution. 

Many functions are suggested to describe the distribution of particles. Here we are interested 

in studying three different particle size distributions: Uniform, Gaussian, and Lognormal 

distributions. Common techniques used to determine particle size distribution are transmission 

electron microscopy (TEM), magnetic measurements and small angle neutron scattering. There 

is a small deference in the values of standard deviation and average diameter obtained by these 

techniques [23]. 

The uniform distribution function is a delta function given as 

 

 𝑓(𝐷) = 𝛿(𝐷 − 𝐷𝑣)  

 

(4) 

For the Gaussian distribution the particles don’t have the same size any more. The Gaussian 

distribution function is 

 

 𝑓(𝐷) =  
1

√2𝜋 𝜁
exp [

−(𝐷−𝐷𝑣)2

2𝜁2 
]  (5) 
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 Here 휁 is the standard deviation of 𝐷. For log normal particle size distribution we use  

 

  𝑓(𝐷) =  
1

√2𝜋 𝜎𝐷
exp [

−(ln 𝐷/𝐷𝑣)2

2𝜎2 
]  

 

(6) 

Where 𝜎 is the standard deviation of  ln 𝐷 

By considering particle size distribution function the overall magnetization can be written as a 

function of the magnetic field 

 

 𝑀′ =  ∫ 𝑀(𝑦, 𝐻)𝑓(𝑦)𝑑𝑦  

 

 

 

(7) 

 The initial susceptibility of the system then can be calculated as: 

 

 𝜒 =  lim
𝐻 →0

𝜕 𝑀′

𝜕𝐻
  

 

(8) 

 

3. RESULTS AND DISCUSSION 

 

Cas1: Parallel field  

Consider the external applied field to be parallel to the chain of particles as shown in Fig. 1.  

 

 
 

Figure. 1:  Applied field parallel to the chain of particles. 

 

The field particle energy is given by: 
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 𝐸0 =  −𝜇1𝐻𝑐𝑜𝑠휃1 − 𝜇2 𝐻 𝑐𝑜𝑠휃2   
 

(9) 

And the interaction energy between the two dipoles is  

 

 𝐸𝑖𝑛𝑡 =
𝜇1𝜇2

𝑧3  𝑔(휃1, 휃2, 𝜓1, 𝜓2)  

 

(10) 

Where 𝑔(휃1, 휃2, 𝜓1, 𝜓2) = 2 𝑐𝑜𝑠휃1 𝑐𝑜𝑠휃2 − 𝑠𝑖𝑛휃1 𝑠𝑖𝑛휃2 cos(𝜓1 −  𝜓2) 

 

Assuming that the interaction energy between the dipoles is very small compared to the thermal 

energy, and then the partition function can be written as:  

 

𝑍 =  ∫ ∫ ∫ ∫ ∫
exp [

𝜇1𝐻

𝑘𝐵𝑇
𝑐𝑜𝑠휃1 +

𝜇2𝐻

𝑘𝐵𝑇
𝑐𝑜𝑠휃2]

 {1 +
𝜇1𝜇2

𝑧3𝑘𝐵𝑇
𝑔(휃1, 휃2, 𝜓1, 𝜓2)} 𝑑Γ 

𝜋

0

𝜋

0

2𝜋

0

2𝜋

0

𝑧𝑚

𝑧𝑛
  

 

(11) 

Where 𝑧𝑛 =
𝐷1+𝐷2

2
+ 2𝛿, and 𝑧𝑚 =

𝐷1+𝐷2

2 √4𝜀 3  are the minimum and maximum separation 

respectively. 𝛿  is the thickness of the surfactant and 휀 is the volumetric packing fraction. 

Using the modified spherical Bessel functions, the magnetization for this system can be written 

as: 

 

 

𝑀 =
𝑁

2𝑉𝑠
(𝜇1  

𝑖1(𝑥1)𝑖0(𝑥2) +  
𝜇1𝜇2

𝑘𝐵𝑇
(

𝑧𝑚 + 𝑧𝑛

𝑧𝑚
2 𝑧𝑛

2 ) [𝑖0(𝑥1) −
2
𝑥1

𝑖1(𝑥1)] 𝑖1(𝑥2)

𝑖0(𝑥1)𝑖0(𝑥2) + 
𝜇1𝜇2

𝑘𝐵𝑇 (
𝑧𝑚 + 𝑧𝑛

𝑧𝑚
2 𝑧𝑛

2 ) 𝑖1(𝑥1)𝑖1(𝑥2)
 

+  𝜇2

𝑖1(𝑥2)𝑖0(𝑥1) + 
𝜇1𝜇2

𝑘𝐵𝑇 (
𝑧𝑚 + 𝑧𝑛

𝑧𝑚
2 𝑧𝑛

2 ) [𝑖0(𝑥2) −
2
𝑥1

𝑖1(𝑥2)] 𝑖1(𝑥1)

𝑖0(𝑥1)𝑖0(𝑥2) + 
𝜇1𝜇2

𝑘𝐵𝑇
(

𝑧𝑚 + 𝑧𝑛

𝑧𝑚
2 𝑧𝑛

2 ) 𝑖1(𝑥1)𝑖1(𝑥2)
) 

      

(12) 

Where 𝑉𝑠 is the volume of the sample and 𝑥𝑗 =
𝜇𝑗𝐻

𝑘𝐵𝑇
 .  

 

The effect of the particle size distribution has been determined by solving equation (4) 

numerically using the three different types of distributions. In our model we have chosen the 

minimum diameter of the particles to be 3 nm and the maximum diameter to be 11 nm to 

maintain the condition 𝜇1𝜇2 < 𝑘𝐵𝑇 𝑧3.  
Fig.  2 shows the magnetization curves of the three different distributions for a packing fraction 

휀 = 0.05 and a temperature 𝑇 = 300 𝐾. The three curves show a similar behavior for high 

magnetic field and they reach the saturation around 2500 Oersted. However they have different 

behavior for low field which indicate different values of the initial susceptibility. 
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Figure. 2: Magnetization curve of uniform, Gaussian and log normal distributions. 

 

Case 2: Perpendicular field  

For this case we will consider the external applied field to be perpendicular to the chain of 

particles as shown in Fig.  3.  

 
Figure. 3: Applied field is perpendicular to the chain of particles. 

 

The total energy of the system is given by  

 

 𝐸 =  −𝜇1𝐻𝑐𝑜𝑠휃1 −  𝜇2 𝐻 𝑐𝑜𝑠휃2 −
𝜇1𝜇2

𝑦3  𝑓(휃1, 휃2, 𝜓1, 𝜓2)  (13) 

Where 𝑓(휃1, 휃2, 𝜓1, 𝜓2) = 3 sin 휃1 sin 휃2 cos 𝜓1 cos 𝜓2 − cos 휃1 cos 휃2 −
 𝑠𝑖𝑛휃1 𝑠𝑖𝑛휃2 cos(𝜓1 −  𝜓2) 

Following the same procedure as for the parallel field the magnetization can be written as  

 

 

𝑀 =
𝑁

2𝑉𝑠
(𝜇1  

2𝑖1(𝑥1)𝑖0(𝑥2) −  
𝜇1𝜇2

𝑘𝐵𝑇 (
𝑦𝑚 + 𝑦𝑛

𝑦𝑚
2 𝑦𝑛

2 ) [𝑖0(𝑥1) −
2
𝑥1

𝑖1(𝑥1)] 𝑖1(𝑥2)

2𝑖0(𝑥1)𝑖0(𝑥2) − 
𝜇1𝜇2

𝑘𝐵𝑇 (
𝑦𝑚 + 𝑦𝑛

𝑦𝑚
2 𝑦𝑛

2 ) 𝑖1(𝑥1)𝑖1(𝑥2)
 

+  𝜇2

2𝑖1(𝑥2)𝑖0(𝑥1) − 
𝜇1𝜇2

𝑘𝐵𝑇 (
𝑦𝑚 + 𝑦𝑛

𝑦𝑚
2 𝑦𝑛

2 ) [𝑖0(𝑥2) −
2
𝑥1

𝑖1(𝑥2)] 𝑖1(𝑥1)

2𝑖0(𝑥1)𝑖0(𝑥2) − 
𝜇1𝜇2

𝑘𝐵𝑇 (
𝑦𝑚 + 𝑦𝑛

𝑦𝑚
2 𝑦𝑛

2 ) 𝑖1(𝑥1)𝑖1(𝑥2)
) 

 

(14) 
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In this equation we have used 𝑦 to represent the distance between the two particles instead of 

𝑧 since they are laying on the y axis (see Fig.  3).  

Fig.  4 shows the magnetization curves for the lognormal distribution at 𝑇 = 300 𝐾 and a 

packing fraction of 0.05 for both parallel and perpendicular fields. Both curves show a similar 

behavior and a saturation magnetization above 2500 oersted. The initial susceptibility depends 

on the direction of the magnetic field and that’s shown from the behavior of the magnetization 

at low fields where each direction has a different path at low fields.  

 
Figure. 4: Magnetization curve of the lognormal PSD at 휂 = 0.05. 

 

The initial susceptibility for this model follows Curie – Weiss law 𝜒 =
𝐶

𝑇−𝑇0 
,  where 𝐶 is the 

Curie constant and 𝑇0 is the ordering temperature. We found that the material has ferromagnetic 

behavior for parallel field while it has an anti-ferromagnetic behavior for perpendicular field. 

The ordering temperature has twice the value for parallel field. 

Table 1 shows the calculated ordering temperature for 𝐹𝑒3𝑂4 when the field is parallel to the 

chain for different values of the packing fraction 휀. In this calculation we have assumed that 

𝐷𝑣 = 7.4 𝑛𝑚 and 𝜎 = 0.4. The results are compared with experimental data obtained by 

Popplewell et al [21]. The measurement carried out at a temperature range 220 ~ 450 𝐾. The 

uniform distribution gives the largest error while using lognormal distribution decreases the 

error. However the Gaussian distribution gives the best results. Moreover, most theoreticians 

prefer lognormal distribution [4] and suggest that it is more physically acceptable since no 

values of the diameter are below zero 

 

 

Table 1: The ordering temperature for  𝐹𝑒3𝑂4 parallel magnetic field 
 

 
Packing 

fraction 

Experimental 

[21] 

dimer 

[32] 

 

trimer 

[34] 

 

dimer + 

uniform 

dimer + 

Lognormal 

 

dimer + 

Gaussian 

0.02 10 8.62 12 12.4 12.7 14.2 

0.03 19 11.37 19 14.8 15.2 17 

0.05 38 13.26 32 18.7 19.2 21.3 

0.07 48 15.5 45.4 21.9 22.4 24.4 
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4. CONCLUSION 

 

In this work the effect of particle size distribution on magnetization and initial susceptibility is 

studied. For dimer model, in solid and in liquid state, the magnetization calculated considering 

once the Uniform distribution then the Gaussian distribution finally the Lognormal distribution. 

The magnetization was calculated in two cases, when the applied field is parallel to the chain 

of assembly and when the field is perpendicular to that chain. For each of the three distributions, 

the magnetization was affected by the direction of the applied field, at low field there is no 

coincidence between the curves drawn for parallel field with that drawn for perpendicular field. 

And at high field both parallel and perpendicular curves reach the same saturation value. For 

different particle size distribution, the magnetization curve reaches saturation at the same 

values. But, before saturation each distribution has a different path. This different path before 

saturation, indicate that each distribution gives different initial susceptibility. Moreover, initial 

magnetic susceptibility was calculated depending on these distributions, and then compared 

with experimental results given in [21]. We found that the calculated results follow Curie-

Weiss law. For all distributions, when susceptibility calculated by assuming very small 

perpendicular field, the ordering temperature was negative and showed anti-ferromagnetic 

material. By assuming very small parallel field for the same distributions, 

the ordering temperature obtained was positive indicating that the material has a ferromagnetic 

behavior. In addition, we found that 𝑇0 for the parallel is twice that for the perpendicular field. 

The 𝑇0 obtained from Gaussian distribution is the largest. The Gaussian distribution gives the 

closest values to the experiment. The Gaussian distribution was better in theoretical calculation 

because, the amount of large particles involved in calculations using Gaussian distribution are 

much more than those involved using lognormal distribution, where, the Lognormal 

distribution has a slow decay in the domain of the large particles. For solid state, the Lognormal 

and the Gaussian distributions give larger values for 𝑇0 compared with values of liquid state. 
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Materials and its properties are the main criteria to build its applications; some of the 

photovoltaic materials could be used in pure form to fabricate photovoltaic applications of the 

materials LCD (liquid crystal display), LED (Light emitting diodes), photodiodes and photo 

transistors. When it will be doped with oxide semiconducting materials its applications will be 

enhanced commercially. The resultant photovoltaic nanocomposites can be easily changed by 

its shape and parameters. The transparent conductor is applied to the touch screen panel and it 

is confirmed that all the final devices operates under continuous mechanical stress.  This review 

gave the simple basic ideas of its development from 19 century to recent. The technologies of 

the photovoltaic applications and its electronic devices were dealt in this review. The unique 

optical properties of graphene were reported the use of solution processed high quality 

transparent conductive electrode in an organic solar cells. This review also deals with the 

reports of many researchers and their fabrications of thieno [3,4-b] 

thiophene/benzodithiophene:phenyl-C71-butyric acid methyl ester (PTB7:PCB71M) bulk 

heterojunction organic solar cell based on the exfoliated graphene (EG) anode exhibits a power 

conversion efficiency for next-generation flexible optoelectronic devices. 

 

 
Keywords: PV materials, Efficiency, Solar cells and amorphous Silicon 
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1. INTRODUCTION  

 

Solar cells based on compound semiconductors (III–V and II–VI) were first investigated in the 

1960s. At the same time, polycrystalline Si (pc-Si) and thin-film solar cell technologies were 

developed to provide high production capacity at reduced material consumption and energy 

input during fabrication, allows integration in the structure of modules by deposition, and 

consequently reduce the cost for large-scale terrestrial applications [1]. According to Shockley 

and Queisser (1961), the thermodynamic efficiency for an ideal single-junction cell is around 

31% [2]. This finding can be attributed to the fact that the efficiency of a single-junction device 

is limited by the transmission loss of photons with energies below the bandgap and by the 

thermal relaxation of carriers created by photons with energies above the bandgap [3]. The 

efficiency of solar cells can be increased by capitalization of the solar spectrum through the use 

of multi-junction cells that combine two or more cells with different bandgaps. Tandem cells 

prepared using different materials with different bandgaps can significantly increase the 

efficiency. Over 41% efficiency has already been achieved from multi-junction cells that are 

presently being used mainly in space applications [4]. 

The labefficiency of commonly used crystalline PV cells has now increased from 6% 

in the 1950s to over 22%. In terms of composition, PV cells display a wide range of diversity; 

mono- and poly-crystalline silicon PV cells are now being commercially combined with PV 

cells prepared from gallium–arsenide, gallium–antimony, copper–indium–diselenide, and 

cadmium–telluride. While plastic and organic PV cells are stillin the research and development 

phase, multi-junction tandem PV cells with an efficiency of over 40% are already in 

market. Continuous research and development facilitates the development of efficient and 

economical solar cells. 

 

(Peumans, P., 2013) [5]. A recent study published in Naturehas revealed 

thedevelopment of low-cost newly developed PVsat Princeton University. The devices are 

made from organic materials thatconsist of small carbon-containing molecules as opposed to 

the conventional inorganic, silicon-based materials. These PV cells consist of materials that are 

ultra-thin and flexible and could be applied to large surfaces. The color of the cells canalso be 

varied, making them attractive architectural elements. These cells are not only economical but 

have also achieved a significant increasein efficiency, from 1%in the first organic solar cell 

developed in 1986 to nearly 5% in newly developed cells. With further developments, the 

research is targeting to improve the efficiency of these cells to 10% (REW, 2013) [6], 

partnership in Germany has reportedly developed organic cells with 12% efficiency. 

 

Clinical technologies cover a broad variety of areas, which include sensors, devices, 

instrumentation, and modeling. The area is managed under the engineering theme but may link 

to research areas to the Healthcare technologies theme. High-efficiency white organic light-

emitting diodes (OLEDs) (Opto Light Emitted diodes) fabricated on silver nanowire-based 

composite transparent electrodes show almost perfect Lambertian emission and superior 

angular color stability, which are imparted by electrode light scattering. The efficiencies of 

OLEDs are comparable with those fabricated using indium tin oxide (ITO). The transparent 

electrodes are fully solution processable, thinfilm compatible, and suitable for large area 

devices [7]. 

 

Metal nanowire transparent networks are promising replacements to ITO transparent 

electrodes for optoelectronic devices. While transparency and sheet resistance are key metrics 

for transparent electrode performance, independent control of the film’s light scattering 

properties is important in developing multifunctional electrodes for improved PV absorption. 
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In the present study, we show that the controlled incorporation of ZnO nanopyramids into a 

metal nanowire network film affords an independent, highly tunable control of the scattering 

properties (haze) with minimal effects on transparency and sheet resistance. Varying the zinc 

oxide/silver nanostructure ratios prior to spray deposition results in sheet resistance, 

transmission (600 nm), and haze (600 nm) of 6–30 Ω cm−1, 68–86%, and 34–66%, respectively. 

Incorporation of zinc oxide nano pyramid scattering agents into the conducting nanowire mesh 

exertsa negligible effect on mesh connectivity, providing a straightforward method of 

controlling electrode scattering properties. Decoupling of the film scattering power and 

electrical characteristics renders these films promising candidates for highly scattering 

transparent electrodes in optoelectronic devices and can be generalized to other 

metal nanowire films as well as carbon nanotube transparent electrodes [8]. 

 

2. DISCUSSION ABOUT THE VARIETIES OF ORGANIC AND POLYMER SOLAR 

CELLS 

The class of materials combining high electrical or thermal conductivity, optical transparency, 

and flexibility is crucial for the development of many future electronic and optoelectronic 

devices. Silver nanowire networks show very promising results and represent a viable 

alternative to the commonly used, scarce, and brittle ITO [9]. The efficiency of today’s most 

efficient organic solar cells is limited by the ability of the active layer to absorb all the sunlight. 

While internal quantum efficiencies exceeding 90% are common, the external quantum 

efficiency rarely exceeds 70%. Light trapping techniques that increase the ability of a given 

active layer to absorb light are common in inorganic solar cells but have only been applied to 

organic solar cells with limited success. We analyze the light trapping mechanism for a cell 

with a V-shape substrate configuration and demonstrate significantly improved photon 

absorption in 5.3%efficient PCDTBT:PC70 BM bulk heterojunction polymer materials used as 

a solar cell. The measured short circuit current density improves by 29%, which agrees with 

model predictions, and the power conversion efficiency increases to 7.2%, a 35% improvement 

over the performance in the absence of a light trap [10]. All-solid-state donor–acceptor planar-

heterojunction (PHJ) hybrid solar cells are constructed, and their excellent performance is 

measured. The deposition of a thin C60 fullerene or fullerene-derivative (acceptor) layer in 

vacuum on a CH3NH3PbI3 perovskite (donor) layer creates a hybrid PHJ that displays the 

PVeffect. Such heterojunctions are suitable for the development of efficient newly structured 

hybrid solar cells [11]. Single exciton fission transforms a molecular singlet excited into two 

triplet states, each with half the energy of the original singlet. In solar cells, it could potentially 

double the photocurrent from high-energy photons. 

 

 We demonstrate organic solar cells that exploit singlet exciton fission in pentacene to 

generate more than one electron per incident photon in a portion of the visible spectrum shown 

in Fig1(a-b). The use of a fullerene acceptor, a poly (30 hexylthiophene) exciton confinement 

layer, and a conventional optical trapping scheme generated a peak external quantum efficiency 

of (109±1)% at wavelength λ = 670 nm for a 15 nm-thick pentacene film. The corresponding 

internal quantum efficiency is 160%±10%. Analysis of the magnetic field effect on 

photocurrent suggests that the triplet yield approaches 200% for pentacene films thicker than 

5 nm [12]. Sukjoon et al.[13] introduced a facile approach to fabricate a metallic grid 

transparent conductor on a flexible substrate through the selective laser sintering of metal 

nanoparticle ink. Metallic grid transparent conductors with high transmittance (>85%) and low 

sheet resistance (30 ohm/sq) are readily produced on glass and polymer substrates at a large 

scale without any vacuum or high-temperature environment. The resultant metallic grid also 

showssuperior stability in terms of adhesion and bending. The transparent conductor is further 
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applied to the touch screen panel, and results confirm that the final device firmly operates under 

continuous mechanical stress. 
 

 
Figure 1a.  Evalution of Global market share by PV Thin Film Technology from 1990 to 

2013 
 

 

 

 
 

Figure 1(b) Bock diagram of types of photovoltaic materials and Applications of Single 

crystalline and multi crystalline Si  
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2.1 Efficiency of different solar cells 

We demonstrate a novel approach to fabricate conductive silver electrodes rapidly on 

transparent flexible substrates with high bonding strength by direct laser writing. A new type 

of silver ink composed of silver nitrate, sodium citrate, and poly vinylpyrrolidone (PVP) was 

prepared in this work. The role of PVP was elucidated to improve the quality of silver 

electrodes. Silver nanoparticles and sintered microstructures were simultaneously synthesized 

and patterned on a substrate using a focused 405 nm continuous wave laser. The writing was 

completed through the transparent flexible substrate with a programmed 2D scanning sample 

stage. Silver electrodes fabricated by this approach exhibit a remarkable bonding strength, 

which can withstand an adhesive tape test at least 50 times. After a 1500 time bending test, the 

resistance only increased by 5.2%. With laser-induced in situ synthesis, sintering, and 

simultaneous patterning of silver nanoparticles, this technology is promising for the facile 

fabrication of conducting electronic devices with flexible substrates [14] shown in Table 1. 
 

 

 

 

Table-1Typical and maximum module and cell conversion efficiencies at Standard Test 

Conditions 

 

With the rapid development of display-related markets, transparent conductive films 

(TCFs) with wide viewing angles, high transmittance, and low sheet resistance are in high 

demand. However, as a promising TCF material, metallic membranes with a sub-micrometer 

periodicity pattern fabricated by currently available techniques always reveal angle-dependent 

structuralcolor, which can be a major issue in the development of wide-angle viewing display-

related applications.  Electrochromic devices based on the novel metallic film show more 

uniform color distribution than the devices based on metallic film with ordered single size 

apertures under indoor natural light irradiation. These findings demonstrate the applicability of 

the Au nanomesh film with dual size apertures in enhancing the display quality of high-

performance optoelectronic devices [15]. 

 

Transparent conducting electrodes are essential components for numerous flexible 

optoelectronic devices, including touch screens and interactive electronics. Thin films of 

ITO—the prototypical transparent electrode material—demonstrate excellent electronic 

performances, but film brittleness, low infrared transmittance, and low abundance limit 

suitability for certain industrial applications.  

 

Type Typical module 

efficiency 

[%] 

Maximum recorded 

module efficiency 

[%] 

Maximum recorded 

laboratory efficiency 

[%] 

Single crystalline 

silicon 
12-15 22,7 24,7 

Multicrystalline silicon 11-14 15,3 19,8 

Amorphous silicon 5-7 - 12,7 

Cadmium telluride - 10.5 16.0 

CIGS - 12,1 18,2 
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Alternatives to ITO include conducting polymers, carbon nanotubes, and graphene. 

Although flexibility is greatly improved, the optoelectronic performance of these carbon-based 

materials is limited by low conductivity. Other examples include metal nanowire-based 

electrodes thatcan achieve a sheet resistance of less than 10 Ω m−1 at 90% transmission because 

of the high conductivity of the metals.  

To achieve such great performance, metal nanowires must be defect-free, have 

conductivities close to their values in bulk, be as long as possible to minimize the number of 

wire-to-wire junctions, and exhibit small junction resistance. Here, we present a facile 

fabrication process that allows us to satisfy all these requirements and fabricate a new type of 

transparent conducting electrode that exhibits both superior optoelectronic performance (sheet 

resistance of ~2Ω m−1 at 90% transmission) and remarkable mechanical flexibility under both 

stretching and bending stresses. 

 

 The electrode is composed of a free-standing metallic nano trough network and is 

produced with a process involving electrospinning and metal deposition. We demonstrate the 

practical suitability of our transparent conducting electrode by fabricating a flexible touch-

screen device and a transparent conducting tape [16]. Highly efficient photon recycling 

photosensitive optoelectronic device (POD) structures may include optical concentrating non-

imaging collectors. Such device structures may be utilized with both organic and inorganic 

photoconverting heterostructures to enhance photoconversion efficiency. These photorecycling 

POD structures are particularly well suited for use with organic photoactive materials [17]. 

 

Carbon nanotube, Si, and Si-graphene -solar cells have attracted considerable interest 

recently owing to their potential in simplifying manufacturing process and lowering cost 

compared withSi cells. Until now, the power conversion efficiency of Si-graphene cells 

remains under 10% and well below that of the Si nanotube counterpart. Here, we involve a 

colloidal antireflection coating onto a monolayer Si-graphene solar cell and enhance the cell 

efficiency to 14.5% under standard illumination (air mass 1.5, 100 mW/cm2) with a stable 

antireflection effect over a long period.  

 

The antireflection treatment was achievedby a simple spin-coating process, which 

significantly increased the short circuit current density and the incident photon-to-electron 

conversion efficiency to about 90% across the visible range. This result shows agreat promise 

in developing high-efficiency Si-graphene solar cells in parallel to the more extensively studied 

carbon nanotube Si structures [18]. 

 

Singlet exciton fission, a process that generates two excitons from a single photon, is 

the most efficient of the various multiexciton generation processes studied to date offering the 

potential to increase the efficiency of solar devices. However,its unique characteristics splitting 

a photogenerated singlet exciton into two dark triplet states means that the empty absorption 

region between the singlet and triplet excitons must be filled by adding another material that 

captures low-energy photons. Thus, this phenomenon requires the development of specialized 

device architectures. 

 

Pentacene-based PVdevices typically show high external and internal quantum 

efficiencies. They have enabled researchers to characterize fission, including yield and the 

impact of competing loss processes, within functional devices. We review in situ probes of 

singlet fission that modulate the photocurrent using a magnetic field. We also summarize 

studies onthe dissociation of triplet excitons into charge at the pentacene–buckyball (C60) 
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donor–acceptor interface. Multiple independent measurements confirmed that Pentacene triplet 

excitons can dissociate at the C60 interface despite their relatively low energy.  

 

Triplet excitons produced by singlet fission each have no more than half the energy of 

the original photo excitation; hence, they limit the potential open circuit voltage within a solar 

cell. Thus, if singlet fission increases the overall efficiency of a solar cell and not just doubles 

the photocurrent at the cost of halving the voltage, then photons in the absorption gap between 

the singlet and triplet energies of the singlet fission material should also be harvested. We 

review two device architectures that attempt this process using long-wavelength materials: (1) 

a three-layer structure with long- and short-wavelength donors and an acceptor and (2) a 

simpler, two-layer combination of a singlet fission in tetracene with copper phthalocyanines 

inserted at the C60 interface.  

 

The bilayer approach included pentacene PV cells with an acceptor of infrared 

absorbing lead sulfide or lead selenide nanocrystals. Lead selenide nanocrystals are the most 

promising acceptors exhibiting efficient triplet exciton dissociation and high power conversion 

efficiency. Finally, we review architectures that use singlet fission materials to sensitize other 

absorbers, thereby effectively converting conventional donor materials to singlet fission dyes. 

In these devices, photo excitation occurs in a particular molecule and then energy is transferred 

to a singlet fission dye where the fission occurs. Rubrene inserted between a donor and an 

acceptor decouples the ability to perform singlet fission from other major PVproperties, such 

as light absorption [19]. 

 

2.2 Fabrication of Organic and Hybrid Solar cells and their importance 

 

Fullerene or phthalocyanine solar cells with an inverted structure were fabricated, and 

theirPVproperties, optical absorption, and microstructrues were investigated. Silicon 

naphthalocyanine, gallium phthalocyanine, and poly (3-hexylthiophene) were used for donor 

materials, and 6, 6-phenyl C61-butyric acid methyl ester was also used as an acceptor material. 

Solar cells with aninverted structure provide higher conversion efficiencies by the addition of 

silicon naphthalocyanine and are more stable compared withsolar cells with a normal structure 

in air. The nanostructures of the solar cells were investigated by transmission electron 

microscopy, and resultsshowed the dispersion of nanocrystals in the active layers. The energy 

levels of the molecules were calculated, and a carrier transport mechanism was proposed [20] 

 

The competition between exciton dissociation and charge transport in organic solar 

cells comprising poly (3-hexylthiophene) [P3HT] and pheny-C61-butyric acid methyl ester 

[PCBM] was investigated by correlated scanning confocal photoluminescence and 

photocurrent microscopies. Contrary to the general expectation that higher photoluminescence 

quenching indicates higher photocurrent, microscale mapping of bulk heterojunction solar cell 

devices shows that photoluminescence quenching and photocurrent can be inversely 

proportional.  

 

To understand this phenomenon, we constructed a model system by selectively 

laminating a PCBM layer onto a P3HT film to form a PCBM/P3HT planar junction on half of 

the device and a P3HT single junction on the other half. Upon thermal annealing to allow for 

inter diffusion of PCBM into P3HT, an inverse relationship between photoluminescence 

quenching and photocurrent was observed at the boundary between the PCBM/P3HT junction 

and the P3HT layer. Incorporation of PCBM in P3HT increased photoluminescence quenching, 

consistent with efficient charge separation, but conductive atomic force microscopic 
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measurements revealed that PCBM decreased P3HT whole mobility, limiting the efficiency of 

charge transport. This result suggests that photoluminescence–quenching measurements should 

be used with caution in evaluating new organic materials for organic solar cells [21]. Example 

for the fabrications of organic solar cells and its method of Ultrasonic spray pyrolysis is shown 

in Fig 2(a-c) 

 

 
 

Figure .2 (a) Schematic of organic solar cell (b) Organic solar cells connected in series, (c) 

Ultrasonic spray pyrolysis  

The advantage of exciting single atoms with exponentially rising photons is a larger 

peak excitation probability within a narrower time interval.  

 

Photonics combines many technologies, which explains its importance in many sectors. The 

Microphotonics & Nanophotonics track placed a spotlight on new manufacturing methods 

using laser technology, new components and micro-optical connections in data 

communications based on silicon photonics, and integrated optical microsystems for sensors.  

 

Complementary metal-oxide semiconductor (CMOS) sensors acquire dynamic visual 

information in the form of a continuous stream of individual pixel data, sensing the context of 

a given scene rather than the entire data set. Professor Grätzel pioneered research in the field 

of energy and electron transfer reactions in mesoscopic systems and their use in energy 

conversion systems, particularlyPVcells and photo-electrochemical devices for splitting water 

into hydrogen and oxygen,reducing carbon dioxide by sunlight, and storing electric power in 

lithium ion batteries. He discovered a new type of solar cell based on dye-sensitized 

nanocrystalline oxide films, which successfully mimic the light reaction occurring in green 

leavesand algae during natural photosynthesis.  

 

Dye-sensitized solar cells (DSCCs) are produced industrially and sold commercially on 

the megawatt scale as lightweight flexible cells for powering portable electronic devices and 

as electricity-producing glass panels for application in building integrated PVs. 
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DSSCs have engendered perovskite solar cells that have revolutionized the whole field of 

PVs,reaching over 22% efficiency only a few years after their inception. This value exceeds 

the performance of silicon polycrystalline solar cells. Among the honorees in the “tech for a 

better world” category this time is Nano co Technologies, the UK-based developer of 

cadmium-free quantum dots for displays and lighting applications. 

 Divisive communication and value gaps separating the spheres of science and politics 

must be overcome if the UN’s global sustainable development goals are to be met. 

 

“Photonics technologies have profound potential to help meet the UN’s sustainable 

development goals,” Arthurs said, citing solar and other renewable energy systems, water 

cleaning and desalination capabilities, energy-efficient lighting with LEDs, climate monitoring 

technologies, and fiber-optic communications as key examples. 

 

Earlier in November, the Puerto Rico Photonics Institute based at the Universidad 

Metropolitana in San Juan organized the Photonics, Medicine, and Environment Symposium 

with speakers including Dean Bahaa Saleh of the College of Optics and Photonics at the 

University of Central Florida (CREOL) and Heidy Sierra from the Memorial Sloan-Kettering 

Cancer Center in New York. 

 

The semiconductor devices that are used in optoelectronic and photonic applications often rely 

on strong excitonic resonances. These resonances can be tailored via bandgap engineering and 

electronic or photonic structuring. 

 

 To enable a more effective design of such devices, a complete understanding of light–

matter interactions is highly desirable. Such understanding is likely to be of particular 

importance in the development of future quantum devices, for which a full knowledge of 

quantum states, their interactions, and coherence times is required. For example, the optical 

control of semiconductor coherences could play an integral role in quantum communications, 

computers, or simulators. In addition, inorganic nanostructures are model systems for the study 

of complex coherent mechanisms (e.g., photosynthesis [22] and photocatalytic devices [23] 

 

2.3 Different types of dyes used and its advantages of dye sensitized solar cells 

Over the last decade, coherent control of the optical response of semiconductor nanostructures 

and microcavities has uncovered the effects of structure and many-body Coulomb interactions. 

2D coherent spectroscopy (2DCS) is a process in which the optical response is manipulated by 

using a sequence of laser pulses. The pulses spread the coherent signal into two spectral 

dimensions (typically absorption and emission frequencies). This approach enables the 

coherent response from single resonances and the coupling between resonances to be observed 

as separate spectral features. For example, confinement in quantum wells splits heavy- and 

light-hole excitons (due to their different effective masses), and 2DCS exhibits features that 

couple the two excitons [24–27]. Process of working electrodes of dye senitised solar cell and 

its charge transfer were shown in Fig 3(a-c). 

 

http://www.nanocotechnologies.com/
http://spie.org/newsroom/6694-coherent-spectroscopy-for-sensing-inside-photonic-devices#B4
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Figure 3. Process of producing working electrodes (b) Schematic of the dye sensitized solar 

cell with a sandwich TiO2 thin film electrode and (c) Charge transfer process in multilayer co-

sensitized nanocrystalline TiO2 thin film. 

 

 However, spectral features may exhibit inhomogeneous broadening as a result of 

electronic confinement and can even yield information about a strain, as observedin bulk 

gallium arsenide (GaAs) [28]. Moreover, as a multipulse coherent-control scheme, 2DCS can 

also be used to examine non-radiative contributions (e.g., Raman or two-quantum coherence) 

by projecting these signals onto the emitted radiation. 2DCS has also been recently 

demonstrated as a powerful tool to examine photonic devices [29–31]. The success of this 

approach is, in part, due to the separation of various quantum mechanical excitation pathways 

and the sensitivity of the resulting spectral features to differing light–matter interactions. 

 

A previous research used 2DCS to examine the coherent response of semiconductor 

microcavities [30]. To fabricate the microcavities, we precisely grew monolithic 

heterostructures of GaAs and related III-V semiconducting alloys. As illustrated in Figure 1, 

these structures comprise a narrow optical cavity (of GaAs) that is encased between two 

distributed Bragg mirrors (i.e., aluminum arsenide/GaAs bilayers) and contains an InGaAs 

(indium gallium arsenide) QW at the peak of the optical spatial mode. If the frequency of the 

optical cavity mode (γ) is in resonance with the excitonic mode of the QW (X), the system is 

said to have zero detuning. Close to zero detuning, coupling of the cavity and exciton is 

sufficiently strong to result in normal-mode splitting. 

http://spie.org/newsroom/6694-coherent-spectroscopy-for-sensing-inside-photonic-devices#B9
http://spie.org/newsroom/6694-coherent-spectroscopy-for-sensing-inside-photonic-devices#fig1
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Voltage-induced graphene oxide (GO) reduction is a facile and environmentally benign 

procedure for removing oxygen-containing functional groups from GO and recovering 

electrical conductivity. In this work, we perform a comprehensive investigation of the reduction 

process, structure, and electrical properties associated with voltage-reduced graphene oxide (V-

rGO), obtained by applying a voltage between lateral electrode pairs. In situ optical microscopy 

during reduction reveals the growth of dendritic filaments of V-rGO that advance from the 

negative to positive terminal, eventually bridging and filling the entire electrode gap region. 

The growth rate of V-rGO filaments sharply increases with humidity and film thickness. Using 

varied electrode geometries, we demonstrate that V-rGO growth proceeds along electric field 

lines, opposite the field’s direction. Following reduction, significant recovery of sp2 carbon 

bonding and removal of oxygen-containing functional groups lead to electrical performance 

that is competitive with standard reduction schemes. Variable temperature resistance 

measurements identify Efros–Shklovskii variable-range hopping as the dominant transport 

mechanism, a result that is consistent with V-rGO acting as a polydisperse quantum dot array. 

Overall, this work suggests that voltage-induced reduction can be used in place of more 

cumbersome and hazardous reduction methods [35].Localized voltage-induced reduction, 

initiated by a conductive atomic force microscope probe under ambient conditions, is used to 

pattern electrically conductive rGO regions in electrically insulating GO. This method reduces 

single- and multiple-layer GO on ultra-flat Au substrates with feature sizes as small as 4.0 nm, 

with the reduction resolution depending strongly on humidity and GO layer number. 

 

 In situ current levels during reduction are used to track reaction kinetics, which follow 

a rate-limited process where the generation and transport of hydrogen ions are the primary rate-

limiting steps. Tip-enhanced Raman spectroscopy is used to map the nanoscale structure and 

local disorder in voltage-reduced GO and rGO single sheets. GO reduction decreases tip-

enhanced Raman scattering intensity in both the D-band and G-band but does not affect the 

D/G intensity ratio, indicating that defects are not introduced by the reduction process 

[36].Laminar composite electrodes are prepared for application in supercapacitors using a 

catalyzed vapor-phase polymerization (VPP) of 3,4-ethylenedioxythiophene (EDOT) on the 

surface of commercial carbon coated aluminum foil. These highly electrically conducting 

polymer films provide rapid and stable power storage per gram at room temperature. The 

chemical composition, surface morphology, and electrical properties are characterized by 

Raman spectroscopy, scanning electron microscopy, and conducting atomic force microscopy.  

 

A series of electrical measurements including cyclic voltammetry, charge–discharge, 

and electrochemical impedance spectroscopy wasalso used to evaluate electrical performance. 

The processing temperature of VPP shows a significant effect on PEDOT morphology, the 

degree of orientation, and its electrical properties. The relatively high temperature increases the 

specific area and conductive domains of the PEDOT layer, which greatly benefit the capacitive 

behavior according to the data presented. Since the substrate is already highly conductive, the 

PEDOT-based composite can be used as an electrode material directly without adding a current 

collector. Withthis simple and efficient process, PEDOT-based composites exhibit a specific 

capacitance up to 134 F g−1 with the polymerization temperature of 110 °C [37-39]. Heliatek 

achieves 12% organic solar cell efficiency, Photonics.org, 23 January 2013. Inorganic materials 

such as electro-chemical solar cells using titanium dioxide in conjunction with an organic dye 

and a liquid electrolyte already exceed 6% power conversion efficiencies and are about to enter 

the commercial market. Semiconducting polymersare also another interesting alternative to 

inorganic cells; these polymers combine the optoelectronic properties of conventional 

semiconductors with the excellent mechanical and processing properties of polymeric (i.e., 

plastic) materials [40,41]. The advantage of polymeric PV cells over electro-chemical cells is 
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predominantly the absence of a liquidelectrolyte, which generates problems with sealing 

against air, but also the prospect of even cheaper production using large-area devices and the 

application of flexible substrates. 

 

Materials are the heart and soul of PVdevices. PVs (solar cells) have been classified 

into various types according to the nature of materials. Device structure and nature of materials 

are critical for the overall efficiency and performance of PVs. However, in this particular 

review, we will be only converging on the nature of various materials used to develop solar 

cells and their performances. Solar cells are classified into different generations according to 

the nature and properties of materials [42]. 

 

2.4   Significance of few generations of Amorphous Silicon solar cells 

 

First-generation solar cells developed in the midst of the 19th century were based purely 

on silicon-based materials [43]. First-generation PV cells are the dominant technology in the 

commercial production of solar cells, accounting for more than 86% of the solar cell market. 

Cells are synthesized using crystalline silica wafer consisting of a large-area single-layer p-n 

junction diode. Silicon is the most extensively used material in PV devices. Monocrystalline 

solar cells are first-generation PV materials that have long been available, indicating their 

robustness and endurance [44]. The monocrystalline silicon used in device fabrication with 

minimal defects and impurities can significantly affect the local electronic properties of 

monocrystalline silicon solar cell because of its outstanding electronic and optical properties 

that can reach upto 25% efficiency [45]. 

 

An effective solar cell needs (i) the absorption of a large portion of the incident solar 

radiation, (ii) the capable collection of both photogenerated electrons and holes, (iii) a junction 

with a built-in potential on the order of 1V, and (iv) a low internal series resistance [46]. The 

initial cost of producing monocrystalline silicon and its fragileness are the main disadvantages 

[47]. Polycrystalline silicon PV cell, polysilicon (p-Si), and multi-crystalline silicon (mc-

Si)were commercialized in the early 1980s [48]. Disparate from monocrystalline solar cells, 

polycrystalline solar cells do not entail the Czochralski process [49]. For polycrystalline solar 

cells, raw silicon is melted and transferred into a square mold, which is cooled and cut into 

proper shaped wafers with the desired size. Unlike monocrystalline, polysilicon is 

comparatively cheap with minimal wastage of silicon during processing. The efficiency is 

lesser in polycrystalline solar cells (13%–16%) than monocrystalline cells because of 

impurities [50]. In addition, polysilicon materials arecomparatively less heat resistant than 

other materials [51].First to four generations and its one models are shown in Fig 4 

 

https://en.wikipedia.org/wiki/Semiconductor_device_fabrication
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Figure 4. Various generation from First to Fourth of photovoltaic materials 
 

Juwon Jeonga et al., in their work showed that Mesoporous TiO2 particles can be 

effectively used as scattering particles in dye-sensitized solar cells(DSSCs), and since 

scattering particles are used to improve the light utilization of DSSCs, the approach used in 

their study could also be easily applied in other light harvesting devices such as water splitting 

device. [52]. O.L. Gribkovaa et al., investigated Poly(3,4-ethylenedioxythiophene) (PEDOT), 

films were electrodeposited in galvanostatic mode in the presence of salt or acid forms of 

sulfonated polyelectrolytes distinguished by different rigidity of the polymer main chain and 

presence of amid fragments in their structure [53].  Lian Jia et al., studied the performance of 

InGaAsP with Rapid thermal annealing (RTA) grown by molecular beam epitaxy with the 

bandgap energy of 1 eV [54].  

 

Hongge Zheng et al., synthesize hexagonal formamidinium lead iodide CH(NH2)2PbI3 

(δ-FAPbI3) perovskite nanorods which is an ideal candidate material for high performance 

photovoltaic and optoelectronic devices by a simple chemical solution method [55]. Tuo Zheng 

et al., studied the PbTi1-xFexO3-δ (xPTFO) ferroelectric ceramics by means of structural 

characterizations, optical and magnetic measurements. All the samples show a tetragonal 

perovskite structure with uniform grains which is used to design optimal perovskite compounds 

for photovoltaic devices and magnetic storage [56]. Jun Lu et al., demonstrated an effective dc 

reactive magnetron sputtering strategy and fabricated a well-aligned TiO2 nanorod arrays for 

flexible dye-sensitized solar cells. PCE of 5.3% have been achieved by controlling the length 

of TiO2 nanorod arrays [57] shown in Table 2.  
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Table -2 Various PV materials and its different applications 
 

   Materials     Applications   

References 
Mesoporous TiO2 in dye-sensitized solar cells Used in Dye sensitized 

solar cells  

[52] 

Poly(3,4-ethylenedioxythiophene) (PEDOT) 
Films 

As a hole-transport 
(buffer) layer in organic 

photovoltaic cells 

[53]. 

InGaAsP with Rapid thermal annealing (RTA) As a dopant for PV 

materials that suffers from 
phase separation 

[54]. 

Hexagonal formamidinium lead iodide 

CH(NH2)2PbI3 (δ-FAPbI3) nanorods 

Used in perovskite solar 

cells 

[55]. 

PbTi1-xFexO3-δ (xPTFO) ferroelectric ceramics As optimal perovskite 

compounds for 

photovoltaic devices and 

magnetic storage 

[56]. 

TiO2 nanorod arrays As dye-sensitized solar 

cells 

[57] 

Cu2FeSnSe4 (CFTSe) microparticles As a absorption material 
for solar cell applications 

[58] 

Ferroelectric Pb(Zr,Ti)O3 (PZT) thin films and 

PbS quantumdots(QDs)  -hybrid 

Used in solution-

processed quantum dots 
optoelectronics and solar 

cells 

[59] 

Poly (3-Hexylthiophene) (P3HT) thin films Used in organic 

photovoltaic devices 
 

[60] 

 

C60/DTDCTB/poly(3,4- 

ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS 

As an efficient donor 

material in organic 
photovoltaics (OPVs) 

[61] 

 

GO@SnO2/TiO2 nanofibers Used in dye-sensitized 

solar cells (DSCs) 

[62] 

 

 

 Jicheng Zhou et al., synthesized Cu2FeSnSe4 (CFTSe) microparticles by an 

atmospheric pressure liquid reflux method in triethylenetetramine and the CFTSe 

microparticles are found to have a single-phase stannite structure [58]. Young Hun Paik et al., 

presented a hybrid photovoltaic device based on PZT thin film  with a PbS quantum dot layer 

using a solution based fabrication process.The overall power conversion efficiency was 0.75% 

which is higher when compared to PZT film only photovoltaic device  [59] T. Sharma et al., 

investigated the modifications of Poly(3-Hexylthiophene) (P3HT) thin films by irradiating 

them with 90 MeV Ni7+ ions at different fluencies (1*109 to 1*1011 ions/cm2) and it is found to 

have induced molecular ordering due to intense heating effect in the halo region of ion path  

[60].   

 

Jisu Yoo et al., investigated the electronic structure of a narrow band gap small 

molecule ditolylaminothienyl–benzothiadiazole–dicyanovinylene (DTDCTB), possessing a 

donor-acceptor acceptor configuration, with regard to its application as an efficient donor 
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material in organic photovoltaics (OPVs) [61]. Ibrahim M.A. Mohamed et al., synthesize the 

GO@SnO2/TiO2 nanofibers (NFs) by a facile method using electrospinning and hydrothermal 

processes. The photovoltaic performances showed that the efficiency of the device employed 

GO@SnO2/TiO2 photoanode gave 5.41%, which was higher than those of cells fabricated with 

SnO2/TiO2 NFs (3.41%) and GO@TiO2 NFs (4.52%) photoanodes [62]. 

 
 

The gradients of zinc phthalocyanine/C60 were prepared by co-evaporation of the two 

materials from two sources to make a linear array of photodiode devices. ZnPc has a strong 

absorption in the mid- visible range, and photoinduced charge transfer between ZnPc and C60. 

It is also well as the substrate temperature, can significantly change the photovoltaic properties 

of the devices. ZnPc in C60 is easily done by co-evaporation of both molecules onto a surface 

from two separate sources at a distance; a gradient will be formed along the space extending in 

between the two evaporation sources. These structures are then used for evaluation of solar cell 

performance [63-72]. Dye-sensitized solar cells based on nanocrystalline TiO2 electrodes are 

currently attracting widespread attention as a low cost alternative to conventional inorganic 

photovoltaic devices. Efficient light absorption for a monolayer of adsorbed sensitizer dye was 

achieved by the use of a mesoporous TiO2 film structure [73-77] . This discussion were 

tabulated in Table 3. 

 
 

Table-3 Different Materials and parameters of the various solar cells of workfunction, 

Fillfactor, PCE (%) and  
η (%) 

 

HEL Work function FF PCE (%) η (%)  

HEM  88.0  18.2 [63] 

Eurosil  79.5  19.8 

Wacker  83.6  24.4 

PEDOT:PSS 5.25 0.68 9.93  [64] 

 MoS2 5.0 0.67 9.53  

WS2 4.95 0.64 8.02  

GO 5.1 0.52 9.62  

CBL: Alq3/Ca  0.48 - 2.28 [65] 

PC60:BM  0.67 3.44  [66] 

C4:CFCMA  0.53 1.00  

BF-CBA  0.43 0.02  

C1-BFCBA  0.49 0.30  

C2-BFCBA  0.52 0.53  

C3-BFCBA  0.63 2.42  

C4-BFCBA  0.67 3.40  

C5-BFCBA  0.59 2.54  

C4-BFCTA  0.46 1.22  

TiO2  0.33  0.64 [67] 

TiO2+0.03% 

MWCNT 

 0.27  0.85 

TiO2+0.06% 

MWCNT 

 0.31  0.78 

TiO2+0.09% 

MWCNT 

 0.34  0.83 



Exp. Theo. NANOTECHOLOGY 3 (2019) 129-150  144 

TiO2+0.15% 

MWCNT 

 0.32  0.37 

TiO2+0.21% 

MWCNT 

 0.31  0.23 

ZnO/EY  56  1.60 [68] 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

ZnO/C  57  0.41 

ZnO/Rose  59  0.84 

ZnO/RhB  59  1.10 

ZnO/FGF  33  0.011 

ZnO/AO  49  0.024 

TiO2/EY  43  0.03 

TiO2/C  38  0.03 

TiO2/RhB  57  0.60 

TiO2/Rose  48  0.07 

TiO2/FGF  47  0.04 

TiO2/AO  40  0.013 

ZTO/EY  56  0.18 

ZTO/C  56  0.05 

ZTO/RhB  63  0.89 

ZTO/Rose  47  0.08 

ZTO/FGF  53  0.04 

ZTO/AO  21  0.002 

A(CB)  32.6 1.43±0.02  [69] 

B(CB)  49.7 2.68±0.1  

C(CB)  51.4 2.51±0.2  

D(CB)  29.0 0.69±0.01  

E(CB)  38.4 0.09±0.01  

F(DCB)  53.04 2.67±0.02  

G(CB)  55.60 3.1±0.2  

H(DCB)  58.59 2.90±0.3  

I(DCB)  39.44 0.37±0.2  

J(DCB)  37.01 0.001  

Graphite 10.86±0.01 0.14±0.10 Graphite  [70] 

RGO 12.29±0.01 0.26±0.20 RGO  

Carbon black 37.78±0.02 2.14±0.20   

Mixed 40.92±0.02 3.26±0.20   

Pt 56.76±0.02 4.52±0.25   

     

rGO 18 1.86   [71] 
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Crumpled 

Graphene 

56 5.15   

PIDT-DTPQx 58.2  73%  [72] 

PIDT-DTFPQx 61.7  64% 
(EQE) 

 

Dye- N719 0.66  8.67  [73] 

G3 0.69  4.14  

G3 0.74  7.44  

G3 0.72  8.64  

G3 0.73  8.94  

G3 0.74  9.20  

G3 0.71  7.85  

G4 0.66  5.11  

G4 0.68  6.84  

G4 0.68  9.49  

G4 0.70  9.57  

G4 0.73  9.83  

G4 0.70  9.52  

G5 0.67  5.49  

G5 0.68  7.68  

G5 0.68  9.77  

G5 0.69  9.90  

G5 0.72  10.26  

G5 0.70  9.45  

P3HT:PCBM  0.39 1.24 25.64  [74] 

Annealing  time 

(min) 5 

0.60 3.14 56.23  

30 0.62 3.51 58.76  

60 0.63 3.68 61.52  

120 0.65 4.05 64.16  

Polymer solar cell 0.68 5.0% ---  [75] 

Perovskite:PU200      

100:0 45.68±9.36  6.5±1.80  [76] 

100:1 69.15±1.19  12.67±0.43  

100:3 54.49±5.90  8.63±1.45  

100:5 38.40  0.27  

PTB7 42 2.46 (2.34)   [77] 

PTB7-DCB 47 4.22 (3.92)   

PTB7-Th 37 4.11 (3.91)   

PTB7-Th-DCB 49 6.07 (5.60)   

 

 

Polymer solar cells are becoming increasingly attractive because they show many 

potential advantages over traditional silicon-based solar cells. As an energy conservation 

device, efficiency is a very important parameter. Inorder to increase the PCE (Power 

Conversion Efficiency) of devices, some aspects should be taken into account, such as the 
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absorption coefficients of the materials, the exciton dissociation rate, and the charge-carrier 

mobilities. Polymers with bandgaps above 2eV only absorb radiation in the ultraviolet (UV) 

and green part of the visible range. [78].  Conjugated polymers blended with soluble fullerene 

derivatives show a great potential for low cost, large area photovoltaics. One of the most 

promising devices following this approach are based on poly [2,6-(4,4-bis-(2-ethylhexyl)-4H-

cyclopenta[2,1-b;3,4-b0]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT), reaching 

power conversion efficiencies of up to 3.2% when combined with [6,6]-phenyl-C71-butyric 

acid methyl ester (PC70BM) [79].  Solar-energy generation, especially that of photovoltaics, 

has great potential as a renewable energy source because of its limitless and non-polluting 

properties. Recently, several research groups have reported that BHJ solar cells based on a 

composite film using poly(3-hexylthiophene) (P3HT) as an electron donor and [6,6]-phenyl- 

C61-butyric acid methyl ester (PCBM) as an electron acceptor show a power-conversion 

efficiency near 5%, which is the best reported performance for solution-processed polymer 

solar cells.In general, the performance of  BHJ solar cells can be maximized by controlling the 

morphology of the active layer, because efficient photoinduced charge generation, transport, 

and collection at each electrode crucially depend on the nanometer-scale morphology of the 

composite films. [80]. Polymer electrolytes have reasonable ionic conductivities and eliminate 

the problems of sealing and solvent leakage.  

 

3. CONCLUSION 

Thermo chemical cycles characterized by the decomposition and regeneration of 

reactants present another avenue for hydrogen production. That materials used for the 

thermocycles are the main of this achievement.  When the semiconductor is illuminated an 

electrical potential develops, potential can be enhanced by using specific materials of 

photovoltaic. Solar energy is not available at night, and the performance of solar power systems 

is affected by unpredictable weather patterns; therefore, storage media or back-up power 

systems must be used. Backup storage materials are also depends on photovoltaic devices. 

Tests on two solar-driven advanced oxidation processes, namely heterogeneous semiconductor 

photocatalysis and homogeneous photo-Fenton, both coupled to biological treatment, was 

carried out in order to identify the environmentally preferable alternative to treat industrial 

wastewaters containing non-biodegradable priority hazardous substances. Solar energy can be 

stored at high temperatures using molten salts. Salts are an effective storage medium because 

they are low-cost, have a high specific heat capacity and can deliver heat at temperatures 

compatible with conventional power systems. 
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The aim of this work is to enhance the photovoltaic / thermal system performance by dissipating 

the high heat stored inside the PV panels. A new design of front and back cooling systems  have  

been made based on spraying water on the front surface and circulation of  a Nanofluid (AL2O3 – 

H2O) in the back cooper pipes with a small heat exchanger. Deionized water and Nanopowder 

AL2O3 are mixed homogenously to be the working fluid and used as a cooling fluid in the  back 

closed system .Concentration  ratios of  Nanopowder are (0.1,0.2, 0.3,0.4,and 0.5) % with a different  

mass flow  rates  of  water are  applied . The thermal and electrical performance of PV/T was 

recorded as a function of solar irradiation intensity and temperature on the PV panel surface. The 

temperature of PV panel dropped from 76℃ to 64℃ with front and back cooling by water. This 

dropping in temperature led to increase the average electrical PV efficiency to (7.5) % at an 

optimum flow rate of (2L/min.). When using Nanofluid (AL2O3 − H2O), the temperature dropped 

significantly to (45℃) at a concentration ratio of (0.3%) causing an increment in the PV efficiency 

of (10.9) %.  

 

 

Keywords: PV performance; PV cooling; Nanofluids applications; Water pumping system.   
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NOMENCLATURE  

A    ∶  Area of the PV module (m2).                                      

Ac ∶  Area of collector (m2).  

CP   :  Specific heat capacity of fluid (J/Kg. ℃)                 

G   ∶ Solar radiation (W/m2) 

Im ∶  Maximum current of PV module.                                       

Q   ∶  Heat transfer rate (J/s) 

To ∶  Temperature of standard condition (25 ℃)  

Ti  ∶  Inlet temperatures of fluid in PVT  (℃)                                    

 To ∶  Outlet temperatures of fluid In PVT (℃)  

Pvt: Photovoltaic thermal 

Vm  : Maximum voltage of PV module 

β    : Temperature coefficient of silicon cell i.e  (β = 0.0045℃−1) 

Ø   : Nanoparticles volume fraction 

η0 : Nominal electrical efficiency 

ηth  : Thermal efficiency 

μnf: Nanofluid viscosity (kg/m.s). 

μw: Water viscosity(kg/m.s). 

ρf   : Density of the base fluid(kg/m3). 

ρnf: Density of the Nanofluid (kg/m3). 

 

 

 

1. INTRODUCTION 
 

As the world is confronting the issue of global warming, energy shortfall and the retrogradation 

of environment and energy sources, there is a requirement for an alternate energy  to asset  

generating power instead of using fossil fuels. The energy consumption all over the world , 

especially in the industrialized countries, has been growing at an alarming rate. Most of the 

world's energy, (86%) of supply originates from the fosil fuels [1]. It is estimated that the world 

energy demand will increase by 45% between 2006 and 2030. The rate of expansion is 1.6% 

per year. An exciting alternative to diminish these negative effects is an expansion of the 

renewable energy utilizations. Solar energy is one of the most promising sources among 

renewable energy because it is clean, available and inexhaustible. Solar energy can be used in 

different wayes such as, thermal field using thermalcollectors or electricity generation through 

solar Photovoltaic (PV) cells. A PV cell is a semiconductor device that generates electricity 

when light falls on it. The physical process in which a PV cell or solar cell converts sunlight 

into electricity is known as the photovoltaic effect [2]. The performance of a  photovoltaic (PV) 

system not just relies upon its basic electrical characteristics: maximum power, maximum 

power voltage, maximum power current, maximum system voltage, open-circuit voltage (Voc), 

short-circuit current (Isc), but is also adversely affected by several impediments for example 

ambient temperature, duststorms, suspension in air, global solar radiation intensity, spectrum 

and angle of irradiance [3,4]. The main factor which plays an essential role in the performance 

of solar cells is surface temperature of the solar cells. A small increment in the temperature of 

the solar cell decreases the output of the solar cells significantly [5,6]. PV-T technology is a 
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hybrid system that combines PV panels with solar thermal collectors and capitalizes on the 

untapped heat energy of the PVsystem. Hybrid Photovoltaic/Thermal (PV/T) system is one of 

the most prominent strategies for cooling the photovoltaic panels nowadays, by extracting heat 

from it using heat transfer fluid. The higher efficiency can be provided by the PV/T system as 

compared with the conventional PV and thermal collector systems, therefor it was developed. 

A PV cell transforms only a small part (less than 20 %) of the irradiance into electrical energy, 

thus PV heating is the result of the absorbed solar radiation that is not converted into electricity 

[7]. Furthermore, the increased temperature can likewise bring structural harm to the module 

if the thermal stress stays for a protracted period, thus cooling the PV is essential to keep the 

electrical efficiency at an acceptable level and achieves expectations level [8]. For solar 

collectors, Nanofluids have attracted attention as a working fluid due to their anticipated ability 

to improve the thermal performance of the collectors and the energy and cost savings can be 

achieved. In this work Nanofluid  was used  as the working fluid to increase heat transfer from 

the rear surface of PV/T. Nanofluids have  the  following  advantages  as  compared  to 

conventional  fluids  which  make them suitable for different  applications involving heat 

exchange:- improvement in efficiency of  heat transfer systems because of the  suspended 

Nanoparticles    that enhance   the thermal conductivity and the suspended nanoparticles  

increased  the surface  zone and  the heat capacity of  the fluid because of the very small size 

of the particles . Reduced pumping power compared to pure liquids to achieve equivalent heat 

transfer is proper for various applications. Its properties can be changed by varying the 

concentricity of the Nanoparticles [8, 9].  

 

Salih Mohammed Salih et al (2015) [10] have presented experimentally the performance 

enhancement of PV array based on sprayed cooling water on the front side of the panel to 

dissipate heat and keep the panel cooling at minimum temperatures. The results of this study 

showed that the performance of PV panel had been increased and the cooling rate for 5 min.was 

4 ºC/min in midday and the average value of efficiency of spraying system along one day was 

about 17.8 %. Dorobanțu et al (2013) [11] have evaluated PV panels front water-cooling 

methodology. They concluded that the open voltage of the panel risies when its temperature 

diminishes and because of the lower operating temperature, the life cycle can be increased. 

Chao-Yang et al (2012) [12] have evaluated a hybrid Photovoltaic thermal system (PV/T) 

which involved polycrystalline PV cells, water pump, controller, water tank. The PV/T 

collector was erected with copper tube and copper sheet settled on the rear of PV panel. The 

consequences of this research demonstrated that the thermal efficiency of the thermal unit can 

reach 35.33% and the electrical effectiveness of PV panel achieved was 12.77%. Sardarabadi 

et al.(2014) [13] have presented an experimental work to study the impact of utilizing Al2O3 

Nanofluid as a working fluid in a PVT system to improve its thermal and electrical efficiencies. 

The Al2O3 Nanofluid utilized in this work was1% and 3% by weight (wt %). From the 

outcomes, it was observed that the thermal efficiency of the PVT collector for the two cases of 

1wt% and 3 wt% of nanofluids increased by 7.6% and 12.8%, respectively. 

The fundamental objectives of this work are: 1- to enhance the thermal and electrical 

performance of the photovoltaic / thermal system (PV/T), 2- to solve the problem of rising 

temperature by design and construct a cooling water technique in the front and back surfaces 

of the PV panel, 3- study the effect of utilizing Nanofluid (Al2O3- water) as a working fluid in 
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the circulating pipes and, 4- study the effect of cooling the heat exchanger by splashing it with 

water. 

 

2. METHOD OF ANALYSIS  

 

2.1.1- Thermal and electrical performance of the PV/Tsystem 

Thermal efficiency is a function of the solar radiation (G), the input temperature of fluid (𝑇𝑖), 

and the output temperature (𝑇𝑜).The thermal efficiency is estimated by the following equation 

[14, 15, 16, 17, and 18]: 

 

  𝜂𝑡ℎ =
𝑚.𝑐𝑝 (𝑇𝑜−𝑇𝑖)

𝐴𝑐𝐺
                                                                                              (1) 

 

The nominal electrical efficiency ( 𝜂𝑜) of a PV module can be calculated by the following 

formula for different incident solar irradiations 

 

𝜂0 =  
𝑉𝑚𝑝𝐼𝑚𝑝

𝐺𝐴
                                                                                                                    (2)                                                         

 

The electrical efficiency ( 𝜂𝑒𝑙𝑒𝑐) as a function of PV temperature is:-  

 

𝜂𝑒𝑙𝑒𝑐 =  𝜂0[1 − 𝛽(𝑇𝑐 − 𝑇0)]                                                                                 (3) 

 

2.1.2-Thermo physical properties of the working fluid 

The Thermophysical properties of the working fluid change due to the influence of the 

nanoparticles. These properties of conventional fluids can be found from standard tables or 

equations [14, 17]:- 

 

𝜌𝑛𝑓  = (1-ø) 𝜌𝑓 + ø 𝜌𝑝                                                                                                     (4) 

 (ρ Cp )𝑛𝑓  = (1−ø)(ρ Cp )𝑓 + 

 

 ø (ρ Cp )𝑝                                                                                                                         (5) 

 

µ𝒏𝒇 = (1+2.5 ø ) µ𝒘                                                                                                        (6) 

 

𝐾𝑛𝑓  =[
𝐾𝑓+2𝐾𝑓− 2(𝐾𝑓−𝐾𝑝)ø

𝐾𝑝+ 2𝐾𝑓− (𝑘𝑓 −𝐾𝑃)ø
]𝐾𝑓                                                                                         (7) 

𝜙 =

𝑚𝑝

𝜌𝑝
𝑚𝑝

𝑚𝑝
 + 

𝑚𝑓

𝜌𝑓

                                                                                                                                                                                        (8) 
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2.2 -Experimental procedure 

 

Figure. (1) Shows the experimental setup developed to investigate the thermal and electrical 

performances of the Photovoltaic thermal system. This system was built-on site of 

Electromechanical Engineering Department, University of Technology. The experimental 

setup consists of SR-100S PV panel made from Monocrystalline  semiconductor ,charge 

controller, battery, DC-DC boost converter, PMDC motor used as pumping system load, copper 

pipes, radiator with fan and circulation pump for cooling hot water. Figure. (2) Presents a 

schematic diagram of PV/T. 

 

 
 

1-Photovoltaic Panel, 2-copper Pipe, 3- thermostat,  4- Thermocouples, 5-Dc Pump 

6-water tank 

Figureure. (1):  PV panel and cooling system used during the experiment 
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Figureure. (2): Schematic representation of PV/T system 

The main element in the preparation of the experiment is a photovoltaic panel which produces 

direct current (DC) electricity. The SR-100S PV panel made from Monocrystalline 

semiconductor was used in this experiment. The photovoltaic module consists of (9 x 6 cells). 

The PV generates 100 watt as a maximum power under Standard Test Conditions (STC) and 

at maximum solar radiation it generates a max.  Power current (Impp) nearly equals to (5.8A). 

 

This experimental study included three steps to cool the system which led to enhance the 

performance of the PV cell. First , front cooling with a thin continuo as film of water flowing 

on the front surface of the panel, the second cooling the rear surface of PV using working fluid 

circulation pipes and third, cooling the heat exchanger by water spraying. 

 

2.2.1 Front cooling system 

The front cooling system as shown in Figureure (3) consists of a copper pipe, thermostat, feed 

pump and reservoir. To produce a film of water on the photovoltaic panel, a cribriform pipe 

has been fixed at the top edge of the panel with (16) holes each of (65 mm) in diameter, for the 

water flow. The thermostat is an instrument used to control the temperature of the solar panel. 

It is regulated to keep the temperature of PV under 50Co  so that when the temperature of PV 

exceed 50Co  the front cooling system will be operated .It was fixed on the right edge of the 

panel. The water pump was put in the reservoir and when the surface temperature of the panel 

exceeds 50Co it starts pumping water from the reservoir to the surface panel. The reservoir is 

of dimensions (1, 0.3, and 0.4) m made from iron and used to store and collect water. This 

cycle is repeated. 
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Figureure. (3): Front cooling (film of water) 
 

2.2.2 Back cooling system 

The back-cooling system of the PV consists of a copper sheet (2mm) in thickness and pipe 

(11mm) inner diameter. The copper sheet and the piping are tied up directly to the rear side of 

PV panel. Copper material has been used for its high thermal conductivity. Thermal sink was 

used between the PV panel and the 2mm copper plate to maximize heat transfer. The copper 

pipes are linked using a welding machine. The welding method is 40% tin and 60% silver. The 

storage capacity of the piping system is 1.5 liters welded to the copper sheet along its height 

and length, then fixed on the rear surface of the PV panel. The copper pipes have at least one 

inlet and one outlet to allow working fluid to enter and exodus from it respectively. Working 

fluid enters the pipes with low temperature and leaves as hot fluid. The size of the copper pipes 

was calculated accord to the size of PV panel utilized in this experiment. The dimension of the 

thermal collector design is shown in Figure. (4a, b).  

 

Figureure. (4a) : Dimensions of thermal collector mounted on the back side  of PV panel 
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Figureure.(4b): Spraying water over the heat exchanger 

2.3 Preparing the Nanofluid 

Nanofluid has been prepared in the corrosion laboratory of the Materials Engineering 

Department at the University of Technology. Nanopowder type of AL2O3 nanoparticles with a 

particle size of (30 nm) was used. Then water has been ionized and the powder added to the 

deionized water and diskrbed by a magnetic mixer type (LMS-2003D) with 650 W for 3 hours, 

after that the mixture has been treated by ultrasonic homogenizer type KQ3200E with (220 

Volt, 50KHz, 150 W) for about 20 minutes to disperse the small particles in the liquid so that 

they become equally distributed. After studying the impact of water cooling technique on the 

performance of PV/T system, (Al2O3 - water) Nanofluid was prepared at five concentration 

ratios (0.1, 0.2, 0.3, 0.4, and 0.5) % by mixing the particles with 1.5 liters of ionized water. 

Figure. (5) Shows different samples of (Al2O3 –water) Nanofluid concentrations. 

 

 

Figureure. (5): Five samples of (AL2O3-Water) Nanofluid 
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3. RESULTS AND DISCUSSION 

 

3.1 Effect of solar radiation and temperature on the performance of PVmodule 

Solar radiations have a significant effect on the electrical efficiency of the PV module. The 

solar radiations cause an increase in a cell operating temperature as shown in Figureure (6). 

This increase in surface temperature leads to a reduction in the electrical efficiency of the 

system. 

 

Figureure. (6): Solar radiation and PV Temperature in July 

3.2 PV performance with cooling technique 

The raising temperature of the solar cell has a large effect on the performance of the cell .This 

problem can be resolved by cooling the solar panels.  As a result of the cooling process the 

temperature of the PV panel will be dropped and the performance will be enhanced .The 

thermal performance of PV/T system is shown in Figures. (7) to (13) with flow rates (1, 1.5, 2) 

l/min. respectively. Figure. (7) Shows the temperature difference of the PV/T. The temperature 

difference between inlet and outlet is almost linear with the solar radiation at changing value 

of radiation from 200 W / m² to 1020 W / m². From Figureure (7) it is observed that flow rate 

increase causes a decreases in the output temperature and then decrease the temperature 

difference. But the decrease in flow rate leads to increase output temperature and then increases 

the temperature difference and then get the best thermal gain. This is because the fluid needs a 

long time to absorb heat from the surface of PV module. The cooling processes have a 

significant effect on the PV temperature, it was observed that (2L/min) flow rate gives the best 

performance in reducing the PV temperature. The reduction in the PV cell temperature reflects 

on the performance of the cell and thus affects the current and voltages for PV module as shown 

in Figures. (9 and10). From Figures. (11and 12)  indicate   that  the results of the cooling  

process for all flow rates  give  improvement in the power generated from  PV module and the 
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best one at (2l/min) flow rate because  more heat is dissipated in (radiator) with increasing flow 

rate of circulating working fluid . The effect of flow rate on the electrical efficiency is shown 

in Figure. (12). It is observed that the electrical efficiency of the PV module increases with 

increasing flow rate of the fluid. The best electrical efficiency was obtained at the optimum 

flow rate (2 L/min), because all the performance is improved at this rate.  Figure. (13) Presents 

the effect of the module cooling on the fill factor. It can be noted that the fill factor is inversely 

proportional to the module surface temperature and it increases for the module with cooling 

rather than without cooling. 

 

Figureure. (7): Effect of mass flow rates of water on the temperature difference 

 

Figureure. (8): Effect of mass flow rates on the PV temperature 
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Figureure. (9): Effect of mass flow rates on max.  current 

 

Figure. (10) Effect of mass flow rates on max. voltage 

 

Figure. (11) Effect of mass flow rates on max. power 
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Figure. (12): Effect of mass flow rates on the electrical  efficiency 

 

Figure. (13): Effect of mass flow rates on the fill factor 

3.3 The performance of PV/T system with (AL2O3- water) Nanofluid  

All physical properties of the working fluid change with Nanofluid concentration such as 

viscosity, thermal conductivity, density and specific heat. All these properties depend on 

concentration ratio of Nanoparticles in base fluid (water). Five concentration ratios of 

Nanofluid   were used to take the best case of concentration ratio. Figure. (14) Shows the impact 

of Nanofluid concentration ratios on the mass flow rate of (0.2 l/s) on PV panel temperature. 

The value of (0.3%) concentration ratio gave a good cooling for PV panel by increasing the 

thermal conductivities of the working fluid. This  led up to more absorption of heat from PV 

panel, and when it increases  more than (0.3%) the PV temperature will increase because the 

density and viscosity will be increasing with rising of concentration ratio. This gives   an inverse 

effect on the performance of PV. And, when the PV temperature decreases by using Nanofluid 

as a working fluid, the maximum power generated from the PV module will increase too as 

shown in Figure. (15)  A better maximum power is generated at (0.3%) Nanofluid concentration 
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concentration ratio the Imax &Vmax will be improved as shown in Figures. (16 and 17) .From 

Figures.(18 and 19) it is observed that the maximum electrical efficiency and thermal efficiency 

respectively  were  at  (0.3%) concentration  ratio and it will decreases  when the concentration 

ratio will  up to (0.3%)   because the PV temperature will be increasing .  Figure. (20) Presents 

the impact of Nanofluid concentration ratios at a constant mass flow rate of (2 L/min) on the 

fillfactor. It can be noted that the best value of fill factor at (0.3%) nanofluid concentration ratio 

because this volume ratio gives a good cooling. 

 

 

Figure. (14): Effect of Nanofluid concentrations ratio at constant mass flow rate (2 L/min.) on 

the PV temperature 

 

Figure. (15) : Effect of Nanofluid concentrations  ratio at constant mass flow rate (2L/min.) 
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Figure. (16): Effect of Nanofluid concentrations  ratio  at constant mass flow rate (2 L/min) 

on max.  current 

 

 

Figure. (17): Effect of Nanofluid concentrations  ratio at constant mass flow rate (2 L /min.) 

on max. voltage 

 

Figure. (18): Effectof nanofluid concentrations at constantmass flowrate (2L/min.) on the 

electrical efficiency 
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Figure. (19): Effectof nanofluid concentrations at constantmass flow rate(2L/min.) on 

thethermal efficiency 

 

 

 

 

Figure. (20): Effect of nanofluid concentrations at constant mass flow rate (2L/min.) on the 

fill factor 

3.4 The performance of PV water pumping system 

The objective accomplished through this study is the  investigation  of the effect of  solar 

radiation  changing on the pumping  system  performances. From the results, it's observed that 

the increase of solar  radiation  led to increase  the pump flow . The  speed of  running motor 

was affected  by the value of the voltage , therefore when the  PV module  was operate   at high 

temperatures  the generated voltage was decreased .  Which led to decrease the output of the  

DC pump whereas the output of DC pump increased  with e increased the generated voltage .It 

is inferred  that  making  a film of water on the front side of the PV panel and circulating the 

working fluid through pipes at the rear side of the PVpanel led to substantially enhanced  

performance of the system due to the sizable increase of the received power by improving 

performance of  PV module as shown  in Figures. (21and 22). 
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Figure. (21): Pump output at differentmass flow ratesof Water 

 

Figure.(22): Pump output at constant mass flowrate (2 l /min.) with different concentration 

ratios 

 

4. CONCLUSION 

The electricity generated by solar pane l increased with the increase in solar radiation, but the 
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water in a heat exchanger with back cooling decreased  the PV temperature by  about (28%) 

when the results are compared with  back cooling  only  .When  using Nanofluid ,the effect of 

different  concentration ratios  of (AL2O3) Nanofluid with water  were  examined  on  PV/T  

performance for different mass flow rates. The results indicated that the use of Nanofluid 

(AL2O3 ) at different concentration  ratios (0.1, 0.2, 0.3, 0.4,  and 0.5) %  at a  mass flow rate 

of  (0.2 L/min) caused  the temperature is more drop  significantly from (76 𝐶°)  to  (45Cº) at  

an  optimum concentration ratio of  Nanofluid  of (0.3%)  .  This led to increase the electricale 

fficiency of the solar panel to (10.9 %). 
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 In this study, qualitative and quantitative values of different Iraqi cements have been 

estimated using laser-induced breakdown spectroscopy (LIBS), which provides a sensitive 

elemental analysis based on the measurement of plasma lines that generated after laser 

interaction at a sample. A passively Q- switched Nd: YAG laser operating at wavelength of 

1064 nm, energy of 100 mJ, and pulses of 9 ns pulse width was applied as a radiation source. 

In addition, Iraqi Portland cement samples produced in Kufa and Mass factories have been 

examined using EDX for determination of major and minor elements concentration such as  

Ca, Si, Al  ,Fe and Mg. LIBS spectra of different samples were recorded from (320 - 740) nm 

spectral range. The line intensities of these elements are identified and marked, the possibility 

to carry out a quantitative analysis using the LIBS technique was checked through the 

comparison the obtained result with related EDX data. For quantitative measurements, the 

concentrations of different elements in the cement are estimated by construction calibration 

curves and analysis signals of high purity standard samples as a first researchers work on it 

as our best knowledge.   

 

 

 

Keywords: laser-induced breakdown spectroscopy (LIBS), passively Q- switched Nd: YAG 

laser, EDX, Cement 

 

1. INTRODUCTION  

Ordinary cement is a water-based binder used to bind other building materials together. Every 

year a huge amount of cement produced and used for the construction of building, roads and 

highways, and other local purpose [1].  Using bad quality cement in structural and 

constructional works may cause loss of people lives and properties. The choice of cement type 

involves the correct knowledge of the cement ingredients. Even a small variation in the 

chemical composition or physical state of cement could cause substantial variations in its 

http://etn.siats.co.uk/
mailto:alaaphys74@gmail.com
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performance [2, 3]. For these reasons, measuring the concentration of major and minor 

elements is necessary to differentiate the different kinds of cement for quality control. 

Nowadays, complete analysis of cement can be done through different methods such as wet 

chemical analysis and costly instrumental measurements. In cement Factories, X-ray 

fluorescence (XRF) is widely used for characterizing the elemental composition. Although 

XRF technique is fast and accurate cement analysis, but it needs expensive apparatus and 

unsuitable for analysis of very light elements e.g. H to Ne.  [4-6]. On the other hand, analysis 

using chemical methods such as Inductively Coupled Plasma Optical Emission Spectroscopy 

(ICP-OES) and Atomic Absorption Spectroscopy (AAS) suffer from disadvantages that it 

requires sample preparation and time consuming for sample to be dissolved [7]. In the last 

decade, Laser-Induced Breakdown Spectroscopy (LIBS) has become a popular analytical 

method for its unique features such as little sample preparation, applicability to any type of 

sample [8] and remote sensing capability [9]. LIBS has been used in construction industries for 

determination of chloride content in different types of cement [10] and in situ analytical 

assessment of historical buildings [11].This method offers multi-elemental and fast 

measurement detection capability under ambient and harsh conditions and it is employed for 

in situ and remote monitoring in industrial processes [12].  

 

The physical nature of the LIBS technique stems from the generation of high temperature 

plasma, induced by a short laser pulse (typically some nanoseconds and ten to hundreds of 

mille-Joules per pulse) [13]. When the laser pulse impacts the surface of the sample a small 

number of elements is ablated from the surface and interacting to form high energetic and hot 

plasma that contains free electrons, excited atoms and ions. The emitted light from the plasma 

is analyzed and the elements present in the sample are determined through their unique spectral 

lines [14]. Beside this qualitative analysis, the quantitative elemental composition analysis of 

material can be obtained by the preparation of linear calibration curves using several standard 

samples [15]. 

 

In this study, LIBS data were recorded and analyzed in order to identify the 

compositional difference for three different types of cements that are usually used in Iraq. 

The obtained results were compared with EDX analysis results for the same samples. 

 

 2. EXPERIMENTAL PROCEDURE 

 

2.1. LIBS system 

 

The experimental set up used for LIBS analysis of cement samples is shown in Figure. 1. 

Samples were irradiated by nanosecond Q-switched Nd: YAG laser operating at wavelength of 

1064 nm, pulse width of 9 ns, output pulse energy was 100 mJ. The laser beam is focused by a 

convex lens with focal length of 100 mm on the sample surface. The diameter of the focused 

laser spot is 1.0 mm and the laser power density is in the order of 14.2*109 W/cm2 which is 

enough to induced ionization and generates plasma on sample surface.  

 

The emission of plasma was collected by a imaging lens with diameter of 15 mm, and 

focused onto optical fiber type (SMA, 50 um/0.22 NA), which deliver the plasma light to the 

entrance slit of spectrum analyzer model (CCS-100) with (1200 Line/ mm) grating and slit 

dimension of 20 um. The grating disperses light according to wavelength and then reflected by 

mirrors to detect and convert optical signals   to digital, and then moves the digital signal to the 

application.  
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Each emission spectrum obtained by integration of 10 laser shots impinging on surface 

of the sample. Specific software was utilized to illustrate the data as a diagram between 

intensity and wavelength. The experiment is performed under fixed environment conditions.  
 

 

 
 

Figure.1: Experimental set up for LIBS Measurements 

 

 
 

2.2. Preparation of experimental samples 

  

There are several brands of cement available at Iraqi market their chemical compositions are 

same. Variations in physical properties occur due to the variation of constituents. In this study, 

three different types of cement are Ordinary Portland cement Mass plant (OPC) type CEM I 

42.5 R used in general construction, Sulfate resistance cement Mass plant (SRC) for civil 

construction, that needs high sulfate resistance especially for foundations and resistance 

Portland cement from Kufa plant have been used. 

 

A pressed powder pellet is prepared from 3.0 gram for each type of cement. Hydraulic 

pressure machine model (Auto Series) is used to press powder cement without binder at (7.0 

ton) to a disc of 1.0 cm diameter and 5.0 mm thickness as shown in Figure. 2.   

 

Figure. 2: Experimental pressed cement samples 
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2.3 Energy-dispersive X-ray (EDX)  

       

 To conduct elemental composition of cement samples, Energy-dispersive X-ray (EDX) 

microanalysis model ( EFI Bruker ) has been used. EDX relies on the investigation of an 

interaction of some source of X-ray excitation and a sample [16]. By measuring characteristic 

X-rays that are emitted, it is possible to distinguish the elemental compositions on the sample 

surface. The major and minor elements present in cement sample were identified; their 

concentrations that measured by EDX are used to prepare the calibration curves. In cement 

analysis Ca, Si, Al, Fe and Mg are expressed as the (CaO oxides form, SiO2, Al2O3, Fe2O3 and 

MgO).  These oxides eventually become more complex with compounds responsible for main 

cement properties such as early strength, set times and color effects [17]. The obtained EDX 

results are finally compared with related LIBS data.  

 

2.4 Calibration Curves    

     

The calibration curves were constructed based on EDX results. Known concentrations 

of Ca, Si, Mg, Al, Fe metals were used. These metals were in powder form with high purity 

99.99% provided from HiMedia. Five groups of stoichiometric alloys comprising these metals 

are prepared, Pb powder with the high purity (99%) was chosen as a matrix for all alloys. The 

first group constructed from pure calcium and different combined concentrations Ca and Pb. 

The percentage of calcium was (10, 20, 30 and 40 ) % respectively. Other groups of alloys are 

made using the same procedure as listed in Table. 1 

 

Table1: Concentration of elements in prepared alloys 

Sample 

Metal 

S1 

(%) 

S2 

(%) 

S3 

(%) 

S4 

(%) 

Ca 20 30 40 100 

Si 10 20 40 100 
Mg 1 5 10 100 
Al 1 5 20 100 
Fe 1 5 10 100 

 

All samples are weighed using a sensitive digital balance, and then each combination 

was mixed very well for one hour in the electric mixer (Mini Mill II), which is utilized to 

homogenize the mixture. The mixed combinations are pressed to the same size discs of 10.0 

mm diameter and 5.0 mm thickness. 

 

3. RESULT AND DISCUSSION 

 

  3.1. Qualitative analysis     

      

LIBS emission spectra of the pellets made from Ordinary Mass, Resistance Mass and 

Resistance Kufa cement samples were recorded at the spectral range (320-740) nm as shown 

in Figure. 3. The characteristic emission lines of main elements are observed in all cement 

samples but in different intensities, these elements are identified and marked in the Figureure. 

The interference free lines with high signal to noise ratio are chosen at specific wavelengths.   

The detected elements ordered from highest to lowest intensity were:  Calcium Ca at (430.4) 

nm, Silicon Si at (390.5) nm, Aluminum Al at (394.4) nm, Magnesium Mg at (518.5) nm and 

Iron Fe at (445.6) nm.  These spectral lines experimentally observed in LIBS spectra from pure 
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metals pellets, all elements present in the samples recorded using the database given at the 

National Institute of Standards and Technology (NIST) atomic spectra database [18]. 

 

 

 

 

Figure. 3 Typical LIBS spectra for ordinary, resistance Mass and resistance Kufa cement 

samples. 
 

 

 

3.2 Quantitative analysis 

For quantitative analysis, calibration curves are prepared for all above-mentioned elements 

present in cement samples. High purity metals samples and alloys comprising these metals with 
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lead Pb are used. To examine the homogeneity of these alloys, LIBS spectra at different 

locations on the surface of samples have been captured and observed. The atomic line 

intensities were almost same due to good alloys prepared.  The intensity of spectral lines at 

selected wavelengths was highly correlated to metal concentrations [8]. In other words, the low 

concentration displayed a low peak of intensity, and vice versa. The calibration (standard) 

curves plotted between elemental concentration and emission line intensities of these elements 

as shown in Figure. 4.  There is a significant linearity accuracy of measurement enable the 

unknown concentrations of interesting metals to be measured. The slopes of calibration curves 

were calculated from fitting data in linear regression functions for these spectral lines.   LIBS 

spectra of cements standard samples are recorded at the same experimental conditions;   

consequently, the percentage of major elements in all cement samples is calculated from these 

calibration curves.  The analytical results of all elements in cement samples show that all 

samples consisted of Ca as the highest concentration element with ratio (40-50) % of total 

cement content. The concentrations of the other elements obtained using LIBS varied from 

(10.1-9.2)% for Si, (2.12-2.95)%for Al, (1.408-1.93)% for Mg and ( 2.423-4.08 ) % for Fe, 

Significant agreement is observed in element concentration given by  EDX analysis. 

 
 

Be continued 
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Be continued 
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Figure. 4: Calibration curves for Ca, Si, Fe, Al and Mg 

 

Figure. 5 shows the bar diagram of quantitative analysis determine by LIBS and for 

comparison the results from EDX. The same trends in the relative changes of element 
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concentrations from Kufa and Mass cement are noticed in both techniques, however, the 

analytical results are not completely corresponding for each other. In LIBS, the interaction 

between the laser and the sample is influenced significantly by the overall sample composition, 

so that the intensity of the emission lines observed is a function of both the concentration of 

the elements of interest and the properties of the matrix that contains them. Table 2 summarizes 

the measurement percentage errors from LIBS method with respect to those results obtained 

from EDX analysis. This encouraging results support LIBS as a promising solution to replace 

the present conventional methods in quantitative analysis of elements.   

 

It is notes that the measured concentration values of detected elements in all three 

cement samples are different, which may be attributed to the raw materials being used for the 

production of Iraqi cement. However, the amount of (CaO SiO2, Al2O3, Fe2O3 and MgO) 

oxides were found within Iraqi standards specifications limits [19]. On the other hand, the 

concentration of Al for the ordinary Mass cement was found to be higher than the resistance 

cement. Besides, the measured concentration of Fe for ordinary Mass cement was less than 

resistance cement. These variations could reduce risk of sulfate interaction making resistance 

cement more durable than ordinary cement in rich sulfate environment.  Since higher MgO 

content may cause expansion cracks known as magnesia expansions [20], so specify the amount 

of MgO cement   should be not more than 2.0 %, it is found all cement sample were within the 

specified limits.    

 

 

 
Be continued 
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Figure. 5 Comparative Bar charts of ordinary, resistance Mass and resistance Kufa cements 

elements concentrations ratio determined by EDX and LIBS 
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Table. 2. The measurement errors from the LIBS method compared with traditional EDX 

analysis 
 

 

Cement 

 

Element 

Ordinary  Mass 
Resistance 

Mass 

Resistance 

Kufa 

Mg 3.02% 3.10% 3.50% 

Fe 3.05% 3.12% 3.40% 

Al 2.10% 1.43% 2.92% 

Si 1.94% 1.10% 1.15% 

Ca 0.86% 0.36% 0.86% 

 

4. CONCLUSION 
The applicability of used laser-induced breakdown spectroscopy (LIBS) as a new procedure 

for compositional analysis of Iraqi cement has been tested. Qualitative and quantitative 

measurements for elemental detection have been investigated for three samples of Kufa and 

Mass Factory based on emission spectral data. The sensitive spectral lines of Ca, Fe, Mg, Al 

and Si elements in all samples were identified according to NIST standard data.  

 

The calibration curves were highly correlated and effective in quantifying the major 

metals concentration in samples.  The method was found to meet the ASTM requirements in 

accuracy for the analysis of cement samples and to be comparable with EDX method in real 

sample analysis.  

 

Beside the multi elements analysis, the potential benefits of this technique include, that 

sample analysis cost by LIBS is low as compared to other conventional analytical techniques 

and can analyze large number of samples in shorts time. 
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Superconducting YBa2Cu3O7-δ (YBCO) agglomerated nanoparticle (ANPs) was fabricated by 

electrospinning technique and sol-gel of a homogeneous precursor of Y-Ba-Cu acetate and 

Poly (vinyl pyrrolidone) (PVP). The sol-gel solution of YBCO is conducted by adding 4.0 g of 

(Y-Ba-Cu) metal acetate according to a stoichiometric ratio of 1:2:3 molar mass and 5.0 g of 

PVP powder in 25.0 ml solution contains propionic acid 10 ml, acetic acid 5 ml and methanol 

10 ml. By optimizing electrospinning process, sol-gel parameters and heat treatment, YBCO 

ANPs were obtained with a transition temperature of Tc ~90 K using the AC susceptibility. 

YBCO ANPs was found with high surface area 6.8310 m2/g, and not affected by high 

calcination temperature at 950 oC in comparison with bulk YBCO sample.  XRD 

Characterization of YBCO was demonstrated YBCO has orthorhombic phase, FESEM images 

of the electrospun YBCO sample showed ANPs of size in the 200 – 400 nm range. A closer 

examination revealed that agglomerates contain finer particles of size ~50 nm. Electrospinning 

is an effective technique can produce various morphologies of YBCO superconductor at the 

nanoscale with unique properties for practical applications.  

 

 

Keywords: Agglomerated nanoparticle; Electrospinning; Superconductor; YBCO.   
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1. INTRODUCTION  

The high-temperature superconductor (HTS) YBa2Cu3O7-δ (YBCO) is characterized by several unique 

properties in comparison with the conventional conductors [1-3]. HTS YBCO became popular among 

other ceramic superconductors due to their high transition temperature (~92 K), current density (~106 

A/cm2, 77 K), magnetic field (~16 T), and chemical stability [4, 5]. In addition, YBCO is easy to 

produce into a single phase and crystalline using relatively low cost starting material such as acetates, 

nitrates, and so on [6, 7]. Several structures of the superconducting YBa2Cu3O7-δ (YBCO) at nanoscale 

were synthesized successfully by employing various techniques with structure, pure, uniform and, high 

performance [8]. Structures of YBCO superconductor like fibres, wires, tube, tape and particles have 

been prepared [9, 10]. Many reports have been published introduced the preparation of YBCO at the 

nanoscale by several techniques such as pulsed laser deposition (PLD), chemical vapor deposition 

(CVD), electron-beam lithography (E-beam) and anodic aluminum oxide (AAO) template, most of 

these techniques are complex and expensive [11-15]. 

  Recently, electrospinning among various methods is relatively simple, effective, cheap, 

controllable and versatile technique used to prepare YBCO with various structures at nanoscale, such 

as nanowires (NWs), nanotube (NTs), and nanofiber (NFs), intensive research works focusing on their 

properties and practical applications have been widely undertaken [7, 13]. Electrospinning process is 

one of the renowned techniques used to prepare the material in nanopattern structures, which was 

observed by formulas in 1934 [16, 17]. Electrospinning process consists of four setups; the high voltage 

power supplier, spinneret, syringe pump and collector. The electrospinning can be defined as an electric 

field is applied between a tip nozzle and the collector. Normally the high voltage is used to generate a 

fragile charged jet solution from the droplet at the tip of the needle; the drop began to stretch and form 

a monofilament. The monofilament leaves the drop when the electric field strength increase and the 

electrostatic repulsive force overcomes the surface tension [18, 19]. Electrospinning is a powerful 

technique, generally used in combination with sol-gel technique followed by calcination at high 

temperature [14, 20]. The typical sol-gel solution used with electrospinning technique consists of the 

precursor of the desired material plus polymer and a relatively volatile solvent. Solvent utilized to 

control the solution product viscosity, conductivity, and morphology. The proper solvent was used 

typically like water, methanol, isopropanol, and ethanol [4, 7, 13, 14, 18]. In this work, we show that 

by optimizing the electrospinning, sol-gel, and heat treatment process of YBCO ANPs could be 

obtained with serval unique properties.  Detailed results are described in this paper. 

 

2. EXPERIMENTAL 

 

1) Materials  

YBCO ANPs sample was prepared through electrospinning the starting materials were; Poly (vinyl 

pyrrolidone), (PVP) (Mw = 1,300,000 g/mole), were purchased from Sigma-Aldrich, Yttrium (III) 

acetate tetrahydrate (99.9%), Y (OOCCH3)3.4H2O), Barium acetate Ba(OOCCH3)3) (99.0%), and 

Copper (II) acetate monohydrate (C4H6CuO4.H2O) were purchased from Alfa Aesar. The solvents 

Propionic acid (C3H6O2), Acetic acid (C2H4O2) and Methanol (CH4O) used (purity, 99%) supplied 

commercially. All the material was used without any purification.  

 

2) Sample Fabrication 

The sample sol-gel solution was conducted by adding 4.0 g of Y-Ba-Cu acetate according to a 

stoichiometric ratio of 1:2:3 molar mass and 5.0 g of PVP powder in 25.0 ml solution contain the 

propionic acid 10 ml, acetic acid 5 ml and methanol 10 ml. Commonly propionic acid utilized to 

dissolve the metallic acetate [13, 14], while acetic acid was added to avoid any hydrolysis of the 
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polymers [7, 13, 14]. However, the acid medium is necessary to create a stable solution and to avoid 

the hydrolysis in the sol-gel precursor. Finally, the methanol addition was made to dissolve the polymer 

and to tune the viscosity of the precursor [13]. The addition of the polymer leads to increase the 

viscosity and achieve a spun-able solution [2, 3, 14]. The solutions then stirred at 70 oC for 6 h in a 

closed beaker. The viscosity of the solutions was controlled by adding the polymer and solvent. Both 

the viscosity and the conductivity of the solution were measured and the results was consistent with 

other work [21, 22].  

The set-up of the electrospinning processes includes a syringe (2 cm diameter, 20 ml volume), 

needle (18-gauge, stainless steel), rotated collector (8 cm diameter, 25cm length), high voltages supplier 

and the pump injection [17, 18, 23]. The sol-gel solution was loaded to the syringe and electrospun at 

22 kV with the tip-collector distance of 15 cm, flow rate 0.3 ml/h and collector speeds with 1200 rpm. 

The electrospinning process was carried out at room temperature and closed environment with humidity 

~50% and the electrospun sample was placed in a closed desiccator for 48 h for drying purpose. 

 

3) Heat treatment  

The dried sample of YBCO was prepared with two heat treatment process, the first step is to burn out 

the polymer using the box furnace (Nabertherm, 30-3000 oC) up to 500 oC for 3 h at a heating rate of 

50 oC/h. The second is for sintering process to produce the single structure of YBCO ANPs using tube 

furnace (Nabertherm, 30-3000 oC), from 500 oC up to 900 oC for 4 h with a rate of 250 oC/h, which is 

followed by the heating rate of 25 oC/h up to 950 oC for 3 h in oxygen environment. The sample then 

grained to a fine powder and transferred to the characterization and measurements.  

 

4) Characterizations   

The viscosity and conductivity of the solution were measured at room temperature by the high-

resolution laboratory Viscometer Brook Field (model: LVDV -11+P) and the conductivity meter 

respectively. The thermal analysis of the electrospun sample was examined by a thermogravimetric 

analyzer (Mettler Toledo, TGA DSC). The sample morphology was observed by the Field Emission 

Scanning Electron Microscope (JEOL, model: JSM–7600) operated with 5.0 kV. The structure of the 

sample was analyzed using X-ray diffractometer (Rigaku, model: Miniflex II) from the angle 2θ 5 to 

85o, count speed of 1 degree per minute, operating at 30 kV, 15 mA. The critical temperatures (Tc) of 

YBCO sample was measured using the AC Susceptometer of closed cycle liquid helium refrigeration 

systems (Cryo Industry model REF-1808-ACS. The BET surface area measurements for electrospun 

YBCO nanoparticle sample was examined using the BET surface area and porosity analyzer 

(Micrometrics, model: ASAP 2020), and the degas temperature of YBCO sample is found at 400 oC for 

7 h. 

 

3. RESULTS AND DISCUSSION 

In The viscosity of the YBCO sample was found in the range from 188 to 193 cP, while the conductivity 

is from 149 to 155 mS/cm range at room temperature. This work the solution indicated with high 

conductivity in comparison with the work of Edgar et al (2014), the conductivity is around 12.7 µS/cm 

[13]. Electrospun solution with high conductivity and low viscosity are desired for an effortless process 

for the charged jet transformation from the nozzle tip to the collector [24]. Cui et al [14] have studied 

the relation between the nanofiber diameter produced by electrospinning and the viscosity of Y-Ba-Cu 

acetate solution, the fiber diameter was increased slightly by increasing their solution viscosity from 

200 to 400 cP and then increased steadily by increasing the viscosity from 500 to 700 cP [14]. 
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Figureure 1, shows the TGA – DSC data of the as-spun sample after drying for 48 hours. The 

DSC showed an endothermic event at ~100oC; correspondingly ~8% weight loss was observed in the 

TGA which is assigned to evaporation of water and other low-volatile impurities such as adhered 

solvent molecules. The DSC showed a major endothermic event centered at ~230oC with a ~15% weight 

loss due to melting and evaporation of polymer. Two more endothermic events are observed in the DSC, 

centered at 300, 400, and 450oC with a total weight loss of ~30% showing complete removal of 

polymers. An exothermic event and correspondingly a slight change in weight of the sample were 

observed at ~750°C, which is assigned to the crystallization of YBCO and oxygenation of the samples.  

These assignments are consistent with previous reports [4, 7, 13]. Therefore, the DSC and TGA results 

suggest that crystalline nanostructured samples of YBCO could be obtained from electrospinning by 

combining two heat treatments processes. The first heat treatment is to fully evaporate the polymers 

and the second one is to get the required YBCO in crystallized phase. 

 

 

Figure. 1: Simultaneous thermogravimetric analysis (TGA / DSC) curves vs. temperature for 

YBCO nanostructure mats. 

 

Figure 2 summarizes the morphology, crystal structure, and superconducting properties of the 

ANPs sample. The top FESEM images showing the morphology of the electrospun YBCO 

agglomerated particles sample sized in the 200 – 400 nm range, the agglomeration most likely results 

from the elevated heat treatment involved. A high magnification revealed that agglomerates contains a 

fine particle size <50 nm. The bottom left panel of Figureure 2, displays the XRD pattern of the prepared 

sample; the peaks can be indexed to the orthorhombic structure with lattice parameter found are; a = 

3.897 Å, b = 3.8889 Å, c = 11.707 Å, V = 177.4064 Ǻ3 and corresponding to the superconducting phase 

[7, 13]. The bottom right panel of Figureure 2, displays the AC susceptibility result as function of 

temperature, the complex susceptibility (χ) consists of the real and imaginary parts (χ =χ 
׳
+ iχ

׳׳
); clearly 

the real part of susceptibility suddenly decreased as the temperature decreased after the transition 

temperature, the Tc of the YBCO sample was estimated from the curve ~ 90 K.  
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Figure. 2: FESEM images, X-ray diffraction pattern, Tc measurement of the electrospun 

YBCO ANPs. 

BET surface area measurements for the electrospun YBCO ANPs sample was 6.8310 m2/g. The 

sample was heated and annealed up to 950 °C in oxygen atmosphere. G. E. Shter et al.[25], have studied 

the interrelation between the surface area and the calcination temperature, the author found the surface 

area of the YBCO sample was decreased from 2.36 to 0.46 m2/g by increasing the calcination 

temperature from 750 °C to 910 °C. However, G. E. Shter and G. S. Grader [26], measured the surface 

area of YBCO sample with 1.7 m2/g corresponding to the calcined at 780°C for 12 h, while calcining 

YBCO at 920 °C lead to decrease the surface area to 0.3 m2/g which is attributed to the reduce in particle 

size to submicron.  However, this work presented a new result proved that, the surface area of YBCO 

nanoparticle is not affected by the high calcination temperature. This result due to the nanoscale size of 

YBCO particle, which is definitely, lead to increase the surface area [27]. 

4. CONCLUSION  

Electrospinning is a very competitive technique by which researchers could have built several 

constructions in nanostructured morphologies with high porosity, surface area, small volume and unique 

properties. This work presents synthesis the superconducting YBCO ANPs using a new procedure by 

electrospinning process. In this work used a homogeneous polymeric solution and the precursor of metal 

acetate were electrospun and followed by the heat treatment process. The measurements of the transition 

temperature of YBCO ANPs by the AC susceptibility was found Tc ~90 K. The BET measurements of 

YBCO was found with highly surface area 6.8310 m2/g, and there is not influenced by the high 

calcination temperature compared with the last works. The XRD and FESEM structural 

Characterization of YBCO was demonstrated that, the YBCO sample has the phase of orthorhombic 

structure, the images of the electrospun YBCO sample showed ANPs of size in the 200 – 400 nm range. 

A closer examination revealed that agglomerates contain finer particles of size ~50 nm. Electrospinning 

is an effective technique to produce various morphologies of YBCO superconductor at the nanoscale 

with unique properties for practical applications.   
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Using  zinc  foils  as  the  only  starting  material, we synthesized one-dimensional ZnO 

nanostructures (nanorods, nanoneedles and nanowires) in air by zinc vapor condensation 

method  at 500oC.The morphology, structure and photoluminescence of the synthesized 

one-dimensional ZnO nanostructures were investigated with scanning electron microscopy, 

X-ray diffractometry, transmission electron microscopy and spectrophotoscopy. It is found 

that the size, shape and photo luminescent   properties   of the one-dimensional ZnO 

nanostructures depend on the growth time of ZnO in the furnace. Mechanisms on the growth 

of the nanostructures were discussed, and controllable morphology and photoluminescence 

of the ZnO nanostructures were achieved by varying the growth time of ZnO in the furnace. 

It provides a simple, energy-saving and environment benign route to synthesize one 

dimensional ZnO nanostructures with controllable morphology and emission properties. 

 

Keywords: Zinc oxide; Photoluminescence; Nanostructure; Zinc vapor evaporation 

 

1 INTRODUCTION 

Due to the large exciton binding energy (60 meV) and direct wide band gap energy (3.4 eV), 

ZnO nanostructures are viewed as the fundamental building blocks for constructing 

electronic devices such as ultraviolet nanolasers and solar cells. The  synthesis  of  ZnO 

nanostructures   is   a   key   component   for   the   fast   development   of   the   ZnO   based 

nanotechnology; various chemical and physical methods have been reported for fabricating 

http://etn.siats.co.uk/
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ZnO   nanostructures   [1-4].   Among   the   physical   methods,   thermal   evaporation   and 

condensation  is  the  most  common  technique  to  prepare  ZnO  nanostructures,  but  high 

temperatures (above 1000oC) and vacuum chamber are necessary to vaporize the zinc source 

material [5, 6]. The high temperature makes the production of ZnO nanostructures energy 

ineffective, while the vacuum system renders vacuum pumping auxiliaries indispensable. 

Here  we  report  a  simple  and  low-cost  method  to  synthesize  one-dimensional  ZnO 

nanostructures in air at relatively low temperature (500oC) without usage of vacuum system. 

Various  ZnO  nanostructures  (nanorods,  nanoneedles  and  nanowires)  are  produced.  The 

control on the morphology and photoluminescence (PL) is achieved by varying the growth 

time of ZnO in the furnace. 

 

2 EXPERIMENTAL DETAILS 

 

ZnO nanostructures were fabricated on zinc foils in air by vapor evaporation in a box 

furnace. After zinc foils (99.99%) were introduced into the furnace, the temperature of the 

furnace was kept at 500oC and the growth time was varied in the range of 1-20 hours. X-ray 

diffraction (XRD) characterization of the ZnO nanostructures was carried out on an X-ray 

diffractometer (D/max 2500 PC, Rigaku, Japan). A copper target was utilized to generate 

the   X-ray (= 0.154 nm).  Scanning electron microscope (SEM) and transmission electron 

microscope (TEM)  (model   JEM-2100,   Japan   Electronics   Corp)   were   employed   to 

characterize  the  morphologies  of  the  ZnO  nanostructures.  The  PL  spectra  of  the  ZnO 

nanostructures  were  recorded  with  a  spectrophotometer.  The 325-nm laser line from a 

helium-cadmium laser was utilized as the excitation source for the PL measurement. 

 

3 RESULTS AND DISCUSSION 

 

Figure 1 shows the SEM micrographs of the one-dimensional ZnO nanostructures grown in 

air at 500oC for 1, 3, 5 and 7 hours. Fig. 1(a) indicates that ZnO nanorods were resulted 

when the growth time was 1 hour. The diameter of the ZnO nanorods is about 20 nm and 

the length is about 400 nm, making the aspect ratio of the nanorods to be about 20. Fig. 1(b)-

(d) demonstrate that the diameter, length and shape of ZnO nanostructures evolved with the 

growth time of ZnO in the furnace. As the growth time increased from 1 to 7 hours, the ZnO 

nanostructures got longer (up to  

ZnO nanostructures evolved from nanorods to nanoneedles and then to nanowires. The 
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aspect ratio of the nanostructures increased from 20 to 500 as the growth time was increased 

from 1 to 7 hours.  The result in Fig.  1 demonstrate that the size and the shape of the ZnO 

nanostructures can be controlled by varying the growth time of ZnO in the furnace. Zinc has 

relatively low melting point of 419.5oC, and zinc vapor is created once the temperature in 

the furnace is raised to 500oC. It is thermodynamically favorable for the zinc molecules in 

the vapor phase to react with oxygen atoms in air to form ZnO, and ZnO nanoparticles will 

nucleate on substrates. Once nucleation occurs, remaining zinc vapor will be reacted with 

the oxygen in air to produce more ZnO nanoparticles, which will then be   condensed on the 

resulting ZnO nuclei with the results of continuous growth of ZnO nanostructures [7, 8]. As 

a result, ZnO nanorods can grow longer in the form of nanoneedles and nanowires. (Fig. 1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.SEM micrographs of the ZnO nanostructures synthesized in air at 500oC for 1, 3, 5 

and 7 hours. 

 

Figure 2 depicts the XRD spectra of one-dimensional ZnO nanostructures grown on the zinc 

foils by the zinc vapor condensation method in air at 500oC for 1, 7 and 20 hours, 

respectively. The peaks at 31.8, 34.5, 36.3, 47.5, 56.6, 62.90, 68.1o in Fig. 2(a-c) can be 

assigned to the reflections from the 100, 002, 101, 102, 110, 103 and 112 planes of the 

hexagonal ZnO (JCPDS no.36–1451), while the peaks at 36.3, 38.9, 43.0, 70.1 and 77.0o in 

Fig. 2(a) and (b) can be assigned to the reflections from the 002, 100, 101, 103 and 104 planes  

of  hexagonal  zinc  (JCPDS  no.04–0831)  [4].  Because the peaks of Zn (002) and ZnO (101) 

are located at the same diffraction angle 36.3o, it is hard to differentiate them in Fig.2(a) and 

(b). The co-existence of the diffraction peaks of zinc and ZnO nanocrystals in Fig. 2 reveals 
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that ZnO nanostrucures have been formed on the zinc foil. As the growth time reached to 20 

hours, only reflections from ZnO nanostructures were recorded with the results of complete 

disappearance of the reflections from zinc crystals because of the dense ZnO nanostructures 

grown on zinc foils. (Fig. 2)  

 

 

 

Fig.  2.  XRD  spectra  of  ZnO  nanostructures  grown  on  the  zinc  foils  by  zinc  vapor 

condensation in air at 500oC for 1, 7 and 20 hours, respectively. 

 

Figure 3 illustrates the PL spectra of one-dimensional ZnO nanostructures grown on zinc 

foil in air by the zinc vapor condensation technique at 500oC for 1, 3, 5 and 7 hours, 

respectively. Each PL spectrum in Fig. 3 can be decomposed into an ultraviolet luminescent 

band with its peak wavelength at about 380 nm and a green luminescent band with its peak 

wavelength at about 500 nm. As the growth time increases from 1 to 7 hours, the green 

emission gets stronger in the meantime the ultraviolet emission gradually loses its intensity 

(Inset in Fig. 3). It is generally accepted that the green peak of ZnO is due to radiative 

recombination of a photo-generated hole with an electron attributed to an oxygen vacancy 

while the ultraviolet emission is attributed to the near band-edge free exciton transition [7-

9]. It can be understood why the green emission gets stronger as the growth time is increased 

because more oxygen atoms on the surface of the ZnO nanostructures can be diffused into 

the nanostructures to form more surface and sub-surface oxygen vacancies. Therefore the 

results in Fig. 3 indicate that the emission of the synthesized one-dimensional ZnO 

nanostructures can be controlled by varying their growth time in the furnace. (Fig. 3) 
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Figure 4 displays the high-resolution TEM image and the selected area  electron diffraction  

pattern  of  the  synthesized  ZnO  nanostructures.  As shown in Fig.  4(a), the synthesized 

ZnO nanostructures are highly crystalline. The spacing between two adjacent planes is about 

0.254 nm which is in good agreement with the distance between two (0002) crystal planes 

of ZnO. Fig. 4(b) shows the selected area electron diffraction pattern of the ZnO 

nanostructures. The hexagonal diffraction pattern verifies the wurtzite structure of the 

synthesized ZnO nanostructures.Our results in Fig.  4 demonstrate that wurtzite ZnO 

nanostructures were synthesized in air at 500oC. On one hand, our method is one of the 

simplest among the physical techniques to synthesize ZnO nanostructures because of one 

starting material and no involvement of vacuum system and inert carrier gases. One the other 

hand, our method is environment friendly because neither organics nor dangerous materials   

are used or produced in the synthesis. (Fig. 4) 

 

 

Fig. 3. High resolution TEM image and electron diffraction pattern of the synthesized ZnO 

nanostructures in air by zinc vapor condensation at 500oC 

 

4 CONCLUSIONS 

 

Various ZnO nanostructures have been synthesized  in  air  by  using  zinc  vapor 

condensation technique in air at 500oC. Controllable morphology and emission of the ZnO 
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nanostructures have been achieved by varying the growth time of ZnO in the furnace. It 

provides a simple, low-cost and environment benign route to synthesize one-dimensional 

ZnO nanostructures with controllable morphology and emission properties. 
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Ultra-thin crystalline films of Bi-based chalcogenides were deposited with the aid of vacuum 

thermal evaporation technique. The influence of thermal annealing on the optical properties of 

Bi2Te3-Bi2Se3 films with different thicknesses has been investigate. Optical transmittance and 

reflectance of the as prepared and annealed films were measured in the wavelength range 290–

2700 nm using a double beam spectrophotometer. Fundamental optical properties such as 

absorption coefficient and energy bend gap were derived based on the measured spectra and 

film’s thickness. We demonstrate in the present work that the synergy of annealing and 

thickness reduction can be exploited for light transmittance enhancements, and consequently 

optoelectronic applications including transparent electrode can be achieved. 

 

Keywords: Thin films; Chalcogenides; Optical transmission; Band gap. 

 

1. INTRODUCTION 

Considerable attention was given to Bi2Te3 over the past years, due to its high thermoelectric 

properties, however, the attention was mainly devoted to Bi2Te3 on its bulk form that is why, 

and no much work was carried out on thin Bi2Te3 films. In addition, very few measurements of 

the optical properties were reported [1]. J. Dheepa et al. [2] have studied the optical properties 

of thin Bi2Te3 films prepared by thermal evaporated and showed that the films are hexagonal 

and polycrystalline in structure. 

http://etn.siats.co.uk/
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Although annealing processes are known to enhance the transport properties [3], a few number 

of reports discussing the structural features changing by the effect of annealing and their 

relation with transport properties on the Bi2Te3 thin films. 

Practically, Bi2Te3 compound is usually obtained with directional solidification from melt or 

powder metallurgy processes. As one of the V2VI3 binary chalcogenide compound 

semiconductors it has very interesting applications in optoelectronic and electrochemical 

devices such as heat pumps infrared sensors and high efficiency photovoltaic solar cells [4-8]. 

Bi2Te3 is exactly like Bi2Se3, possesses stacked layers showing laminated structure that are held 

together by weak van der Waals interactions. Layers exhibit quintuple structure in which five 

atoms are covalently bonded together along the z axis in the order of Te-Bi-Te-Bi-Te. Owing 

to that, it is possible to exfoliate bulk Bi2Te3 into few-layer nanosheets due to the weak 

interaction between layers. Few-layer Bi2Te3 is recently considered as a highly promising and 

excellent material. 

The purpose of the present work is to report experimental results of the preparation of thin 

Bi2Te3-Bi2Se3 films by vacuum thermal evaporation technique and to study optical properties 

of the prepared films of at different thicknesses after and before annealing treatment. In 

addition, the effect of annealing process on the structure and optical properties is studied as 

well. 

 

2. EXPERIMENTAL DETAILS 

Thin crystalline of Bi2 (Te1-xSex) 3 films were deposited onto optically flat glass substrates, BK7 

type; deposition process was carried out by thermal evaporation technique at high vacuum. 

Substrates were kept at room temperature during the evaporation process and were rotated to 

obtain uniform layers. Thickness measurements were controlled by thickness monitor, 

moreover; thickness was measured with the aid of micro interferometer optical microscope 

(MODEL MUU10) as well. Different thicknesses were made for purpose of studying the 

thickness reduction effect. Ultra-thin layers were prepared at thickness range between 100 nm 

and down to 15 nm. Annealing process was conducted for all thicknesses under the study at 

different temperatures for 3h. Optical transmission was measured after each annealing process 

at different thicknesses, using a double beam Jasco spectrophotometer UV-VIS-NIR (Model 

V-670) in the wavelength range of 400-2700nm, a baseline was recorded prior to the actual 
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measurements to calibrate the instrument. Investigations were carried out on the annealed films 

under the work both separate and together with thickness reduced films. 

3. RESULTS AND DISCUSSION  

Investigations by XRD using Cu Kα radiation (λ = 1.5406 Ǻ) were carried out to study the 

structural properties of thin films under the study. X-ray diffraction patterns for the as-prepared 

layers are shown in Figure. 1. Sharpness of the structural peaks on the diffractograms proves 

polycrystalline nature of the investigated films. Additionally, the appearance of different peaks 

on the diffractogram is due to the different orientations of the crystallite structure in the 

corresponding film sample. Notably, the (015) is the most intense peak indicating the growth 

favorability of the crystallites in this direction. 

It is noteworthy that phases corresponding to all peaks appeared on a certain particular 

diffractogram were identified using the standard JCPDS data cards of Bi2Te3 and Bi2Se3 (Cards 

No. 15-0863 and 33-0214) [9]. The structure is identified in hexagonal form with cell 

parameters a=4.13960 Å and c=28.63600 Å (space group: R-3m). 

 

 

 

Figure 1: XRD diffraction patterns of as-prepared Bi2(Te1-xSex)3 layers. 

The average crystallite size has been calculated by means of the well-known Debye-Scherer’s 

equation: 

 D = 
Kλ

βhkl cos θ
                                                                                                                     (1)  
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Additionally, some important parameters characterizing layer’s quality were derived using xrd 

patterns, Induced strain (Ɛ): Ɛ = (𝛃hkl. cosθ)/4, dislocation density (d): d =
1

D2 and the 

number of crystallites per unit area of the film’s surface (N): N =  
d

D3
 were calculated using 

information given by XRD diffraction patterns, values are presented in table 1. 

 

Film 

sample 

2θ 

(degree) 

β 

(radians) 

D (nm) Ɛ D (cm-2) N (cm-2) 

0.00 27.279 0.0063 22.5 1.5 x 10-3 1.9 x 104 17.5 x 

104 

0.20 27.639 0.018 7.8 4.4 x 10-3 16 x 104 421 x 104 

0.30 27.839 0.0097 14.5 2.3 x 10-3 4.7 x 104 65 x 104 

0.40 27.639 0.019 7.2 4.7 x 10-3 19.3 x 

104 

535 x 104 

 

Table 1: structure features of thin Bi2 (Te1-xSex)3 layers Inset in Figure 1. Illustrates the 

elemental. composition analysis of the as prepared Bi2Te1.8Se1.2 thin film (X=0.40), 

investigated using energy dispersive X-ray analysis (EDAX). Typical stoichiometry of the 

prepared composition is achieved. In addition, the chemical formula Bi2Te1.8Se1.2 reveals a 

very nearly bulk material. 

For much deeper study, the surface morphology of the as-prepared films was scanned with the 

aid of scanning electron microscope (SEM). SEM micrographs are shown in Figure 2. 

Obviously, all films under the study exhibit homogenous and smooth layer’s surface, it can 

also be seen that substrates are well covered by Bi2(Te1-xSex)3 materials. Additionally, highly 

crystalline films with extremely small grain size can be observed. It can be concluded from 

SEM observations that vacuum thermal evaporation technique for Nano-particles based films 

production is just suitable.    
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Figure 2: SEM micrographs of as-deposited Bi2 (Te1-xSex) 3 films 

Optical spectra 

 

As can be seen, optical spectra presented in Figure 3, indicate opaque materials over the whole 

wavelength range of the study, and in the visible region in particular, as all the light is absorbed 

at low wavelength (high photon energies). Nevertheless, transmittance showed obvious 

increase with wavelength increasing, due to low energies of photon (at high wavelength) and 

consequently no appropriate electronic transitions are possible. In contrast, reflectivity of all 

films is quite high, as commonly known for semimetals and degenerate semiconductors.   
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Figure 3: T % and R % of as -prepared Bi2 (Te1-xSex) 3 200 nm thick films  

Absorption coefficients (α) was derived from the transmission and reflection measurements, 

using the approximation formula: 

 

α =
1

d
 Ln(

1−R

T
)                                                                                                                                       (2) 

 

As indicated in Figure 4, (α) possesses very high values, in the order of 107 m-1, in the visible 

light region, however, a notable decrease is observed as wavelength increased confirming 

transmittance spectral observations and asserting that Bi2Te3-based films have considerable 

absorption throughout the ultra-violet and visible region [10,11].  

In addition, inset shown in Figure 4 indicates the strong compositional dependence of (α). As 

a general view, Se addition to Bi2Te3 enhanced light absorbance which is may be due to the 

creation of impurity levels in the hosting lattice.   
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Figure 4: Absorption coefficient of as-prepared Bi2 (Te1-xSex) 3 layers at 200 nm 

 

Band gap energy (EOpt
g) was estimated on the basis of the recorded optical spectra using the 

following relation [12]: 

 

αhν = A (hν − Eg)n                                                                                                                               (3) 

  

A is a constant related to band tailing parameter (transition probability), h is Planck's constant 

and υ is the frequency. In the above equation n=1/2 for a direct allowed transition, n=3/2 for 

direct forbidden transition, n=2 for an indirect allowed transition and n=3 for indirect forbidden 

transition [13]. 

Plots of (αhν)2 as a function of photon energy (hν) are shown in Figure 5, n=1/2 used in our 

case indicating a direct allowed transition in the investigated thin films system. Extrapolating 

the straight part of (αhν)2 versus (hν) relation towards lower energies yields the value of the 

corresponding forbidden optical energy gap (EOpt
g). The derived (EOpt

g) is expressed in the inset 

of Figure 5 as a function of Se content. Values of (EOpt
g) are consistent with the previously 

deduced for the same system [14, 15]. 

It can be seen in the inset of Figure 5 that EOpt
g increases as much Se is added to Bi2Te3 lattice. 

Such increase can be explained in terms of Moss-Burstein shift effect, which is an effect seen 

in degenerate semiconductors as a shift with increasing doping of the band-gap as defined as 
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the separation in energy between the top of the valence band and the unoccupied energy states 

in the conduction band. 
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Figure 5: Plots of (αhν)2 as a function of photon energy (hν) of the as-prepared Bi2 (Te1-

xSex)3 films 

Effect of annealing at different thicknesses  

The prepared films were annealed for 3h at 250 °C and a simultaneous thickness reduction was 

done as well. Enhancements in the optical transmittance is expected as a result of annealing 

and thickness reduction. 

As a first step to understand the effects of annealing, the structure and surface morphology of 

the annealed films were studied with the aid of SEM characterizations. Figure 6 illustrates the 

surface morphology of the annealed films. Intensive observations in the SEM micrographs 

presented in Figure 6 reveal significant changes in the structure. Notably, grains formed 

clustered aggregation which is due to enlargement of particle size and lowering of strain and 

dislocation density [16]. Moreover, crystallinity is enhanced by annealing, that is clearly seen 

through white spots appeared in the micrographs of the annealed films.  
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Figure 6: SEM micrographs of annealed thin Bi2(Te1-xSex)3 layers 

 

Optical characteristics of the annealed layers: 

Transmittance and reflectance spectra of annealed films with different thicknesses. 

Thickness reduction effect 

Optical spectra of annealed films at thickness reduced are shown in Figure 7. It is clearly seen 

that behavior of transmittance and reflectance of the annealed samples are typically the same 

if compared with that of the as-prepared films. However, a slight decrease in reflection can be 

noted which is a promising result for enhancing light transmission through the concerned 

layers.  
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Figure 7: T and R spectra of 100 nm thick Bi2(Te1-xSex)3 films annealed for 3h at 250 °C. 

 

Absorption coefficient (α) is presented for annealed samples in Figure 8 for comparison. It can 

be said that (α) still has the same behavior and shows almost the same behavior as before 

annealing.  
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Figure 8: Absorption coefficient of 100 nm thickness layers annealed at 250 °C for 3h 

Comparison in terms of absorption reveals that a negligible change in behavior and/or values 

can be observed, which reflects that the prepared samples exhibit identical structure without 

defects. Moreover, all changes and enhancements in the transmissivity of the concerned layers 

occurred at the expense of reflectivity as can be seen from transmittance and reflectance 

spectra. 
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Optical energy gap EOpt
g is calculated using the same method, Figure 9 shows photon energy 

dependence of (αhν)2 of 100 nm thickness layers annealed at 250 °C for 3h. as illustrated in 

the figureure inset, EOpt
g decreased significantly due to annealing, which is attributed to 

enhancements in the crystal structure of the annealed films. Furthermore, inset of Figure 9 

depicts the compositional dependence of EOpt
g, it is clear again that Se doping enlarges the 

energy band gap. 
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Figure 9: Absorbance plots of 100 nm-thick layers annealed at 250 °C for 3h 

 

In the next section, we will discover the effect of thickness reduction on the optical 

transmissivity in the concerned layers. Figure 10 shows transmissivity and reflectivity of 35 

nm films. A significant increase in transmission is clearly seen. At Se doping of 30% the 

transmissivity reached 60%, i.e. 3 times higher than the transmissivity in 200 and 100 nm 

thickness layers shown in Figure 3 and Figure 7. The few-layer Bi2Te3-Bi2Se3 can significantly 

enlarge the surface-to-volume ratio, and can be considered as a ‘‘quantum dot’’ that would 

result in quantum confinement [17]. 
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Figure 10: T and R spectra of 35 nm thick Bi2(Te1-xSex)3 films annealed for 3h at 250 °C 

 

Remarkably, absorption coefficient (α) seems to follow a three steps decreasing behavior 

against wavelength increasing. However, the presented values of (α) in Figure 11 are almost in 

the same range of the previously given in Figure 4 and Figure 8. 
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Figure 11: Absorption coefficient of 35 nm thickness layers annealed at 250 °C for 3h 

 

On the other hand, absorption coefficient calculations were employed according to Tauc 

equation to derive the optical band gap of the investigated layers, as before. Inst of Figure 12 

illustrates variation of optical band gap EOpt
g with Se amounts in each sample. It can be seen 

that EOpt
g shows an opposite behavior to the behavior presented in Figure 5 and Figure 9. 

Moreover, EOpt
g appeared in much smaller values and showed a decreasing trend, which 

confirms the structure enhancements occurred due to simultaneous annealing and thickness 
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reduction. Additionally, the concentration of localized states in the band structure gradually 

increases due to annealing treatment, hence an increase in the energy width of localized states 

occurred in the annealed films, and thereby the optical band gap was notably reduced [18]. 

The few-layer nanomaterials would possess excellent performance in saturable absorption, and 

could be a potentially saturable absorber. Therefore, a strong motivation was shown in [17] to 

develop the pulsed fiber lasers Q-switched with few-layer Bi2Se3 as the saturable absorber. 
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Figure 12: Absorbance plots of 35 nm-thick layers annealed at 250 °C for 3h 

Further decreasing in thickness led to significant increasing in transmissivity as one can see 

in Figure 13. 15 nm thick layers showed maximum transmittance of 96.4% at wavelength of 

2600 nm.  
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Figure 13: T and R spectra of 15 nm thick Bi2 (Te1-xSex)3 films annealed for 3h at 250 °C. 
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It can be clearly noted that the thickness decreasing led to a significant increase in the materials 

transmittance. As the as-prepared films (200 nm) showed maximum transmittance lower than 

30 % which appeared at higher wavelength, whilst, the miniaturized films (15 nm) exhibited 

transmissivity of up to 96.4 %. On the other hand, reflection decreased seriously. 

In general, and at different thicknesses, behavior of transmissivity and reflectivity still 

unchanged, the seen behavior can be explained in terms of light absorbance in the concerned 

materials. As one can be notice, a remarkable change in values and behavior of absorption 

coefficient (α) is depicted in Figure 14. 

0 500 1000 1500 2000 2500 3000

0.0

0.3

0.6

0.9

1.2

1.5

1.8

2.1

2.4


 x

1
0

5
 (

c
m

-1
)

 

 

 (nm)

 X=0.40

 X=0.30

 X=0.20

 X=0.10

 X=0.00

 

Figure 14: Absorption coefficient of 15 nm thickness layers annealed at 250 °C for 3h. 

 

The concerned few-layer of the Se doped Bi2Te3 demonstrate an interesting absorption in the 

visible light region, as the absorption spectrum of few-layer system depends on the size and 

number of layers. 

Plots of αhν as a function of photon energy (hν)  are shown in Figure 15 for 15 nm thick 

layers annealed at 250 °C for 3h, in our case, plots of αhν versus (hν)  indicate a direct 

allowed transition in the prepared layers. 
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Figure 15: Absorbance plots of 15 nm-thick layers annealed at 250 °C for 3h 

 

The reason for this larger Eg of few-layer system under the study is due to the well-known 

quantum confinement effect by shifting the conduction and valence band edges in opposite 

directions [19-21]. It is worth mentioning that, for a 2D crystallite, the band gap shift, DEg, is 

described by the equation [22,23]: 

 ∆Eg =
h2

4μxyLxy
2 +

h2

8μzLz
2                                                                                                            (4) 

 

where μxy and μz are the reduced effective masses of electron-hole pairs in parallel (xy) and 

perpendicular (z) directions, respectively, and Lxy and Lz are the corresponding dimensions of 

the crystallite. To summarize, a comparative analysis for transmittance (T) at different 

thicknesses is shown in the table below. It is clear that T increased profoundly due to thickness 

reduction. 

Table 2: Comparative study of transmittance enhancement in different thickness layers for 

samples annealed at 250 °C, at wavelength of 2600nm.   

 

Layer’s sample As-prepared T % of 100 nm T % of 35 nm T % of 15 nm 

X=0.40 8.7 22.1 30.2 96.4 

X=0.30 26.7 29.1 57.9 76.7 

X=0.20 13.1 14.0 47.7 56.5 

X=0.10 7.1 12.4 20.5 45.9 

X=0.00 6.4 16.6 26.7 59.0 
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Nanoparticulate Y2 O3 :Eu2 O3  with a small, uni- form particle size and a well-defined 

composition was syn- thesized using a low temperature microwave plasma pro- cess. The 

structural evolution and the luminescence prop- erties were studied in different states of 

annealing and Eu2 O3 addition using X-ray diffraction, transmission elec- tron microscopy, 

and UV-photoluminescence spectroscopy. As synthesized, the samples were amorphous and 

showed only weak luminescence. Subsequent annealing steps from 500°C to 800°C lead to 

the formation and growth of cu- bic Y2 O3 :Eu2 O3 nanocrystals (5–20 nm) and a concomitant 

strong increase of the luminescence yield already at small grain sizes in the range of 10 nm. 

No self-quenching effects were observed up to 11 mol% Eu2 O3 . 

 

Keywords: Structural; Optical; Nanoparticle.  

 

1. INTRODUCTION 

 

Luminescent rare earth oxides are in the focus of both tech- nical application and ongoing 

research as key materials for use in display technology and lighting [1, 2]. Presently, Eu2 

O3 , particularly in form of Y2 O3 :Eu2 O3 , constitutes the best red phosphor for fluorescence 

tubes and plasma display panels to convert UV light from the plasma discharge to red light [1, 

3]. Y2 O3  and Eu2 O3  preferably form cubic mixed crystals with a high luminescence yield 

http://etn.siats.co.uk/
mailto:b.klause@tugraz.at
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[1–5]. Both, the Y2 O3 host lattice, and O2− ions in the vicinity of Eu3+  ions, absorb UV-

light with maxima in the range of 210 nm and 250 nm, respectively. Subsequent energy transfer 

to the Eu3+ lumi- nescence centres finally populates the 5D0  level [1, 3–5]. Red light is 

emitted upon transition to one of the 7F lev- els, with the main emission line at 613 nm (5D0 

→ F2 ) and weaker lines between 580 and 595 nm [6]. The effect of a very small crystallite size 

on the lumines- cence properties, however, remains an open question. On the one hand, some 

studies report a noticeable blue shift of both the absorption range and the main emission line for 

particles as large as 40 nm [3, 7]. On the other hand, there are also ob- servations of a red shift of 

the absorption spectra [4]. Sim- ilarly, studies in literature report observations of a reduced [1] 

as well as an increased luminescence of nanoparticles versus the bulk [8]. In addition, lattice 

and surface defects were found to significantly impair the luminescence yield of Y2 O3 :Eu2 

O3 , particularly for very small particles [1, 3]. Therefore, Y2 O3 :Eu2 O3 nanoparticles with a 

low degree of internal strains and agglomeration are expected to show im- proved luminescence. 

The present work aims at synthesizing and studying the structural and luminescence properties 

of such Y2 O3 :Eu2 O3 nanoparticles with a small initial particle size. For this goal, microwave 

plasma (MWP) synthesis provides an ideal fab- rication route [9]. The low reaction 

temperature of about 400◦C and the electric charging in the nonequilibrium plasma leads to 

the formation of nanoparticles with both a small mean size of d ∼4–5 nm and a narrow size 

distribution. 

 

2 EXPERIMENTAL 

 

The nanoparticulate Y2 O3 :Eu2 O3   was  produced  by  co- evaporation of the chemically 

homologous tetramethylhep- tanedionate Y(TMHD)3 and Eu(TMHD)3 precursors in an 

Arstream at about 180◦C. The precursor vapor was mixed with a reaction gas of 20% oxygen 

in argon and then decom- posed in the microwave induced plasma (2.45 GHz, 500 W) under 

similar conditions as described for the synthesis of YSZ [9]. Electric charging induced by the 

plasma together with low reaction temperatures prevents the formation of hard agglomerates. 

The nanoparticles were collected on a cold finger. This powder was subsequently scraped off 

with a razor blade and placed in an Al2 O3 boat for annealing treat- ments at temperatures 
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between 350◦C and 800◦C in air. X-ray diffraction studies of the structural evolution of 

nanoscaled (n)-Y2 O3 :Eu2 O3  powders were made using a Bruker D8 Advance instrument 

with a Cu tube. For trans- mission electron microscopy (TEM) studies using a Philips CM20 

microscope, the n-Y2 O3 :Eu2 O3  powder was dis- persed in 2-Propanol and deposited on a 

Cu grid. Photoluminescence (PL) studies on n-Y2 O3 :Eu2 O3  and the pure constituents were 

carried out on both powder sam- ples on glass and dispersions in ethanol (0.5 g/l). The lumi- 

nescence spectra were measured with a Perkin-Elmer LS55 spectrometer using a high-energy 

pulsed Xe lamp as light source. A filter with a cut-off wavelength of 570 nm pre- vented 

spurious light from entering the analyzer. Two types of PL spectra were recorded for samples in 

all conditions of annealing and compositions: emission spectra of luminescence induced by 

excitation at fixed wavelengths of 211 and 234 nm and so-called excitation spectra, which show 

the intensity of the main PL emission line at 613 nm as a function of the excitation wavelength. 

A wavelength scan rate of 100 nm/min and bandwidths of 5 nm and 2.5 to 5 nm for excitation 

source and analyzer, respectively, were typi- cally used for these measurements. 

 

 

Figure. 1  X-ray diffraction spectra of Y2 O3 :Eu2 O3  in different stages of  annealing.  The 

symbols F and  denote literature  data  for Y2 O3 :Eu2 O3  (5 mol%) and Al (specimen holder) 

from the PDF-2 database, respectively [10]. No noticeable change is observed for sam- ples 

with Eu2 O3 addition of 5.6 and 11 mol% 
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3 RESULTS AND DISCUSSION 

Under as-synthesized condition, both Eu2 O3 doped (Figure. 1) and undoped Y2 O3 

nanoparticles show broad X-ray diffrac- tion lines. In complementary TEM studies a small  

parti- cle size and loose agglomerates of particles with nearly missing crystalline features  were 

observed (Figure. 2a). Hence, an amorphous state with an average particle size of about 4.5 

nm is deduced. Annealing at 350◦C did not induce a significant change in the structural 

properties. Annealing at 500◦C for 8 h lead to the formation of cubic nanocrystals of an Y2 O3 

:Eu2 O3 solid solution (Figure. 1) or Y2 O3 , as shown by XRD. These data are consistent 

with literature data for bulk Eu0.1 Y1.9 O3 (JCPDS #25-1011) and Y2 O3  (JPCDS #88-

1040) in the PDF-2 database [10], respectively. No evi- dence for the formation of pure cubic 

Eu2 O3 or monoclinic phases was found. From the XRD data, a small average crystallite size 

of 4.6 ± 0.5 nm is determined based on the Scherrer formula [11], whereas a detailed analysis 

using the approach of Williamson–Hall [11] yields a value of 6.5 ± 0.5 nm and indicates a 

noticeable amount of microstrains. Additional annealing at 650◦C or 800◦C (4 h) lead to 

crystallite growth reaching values of 9.5 ± 0.5 nm and 18 ± 1 nm, respectively. For samples 

annealed at 800◦C, the crystallite size and the crystalline state was confirmed by TEM studies 

(Figure. 2b). Experimental data of  the  luminescence properties  of Y2 O3 :Eu2 O3 in 

dispersions are shown in Figures. 3, 4, and 5. In condition as synthesized and after annealing 

at 350◦C, the n-Y2 O3 :Eu2 O3 specimens showed only weak lumines- cence due the reduced 

energy transfer in the amorphous structure [12]. After annealing at 500◦C,  the typical 

luminescence spectrum of Eu3+  was observed (Figures. 3, 4). 
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Figure. 2 TEM micrographs of (a) Y2 O3 :Eu2 O3 as synthesized and (b) after the annealing 

step at 800◦ C (4 h, air) 

 

 

 

Figure. 3 Luminescence spectra of n-Y2 O3 :Eu2 O3 (11 mol%) in disper- sion upon 

excitation with wavelength λex = 234 nm in different states of annealing. The plots are 

mutually shifted in vertical direction. The crystallite size is deduced from XRD line 

broadening (Scherrer
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Higher annealing temperatures of 650◦C and 800◦C lead to a strong increase of the 

luminescence yield, but to no quali- tative change in the excitation and emission spectra such as 

shifts of the peaks with the grain size. 

Taking into account the structural data (s. Figures. 1, 2) it may be concluded in agreement with 

literature data that a crystalline state is essential for the photoluminescence and UV conversion 

processes in Y2 O3 :Eu2 O3 [3–7]. In fact, the PL yield is reduced for ultra-small grain sizes 

(Figures. 3–5). However, we observed a significant PL yield already at crys- tallite sizes in the 

range of 5–10 nm (Figure. 3), smaller than previously reported [3]. 

 

 

 

 

 

 

 

 

 

 

Figure. 4 E xc i t a t io n  spectra for the luminescence at  λem  = 613 nm(5D0 → 7F2 )  

measured on dispersed Y2 O3 :Eu2 O3  particles. Bulk Eu2 O3 is shown as a reference 

 

A detailed look at the excitation spectra of n-Y2 O3 :Eu2 O3 specimen (Figure. 4) shows two 

maxima for wavelengths of about 211 nm and 234 nm in the far UV range, which can be 

attributed to the host-lattice and charge transfer mechanisms, respectively [3–5]. The PL yield 

for both excitation wavelengths increases with the grain size (Figure. 4, Figure. 5) as well 

as with the Eu2 O3 content (Figure. 5). Hardly any PL is observed for the as prepared n-Y2 

O3 :Eu2 O3 specimen at λex  < 220 nm (Figure. 4). With higher annealing temperatures and 

crystallite size the excitation at λex = 211 nm, corresponding to the host lattice transfer, 

becomes more dominant in comparison to λex = 234 nm, which may reflect a more efficient 

host-lattice energy transfer in larger grains [1, 3–5]. It is also interesting to note, that the 

relative intensity of the main emission line, which is attributed to Eu3+ 
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Figure. 5  Variation of photoluminescence yield in Y2 O3 :Eu2 O3  with annealing 

treatment and Eu2 O3  content for regions of host lattice(λex = 211 nm) and charge transfer 

excitation (λex = 234 nm) 

 

Emission centers in an undistorted cubic lattice environment [13], increases for higher annealing 

temperatures (Figure. 3). These improved luminescence properties may be at- tributed to a 

reduced density of lattice and surface defects as a result of the synthesis method used [12]. No 

evidence for self-quenching was observed for any state of annealing or Eu2 O3 content up to the 

highest doping level of 11 mol% studied. For bulk material, such a quench- ing effect was 

reported for Eu2 O3 additions to Y2 O3 as low as 6% [14]. Assuming an isotropic distribution 

of Eu3+ in the nanocrystals, the reduced self-absorption may be at- tributed to the large fraction 

of luminescence centers located directly at the nanoparticles’ surface, which is expected to 

reduce this doping-dependent critical effect. Based on these results, it can be concluded that mi- 

crowave plasma synthesis combined with appropriate annealing is a powerful technique for 

the fabrication of ox- ide rare earth nanoparticles, which combine a well-defined small size 

and composition with good luminescence prop- erties. Nevertheless, the present study confirms 

that the luminescence yield of Y2 O3 :Eu2 O3 is reduced for very small grain sizes. Slightly 

larger grains (d ≥ 9.5 nm) with a high degree of crystallinity show a promising luminescence 

yield tendency. 
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We report here investigations of crystal and electronic structure of as-synthesized and annealed 

ZnO nanobelts by an in-situ high-resolution transmission elec- tron microscope equipped with 

a scanning tunneling mi- croscopy probe. The in-situ band gap measurements of indi- vidual 

ZnO nanobelts were carried out in scanning tunnel- ing spectroscopy mode using the 

differential conductance dI /dV –V data. The band gap value of the as-synthesized ZnO 

nanobelts was calculated to be ∼2.98 eV, while this property for the annealed nanobelts (∼3.21 

eV) was close to the band gap value for bulk ZnO materials (∼3.37 eV). The difference in the 

band gap value of the as-synthesized ZnO nanobelts and annealed ones was attributed to the 

pla- nar defects (e.g. stacking faults and twins). These defects can alter the electronic structure 

by producing localized res- onant states that result in band gap reduction. 

 

Keywords: ZnO; Band gap; Nonostructure.   

 

1. INTRODUCTION 

 

One-dimensional (1D) ZnO nanostructures including nano- wires and nanobelts are of great 

interest for field emission applications particularly for flat panel displays, as they can be 

synthesized in well-aligned densely packed arrays. With a large exciton binding energy, 

thermal stability, oxidation resistance and favorable aspect ratio, ZnO nanowires and 

nanobelts are considered to be an effective field emission source [1–3]. The field emission 

properties of the nanostruc- tured materials can be strongly influenced by the presence of 

http://etn.siats.co.uk/
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localized resonant states [4]. Therefore, it is imperative to estimate the band gap of ZnO 

nanobelts used as field emis- sion emitters. There has been number of studies to inves- tigate 

the electronic band structure of ZnO in bulk and in thin-film form, using the techniques of 

photoluminescence spectroscopy and scanning tunneling microscopy [5–8]. To investigate the 

electronic properties, it is important that the measurements are carried out under a high-

vacuum system, otherwise there are chances of oxide formation on the sur- face of the 

material, which will affect the electronic prop- erties. Limited studies of the ZnO electronic 

band gap have been conducted in vacuum. One such study was carried out by Urbeita et al. [8] 

to investigate the electronic structure of ZnO single crystal in a combined scanning electron 

micro- scope (SEM)–scanning tunneling microscope (STM) system under a high vacuum of 

1 × 10−6  Torr. In addition, one rarely can find nanoscale electrical measurements on single 

nanotubes or nanowires of ZnO. Most of the studies of the electronic structure of ZnO 

nanostructures have been carried out on arrays of nanowires/ nanobelts by photoluminescence 

(PL) spectroscopy measurements taken at room temperature [9–13], but there are no reports on 

the electronic structure of individual ZnO nanowires/nanobelts. In view of this, the present 

study is centered on the in- vestigation of crystal and electronic structure correlation of 

individual nanobelts inside a high-resolution transmis- sion electron microscope (TEM) 

(JEM 4000 FX, operated at 200 kV) using a special STM-TEM holder. The STM- TEM 

holder provides a unique combination of TEM and STM techniques, which are used 

simultaneously in one in- strument for electrical and structural characterization. The setup of 

the STM-TEM holder is shown in Figure. 

 

 

Figure. 1 The image showing the experimental configureuration for the STM-TEM holder 
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The electrochemically etched gold wire with a ZnO nanobelt was at- tached to the piezo-driven 

movable part of the holder facing the fixed and sharp tungsten STM tip as its counter elec- 

trode, and oriented perpendicular to the electron beam in the TEM. In such an arrangement, 

atomic scale imaging and I –V measurements can be carried out concurrently. The ZnO 

nanobelts used in our study are grown in a dou- ble quartz tube configureuration thermal 

chemical vapor depo- sition (CVD) system as reported previously but without the use of Au 

catalyst [14]. The growth was performed in a hor- izontal furnace consisting of a quartz tube 

vacuum chamber. A closed-end smaller quartz tube (60-cm long and 2 cm in diameter) 

containing the precursor materials and the sub- strates was inserted within the vacuum 

chamber. A mixture of ZnO (0.2 g) and graphite (0.1 g) powder in an alumina boat was used 

as the precursor materials. The boat is placed at the closed end of the smaller quartz tube. The 

tempera- ture of the furnace was raised to 1100°C. The substrates are in a temperature zone of 

∼650 to 450°C. The temperature was held at 1100°C for 30 min and turned down to allow 

cooling to 600–700°C in ∼1 h. The experiment is stopped by switching off the furnace and 

allowing the system to cool down to room temperature. To have a good electrical circuit for 

tunneling measure- ment, the nanobelts should be firmly attached to the tip of the gold wire 

(250-µm diameter) mounted on the piezotube shown in Figure. 1. To ensure this, the 

nanobelts were glued to the gold wire by conducting silver paste. In addition, the STM tip 

(made of tungsten, W) should be cleaned of any oxide layer to have a better electrical contact 

with the nanobelts. For this purpose, the side of the gold wire (with- out any sample) was 

moved into contact with the STM tip. The sharp W tip was readily melted on passing a large 

cur- rent through the tip, resulting in a clean W tip with slightly larger radius. 

The STM was used in constant-current mode as well as in the scanning tunneling spectroscopy 

(STS) mode. The STM measurements were performed by measuring the tunneling current (I 

) and dynamic conductance (dI /dV ) as a func- tion of tip–sample voltage at a fixed tip–

sample distance. The STS provides real-space imaging of electronic states by recording dI 

/dV –V  curves at fixed tip–sample separa- tion [15, 16]. Spectroscopy measurements reported 

here are 
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Figure. 2 (a) the low-magnification SEM image of a ZnO nanobelt showing the overall 

morphology. (b) Zoomed-in image of the nanobelts showing two distinct widths along their 

length. (c) The XRD pattern of the as-synthesized ZnO nanobelts showing the crystallinity of 

the nanobelts obtained by averaging five to 10 tunneling current (I ) ver- sus bias voltage (V ) 

curves at specific locations on the ZnO nanobelts. The data are represented by using the ratio 

of dif- ferential to total conductance, (dI /dV )/(I / V ), that gives a direct measure of the 

surface density of states [17–19]. The curves represent the average of data recorded in small 

regions, typically a square of 10 pixels on each side. The spectroscopic measurements were 

found to be reproducible. 

 



221 

Theo. Exp. NANOTECHOLOGY 3 (2019) 217-227 
 

 
  

Figure. 3  (a) A low-magnification TEM image of a ZnO nanobelt; (b) the selected area 

electron diffraction (SAED) pattern of the nanobelt taken along the [01 ı̄0] zone axis; (c) 

HRTEM image of the nanobelt taken from the selected area (marked by rectangle); (d) 

HRTEM image of a nanobelt showing the planar defects; (e) the diffraction pattern taken from 

the twin-boundary region; (f) HRTEM image of the nanobelt showing the steps at the edge 

The nanobelts grown on Si (100) single-crystal substrates were directly observed by a field 

emission scanning electron microscope (SEM, Hitachi S-4700). Figureure 2a and b show 

typical SEM images of the grown nanobelts. The top view (Figure. 2b) clearly reveals that the 

film is composed of belt-like nanostructures with typical lengths in the range of several 

hundreds of nanometers to several micrometers and widths ranging from 1 to 5 µm. X-ray 

diffraction (XRD) measure- ments were carried out on a RINT 2500 X-ray diffractome- ter 

using CuKα radiation. Figureure 2c shows the XRD pattern of the as-synthesized ZnO nanobelt 

confirming its purity and high crystallinity. All the peaks in the pattern can be indexed to the 

wurtzite ZnO structural phase with a = 0.32 nm and c = 0.52 nm, with no apparent impurity 

phase. It is worth noting that the peak intensity of the (002) plane is about 10 times as high as 

that of (101) planes. This is consistent with the alignment growth of the nanobelts on Si 
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substrates and their preferential growth along the [0001] direction, as also confirmed in our 

TEM observations. 

The detailed structure of ZnO nanobelts was character- ized just before the in-situ STM-TEM 

measurements. Figure- ure 3a presents a low-magnification TEM image of a ZnO nanobelt. 

The length and width of the nanobelt were mea- sured to be ∼2 µm and 400 nm, respectively 

(Figure. 3a). The selected area electron diffraction (SAED) pattern (Figure. 3b) confirms the 

single-crystalline nature of the nanobelt and is indexed to be the [01 ı̄0] zone axis of wurtzite 

ZnO. The growth direction of [0001] can be easily established from the SAED pattern in Figure. 

3b. Figureure 3c shows a high-resolution TEM (HRTEM) image of the nanobelt taken from a 

se- lected area (marked by the red rectangle) and reveals the crystalline lattice of the nanobelt. 

The distance between lat- tice planes is approximately 0.52 nm. However, some re- gions of 

the nanobelt show a change in the stacking se- quence over a few atomic spacings and depict 

the presence of stacking faults, a planar defect (marked by the arrow in the HRTEM image, 

Figure. 3d). The nanobelt also shows an- other type of planar defect, the twin boundary 

(marked by the white arrow in Figure. 3a) that is confirmed by the diffrac- tion pattern taken 

from the twin-boundary region as shown in Figure. 3e. The presence of such defects in ZnO 

nanobelts has also been reported by Wang and Ding [20, 21]. Also, some of the nanobelts 

show the formation of steps at the edge (Figure. 3f). As evident from the HRTEM image, the 

steps are entirely single-crystalline and defect-free in nature, with some roughness at the edge 

of the nanobelts. 

The elemental mapping and the compositions were measured by energy dispersive X-ray 

spectrometry (EDS) equipped in the TEM. The elemental mapping was con- ducted in 

scanning transmission mode of the TEM. The EDS analysis and the elemental mapping images 

(Figure. 4) showed the presence of Zn in the ZnO nanobelts. No other elements were detected. 

This confirms that high-purity ZnO nanobelts have grown on Si crystal substrates. Oxygen 

mapping could not be observed due to limitation of the EDS measurements. 

The vacuum barrier between the STM tip and the nano- belt forms a convenient junction for 

STS, as it allows tunnel current at large bias voltages. In STS, scanning and feedback controls 

were switched off, and current, I , was recorded as a function of bias voltage, V , applied 

to the nanobelt. The normalized differential conductance (dI /dV )/(I / V ) can then be 

considered to be proportional to the density of states (DOS) of the examined nanobelt. Before 
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and after taking STS measurements on the nanobelt, reference mea- surements were 

performed on the gold wire. Only when the curves on gold wire were approximately linear 

with- out  kinks  or  steps  were  the  I –V  data  on  the  nanobelt recorded. The STS curves 

taken at different positions (typ- ically over ∼40 nm) showed consistent features. Figureure 

5a and b and c and d show the corresponding I –V curves and normalized conductance, (dI 

/dV )/(I / V )–V , on two differ- ent as-synthesized nanobelts. The corresponding I –V curve 

shows a low conductance at low bias, followed by several kinks at larger bias voltages. The 

average value of the band gap obtained from the normalized differential conductance (dI /dV 

)/(I / V )–V  for the as-synthesized nanobelts (aver-aged over eight nanobelts) is ∼2.98 ± 0.2 

eV.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 4  (a) The scanning transmission electron microscopy (STEM) image of a ZnO 

nanobelt; (b) the STEM image showing the mapping of Zn elements in the ZnO nanobelt; (c) 

the EDS data confirms the presence of Zn in the ZnO nanobelt 
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Figure. 5 (a, b) and (c, d) show the corresponding I –V curve and dI/dV –V /(I / V ) 

obtained by STS on two different as-synthesized nanobelts.

The band gap value estimated for the as-synthesized ZnO nanobelt (∼2.98 eV) is about 

11.57% less than the standard value obtained for the ZnO materials, i.e. 3.37 eV [22]. This 

dif- ference can be attributed to the planar defects like stacking faults and twin boundaries 

observed in the ZnO nanobelts confirmed by high-resolution images (Figure. 3). These kinds 

of defects are expected to alter the electronic structure by producing localized resonant states 

[9, 23–25]. Beside these, the ZnO materials are also known to possess intrinsic de- fects, such 

as oxygen vacancies, zinc vacancies and Zn and O interstitials, etc. [26–28], which will also 

affect the elec- tronic structure of ZnO. For comparison, the tunneling data for the annealed 

ZnO nanobelt was also measured as shown in Figure. 6a–c. Figureure 6a shows the bright-

field image of the annealed ZnO nanobelt. As is evident from Figure. 6a, most of the regions 

of the annealed nanobelt show no image contrast, indicating a defect-free region. The annealed 

ZnO nanobelts show the estimated value of the band gap to be ∼3.21 ± 0.15 eV. The annealed 

ZnO nanobelt shows ∼7.16% higher value of band gap as compared to the as-synthesized sam- 

ple, which indicates that annealing of the ZnO nanobelt at 600°C for 15 min in hydrogen 

atmosphere decreases the in- trinsic defects present in the as-synthesized sample [29]. From  

the  normalized  differential  conductance  data, (dI /dV )/(I / V )–V , it is observed that the 

band gap is sym- metrical about the zero bias position, which indicates that there is no doping 
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of any type of carrier (i.e. p or n type) in the ZnO nanobelt during the measurement. In a 

report [30] on the band gap measurements of carbon nanotubes by STM, the asymmetry of the 

(dI /dV )/(I / V )–V data around zero bias voltage was related to the doping of carbon nan- 

otubes by charge transfer from the Au (111) substrate on which the nanotubes were grown. 

In the present investiga- tion, the ZnO nanobelts were tested in free-standing condi- tion, 

which is consistent with the absence of any asymmetry of the band gap around the zero bias 

voltage. The derivative spectra indeed show a number of peaks (Figures. 5b, 5d and 6c). The 

peaks differ in height depending on the region of the STM tip chosen and hence its 

configureuration. In semicon- ductors, (dI /dV )/(I / V ) has been argued to give a better 

representation of the DOS than the direct derivative dI /dV , partly because the normalization 

accounts for the voltage dependence of the tunnel barrier at high bias [31–34]. 

In conclusion, the electronic band gap measurement of an individual ZnO nanobelt was carried 

out in situ in a com- bined STM-TEM system. To the authors’ knowledge, this is the first in-

situ TEM study of the band gap properties of individual ZnO nanobelts. The normalized 

differential elec- trical conductance, (dI /dV )/(I / V ), of the nanobelt mea- surement in STS 

mode provides a direct measurement of the band gap. The average value of the band gap of 

indi- vidual as-synthesized ZnO nanobelts has been estimated to be ∼2.98 ± 0.2 eV, which is 

about 11.57% smaller than the standard value of ∼3.37  eV obtained from the bulk ZnO 

materials. The annealed ZnO nanobelt shows a higher value of the band gap (∼3.21 ± 0.15 

eV) as compared to the as-synthesized sample. This indicates that annealing de- creases the 

intrinsic defects present in the as-synthesized sample.
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Figure. 6  (a) The bright-field image of an individual annealed nanobelt attached  firmly  

with  the  gold  tip  and  facing  the  counter  elec- trode, the STM tip. (b and c) The 

corresponding I –V curve and dI/dV –V /(I / V ) obtained by STS on the nanobelt. 

The smaller band gap value in the as-synthesized ZnO nanobelt was attributed to planar 

defects, like stacking faults, twin boundaries observed in the ZnO nanobelts by high-resolution 

images and intrinsic defects like oxygen va- cancies, zinc vacancies and Zn and O interstitials 

found in ZnO materials. 
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Abstract: Zinc oxide (ZnO) is a wide band gap (~3.37 eV) semiconductor. Thin film ZnO has 

many attractive applications in optoelectronics and sensors. Recently, nanostructured ZnO (e.g. 

ZnO quantum dot) has been demonstrated as a hyperbolic material; its dielectric function has 

opposite signs along different crystal axes within the mid-infrared, making it an interesting 

material for metamaterials and nanophotonics. Conventional sputtering deposition usually leads to 

the formation of polycrystalline ZnO films with randomly oriented grains and rough surface. This 

work demonstrated a solution-based process to grow ZnO thin films with highly oriented 

nanocrystals. Low-temperature plasmas were employed to modulate the microstructure and optical 

properties of the films. Such highly anisotropic nanostructured transparent semiconductor films 

may lead to interesting material properties in developing new optoelectronic devices. 

 

Keywords: ZnO, Sol-gel, oxygen plasma, crystal size. 

 

1. NTRODUCTION 

 

Zinc oxide (ZnO) is a II–VI compound semiconductor with wide band gap ~3.37 eV [1, 2]. 

Thin film ZnO is highly transparent in the visible spectrum (>90%), with moderate Hall 

mobility ranging from 0.2 to 7 cm2V-1s-1. These characteristics combined with other 

interesting properties, such as a strong blue luminescence and a large acoustic velocity (6336 

m/s), make ZnO attractive for use in many applications. Owing to their better stability than 
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indium tin oxide in hydrogen plasma, ZnO thin films have been used in the fabrication of 

hydrogenated amorphous silicon solar cells [3, 4]. ZnO has also been used as transparent 

electrodes in displays and piezoelectric devices [5-7]. Wide band gap ZnO is a potential 

material for short‐wavelength optoelectronic devices, such as UV lasers, blue to UV light‐

emitting diodes and UV detectors [8, 9], which can be applied to high density data storage 

systems, solid‐state lighting, secure communications and bio‐detection. Of particularly 

interesting, ZnO   nanostructures (e.g.  ZnO   quantum dots) have been demonstrated as a 

hyperbolic material; its dielectric function has opposite signs along different crystal axes 

within the mid- infrared, making it an attractive metamaterial and promising for 

nanophotonics [10]. 

The wurtzite crystal structure of ZnO is thermodynamically stable with oxygen atoms on 

hexagonal sites and zinc atoms on tetrahedral sites [11]. It exists with non-polar (1011) 

surface termination, polar (0001) O-termination, and polar (0001) Zn-terminated surfaces 

[12], resulting in termination- dependent chemical reactivity. ZnO crystallites with 

preferential orientation are desirable for applications where crystallographic anisotropy is a 

prerequisite as in UV-diode, piezoelectric surface acoustic wave or acousto-optic devices 

[13]. Various methods have been used to fabricate ZnO films. The common methods include 

pulsed laser deposition, RF magnetron sputtering, chemical vapor deposition, and spray 

pyrolysis [14, 15]. Polycrystalline ZnO films fabricated from these processes usually consist 

of randomly oriented crystals. Furthermore, vacuum-based processes are generally 

expensive. Solution-based sol-gel method offers simple, easy and low- cost deposition of 

ZnO, which can be integrated into roll-to-roll fabrication [16-18]. ZnO films prepared by 

solution processes usually have high resistivity. Post annealing at moderate temperatures in a 

proper environment is needed to reduce the resistivity. 

This work aims to produce nanostructured ZnO thin films with highly oriented crystals using 

a solution-based process. As discussed above, such films may find a broad variety of 

applications. Post plasma treatment is employed to verify whether or not it can modulate the 

film structures and optical properties at low temperatures. 
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2. EXPERIMENTAL PROCEDURE 

 

ZnO nanostructured thin films were deposited by sol-gel spin coating onto glass substrate. 

Zinc acetate [Zn(CH3COO)- 2H2O],2-methoxethanol (MEA), and ethanolamine were used 

as the starting material, solvent, and stabilizer, respectively. The molar ratio of MEA to zinc 

acetate dehydrate was maintained at 1.0 and the concentration of zinc acetate was 

0.35 M. The solution was stirred at 500 RPM for two hours at room temperature followed by 

stirring at 80o C for 1 hr to result in a clear homogeneous solution. The glass substrates were 

cleaned with a soapy water, DI water, acetone and IPA in sequence using a Fisher Scientific 

FS60D ultrasonic cleaner, each step for 10 min, respectively. The zinc oxide solution was 

then spin-coated on the glass substrates at 2500 RPM for 30 seconds using a LAURELL WS-

650MH- 23NPP/LITE spin coater. After the deposition, the film was dried at different 

temperatures from 200o C to 500o C for 1 hour in a furnace to remove organic residuals. The 

routine was repeated from coating to drying for five times to give a final film thickness ~200 

nm. 

After the films were deposited, the samples were processed with oxygen plasma generated 

with a capacitively coupled RF discharge, during which the oxygen gas pressure was 

maintained at ~2 Torr. No external heating was applied and the substrate temperature was 

below 150o C during the plasma treatment. The thickness of the film was measured using 

VEECO DEKTAK 150 surface profiler. The transmittance measurement was carried out 

using FILMETRICS F20-UVX spectrophotometer. X-ray diffraction (XRD) was taken using 

RIGAKU SMARTLAB system. 

 

3. RESULTS AND DISCUSSION 

 

The transmission spectra of the ZnO films fabricated at different temperatures are shown in 

Figure 1. The ZnO film prepared at 200oC showed good transmittance in 380-750nm range 

with an average transmittance above 90%. Increasing the temperature from 200oC to 400oC, 

the transmittance increased slightly. The maximum point of transmittance shifted to shorter 

wavelength with the increase in the temperature, indicating that the film optical thickness was 
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reduced. This was due to the removal of organic residuals at higher temperatures. Further 

increase the fabrication temperature to 500o  C  led  to  decrease  in  the transmittance. Two 

possible reasons contributed to this reduction in transparency: surface roughening that led to 

light scattering and oxygen loss that created vacancies at high temperatures. Similar reduction 

in optical transparency was observed when the annealing temperature of ZnO films was 

increased [19]. 

  

 

Figure 1: Optical transmittance spectra of ZnO films prepared at different temperature. 

 

Figure 2 shows the XRD pattern of the ZnO films prepared at different temperatures. The 

ZnO films prepared at temperatures above 400oC showed oriented crystal growth along (002) 

plane. This oriented growth confirmed that the highest density of Zn atoms was in the (002) 

planes as it was kinetically favorable [20]. At sufficient temperatures, the excess energy 

acquired by the ZnO crystallites allowed them to orient themselves along the (002) plane 

where the surface energy was minimum [19]. The ZnO films prepared at temperatures below 

300oC did not exhibit obvious crystallization. The films were mostly amorphous. An increase  

in the (002) peak intensity was observed when the films were prepared at 300oC, 400oC, and 

500oC, as shown in Figure 2. The gain in peak intensity was obviously due to an increase   in 

the crystallinity with temperature. 
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Figure 2: XRD patterns of ZnO films prepared at different temperatures. 

 

Figure 3 shows the effect of temperature on the crystal size of the ZnO films. The average 

crystal size increased with the process temperature. The size of crystallite was estimated from 

the full-width at half-maximum (FWHM) of (002) peak using the Scherrer formula [21]. The 

crystal size increased from 5.9 nm at 300oC to 23.8 nm at 500oC. The increase in the 

temperature caused coalescence/merging of small grains by grain boundary diffusion, 

resulting in grain growth [22]. 

 

 

Figure 3: Effect of temperature on the crystal size of the ZnO films. 

 

Figure 4 compares the optical transmittance of the ZnO films prepared at 500oC followed by 
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oxygen plasma treatment for 

5, 10, 20 and 40 minutes. Overall, the transmittance slightly increased after the plasma 

treatment. 20-minute oxygen plasma    treatment    appeared    sufficient, while prolonged 

plasma treatment (e.g. 40 minutes) led to slight decreasein the transmittance. The variation 

in the transmittance with the plasma treatment time was attributed to two opposite effects: 

1) oxygen plasma reduced oxygen vacancies and led to the increase in the transmittance; and 

2) the bombardment of charged ions on the ZnO film created defects and roughened the film 

surface, leading to a decrease in the transmittance. 

 

Figure 4: Comparison of optical transmission spectra of ZnO films processed at 500oC followed 

by oxygen plasma treatment for different times. 

 

Figure 5 compares XRD spectra of the ZnO films processed at 500oC followed by oxygen 

plasma treatment for 5, 10, 20 

and 40 minutes. The FWHM values for the XRD spectra are presented in Table 1. The FWHM 

value for the as-deposited ZnO film was 0.3639, while the lowest FWHM value was obtained 

for 20 min O2 plasma treatment. However, sharpening of the diffraction peak or lowering of 

the FWHM value was not seen in the films exposed to O2 plasma beyond 20 minutes. This 

result was further supported by analyzing the crystal size of the ZnO films treated by O2 

plasma for different time. 
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Figure 5: Comparison of XRD spectra of ZnO films processed at 500oC followed by oxygen 

plasma treatment for different times. 

Table 1: FWHM of XRD (002) Peak for the ZnO Films Treated with O2 Plasma 

 

O2 Plasma 

Treatment 

FWHM 

As-deposited 0.3639 

5 min 0.3585 

10 min 0.3603 

20 min 0.3567 

40 min 0.3652 

 

Figure 6 shows the crystal size of the ZnO films treated by oxygen plasma. The average crystal 

size increased slightly with plasma treatment time till 20 minutes, after which the crystal size 

decreased.  The crystal size increased from 23.80   nm (as-deposited) to   24.35   nm (20-

minute oxygen plasma). The crystal size after 40-minute oxygen plasma treatment dropped to 

23.77 nm. These results indicated that oxygen plasma treatment increased the crystallinity of 

the ZnO films by increasing the size of the crystallites. An optimum treatment time was 20 

minutes. This result was in agreement with the transmittance variation. As discussed 

previously, this happened due to the diffusion of oxygen from the plasma into the ZnO film 

and reduced oxygen vacancies. However, further increase in oxygen plasma treatment time 

led to excessive ion bombardment, which broke ZnO bonds. 

 

 



 

236 
 

Exp. Theo. NANOTECHNOLOGY 3 (2019) 229-237 
 

   

 

Figure 6: Effects of oxygen plasma treatment time on the crystal size of ZnO films. 

 

 

4. CONCLUSIONS 

 

Highly oriented (002) ZnO nanocrystalline thin films was produced by a solution-based 

process. The crystallinity of the ZnO films increased with the process temperature. The 

transmittance decreased slightly as the process temperature approached   500o   C.   Oxygen   

plasma   treatment   led   to increased transmittance. However, prolonged oxygen plasma 

treatment led to reduced transmittance. The variation in the transmittance was in agreement 

with the change in the crystal size deduced from the FWHM of the XRD (002) peak. 
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