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Editorial Preface  
 

This special issue of Jordan Journal of Physics (JJP) presents 18 selected 

papers presented at the Fourth International Symposium on Dielectric 

Materials and Applications (ISyDMA 4) that was held Under the 

Patronage of His Royal Highness Prince Hamzah Bin Al Hussein between 

2-4/5/2019 at the IT Auditorium of the University of Jordan. These papers 

were subjected to standard refereeing of JJP. 
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Fourth International Symposium on Dielectric Materials and 
Applications (ISyDMA 4)  

2nd to 4th May 2019 
University of Jordan, Amman, Jordan  

 
Guest Editor Preface  
 

Welcome to this Special Issue containing articles selected from the Fourth  Int. Symposium on 

Dielectric Materials and Applications (ISyDMA 4)  organized by the Univ. of Jordan (JU), Amman, 

Jordan and the Jordan University of Science and Technology (JUST), Irbid, Jordan in cooperation with 

The Jordanian Club of Humboldt Fellows (JCHF), Al-Ahliyya Amman University (AAU) , Moroccan 

Association of Advanced Materials and Moroccan Society of Applied Physics. After three prestigious 

editions, ISyDMA 1 (Rabat-Kenitra, Morocco, 4-6/5/2016), ISyDMA 2 (Bucharest, Romania, 11-

14/7/2017) and ISyDMA 3 (Beni Mellal, Morocco, 18-20/4/ 2018), a 4th edition of ISyDMA was held in 

Amman; Under the Patronage of His Royal Highness Prince Hamzah Bin Al Hussein between 2-

4/5/2019 at the IT Auditorium of UJ. This event provided an Int. forum for reporting recent 

developments in advanced dielectric materials and applications with technical, keynote and tutorial 

sessions covering hot topics in dielectric materials advances. 

A Pre-Conf. School was organized by JUST jointly with the ISyDMA 4 at Al Karama Auditorium, 

JUST, from 30/4 to 1/5/ 2019, under the chairmanship of Prof. Dr. AL Omari Mohammed-Ali and full 

support from Dean of Science and Arts Faculty Prof. Dr. Qutaibah T. Khatatbeh.  The scope of this 

School was to familiarize graduate students and junior researchers with the state of art in advanced 

materials for various applications. 

The goal of the ISyDMA 4 Symposium was to provide a platform for researchers, scientists from all 

over the world to exchange ideas, hold a wide range of discussions on recent developments in dielectric 

materials and their innovative applications. It addressed materials scientists, physicists, chemists, 

biologists, and electrical engineers engaged in fundamental and applied research or technical 

investigations on such materials. It provided an Int. forum to discuss current research on electrical 

insulation, dielectric phenomena and related topics. The scope of the ISyDMA’4 includes, but is not 

limited to: 

– Dielectric properties, polarization phenomena and applications, physics of space charge in non-

conductive materials, polymers, composites, ceramics, glasses, biodielectrics, nanodielectrics, 

metamaterials, piezoelectric, pyroelectric and ferroelectric materials. 



– Impedance spectroscopy applications to electrochemical and dielectric phenomena. 

– Dielectrics for superconducting applications, industrial and biomedical applications, dielectric 

materials for electronics & photonics,diagnostic applications for dielectrics, dielectrics for electrical 

systems, electrical conduction and breakdown in dielectrics, surface and interfacial phenomena. 

– Electrical insulation in high voltage power equipment and cables, ageing, discharges HV insulation, 

space charge and its effects in dielectrics, gaseous electrical breakdown and discharges. 

– High voltage (HV) insulation design using computer based analysis. Partial discharges in insulation: 

detection methods and impact on ageing, monitoring and diagnostic methods for electrical 

insulation degradation, measurement techniques, modeling and theory. 

– Solar energy Materials. 

The accepted papers, offer a good look into the subjects covered by the meeting and are a bit of the 

30 oral and 40 poster presentations made in the ISyDMA 4 under chairmanship of  Prof. Dr. AL-

HUSSEIN Mahmoud (UJ), Prof. Dr. MOUSA Marwan S. (Mu'tah Univ., Al-Karak, Jordan), Prof. Dr. 

Al OMARI Mohammed-Ali (JUST),  Prof. Dr. AL-SOUD Yaseen (Al al-Bayt Univ., Al-Mafraq, 

Jordan), Dr. SHATNAWI Moneeb (UJ), Dr. JABER Ahmad A. (AAU), Prof. Dr. ACHOUR 

Mohammed Essaid (Univ. Ibn Tofail, Kenitra, Morocco), Prof. Dr. OUERIAGLI Amane (Cadi Ayyad 

Univ., Marrakech, Morocco) and  Prof. Dr. MABROUKI Mustapha (Sultan Moulay Slimane Univ., 

Beni-Mellal, Morocco) with help of scientific and organizing Committees.   

The Symposium could summarize the reasons for which the Jordan Journal of Physics (JJP) devoted 

the issue number 02 of volume 13 to various Investigations on dielectric materials. An important reason 

for the success of the Symposium was the participation of  Prof. Dr. COSTA Luis Cadillon (Portugal), 

Prof. Dr. GRACA Manuel Pedro Fernandes (Portugal), Prof. Dr. MABROUKI Mustapha (Morocco), 

Prof. Dr. OMARI Ahmad (Jordan), Prof. Dr. PETKOV Plamen (Bulgaria), Prof. Dr. PETKOVA 

Tamara, (Bulgaria), Prof. Dr. PETRA Uhlmann (Germany), Prof. Dr. POPOV Cyril (Germany) and 

Prof. Dr. Mahmood Sami H. (Jordan) as plenary conference speakers but the 100  participants created a 

good and rich scientific atmosphere. 

Offering to the Int. Community some results from the conference, acknowledgeing JJP Editor in 

Chief Prof. Dr. ABU AL-JARAYESH Ibrahim from Yarmouk Univ., Irbid, Jordan, his Editorial Board 

and staff for the good job made to extend the Symposium to readers of this journal.  

Guest Editors 

Prof. Dr. ACHOUR Mohammed Essaid 

Prof. Dr. MOUSA Marwan Suleiman  

Prof. Dr. AL OMARI Mohammed-Ali  

Dr. JABER Ahmad Asaad (Al Ahliyya Amman University) 
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Abstract: In this paper, we analyze the dc and ac electrical conductivities, in the 240 to 
400 K temperature range and 102 to 106 Hz frequency range, of a percolating system 
synthesized by mixing reduced graphene oxide (rGO) particles in insulating epoxy resin 
matrix, diglycidyl ether of bisphenol A (DGEBA). We found that the dc electrical 
conductivity of the samples is strongly related to the rGO content, indicating a percolating 

behavior with percolation threshold C  
≈ 4 %. The critical behavior of the dc electrical 

conductivity as a function of the temperature indicates a strong positive temperature 
coefficient and a negative temperature coefficient of resistivity below and above the 
transition temperature Tg, respectively. Moreover, the results showed that the dc 
conductivity obeys the Arrhenius law and the ac electrical conductivity is both frequency 
and temperature dependent and follows the Jonscher’s power law.  
Keywords: Composites, Dielectric properties, Fillers, Glass transition, Graphene. 
 

 

Introduction 

Electrically conductive polymer composite 
materials, formed by inserting conductive 
particles, such as graphite, carbon black (CB), 
carbon nanotubes (CNTs), … etc., into an 
insulating polymer matrix, are considered to be 
an important group of multifunctional materials 
for many potential engineering applications [1-
3]. Since its discovery by Geim’s group in 2004 
[4], graphene (GE) has proven to be better than 
other carbonaceous materials concerning many 
unique properties, such as very large Young’s 
modulus (≈ 1 TPa) and fracture strength (≈ 130 

GPa), high thermal conductivity (≈ 5000 W/ 
mK), high electrical conductivity (≈ 6000 S/cm) 
and high surface area (≈ 2600 m2/g) [5]. These 
properties attracted great interest in the modern 
electronics and electrical engineering fields and 
provide graphene the potential to enhance 
electronic devices, sensors, energy storage 
systems, potential battery cells and biomedical 
applications [6-7]. Recently, extensive 
investigation has been focused on the 
exploration of the graphene-based materials 
properties for the fabrication of nanocomposites 
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with different polymer matrices [8], on the 
description of the synthesis methodologies of 
these nanocomposites and on the 
characterization of their mechanical properties 
[9]. However, there is a scarce amount of reports 
addressing the electrical and dielectric properties 
of polymer/graphene composite materials. In our 
previous work [10], we presented the impedance 
spectroscopy analysis of composite materials, 
fabricated by mixing reduced graphene oxide 
(rGO) in an epoxy resin, over a broad frequency 
and temperature range.  

In the present work, our primary interest is to 
analyze the dc and ac electrical conductivities of 
epoxy resin polymer loaded with rGO particles, 
in the 240 to 400 K temperature range over the 
102 up to 106 Hz frequency range. Secondly, we 
focus our interest on the analysis of the positive 
temperature coefficient (PTCR) [11-13] and 
negative temperature coefficient (NTCR) [14] 

effects which are observed on the electrical 
measurements, at temperatures below and above 
the glass transition temperature (Tg). 
Furthermore, we used some theoretical models 
dealing with the charge transport mechanisms in 
disordered materials to fit the experimental 
results. 

Experimental 

Materials  

The samples investigated in this study are 
reduced graphene oxide (rGO) particles 
dispersed in an epoxy resin matrix (DGEBA). 
The rGO was purchased from Graphenea, with 
an average particle size of about 260-295 nm, the 
density is 1.91g.cm-3 and the specific surface 
area [15] is between 423 and 500 m2.g-1. The 
insulating resin epoxy prepolymer D.E.R. 321 
has an epoxy equivalent weight of 180–188 
(g/eq), a density of 1.14 g.cm-3 at 25 ºC, a 
viscosity of 500–700 (mPa.s) at 25 °C and a 
glass transition temperature Tg ≈ 360 K. Eight 
samples with 0 (pure polymer), 2, 3, 4, 6, 8, 10 
and 14 wt % of rGO were synthesized by mixing 
the desired volume fraction with the 
prepolymer, followed by the curing process. 
Gelation took 5 minutes for each sample and 
subsequently, the mixture was poured into a 
mold. After a few hours, the samples were 
unmolded and left to rest for about 24 h, in order 
to complete the polymerization process and to 
promote the homogeneity of the inclusion 
distribution in the polymer matrix [10]. The 

sample morphology of the rGO/epoxy composite 
materials was analyzed using by scanning 
electron microscopy SEM (SEM, HITACHI S-
3200N).  

Electrical Measurements  

For the electrical measurements, the samples 
were prepared as discs with a diameter of 15 mm 
and a thickness of 2 mm and the electrical 
contacts were formed by painting both opposite 
faces with a conductive silver paint. The dc 
electrical conductivity dc  measurements were 

made in a helium atmosphere, in the temperature 
range from 240 to 400 K using a Keithley 617 
programmable electrometer. The temperature 
dependent alternating current (ac) impedance 
spectra were measured by using an Agilent 
4292A impedance analyzer in the CP-RP 

configuration over broad frequency (100 kHz -1 
MHz) and temperature ranges (240-400K). The 
complex admittance *( ) 1 / * ( ) ( ) ( )Y Z G jB        
could be converted into the complex permittivity 
formalism *( ) '( ) "( )j        using the 

relations 0'( ) B( ) /e A      and

0"( ) ( ) /G e A      , where A is the cross-

sectional area of the sample, e is its thickness 
and 0  is the free space permittivity. The terms 

( )G  and ( )B   are, respectively, the 
conductance and the susceptance of the samples 
[16-17]; afterward, the ac electrical conductivity 
can be calculated using the relation

"
0( ) . .a c       [16]. 

Results and Discussion  

Morphological Characteristics  

The SEM micrographs of the rGO/epoxy 
nanocomposites, with rGO concentrations of 
and  are shown in Fig. 1. 
The reduced graphene oxide particles are 
selectively dispersed in the epoxy polymer and 
with further increase of the rGO gradually, a 
continuous conductive path forms in the polymer 
matrix. Both micrographs show rGO clusters due 
to their tendency to agglomerate in the polymer 
matrix. Aggregation and overlapping structures 
are easily formed in the graphene/polymer 
composites, because the graphene nanoparticles 
have a large specific surface area (423 – 500 
m2/g) [14].  
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FIG. 1. SEM micrographs of the rGO/epoxy composites with 4.42 % (a) and 6.21 % (b) filler concentrations. 

 
Percolation Threshold  

Fig. 2 shows the dc electrical conductivity of 
the rGO/epoxy composites as a function of the 
rGO concentration, at room temperature. It is 
observed that, at very low filler loading, the 
electrical conductivity is dominated by the 
insulator polymer matrix and the conductivity 
values in this range are around 10-13 (S.m-1), 
typical of dielectric materials. On the other hand, 
for higher filler loadings, a sharp increase in the 
electrical conductivity, over 8 orders of 
magnitude (from 1.52×10−11 S/m for 3.66 % to 
1.93×10−3 S/m for 4.93 % of rGO), is observed. 
This abrupt transition indicates the formation of 
an interconnected rGO network, causing a 
decrease in the distance that separates the sheets. 

The percolation threshold is clearly observed and 

the experimental C  value was estimated to be 

around ≈ 4 %. The obtained percolation 
threshold is higher than those of a series of 
rGO/polymer composites reported by A. J. 
Marsden et al. [18]. This disagreement may be 
related to the shape of the conductive particles 
(rGO) [19], aggregation and overlapping of 
reduced graphene oxide due to its large specific 
surface area [20-21], the viscosity of the 
composite, because the very low percolation 
thresholds are always achieved with a low 
viscosity system [22] and could be also a result 
of the degree of dispersion between rGO 
particles and the polymer matrix [22]. 

 
FIG. 2. dc electrical conductivity, dc  versus rGO concentration in the rGO/epoxy composites, at room 

temperature T= 300 K. 
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Electrical Resistivity Analysis 

The distribution of the conductive particles in 
a polymer insulating matrix can give rise to 
electrically conductive polymer composites and 
some of these materials can exhibit a critical 
behavior around the glass transition temperature 
(Tg). Below Tg, some materials show an abrupt 
increase in resistivity when the temperature 
changes only over a few degrees. This 
phenomenon is known as PTCR effect. 

Fig. 3 depicts the electrical resistivity             

( 1 / dc   ) of the rGO/epoxy composites as a 

function of temperature, for concentrations 
above the percolation threshold. In order to 
analyze and understand the data presented in Fig. 
3, it is necessary to consider three regions: (i) 
from 240 to Tg ≈ 356 K [10], in which the 
resistivity decreases with temperature, which is a 
typical behavior for semiconductors and 
insulators; (ii) from 356 to 380 K, where the 
opposite behavior is observed, typical of 

conductive materials: an increase of the 
electrical resistivity with temperature, showing a 
PTCR effect. The mechanism responsible for 
this behavior may be attributed to the tunneling 
effect and it can be explained as follows: above a 
critical temperature (Tg), the epoxy polymer 
volume expansion is enhanced and the 
interparticle distance tends to rapidly increase 
with increasing temperature, causing a sharp 
increase in the resistivity [12, 23-24]; (iii) Above 
380 K, a similar variation occurs as observed in 
(i). In the latter temperature region, one can see a 
decrease of the resistivity with increasing 
temperature, showing the NTCR effect. It is 
generally accepted that the NTCR effect is 
attributed to the reaggregation of the conductive 
fillers and the reformation of the conductive 
networks [14]. Overall, one can say that the 
electrical resistivity temperature variation of the 
composite materials above the threshold filler 
concentration is consistent with a PTCR effect 
above the glass transition temperature Tg. 

 
FIG. 3: Temperature dependence of the resistivity of the rGO/epoxy composites, for concentrations above the 

percolation threshold 4.42 % (a), 6.21% (b) and 8.84 % (c). 

 

For further discussion of the PTCR effect, it 

is important to consider the PTCR intensity PTCI , 

defined as the ratio of the maximum resistivity   

( max ) to the resistivity at room temperature       

( RT ), which can be calculated from the 

temperature dependence of the composite’s 
resistivity, as shown in Eq. (1) [23]: 
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Fig. 4a shows the PTC intensity of the 
rGO/epoxy composites as a function of the rGO 
content, for concentrations above the percolation 
threshold. As expected, the rGO concentration 
has a significant influence on the PTC intensity. 
We see that the highest value is obtained for

6.21 %  , then it decreases with increasing 

rGO content. Fig. 4b and Fig. 4c show some 
results of the PTC intensity from other 
rGO/epoxy composites of our previous works, 
made from epoxy resin-filled carbon nanotubes 
(CNTs); namely, CNT/polyester composite (Fig. 
4b) [16] and CNT/epoxy composite (Fig. 4c) 

[25]. These indicate that the IPTC for the 
rGO/epoxy is relatively high compared to the 
other polymeric composite materials; this result 
can be explained by the strong agglomeration of 
the conductive particles (rGO) in the polymer 
matrix, because agglomeration may have a 
strong influence on the PTCR effect of the 
composite materials [14]. Additionally, we 
would like to indicate that the increase of 
resistivity with the increment of the temperature 
seen in the rGO/epoxy composites has been 
largely studied and such information is critical 
for the development of multifunctional polymer 
composites. A similar study has also been 
reported by Jun-Wei Zha et al. [26] for CB/ 
MWNT/HDPE and CB/HDPE composites’ 
materials. 

 
FIG. 4. PTC intensity of the rGO/epoxy composites compared with other systems from our previous works. 

  
AC Electrical Conductivity Analysis 

To a better understanding of the frequency 
and temperature dependence of the electrical 
properties of the studied samples, ac electrical 
conductivity measurements were carried out for 
all samples. Fig. 5 summarizes the ac 
conductivity as a function of frequency for 
several temperatures, for a concentration below 
the percolation threshold (3.66 %). It is visible 

that at low frequencies, the ac electrical 
conductivity remains constant, especially for 
high temperatures; this is attributed to the dc 
electrical conductivity contribution. At higher 
frequencies, it becomes strongly frequency and 
temperature dependent and increases with 
increasing frequency for all the evaluated 
temperatures.  
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FIG. 5. Ac conductivity as a function of the frequency for various temperatures, for a concentration below the 

percolation threshold, 3.66 %. The solid curve represents the fitting according to the Jonscher’s universal power 
law. 

 

Fig. 6 reports the obtained results for
6.21 %  ; i.e., above the percolation 

threshold. It is also clear that the ac electrical 
conductivity is both frequency and temperature 

dependent. At low frequencies, ac remains 

constant or tends to constant values, but it is 
strongly dependent on the temperature. The low-

frequency plateau in ac
 consists of the dc 

conductivity contribution. At higher frequencies, 
the conductivity becomes strongly frequency 
dependent and the origin of this behavior is 
related to the relaxation phenomena arising from 
mobile charge carriers [27]. The observed 
frequency dependence of the ac conductivity can 
be described by the Jonscher’s universal power 
law [27-28]. 

( , ) . S
ac dcT A                 (2) 

where dc is the frequency independent 
component of the ac conductivity,   is the 
angular frequency, A is a temperature dependent 
parameter and the exponent s is interpreted as a 
measure of the degree of interaction between the 
charge carriers and the environment in their 

vicinity [29]. In general, the exponent s values 
are in the 0 ≤ s ≤ 1 range. The experimental 
values of s, extracted using the Jonscher’s power 
law in the ac plots of the rGO/epoxy composites 
(at 300 K), for concentrations below and above 
percolation threshold, are reported in our 
previous work [10]. For samples above the 
percolation threshold, we can see that the 
temperature effect on the ac electrical 
conductivity shows a PTCR and NTCR effect 
below and above the glass transition temperature 
Tg, respectively. This can be clearly observed in 
Fig. 6, for 6.21 % of rGO, as an example. Three 
distinct regions are observed: below 350 K, 
where there is an increase of the ac electrical 
conductivity with increasing temperature (Fig. 
6a), from 360 to 380 K (Fig. 6b), where an 
opposite behavior is observed, indicating the 
PTCR effect and finally, the results above 380 K 
(Fig. 6c) indicate an NTCR effect. A similar 
phenomenon has also been reported by K. 
Abazine et al. [16] for CNT/polyester 
composites below and above the glass transition 
temperature. 
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FIG. 6. Frequency dependence of the ac conductivity, ac for a concentration above the percolation threshold, 

6.21 %, for temperatures below and above the glass transition (Tg). 
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The experimental values of the s parameter 
are plotted in Fig. 7 for samples above the 
percolation threshold, where one can see that it is 
temperature dependent and we can identify the 
three distinct domains, for all samples. The 
typical value of s between 0 and 1 suggests ac 
conductivity through a hopping mechanism. The 

highest value of s describes a completely 
correlated system. In our case, the obtained value 
is low, which can be related to the effect of the 
distribution of relaxation path times and the 
degree of interaction between the charge carriers 
and the environment in their vicinity.  

 
FIG. 7. Jonscher’s exponent s versus temperature for concentrations above the percolation threshold, (a) 6.21 % 

and (b) 8.84 %. 
 
In addition, Fig. 8 illustrates the ( )d cL n   

dependence with the inverse of the temperature 
above Tg ≈ 360 K, for composites with 
composition below and above the percolation 

threshold. Above the percolation threshold C  

(Fig. 8b), a change in the slope of the ln (σdc) 
versus 1000/T plot, around T ≈ 380 K, is visible. 
As one can see, dc increases exponentially with 
the temperature, indicating that the conductivity 
is thermally activated. The dependency was 
found to follow an Arrhenius behavior, as 
expressed by Eq. (3):  

0.exp( )
.

a
dc

B

E

k T


               (3) 

where 0  is a pre-exponential factor, Ea is the 
activation energy, kB is the Boltzmann’s constant 
and T is the temperature. The values of the 
activation energy for the various rGO 
concentrations below and above the percolation 
threshold were calculated and illustrated in Table 
1.
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Fig. 8: Arrhenius plot of the dc conductivity versus 1000/T for concentrations of rGO particles below (a) and 
above (b) the percolation threshold. The solid lines are the least square linear fits to the Arrhenius relation. 

Table 1. The activation energy for the various rGO concentrations below and above the percolation 
threshold 4%c  , for the composite rGO/DGEBA. 

Concentration (%) 1.21 2.42 3.66 6.21 8.48 
Ea (eV) 1.02 0.93 0.88 0.08 0.015 

  

As can be seen in this table, there is a 
decrease of the activation energy as the filler 
concentration increases; this behavior may be 
due to an increase of polarization energy and/or 
charge carrier density, leading to a decrease of 
the domain boundary potential of rGO into the 
epoxy polymer matrix.  

Conclusion 

We described the dc and ac electrical 
conductivities of percolative systems, 
synthesized by mixing rGO particles in an epoxy 
resin polymer, below and above the percolation 
threshold. The dc electrical conductivity is 
strongly dependent on the rGO content, 
indicating a percolating behavior with a 
percolation threshold around ≈ 4 %. This 
relatively high value can be explained by the 
shape of the rGO particles and their tendency for 
agglomeration in the polymer matrix. The 
temperature dependence of the electrical 
conductivity obeys the Arrhenius law and 
indicates that there is a negative temperature 
coefficient in resistivity (NTCR) for 
concentrations below the percolation threshold 
≤C. Above the percolation threshold, ≥C, 
three regions are observed: below 350 K, there is 

an increase of the electrical conductivity with 
increasing temperature, from 360 to 380 K an 
opposite behavior is observed, indicating a 
positive temperature coefficient in resistivity 
(PTCR) effect and finally, above 380 K, the 
measurements indicate an NTCR effect. A 
comparison of the rGO/epoxy composites’ 
PTCR effect with other different composites 
from our previous works indicates that the PTC 
intensity of the rGO/epoxy samples is 
significantly higher compared to those of the 
other polymeric materials. Finally, the ac 
electrical conductivity is both frequency and 
temperature dependent and follows the 
Jonscher’s power law. 
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Abstract: The objective of this work is to study the differences that occur in behavior and 
properties of the emitted electron beam from tungsten (W) tips before and after coating 
these tips with a thin layer of a good proven dielectric material. Core metallic tips have 
been prepared from a polycrystalline (99.995% purity) tungsten (W) wire. Analysis has 
been carried out for clean W emitters before and after coating these tips with two 
differences types of epoxy resins; namely: (Epoxylite 478 and UPR-4). For critical 
comparison and analysis, several tungsten tips with various apex- radii (very sharp) have 
been prepared with the use of electrochemical etching techniques. The tips have been 
coated by dielectric thin films of various thicknesses. Their characteristics have been 
recorded before and after the process of coating. These measurements have included the 
current-voltage (I-V) characteristics, Fowler-Nordheim (F-N) plots, visible light 
microscope (VLM) image and scanning electron microscope (SEM) micrographs to 
measure the influence of the Epoxylite resin coating’s thickness on the tips after coating. 
Special distributions have been recorded from the phosphorescent screen of a field electron 
emission microscope as well. Comparing the two sets of composite systems tested under 
similar conditions has provided several advantages. Recording highly interesting 
phenomena has produced a wide opportunity to develop a new type of emitter that includes 
the most beneficial features of both types. 
Keywords: Cold field emission, Epoxylite 478, Epoxylite UPR-4.. 
 

 

Introduction 

Field electron emission (FEE) is a process of 
electron emission from the surface of metals into 
vacuum due to an intense applied external 
electric field E > 109 V /m [1]. The emitter is 
usually formed into a tiny tip, which has an apex 
radius ranging from several nanometers to 
micrometers. When preparing very sharp field 
emitters, it is essential to use a metal with the 
possibly highest quality. In this work, 

experiments have used polycrystalline Tungsten 
from high-purity tungsten wires. Due to the 
favorable properties of those Polycrystalline 
Tungsten emitters, such as the highest melting 
point (3650 K) of all the pure metals, the second-
highest of all over the periodic table after carbon, 
high hardness (strength), work function (4.5 eV) 
and heat resistance at high temperature [2], this 
type of emitter sources has been widely used in 
this field research. Within this work, tungsten 
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micrometers with different apex radii ranging 
from 100-150 nm have been prepared and 
coated with a thin layer of various types of 
epoxylite resins (Epoxylite 478 resins or 
Epoxylite UPR-4 resins), where the thickness of 
epoxy layer range is 40-70 nm by using electron 
microscopes to extract the tip’s profile and 
thickness of epoxy layer (i.e., apex radii). The 
emission images were directly photographed 
from the phosphor screen of the field electron 
microscope (FEM), using a digital camera. The 
current-voltage (I-V) measurements and Fowler–
Nordheim (F-N) plots have been carried out 

under vacuum (UHV) conditions with a base 
pressure of about 10-7 Pa.  

Experimental Techniques  

The tungsten emitters have been prepared by 
electrolytic etching. A 0.1mm tungsten wire is 
immersed into an electrolyte 2 molar (NaOH) 
solution, where the emitter was placed in a 
stainless steel conductive cylinder. The anode 
(emitter) and the cathode (steel cylinder) have 
been immersed into the (NaOH) solution and 
connected to a DC power source (12 V). The 
time taken to etch is around 5 minutes and when 
immersing approx. (0.6-0.8) cm of tungsten wire 
into NaOH solution, the etching current started 
at approx. 4 μA and its value is decreased as the 
wire becomes thinner with time and continued 
until the bottom part of the wire is dropped off. 
There were many requirements needed to be 
followed to prepare very sharp tips [5]: 1) 
sufficient surface wettability of the etched wire. 
2) sufficient chemical clarity of the used 
chemicals. 3) accurate depth when immersing 
the wire. 4) etching source capable of 
disconnecting the etch current in a very short 
time. 5) sufficient immunity to mechanical 
vibrations. Fig. 1 shows the experimental setup 
to electrical etching and coating. When the 
bottom part drops off, the resistance of the 
etching circuit suddenly increases and then, the 
DC voltage source is quickly switched off. At 
large, the switch-off time in the etching system 
greatly affects the sharpness of the tip. Then, the 
W wire has been carefully pulled from the 
solution, where the tip was immediately cleaned 
by carefully dipping it into alcohol and distilled 
water for a few seconds, respectively. Besides, 
the tip has been placed in the ultrasonic bath for 
15 minutes to clean it from the oxide layers 
formed on the tip surface [6].  

To coat the emitter with a 60-nm thick epoxy 
layer (using commercial resins marked: 
Epoxylite 478 resins and Epoxylite UPR-4 
resins), the tip has to be immersed 4 times into 
the resin very slowly and vertically as follows: 
the sample holder that keeps the sample in a 
vertical position is mounted on a trolley that 
moves vertically and lowers into a flask of 
epoxylite resin and the tip while a 90° angle 
between the surface of the epoxylite resin and 
the tip is maintained [7]. To ensure an even 
distribution of resin on the surface of the tip and 
stabilize the epoxylite resin on tip surface, the 
coated tip is transferred into a furnace and 
subjected to 30-minute curing at 373 K to drive 
off the solvent, followed by thirty minutes at 453 
K to complete the curing of the resin [2,7].  

Then, the composite emitter is mounted in a 
standard field emission microscope (FEM) with 
an emitter screen distance of 1 cm [5, 7-9]. The 
emission images have been directly 
photographed from a phosphor screen coated by 
tin oxide layers. All experiments have been 
performed under a very low pressure ~10-7 Pa, 
which is the ultra-high vacuum (UHV) that 
requires to be baked at temperatures about 453 K 
for 12 hours [2,10]. Before adding the liquid 
nitrogen to the trap, the radius of each emitter's 
apex is determined from an image taken in a 30 
kV SEM at magnifications up to 1000 X.  

 
FIG. 1. The set-up of the electrolytic etching process. 

Results and Discussion  

The prepared tungsten micro emitters have 
apex radii from 100 nm to 130 nm. Presented 
results include VLM and SEM images of 
emitter’s apex, I-V characteristics, as well as F-
N type plots of the field emission characteristics. 
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Fig. 2A shows the VLM image for uncoated 
emitter type 1, which has an approximately 
hemispherical apex. The measured tip radius is 
120 nm. Fig. 2B shows the VLM image for 
uncoated emitter type 2, which has an 
approximately hemispherical apex. The 
measured radius is 110 nm. Fig. 3 shows the 
emission current pattern for uncoated emitter 
type 1. Fig. 4 shows the emission pattern for the 
uncoated emitter type 2. The FEM images 

(emission current pattern) primarily consist of 
multi bright spots for the uncoated emitter type 
1. The duration time among the obtained images 
is approx. 15 minutes, as shown in Fig. 5. The 
FEM images (emission current pattern) primarily 
consist of multi bright spots for uncoated emitter 
type 2. The duration time between obtaining the 
next images is 15 minutes, as shown in Fig. 6. I-
V characteristics and FN plots for the uncoated 
emitters are shown in Fig. 7 A, B. 

  
FIG. 2. A) Uncoated emitter type 1, while presenting in a visible light microscope image (X 2500). B) Uncoated 

emitter Type 2, while presenting in a visible light microscope image (X 2500). 

 

 
FIG. 3. Electron emission pattern for uncoated emitter type 1. A) Emission current 1.3 μA, applied voltage 1600 
V. B) Emission current 0.8 μA, applied voltage 1400 V. C) Emission current 0.6 μ A, applied voltage 1200 V. 

D) Emission current 0.4 μA, applied voltage 1100 V. 
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FIG. 4. Electron emission pattern for uncoated emitter type 2. A) Emission current 1.5 μA, applied voltage 1600 

V. B) Emission current 1.2 μA, applied voltage 1400 V. C) Emission current 0.7 μA, applied voltage 1200 V.  
D) Emission current 0.3 μA, applied voltage 1100 V. 

 

  
FIG. 5. The stability structure pattern for uncoated emitter type 1, at emission current 2 μA, applied voltage 1900 

V. The duration time between obtaining the next images is 15 minutes. 
 

  
FIG. 6. The stability structure pattern for uncoated emitter type 2, at emission current 3 μA, applied voltage 1900 

V. The duration time between obtaining the next images is 15 minutes. 
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FIG. 7. A. I –V characteristics for uncoated emitters, curve A for uncoated W- emitter type 1 of tip radius 120 

nm. Curve B for uncoated W- emitter type 2 of tip radius 110 nm. 

 
FIG. 7. B. F-N characteristics for uncoated W- emitters. Curve A for emitter type 1. Curve B for emitter type 2. 

 
The comparison of similarity of slope for the 

emitters in the I-V and F-N plots (as shown in 
Fig. 7 A, B) shows the extent of similarity of the 
radius of the tips together. This has helped study 
the electron emission after coating the emitters 
with two various types of epoxy (UPR- 4 resin 
and Epoxylite 478 resin) under similar 
operational conditions, such as the thickness of 
the risen layer, the baking temperature and 
vacuum.  

Fig. 8A shows the SEM image for emitter 
type 1 after being coated with Epoxylite UPR-4 
resin, which has an approximately hemispherical 
apex. The tip radius was 120 nm and the 
Epoxylite UPR- 4 resin layer was uniformly 
distributed on a tip apex with a thickness of 60 
nm. Fig. 8B shows the SEM image for emitter 
type 2 after being coated with Epoxylite 478 

resin, which has an approximately hemispherical 
apex. The measurement radius was 110 nm and 
the Epoxylite 478 resin layer was uniformly 
distributed apex with a thickness of 60 nm. Fig. 
9 shows the images for electron emission pattern 
for emitter type 1 after being coated with a 60-
nm thick layer of Epoxylite UPR-4 resin, while 
Fig. 10 shows the images for electron emission 
pattern for emitter type 2 after being coated with 
a 60-nm thick layer of Epoxylite 478 resin. The 
images have been taken for the emission patterns 
at the switch-on voltage and when the voltage 
was regularly decreased. The FEM images 
primarily consist of a single bright spot for 
emitter type 1, as shown in Fig. 11. The FEM 
images primarily consist of a single bright spot 
for emitter type 2, as shown in Fig. 12.  

0.00E+00

1.00E-06

2.00E-06

3.00E-06

4.00E-06

5.00E-06

900 1100 1300 1500 1700 1900 2100 2300 2500

I [
A]

V [V]

I-V Characteristics

A

B

-29.40

-29.20

-29.00

-28.80

-28.60

-28.40

In
 (I

·V
-2

))
AV

-2

1/V [V-1]F-N Characteristics

B

A



Article  Al Soud, Knápek and Mousa 

 196

 
FIG. 8. A) SEM image at magnification (X 1000) for emitter type 1 after being coated with Epoxylite UPR- 4 
resin. The measurement radius was 120 nm and the Epoxylite UPR- 4 resin layer was uniformly distributed tip 
apex with a thickness of 60 nm. B) SEM image at magnification (X 1000) for emitter type 2 after being coated 
with Epoxylite 478 resin. The measurement radius is 110 nm and the Epoxylite 478 resin layer was uniformly 

distributed tip apex with a thickness of 60 nm.  

 

 
FIG. 9. Electron emission pattern for emitter type 1 after being coated with a 60-nm thick layer of Epoxylite 

UPR- 4 resin: A) emission current 2 μA, applied switch-on voltage 1250 V. B) emission current 1.7 μA, applied 
voltage 1150 V. C) emission current 1 μ, applied voltage 850 V. D) emission current 0.5 μA, applied voltage  

650 V. 
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FIG. 10. Electron emission pattern for emitter type 1 after being coated with a 60-nm thick layer of Epoxylite 
478 resin: A) emission current 2.3 μA, applied switch-on voltage 1150 V. B) emission current 2 μA, applied 

voltage 1050 V. C) emission current 1.8 μA, applied voltage 800 V. D) emission current 0.5 μA, applied voltage 
650 V. 

 
FIG. 11. The stability structure pattern for emitter type 1 after being coated with a 60-nm thick layer of Epoxylite 

UPR- 4 resin at emission current 1.7 μA and applied voltage 1100 V. The duration time between obtaining 
images is 15 minutes. 

 
FIG. 12. The stability structure pattern for emitter type 2 after being coated with a 60-nm thick layer of Epoxylite 
478 resin at emission current 2.2 μA and applied voltage 1100 V. The duration time between obtaining images is 

15 minutes. 
 

From the comparison of the emission current 
patterns, emission current stability structure 
patterns and SEM images showing the tip 
geometry and surface, it is concluded that 
emitter type 2 coated with a 60-nm thick layer of 

Epoxylite 478 resin has a higher emission 
current and is more stable compared to emitter 
type 1 coated with a 60-nm thick layer of 
Epoxylite UPR- 4 resin. 
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Fig. 13 shows I-V characteristics for the 
emitters being coated with an epoxy thin layer. 
For emitter type 1 coated with a 60-nm thick 
layer of Epoxylite UPR- 4 resin, the switch-on 
phenomenon occurs at VSW = 1250 V and the 
emission current ISW = 3.2μA, by decreasing the 
voltage of the line region of F-N plot that 
extends down to VSAT = 800 V with an emission 
current ISAT = 1.12 μA, by decreasing the voltage 
of the emission current that vanishes at VTH = 
550 V with an emission current ITh = 46.7 PA. 

For emitter type 2 coated with a 60-nm thick 
layer of Epoxylite 478 resin, the switch-on 
phenomenon occurs at VSW = 1150 V and the 
emission current ISW = 3.3 μA, by decreasing the 
voltage of the line region of F-N plot that 
extends down to VSAT = 600 V, with an emission 
current ISAT = 1.08 μA, by decreasing the voltage 
of the emission current that vanishes at VTH = 
400 V, with an emission current ITh = 22.3 PA. 
The F-N plots for the two emitters after being 
coated are as shown in Fig. 14. 

 
FIG. 13. Curve A is the l-V characteristics for emitter type 1 after being coated with a 60-nm thick layer of 

Epoxylite UPR- 4 resin. B) The l-V characteristics for emitter type 2 after being coated with a 60-nm thick layer 
of Epoxylite 478 resin. 

 

From a practical point of view, the results 
highlighted that the switch-on voltage and 
threshold voltage for emitter type 2 were 
significantly lower than the switch-on voltage 
and threshold voltage for emitter type 1. 
Likewise, the emission current from emitter type 

2 was greater than that from emitter type 1. 
Besides, based on the comparison of the F-N 
plots, it turns out that emitter type 2 leads to a 
decrease in the slope of these plots more than the 
decrease in the slope for emitter type 1 [2, 14]. 

 
FIG. 14. Curve A shows the Fowler-Nordheim plots of emitter type 1(Epoxylite UPR- 4 resin). Curve B shows 

the Fowler-Nordheim plots of emitter type 2 (Epoxylite 478 resin). 
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Conclusion  
In a nutshell, in composite emitters consisting 

of clean tungsten tips coated with various types 
of epoxy resins, the field emission characteristics 
of a tungsten electron source have been 
intrinsically changed by coating the tips with a 
thin layer of epoxy resins. This is in line with the 
results obtained from similar studies [2, 5, 15]. 
This change in characteristics varies depending 
on the type of epoxy resins used in coating the 
tungsten tips. More importantly, this is evident 

by comparing the effects of epoxy resins used in 
this work (Epoxylite 478 resin and UPR-4 resin).  
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Abstract: Lead-free Sr0.6Ca0.4TiO3 (SCT) ceramic was prepared by the solid state reaction 
route. X-Ray diffraction technique showed the phase purity and identified the orthorhombic 
perovskite structure of the material. Scanning Electronic Microscopy observation 
evidenced homogeneous morphology and dense microstructure for the ceramic. The 
dielectric and conductivity properties of the sample were studied using complex impedance 
measurement technique in a wide range of frequencies and temperatures: from 100 Hz to 
1.8 GHz and from 25°C to 550°C. The ceramic exhibits a stable dielectric permittivity and 
low dielectric losses in frequency and temperature up to 200°C. This is very interesting in 
view of developing high-quality lead-free ceramic capacitors for applications requiring 
high temperatures; for example, in cars. The increase in dielectric permittivity for 
temperatures higher than 200°C may be related to oxygen vacancies that are heat-activated 
in the material. Dielectric losses show the existence of a dielectric relaxation at low 
temperatures and low frequencies. Conductivity measurement investigated at high 
temperatures show on one hand high AC conductivity values attributed to the high 
temperature jumping process and on the other hand two electrical conductivity mechanisms 
above 400° C in the material. 
Keywords: Strontium calcium titanate, Ceramic, Structure, Dielectric properties, 

Conductivity. 
 

 

Introduction 

Due to the multiplication of standards and 
norms of telecommunication systems and in the 
era of miniaturization, an important need for 
frequency tunable components and 
multifunctional devices appears [1-4]. Many 
solutions can be considered, among which is the 
introduction of new materials and/or new 
structures able to modify the properties of the 

devices constituted thereof. In order to do so, we 
must use materials presenting low losses and 
high dielectric permittivity stable in frequency 
and temperature [5]. Most electronic components 
contain lead-based materials, because of their 
interesting electric and ferroelectric properties. 
Among them are pure PbTiO3 or doped 
(Pb,Zr)TiO3 [6-7]. For environmental reasons, as 
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evidenced by the legislation passed by the 
European Union in this effect [8-9], all research 
turned toward the environment-friendly 
materials. It is now necessary to replace Pb-
based materials with lead-free materials [10]. 
Barium titanate (BaTiO3) material has good 
dielectric properties which make it the most used 
base material to elaborate high dielectric 
permittivity capacitors [11]. However, the 
variations of its dielectric permittivity with 
temperature are too important for practical 
applications [12]. The strontium titanate 
(SrTiO3), which is another simple perovskite 
ABO3 ferroelectric material, displays a 
paraelectric behavior with cubic symmetry at 
room temperature [13]. Additionally, this 
material presents high dielectric permittivity and 
low dielectric losses at high frequency [14], 
which gives advantages for electrical 
applications. To improve the electrical properties 
of SrTiO3 ceramics, it is possible to substitute A-
sites with another divalent cation, such as Ba2+, 
Mg2+, Ce2+ or Ca2+ [15-20]. In particular, the   
Sr1-xCaxTiO3 solid solution undergoes phase 
transition and exhibits different structures and 
behaviors, depending on the composition of 
calcium. It shows a ferroelectric behavior for the 
composition range 0.0018 < x ≤ 0.016, a relaxor 
one for 0.016 < x ≤ 0.12 and an anti-ferroelectric 
one for 0.12 < x ≤ 0.4 such as for example 
around 185 K for x=0.25 [21-22]. Recent studies 
conducted at low frequencies have shown that it 
is possible to increase the dielectric constant 
value of the SrTiO3 ceramic by doping with low 
calcium rates from 2% to 4% [23] or decreasing 
it for rates higher than 12% [24]. In the present 
work, we report on the structural and dielectric 
properties of strontium calcium titanate         
(Sr1-xCaxTiO3) ceramics in which strontium is 
substituted by a high rate of calcium, which is 
40% to obtain lead-free ferroelectric materials 
with improved properties for electronic 
radiofrequencies and microwave applications. In 
fact, the lowest losses have been measured on 
high rates of calcium [25-26]. We have studied 
this bulk material both at room temperature in a 
large frequency range from 100 Hz to 1.8 GHz 
and in a large temperature range from room 
temperature to 510°C to evaluate its possible use 
in high-temperature and/or high-frequency 
environments. The measurement of complex 
impedance spectroscopy was used for dielectric 
characterization. 

Experimental  

Ceramic samples with 3 mm of diameter and 
3 mm of thickness were prepared by the 
conventional solid-state reaction method. 
Sr0.6Ca0.4TiO3 samples (SCT) were prepared 
using stoichiometric proportions of high-purity 
powders of strontium carbonate (SrCO3) (Fluka, 
98%), calcium carbonate (CaCO3) (Fluka, 98%), 
and titanium oxide (TiO2) (Prolabo, 99%). 
Appropriate quantities of these precursors were 
then weighed, thoroughly mixed and pestled in 
an agate mortar and subsequently calcined at 
1250°C in alumina crucibles under an air 
atmosphere for 15 hours. After cooling, the 
obtained powder was ground and then pressed 
under a load of 0.5 ton into pellets of 3-mm 
diameter and 3-mm thickness. The pellets were 
subsequently sintered at 1400° C for 5 hours in 
air. X-ray diffraction (XRD) analysis was 
performed at room temperature on the powdered 
samples, in a Philips X’PERT system, with a Kα 
radiation (λ=1.54056 Å) at 40 kV and 30 mA, 
with a step of 0.05° and a time per step of 1 
second. Microstructures were examined by 
Scanning Electronic Microscopy (SEM). Silver-
paint electrodes were deposited on the samples 
for electrical measurements. Temperature and 
frequency dependences of the dielectric 
permittivity and loss-tangent of the ceramics 
were investigated from 80 K to 800 K and from 
20 Hz to 1 MHz using an Agilent 4284A LCR 
meter. 

Results and Discussion 

Fig. 1 shows the XRD patterns of the SCT 
powder at room temperature. All the peaks of the 
XRD diagrams were indexed to the pure 
perovskite phase. The peaks are intense and very 
narrow, showing good crystallinity of the 
samples. No peaks were detected which could be 
assigned to secondary phases or unreacted 
oxides. The observed peaks are characteristic of 
an orthorhombic structure [22] according to 
International Center Diffraction Data (ICDD) 
files Ref. 01–089–8032. The lattice parameters 
are calculated using the unit-cell refinement 
software Celref [27]. The (a, b, c) dimensions 
and unit cell volume values are respectively: 
5.4960 Ǻ, 5.4881 Ǻ, 7.7418 Ǻ and 233.51 Ǻ3. 
The average crystallite size calculated by the 
Scherrer’s Eq. (1) is about 42 nm.  
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FIG. 1. XRD patterns of Sr0.6Ca0.4TiO3 powders. 

 

𝐷 =
.ఒ

ఉ.ୡ୭ୱ ఏ
  ; where:           (1) 

β: Peak width at half maximum height (FWHM) 
(rad); 

θ: Bragg diffraction angle; 

λ: X-ray wavelength (1.5406 Å); 

k: Dimensionless shape factor (0.9). 

Fig. 2 shows the SEM microphotograph of 
the SCT ceramic. The microphotograph shows a 
homogeneous microstructure and well-developed 
grain morphologies. The average grain size is 
estimated using the MagniSci software and is 
about 2 μm which is about 45 times the average 
crystallite size. The average grain boundary size 
is about 0.05 μm. The compactness of the SCT 
ceramic is about 93%. 

 
FIG. 2. SEM microphotograph of the Sr0.6Ca0.4TiO3 ceramic. 

 
Fig. 3 presents the frequency dependence of 

the dielectric permittivity ε’ of SCT ceramic 
from 100 Hz to 1 GHz at room temperature. The 
dielectric permittivity shows a good stability all 
over the frequency range (ε’ ≈ 200). This is an 
advantage for high-frequency components. This 

ε’ value is lower than that reported for low 
calcium rates (x = 0.02 and ε’ ≈ 310) [23]. In 
fact, doping with Ca rates higher than 12% 
decreases the dielectric permittivity value, as 
shown in recent studies [24]. 



Article  Ait Laasri et al. 

 204

 
FIG. 3. Dielectric permittivity (ε’) of the Sr0.6Ca0.4TiO3 ceramic in frequency at room temperature. 

 
The frequency dependence of the dielectric 

loss tangent (tg) of SCT ceramic from 100 Hz 
to 1 GHz at room temperature is shown in Fig. 4. 
The dielectric loss tangent decreases from 100 
Hz to 1 MHz down to 3.10-4 due to space-charge 
polarization losses and increases from 10 MHz 
to 1 GHz up to 6.10-2 due to intrinsic losses [28]. 
These tg values are of interest for 

radiofrequency and microwave applications, 
especially as the dielectric permittivity of the 
ceramic is stable over the whole frequency 
range. It was not possible to collect accurate data 
from 1 MHz to 12 MHz, because the pellet 
resistance was too high and definitely out of the 
measurement range for the HP4291A. 

 
FIG. 4. Dielectric loss tangent (tg) of the Sr0.6Ca0.4TiO3 ceramic in frequency at room temperature. 

 
Fig. 5 shows the temperature dependence of 

the dielectric permittivity of SCT ceramic from 
room temperature to 510°C at different 
frequencies from 100 Hz to 1 MHz. The 
dielectric permittivity is constant (ε’= 200) in 
temperature up to 200°C for all the frequencies 

and no phase transition is observed. This 
stability of the dielectric permittivity in 
frequency and temperature up to 200°C is very 
interesting and shows that SCT could be used in 
ceramic capacitors applied to high-temperature 
environments, such as the automotive or military 



Electrical Properties in Large Frequency and Temperature Ranges of Sr0.6Ca0.4TiO3 Ceramics 

 205

field for example [29]. The dielectric 
permittivity is stable over a temperature range 
which is all the more so as the frequency 
increases. Indeed, it is almost stable from room 
temperature to about 300°C for f = 1 kHz, to 
about 375°C for f = 10 kHz and above 500°C for 
f = 1 MHz. For each temperature, there is 
therefore a threshold frequency Ft, since at this 
frequency, the dielectric permittivity starts to rise 
at this temperature. It can be noted that above 
450°C, a peak can be seen clearly for example at 

1 GHz and about 500°C with ε' ≈ 4000. Its origin 
may be a relaxation, but more probably an 
extrinsic effect of Maxwell-Wagner interfacial 
polarization between the grains (semiconductors) 
and the grain boundaries (electrical insulators). 
The maximal amplitude of the peak decreases as 
the measurement frequency increases. At a given 
ε', for example 1000, it is observed that the 
frequency increases as the temperature increases, 
which means that the Maxwell-Wagner 
polarization is thermally activated [30].  

 
FIG. 5. Dielectric permittivity (ε’) of the Sr0.6Ca0.4TiO3 ceramic in frequency and temperature. 

 

The temperature dependence of the threshold 
frequency is shown in Fig. 6. The threshold 
frequency increases with increasing temperature. 
The calculated activation energy (1.74 eV) 

shows that the increase in dielectric permittivity 
with temperature may be related to oxygen 
vacancies that are heat-activated in the material 
[31].  

 
FIG. 6. Threshold frequency (FT) of the Sr0.6Ca0.4TiO3 ceramic in temperature. 
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The temperature dependence of the dielectric 
losses of SCT ceramic from room temperature to 
510°C at different frequencies from 100 Hz to 1 
MHz (Fig. 7) shows that the dielectric losses 
remain smaller than 10 up to 200°C from 100 Hz 
to 1 MHz. The minimum ε’’ value obtained is 
10-2 at 10 kHz and 100°C. These low of values 
are very interesting for the development of high-
quality factor lead-free ceramic capacitors for 
applications requiring high temperatures. For 
frequencies lower than 1 MHz, ε’’ shows a 

minimum around 100°C, which could indicate 
the existence of dielectric relaxation at low 
temperatures and low frequencies. Fig. 4 
illustrates tg as a function of frequency. The 
sharp increase in dielectric losses above about 
200°C may be attributed to impurities and 
thermally activated charge carriers and possible 
high electrical conductivity at theses 
temperatures in the material [32].  

 
FIG. 7: Dielectric losses (ε’’) of the Sr0.6Ca0.4TiO3 ceramic in frequency and temperature. 

 

Fig. 8 presents the frequency dependences of 
dielectric permittivity and dielectric losses at 
450°C from 100 Hz to 1 MHz. The dielectric 
permittivity ε’ decreases significantly as the 
measuring frequency increases. This is due to 
charging mechanisms at the electrodes [33]. 
Indeed, at low frequencies, ions have enough 
time to accumulate at the interface of the 
conductive regions, but at high frequency, they 

cannot accumulate at the interface and therefore 
cannot be polarized. Dielectric losses ε’’ 
decrease as the measurement frequency 
increases, like ε’. This frequency effect at high 
temperature on dielectric losses is attributed to 
the formation of a space charge region at the 
electrode-sample interface (contribution on ε'), 
explained in terms of oxygen vacancies diffusion 
[34].  

 
FIG. 8. Dielectric permittivity (ε’) and dielectric losses (ε’’) of the Sr0.6Ca0.4TiO3 ceramic in frequency at 450°C. 
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Electrical conductivity makes it possible to 
explain the phenomenon of ion transport in the 
material. The real part of the electrical 
conductivity σ’ of a material is given by the 
formula: σ’ = 𝜔. ɛ. ɛ”  

According to Jonscher, the origin of the 
evolution of the conductivity as a function of 
frequency is due to ionic relaxation in the 
material [35]. The temperature dependence of 

the conductivity of the SCT ceramic is shown in 
Fig. 9, from room temperature to 510°C and at 
different frequencies from 100 Hz to 1 MHz. At 
a given frequency, the conductivity has the same 
temperature-dependent appearance as the 
dielectric losses (Fig. 7), which shows that the 
dielectric losses are also due to the electrical 
conductivity in the material.  

 
FIG. 9. Conductivity (σ’) of the Sr0.6Ca0.4TiO3 ceramic in frequency and temperature. 

 

Fig. 10 shows the Arrhenius plots of lnσ’ 
versus 1/T for the ceramic at different 
frequencies: from 100 Hz to 1 MHz. The 
conductivity σ’ increases strongly with 
temperature from 127°C for frequencies between 
100 Hz and 100 kHz and from 400°C for 1 MHz. 

This variation is attributed to the charge carriers 
hopping due to the high temperature jumping 
process [36]. At 1 MHz, σ’ is constant up to 
300°C with a value of about 3x10-4 S/m. Above 
400°C, the conductivity is thermally activated 
with the Arrhenius formula (2). 

 
FIG. 10. Conductivity (σ’) of the Sr0.6Ca0.4TiO3 ceramic in frequency and temperature.
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 σେ = σ  𝑒
షಶೌ
ೖಳ.            (2) 

Fig. 11 shows the Arrhenius plots of ln σ’ 
from 400°C to 510°C and at different 
frequencies from 100 Hz to 1 MHz. The 
calculated activation energy Ea decreases with 
the increase of frequency: from 1.38 eV at 100 
Hz to 0.86 eV at 5 kHz. For frequencies higher 
than 5 kHz, the activation energy increases 

slightly until 0.93 eV at 100 kHz and then 
decreases to 0.84 eV at 1 MHz. The activation 
energy is due to the movement of the charge 
carriers and to jumps of oxygen vacancies as 
well as to structural defects at high temperatures 
[36-37]. The values obtained show that the 
activation energy is due to the clustering and 
dissociating processes of the oxygen vacancies 
[38]. 

 
FIG. 11. Arrhenius plots of the conductivity of the Sr0.6Ca0.4TiO3 ceramic from 400°C to 510°C given for 

frequencies ranging from 100 Hz to 1 MHz. 

 
Fig. 12 shows the frequency dependence from 

100 Hz to 1 MHz of the conductivity activation 
energy Ea. All Ea values have been extracted 
from Fig. 11, where the temperature ranges from 
400°C to 510°C. This curve shows two distinct 
regions: The first in low frequency from 100 Hz 
to 5 kHz and the second in medium frequency 
from 5 kHz to 1 MHz. In the first region, the 
activation energy decreases significantly with the 
increase of frequency, while in the second, it 
increases slightly. The low frequency region 
could first concern continuous conductivity and 
then grain boundaries. In fact, at low frequency, 
the continuous conductivity is sensitive to long-
range ion transport usually determined by much 
higher activation energies [39]. In addition, in 
grain boundaries, the activation energy is higher 

than that in grains due to potential barriers in 
grain boundaries. The second region could 
mainly concern oxygen vacancies in the ceramic 
grains. The activation energy is lower in this 
region due to short-range ordering of oxygen 
vacancies [40]. The respective contributions of 
grains and grain boundaries to the electrical 
conductivity of the ceramic, at low frequency for 
grain boundaries and at high frequency for 
grains, are proven by complex impedance 
measurement results obtained otherwise [41]. 
The slight increase in activation energy at high 
frequency may be due to the creation of charge 
carriers, such as the formation of doubly-ionized 
oxygen vacancies [36, 42-47]. 
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FIG. 12. Conductivity activation energy (Ea) of the Sr0.6Ca0.4TiO3 ceramic as a function of frequency. All Ea 

values are related to temperatures ranging from 400 to 510°C. 
 

Conclusion 

Sr0.6Ca0.4TiO3 ceramic was prepared using the 
solid-state reaction route. XRD analysis revealed 
an orthorhombic perovskite structure of the 
material. The ceramic presents homogeneous 
morphology and dense microstructure. The 
ceramic exhibits stable dielectric permittivity 
and low dielectric losses in a wide frequency 
range from 100 Hz to 1.8 GHz and at 
temperatures up to 200°C, which shows that the 
ceramic is a good candidate for the development 
of monolithic ceramic capacitors dedicated to 

high-frequency lead-free components and/or to 
extremely high-temperature environments. 
Increasing the temperature beyond 200°C 
resulted in an increase of the oxygen vacancy 
concentration and thermally activated charge 
carriers, which led to an increase of both the 
dielectric permittivity and dielectric losses. The 
evolution of the conductivity activation energy 
as a function of frequency above 400°C can be 
linked to the existence of two conduction 
mechanisms in the material.  
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Abstract: M-type Barium Hexaferrite (BaFe12O19) is a promising compound for 
technological applications because of its high permeability, high saturation magnetization 
and excellent dielectric properties. In this study, the microstructure and dielectric properties 
of CoxBaFe12O19Hexaferrite were investigated. The co-precipitation method was employed 
to prepare CoxBaFe12O19 nanoparticles, with x = 0, 0.04, 0.06 and 0.1 wt. %, at two 
different calcination temperatures (900oC and 950oC). The microstructure of the samples 
was examined through X-ray powder diffraction (XRD) and transmission electron 
microscopy (TEM). The hexagonal structure of the prepared samples was confirmed from 
XRD results. TEM images reveal the formation of agglomerated nanoparticles with 
different size distribution. The dielectric properties of the samples were studied through 
HIOKI 3532-50 LCR-Hi TESTER as a function of frequency (100 kHz–3MHz) and 
temperature (25 °C–500°C). The effects of Co addition, frequency and temperature on the 
dielectric constants (ɛʹ and ɛʹʹ), loss tangent (tan δ) and ac conductivity (σac) have been 
explained on the basis of hopping of electrons between Fe2+ and Fe3+ ions. 
Keywords: BaFe12O19 Hexaferrite, Co-precipitation method, XRD, Dielectric properties. 
 

 

Introduction 

Hexaferrites form a wide category of 
ferromagnetic oxide materials that crystallize in 
complex hexagonal structure with space group 
P63/mmc [1]. There are six types of 
Hexaferrites, where the M-type Barium 
Hexaferrite ‘‘BaFe12O19’’ is the most important 
type both scientifically and technologically 
because of its various applications and amazing 
properties. Scientifically, BaFe12O19 has an 
excellent chemical stability and corrosion 
resistivity [2]. Technologically, BaFe12O19 can 
be used to manufacture permanent magnets and 
microwave absorbing devices. Also, it is used in 

many applications in computer data storage, 
magneto-optic recording, disc drivers and video 
recorders [3, 4]. Ferromagnetic oxides have 
dielectric properties that are used in many 
microwave applications [5]. The high electrical 
resistivity of ferrites coupled with their low 
magnetic losses is critical in maintaining low 
insertion loss in microwave devices. Any 
electro-electronic device requests in its 
composition a permanent magnet. Barium 
Hexaferrite (BaFe12O19) has been used as a 
material that presents properties strongly related 
to the microstructure and morphology. The 
decrease in the size of the particle results in 
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advantages, such as high coercevity values, 
applicability in high frequency, low cost, great 
resistance to heat and high resistance to 
corrosion, in comparison to other materials that 
carry out the same function [6]. Barium 
Hexaferrite attracted many researchers to 
synthesis it by various techniques. Raghuram et 
al. [7] and Elbasuney et al. [8] synthesized 
BaFe12O19 by using a hydrothermal method. 
Moreover, sol-gel method [9-10], sonochemical 
approach [11], mechanically alloying method 
[12] and polymeric complex method (Pechini) 
[13] were previously reported for successful 
synthesis of BaFe12O19. However, in this study, 
co-precipitation method is used due to its 
simplicity, lower cost and flexibility [14]. Also, 
co-precipitation method controlled the size and 
the shape of the nanoparticles by adjusting the 
pH. 

The present paper studies the effects of both 
Cobalt addition and calcination temperatures on 
the microstructure and the dielectric properties 
of barium Hexaferrite BaFe12O19. For that 
purpose, CoxBaFe12O19 with x = 0, 0.04, 0.06 and 
0.1 wt. % were synthesized by the co-
precipitation method at different calcination 
temperatures (900°C and 950°C). Samples’ 
microstructure characterization was performed 
through XRD and TEM techniques. The 
dielectric properties of the samples were studied 
using HIOKI 3532-50 LCR-Hi TESTER in 
frequency and temperature ranges of 100 kHz-
3MHz and 25-500 °C, respectively. 

Experimental Technique 

Synthesis by Co-precipitation Method 

Barium Hexaferrite nanoparticles (BaFe12O19) 
added with x amount of Cobalt (Co),0.00 ≤
x (wt. %) ≤ 0.10,were synthesized by co-
precipitation method. An aqueous solution of 
Iron (III) chloride hexahydrate (FeCl3.6H2O), 
Cobalt Chloride (CoCl2) and Barium Chloride 
Dihydrate (BaCl2.2H2O) was formed by 
dissolving these materials in suitable amounts of 
distilled water. Poly vinyl pyrrolidone (PVP) 
solution was prepared by dissolving 4g of this 
polymer in 100 mL distilled water and heated at 
80°C for 15 minutes. The two aqueous solutions 
were mixed and kept under constant stirring by 
using a magnetic stirrer. Continuous addition of 
NaOH was done in a drop-wise manner until the 
pH became 13. The solution obtained was then 
maintained at a constant temperature of 60°C for 

2 hours with constant stirring rate till 
CoxBaFe12O19 nanoparticles were formed, which 
was visualized from the dark brown color of the 
mixture. After that, the mixture was left to cool 
down naturally for few minutes. The resultant 
brownish color product was washed 
continuously with distilled water in order to 
remove the residues, until the pH was 7 and then 
dried at 100°C for 18 hours in air. The dried 
ingots were then heated at different calcination 
temperatures (900°C and 950°C) for 2 hours. 

Sample Characterization and Measurement 

XRD patterns of CoxBaFe12O19 were obtained 
by using Brucker D8 advanced power 
diffractometer with 20° <2θ < 65° range and Cu-
Kα radiation (λ = 1.54056 Å). The surface 
morphology and particle size were examined 
using transmission electron microscopy (TEM) 
using Joel JEM-100Cx microscope at an 
accelerating voltage of 80 kV. 

CoxBaFe12O19 nanoparticles were pressed 
with a load of 13 tons and heated at 900oC and 
950oC, the same as their calcination 
temperatures, for 2 hours. This process was 
carried out in order to provide more densification 
and less porosity, reducing the dielectric loss and 
allowing the storage of more energy. A very thin 
layer of silver paint was applied at the opposite 
surfaces of the formed pellets at room 
temperature. Silver paint was used because of its 
high conductivity and high melting point (i.e., 
above 500oC). Due to the low porosity formation 
and well compact pellets of investigated 
samples, there is a difficult possibility for 
diffusing the silver paint between the pore of 
compact samples. The coated pellet with silver 
paint was used in the HIOKI 3532-50 LCR 
HiTESTER in frequency and temperature ranges 
of 100 kHz-3MHz and 25C-500C, 
respectively, where the parallel capacitance (Cp) 
and loss tangent (tan δ) were measured. 

The following relations relate the real part of 
the dielectric constant (ɛʹ), the imaginary part of 
the dielectric constant (ɛʹʹ) and ac conductivity 
(σac) to the parallel capacitance (Cp) and loss 
tangent (tan δ). 

ɛʹ =
େ ୢ

க 
,            (1) 

ɛʹʹ = ɛʹ tan δ,            (2) 

and 𝜎 =  ε୭ ω ε` tan δ,          (3) 
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where ω = 2 π f and f is the frequency of the 
applied ac field (Hz), d is the sample thickness 
(d = 0.4 cm), ε୭ is the permittivity of free space 
(8.85 x 10-12 F/m) and A is the area of the sample 
(A = 5.3 cm2). 

Results and Discussion 

Structural Analysis 

Fig. 1 shows XRD patterns for CoxBaFe12O19 
nanoparticles, with x = 0.00 and 0.06 wt. %, 
prepared at calcination temperatures 900C and 
950C. The observed peaks are well indexed by 
the hexagonal indices of BaFe12O19 (ICDD Card 
No-840757) with space group P63/mmc and in 
agreement with the Reitveld refinement shown 
in the inset of Fig. 1. These peaks correspond to 
the planes (006), (110), (112), (107), (114), 
(205), (206), (209), (004), (2011) and (220). 
Minor peak of α-Fe2O3 phase is also presented in 
the patterns indexed as (203) at 2θ≈37°. Ding et 
al. [15] reported that, from Mössbauer spectra, α-
Fe2O3 is usually associating the formation of 

Barium Hexaferrite. The BaFe12O19 phase 
percentages are calculated and are listed in Table 
1. It is clear that BaFe12O19 phase percentage is 
enhanced with increasing both the addition 
content x to 0.1 wt. % and the calcination 
temperature to 950°C. This means that 
increasing Co-addition and calcination 
temperature reduces the percentage of the 
secondary phases and increases the percentage of 
BaFe12O19 phase. This may be attributed to the 
interstitial diffusion of barium atoms into the 
cation vacancy of α-Fe2O3. Packiaraj et al. [16] 
reported similar results. They concluded that by 
increasing the calcination temperature, the 
intermediate phases, such as γ-Fe2O3, α-Fe2O3 
and BaFe2O4, decreased whereas BaFe12O19 
phase increased and appeared as a major phase at 
950°C. Zhong et al. [17] reported about the fact 
that the appearance of α-Fe2O3 with 
orthorhombic hexahedron structure prevents the 
formation of BaFe12O19 hexagonal structure at 
low temperatures below 750 C. 

 
FIG. 1. XRD patterns for x= 0.00 and 0.06 wt. % at T=900C and 950C with the inset of Reitveld refinement. 

 



Article  Shehabi et al. 

 214

Lattice parameters (a and c) were calculated 
using MAUD program and unit cell volume V 

was calculated using equation 𝑉 =
√ଷ

ଶ
𝑎ଶ𝑐. The 

ratio c/a is constant for all prepared samples. The 
average crystallite size of the samples was 
calculated using Debye-Scherer equation 

𝐷 =
ௌఒ

ఉೖ௦ఏ
, where D is the average crystallite 

size in nm, S is the shape factor which is equal to 
0.9, λ is the wavelength of the X-ray radiation, 
βhkl is the peak width at half-maximum intensity 
and θ is the peak position. The values of a, c, V 
and D at different calcination temperatures (T= 
900C and 950C) for CoxBaFe12O19 are listed in 
Table 1. As can be seen from Table 1, the values 
of a, c and V are slightly varied with either 
Cobalt addition or calcination temperatures. This 
indicates that Cobalt occupies only interstitial 
places in the Barium Hexaferrite matrix without 
entering the structure. Also, it is clear that the 
crystallite size D has unsystematic variation with 

both x and T and that samples sintered at 950C, 
except for x = 0.04 wt. % sample, have higher 
values of D in comparison with their 
counterparts sintered at 900C. This result is 
consistent with the XRD peak width that 
becomes narrower with increasing calcination 
temperature to 950C (see Fig. 1), which 
indicates that the average crystalline size of the 
prepared ferrites increased gradually. Kaur et al. 
[18] reported similar variations in crystallite size. 
The decrease in crystalline size may be attributed 
to smaller ionic radii of Co (0.625 Å) than Fe 
(0.63 Å) and Ba (1.11 Å), while the increase in 
crystalline size may be explained by cobalt ions 
being dissolved in BaFe12O19 grains and the 
excess of these ions being directed towards the 
grain boundaries, thus enhancing the liquid 
phase sintering. The value of c/a is almost 
constant and equal to 3.93, meaning that the 
crystal structure may be thought of as composed 
of planes of closely packed atoms. 

TABLE 1. BaFe12O19 phase percentage, lattice parameters (a and c), unit cell volume (V), crystalline 
size (D) and grain size (DTEM) of CoxBaFe12O19 nanoparticles with (0 ≤ x ≤ 0.10) at calcination 
temperatures= 900C and 950C. 

T (C) x (wt%) BaFe12O19(%) a (Å) c (Å) c/a V (Å3) D (nm) DTEM (nm) I 

900 

0.00 90.36 5.87 23.14 3.93 692.6 51.5 80.29 1.55 
0.04 90.43 5.88 23.21 3.93 693.6 55.57 73.61 1.32 
0.06 90.83 5.87 23.16 3.94 696.9 51.42 74.56 1.45 
0.10 90.84 5.87 23.12 3.93 693.0 54.98 95.52 1.73 

950 

0.00 91.01 5.87 23.13 3.93 692.7 58.76 95.65 1.62 
0.04 91.02 5.87 23.13 3.93 693.3 52.02 69.82 1.34 
0.06 91.69 5.87 23.16 3.94 693.9 54.60 82.40 1.51 
0.10 91.72 5.87 23.12 3.93 692.0 57.54 164.51 2.85 

 

TEM Investigation 

The shape as well as the average particle size 
of pure and Cobalt-added CoxBaFe12O19 

nanoparticles were examined using TEM 
technique. Figs. 2a-d show TEM micrographs 
coupled with their Gaussian distribution of 
CoxBaFe12O19 with x= 0.00 and x= 0.06 wt. %, at 
T = 900C and T = 950C, respectively. The 
average particle sizes DTEM are calculated from 
the mean of the Gaussian distribution and are 
listed in Table 1. The average particle sizes for 
all the synthesized samples are in the range of 
69-164 nm. Moreover, the particle sizes show 
nonlinear variation with Co-addition and 
increasing calcination temperature. This result is 
consistent with the behaviour of the average 
crystallite sizes D calculated from XRD analysis. 
It is clear from the micrographs that the samples 

are mainly composed of agglomerated grains 
that form clusters of different sizes and shapes. 
In addition, it is clear that the sample 
morphology is changed to some extent to 
agglomerated hexagonal grains with increasing 
Co-addition and calcination temperature, as 
shown in Fig. 2d. Jurek et al. [19] observed 
hexagonal shaped particles for Barium 
Hexaferrite with diameter 50–70 nm. The 
crystallinity index (I) is investigated to check the 
crystallinity of the sample and is calculated by 
the following equation:  

I=DTEM/DXRD                  (4) 

All the values obtained are listed in Table 1. 
They are found to be in the range of (1.32 -2.85). 
These values indicate that the samples are 
monocrystalline samples. 
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(a) x = 0.00 wt. % and T = 900oC  

 
(b) x = 0.06 wt. % and T = 900oC  

 
(c) x = 0.00 wt. % and T = 950oC  

 
(d) x = 0.06 wt. % and T = 950oC  

FIG. 2. TEM micrographs with 100 nm magnification scale and Gaussian distribution of CoxBaFe12O19 with (a) 
x= 0.00 and at T= 900C, (b) x= 0.06 wt.% and at T= 900C, (c) x= 0.00 and at T= 950C and (d) x= 0.06 wt.% 

and at T= 950C. 
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Dielectric Properties 

Fig. 3(a) shows the variation of the real part 
of the dielectric constant (ɛʹ) with frequency (f) 
at fixed temperature T= 500C for CoxBaFe12O19 

(with x = 0, 0.04, 0.06 and 0.1 wt. %) samples 
calcined at 900C and 950C. The dielectric 
response can be visualized as; in the low 
frequency region (103 Hz) ɛʹ has high values 
which decrease rapidly with increasing 
frequency followed by a plateau with lower 
values in the high frequency region (104- 106 

Hz). This behaviour can be explained on the 
basis of Koop's phenomenological theory and 
Maxwell Wagner theory [20]. This could be 
related to an electron hopping between Fe3+ and 

Fe2+ ions. This will lead to the displacement of 
the ionic charges and is also responsible for 
interfacial polarization. Also, at low frequencies, 
the free charge carriers at grain boundaries or 
oxygen ion vacancies during the sintering 
process could have an effective contribution to 
interfacial polarization. Due to heat treatment, 
the structure of ferrite materials is supposed to 
be made of conducting grains separated by less 
conducting grain boundaries [21]. When hopping 
time is less than a half of the alternating field 
only, the electric field displaces the electrons, 
which leads to polarization. As a result, the 
dielectric constant will decrease at high 
frequency [22]. 

 
FIG. 3. The variation of ɛʹ with (a) frequency at fixed temperature T = 500oC and (b) temperature at fixed 

frequency f = 100 kHz for CoxBaFe12O19 calcined at 900oC and 950oC. 
 

The variation of ɛʹ with temperature at fixed 
frequency of 100 kHz for CoxBaFe12O19 samples 
is shown in Fig. 3(b). It can be seen that ɛʹ 
values show increment with increasing 
temperature from 25C to 500C. Finally, it is 
noted that ɛʹ is strongly dependent on both Co-
addition and calcination temperature, as it 
increases with increasing Co-addition from 0 to 
0.1 wt. % and samples sintered at 950C have 
higher values of ɛʹ than those sintered at 900C. 

Fig. 4(a) displays the variation of the 
imaginary part of the dielectric constant (ɛʹʹ) 
with frequency (f) at fixed temperature T = 
500C for CoxBaFe12O19 (with x =0, 0.04, 0.06 
and 0.1 wt. %) samples calcined at 900C and 
950C. It is clearly observed from Fig. 4(a) that 
the variation behavior of ɛʹʹwith frequency is 
very similar to the variation of ɛʹ with f. 
Similarly, ɛʹʹ is found to exhibit a sharp decrease 
in the low-frequency region, then as the 
frequency increases, ɛʹʹ is observed to decrease 
slowly until it becomes independent on 
frequency at high-frequency range. The high 
values of ɛʹʹ obtained for all samples at low 

frequency can be also attributed to the 
microstructure characteristics and morphological 
parameters, such as density, porosity, grain 
boundary sizes and other crystalline defects [23, 
24], which results in space-charge polarization 
increment and consequently enhancement in the 
values of ɛʹʹ. However, further decrease in ɛʹʹ 
values with the increase in frequency is 
explained by the idea that any species 
contributing to polarization is found to show 
lagging behind the applied field as frequency 
becomes higher and higher. 

Fig. 4(b) displays the variation of the 
imaginary part of the dielectric constant ɛʹʹ with 
temperature at fixed frequency f = 100 kHz. It is 
clearly observed from the figure that ɛʹʹ increases 
with increasing temperature. This result can be 
explained by dipolar and interfacial 
polarizations, but it is more noticeable in the 
interfacial polarization, where hoping of more 
electrons takes place under the thermal effect. 
This result was confirmed by Maxwell Wagner 
model [25]. 
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FIG. 4.The variation of ɛʹʹ with (a) frequency at fixed temperature T = 500oC and (b) temperature at fixed 

frequency f = 100 kHz for CoxBaFe12O19 calcined at 900oC and 950oC. 
 

The behavior of dielectric loss (tan δ) with 
frequency at fixed temperature T = 500C for 
CoxBaFe12O19 (with x = 0, 0.04, 0.06 and 0.1 wt. 
%) samples calcined at 900 C and 950 C is 
shown in Fig. 5(a). It is clear that after reaching 
a maximum value, dielectric loss tan δ decreases 
with increasing frequency. The high dielectric 
constant is a result of hopping, where the loss 
tangent behavior can similarly be explained on 
this basis. When the hopping is nearly equal to 
that of the externally applied electric field, 
maximum of loss tangent could be observed. 

After reaching the maximum, hopping time 
becomes more than the applied signal, which 
causes a decrease in loss tangent. 

The dielectric loss (tan δ) as a function of 
temperature is represented in Fig. 5(b), where the 
dielectric loss (tan δ) increases with increasing 
calcination temperature. The dipole orientation 
increases as the temperature increases and as a 
result, the dipole losses increase. This means that 
more electrons and space charge polarizations 
were manifesting at higher temperatures [25]. 

 
FIG. 5.The variation of tan  with (a) frequency at fixed temperature T = 500C and (b) temperature at fixed 

frequency f = 100 kHz for CoxBaFe12O19 calcined at 900C and 950C. 

 

The ac conductivity (σac) dependence on 
frequency at fixed temperature T= 500C for 
CoxBaFe12O19 (with x =0, 0.04, 0.06 and 0.1 wt. 
%) samples calcined at 900C and 950C is 
recorded in Fig. 6(a). The results show that σac 
exhibits an increasing trend with the increase in 
the applied ac field frequency. The increase in 
conductivity is due to the increase in the charge 
carriers as the applied frequency increases [26]. 
Similar increasing trends were reported for 
several ferrites [27-28]. At lower frequencies, 
the poor-conducting grain boundaries are active 
and hence the exchange between Fe2+ and Fe3+ 

ions is low and this explains the low values of 
σac obtained at low frequency. However, as the 
frequency increases, the conductive grains 
become more active than the grain boundaries 
causing an increase in the exchange between 
Fe2+ and Fe3+ ions and therefore an increase in 
the conduction [20] and consequently in the σac 
values. It is clear from Fig. 6(b) of σac versus 
temperature at f = 100 kHz that the temperature 
greatly affects the ac conductivity, σac. At high 
temperature, the charge carriers are thermally 
activated; so their velocity increases, leading to 
an increase in conductivity. 
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FIG. 6. The variation of ac with (a) frequency at fixed temperature T = 500C and (b) temperature at fixed 

frequency f = 100 kHz for CoxBaFe12O19 calcined at 900C and 950C. 
 

Conclusion 

Chemical co-precipitation method was 
successfully utilized to prepare nanoparticles of 
CoxBaFe12O19, with x = 0, 0.04, 0.06 and 0.1 wt. 
%. The effects of Cobalt addition and calcination 
temperature (900C and 950C) on the 
microstructure, morphology and dielectric 
properties of the synthesized samples were 
investigated. XRD results revealed the 
hexagonal structure of the prepared samples and 
indicated enhancement in the phase formation of 
BaFe12O19 and reduction of Fe2O3 phase with 
increasing both the Co-addition and calcination 
temperature. Moreover, the lattice parameters (a 
and c) and unit cell volume (V) were almost 
unchanged with either Cobalt addition or 
calcination temperatures. By the use of Debye–
Scherrer equation, the crystallite size was varied 
from 51–58 nm. Samples morphology was 
studied through TEM technique. TEM 
micrographs clarified that the samples are 
mainly composed of agglomerated grains that 
form hexagonal-shaped particles. The behaviours 
of the dielectric constants (ɛʹ and ɛʹʹ), loss 
tangent (tan δ) and ac conductivity (σac) have 

been explained on the basis of hopping of 
electrons between Fe2+ and Fe3+ ions. Moreover, 
the Co-addition and the calcination temperature 
elevation lead to higher dielectric constants (11.9 
× 102 at T=500oC and f=100 kHz) and enhanced 
ac conductivities (15.1× 10-3 A-1m-1) for samples 
calcined at 950oC. As a conclusion, the dielectric 
properties are highly dependent on the hexagonal 
structure of the CoxBaFe12O19 and the exchange 
between Fe2+-Fe3+ ions. In addition, it is noted 
that as the calcination temperature increases, the 
crystallite size increases with an enhancement in 
both real and imaginary dielectric constants, tan 
𝛿 and ac conductivity. 
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Abstract: In this study, Yttrium Iron Garnet (Y3Fe5O12) (YIG) powders were synthesized 
via co-precipitation method, followed by calcining the precipitates at 1100˚C. The garnets 
produced were obtained from aqueous iron and yttrium chloride mixtures using different 
molarities of NaOH (M=2, 3, 4 and 5) at pH=12. The phase formation and crystallography 
were investigated using X-ray diffraction (XRD), the morphology was investigated using 
transmission electron microscopy (TEM) and the dielectric properties were measured using 
an impedance analyzer in the frequency range 0.5 - 5MHz, in a temperature range 22 - 
350˚C. X-ray diffraction peaks showed the formation of cubic YIG with lattice parameter 
varying between 12.334 and 12.339 Å. The grain size, measured from TEM images, 
decreased with the increase of the molarity of NaOH. Plots of the real part of the dielectric 
constant ε′, the imaginary part of the dielectric constant ε'', loss tangent tan δ and ac 
conductivity σac as functions of frequency and temperature, respectively, were obtained. It 
was observed that the highest values of the dielectric constant were obtained in the 2M 
sample. 
Keywords: Dielectric properties, Yttrium Iron Garnet (YIG), Co-precipitation method, 

NaOH molarity. 
 

Introduction 

Yttrium Iron Garnet (Y3Fe5O12) (YIG) 
belongs to a class of magnetic oxides which is 
the garnets. It has 160 unit cells in 3 different 
sites that are octahedral, dodecahedral and 
tetrahedral. The importance of YIG resides in the 
fact that it is of technological significance due to 
its various properties. It possesses the highest 
quality factor in the microwave regime, the 
smallest linewidth in magnetic resonance among 
the magnetic materials, controllable high 
saturation magnetization, large Faraday rotation 
and low propagation loss [1-2]. These, in 
addition to other properties, have made it a basis 
for many high-technology devices, such as 
telecommunication devices, lasers, phase 
shifters, sensors and oscillators [3]. Specifically, 
the dielectric properties of YIG, such as its low 
dielectric loss tangent in the microwave region, 

have grabbed a lot of attention and made it 
possible for the YIG to be used in electronic 
devices as tunable microwave devices. For this 
reason, the manipulation of dielectric properties 
of YIG under various conditions in different 
ranges has been a major research topic recently. 
For instance, Ramesh et al. [4] studied the effect 
of the sintering temperature on the magnetic and 
dielectric properties of YIG, while Ahmad et al. 
[5] mentioned that doping YIG by samarium 
(Sm) has an effect on its dielectric permittivity. 
Several techniques have been used to prepare 
YIG powders, including sol-gel [6], Pechini 
method [7], metallo-organic decomposition [8] 
and chemical co-precipitation [9]. These top-
down techniques are all capable of producing 
YIG samples; however, the Pechini method 
results in the production of large-sized particles 
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and the metallo-organic YIG has a high 
percentage of impurities. In our work, co-
precipitation is chosen to prepare YIG based on 
a variety of parameters that can be studied, as 
well as on cheap cost and simplicity. The aim of 
this work is to investigate the dielectric 
properties of YIG prepared using different 
molarities of NaOH during the titration process 
to reach pH = 12, as there are no reports yet of a 
similar study. 

Experimental  

Polycrystalline Yttrium Iron Garnet (YIG) 
samples were synthesized using the co-
precipitation method. YCl3.6H2O and 
FeCl3.6H2O were weighed in a stoichiometric 
ratio Y:Fe = 3:5 and dissolved in de-ionized 
water to form an aqueous solution of chlorides. 
This solution was titrated drop-wise with stirred 
NaOH solutions of different molarities (2, 3, 4 
and 5M) to reach pH = 12. Then it was heated at 
90˚C for 4 hours with constant-speed stirring. 
The obtained mixtures were then washed with 
distilled water followed by drying for 18 hours at 
100˚C. Subsequently, the dried precipitates were 
ground and moved to a tube furnace to be 
calcinated at 1100˚C for 2 hours. 

The phase formation and crystallography 
were studied using X-ray powder diffraction 
(XRD) and the morphology was studied using 
Transmission Electron Microscopy (TEM). The 
dielectric studies were carried out by an LCR 
meter in the frequency range 0.5 - 5MHz, in the 
temperature range 22 - 350˚C. 

Results and Discussion 

Structural Analysis of YIG  

Fig. 1 shows XRD patterns of YIG powders 
prepared at different molarities of NaOH (2, 3, 4 
and 5M). The diffraction peaks of the Y3Fe5O12 
(JCPDS: 21-1450) [10] phase indicate that YIG 
crystallized into a cubic structure with space 
group Ia3d5. The XRD patterns showed the 
existence of a second phase; the Yttrium Iron 
Perovskite (YFeO3) (JCPDS: 39-1489) [11]. 
From the XRD results, the garnet formation can 
be described as follows [12]:  

𝑌ଶ𝑂ଷ + 𝐹𝑒ଶ𝑂ଷ → 2𝑌𝐹𝑒𝑂ଷ            (1) 

 3𝑌𝐹𝑒𝑂ଷ + 𝐹𝑒ଶ𝑂ଷ → 𝑌ଷ𝐹𝑒ହ𝑂ଵଶ           (2) 

The reason behind the existence of YFeO3 
could be shown in the equations of formation 
above. The formation of YFeO3 takes place 
before the formation of the YIG phase and its 
existence after calcination is attributed to the fact 
that the samples were calcinated at a temperature 
below 1300°C [13]. The lowest intensity of the 
peak (121) corresponding to YFeO3 was 
observed in the 3M sample. The values of the 
lattice parameter (a) were calculated by indexing 
the XRD patterns and using the equation 
𝑎 = 𝑑√ℎ

ଶ + 𝑘ଶ + 𝑙ଶ, where 𝑑 is the lattice 
spacing and h, k and l are the Miller indices. It is 
shown in Table1 that the increase of the molarity 
showed a slight effect on the lattice parameter, 
where its value varied between 12.334 and 
12.339 Å.  

  
FIG. 1. XRD patterns of YIG powders prepared at different molarities of NaOH. 

 
  

Fig. 2 shows the TEM photographs of the 
YIG samples prepared with 2, 3 and 5M of 
NaOH. The particles show an irregular shape 

which could be resolved by increasing the 
temperature of calcination, whereas the 
agglomeration shown could be due to the piling 



Dielectric Properties of Y3Fe5O12 (YIG) Prepared at Different Molarities of NaOH 

 223

up of a few nanocrystals on the large-sized 
grains [14]. The average grain size of the 
particles obtained from TEM photographs 

decreases from 163.42 nm to 91.09 nm as the 
molarity increases from 2M to 5M, as shown in 
Table 1.  

 
FIG. 2. TEM photographs of the YIG powders prepared with 2, 3 and 5M of NaOH. 

TABLE 1. The lattice parameter (Å) and the grain size (nm) of the YIG powders prepared with 2, 3, 4 
and 5M NaOH. 

Sample 
Lattice parameter 

(Å) 
Grain size 

(nm) 
2M 12.339 163.42 
3M 12.338 107.47 
4M 12.335 - 
5M 12.334 91.09 

 
Dielectric Studies of YIG  

The real (ε') and imaginary (ε'') parts of the 
dielectric constant and the ac conductivity σac 
were calculated from the dielectric 
measurements using the following equations:  

ɛ′ = 𝐶𝑑/𝐴𝜀                 (3) 

𝜀 ′′ = tan𝛿 . 𝜀′             (4) 

𝜎 = ε′′.ω. 𝜀             (5) 

where d is the sample disc thickness, A is the 
electrode area, C is the capacitance, ɛo is the 
empty space permittivity, tan δ is the dielectric 
loss measured by the instrument and ω is the 
angular frequency. The dimensions of the used 
pellets of the prepared samples are d = 2.2 ± 0.1 

mm and A = 1.249×10
-4 

m2. 

Figs. 3 (a) and 4 (a) show, respectively, the 
influence of frequency on the real (ε') and 
imaginary (ε'') parts of the dielectric constant. 
The highest values of both constants are obtained 
in the 2M sample, where the grain size is the 
largest. The effect of grain size on the dielectric 
constants can be explained by its effect on the 
population of domains and the movement of 
domain walls [15]. Both dielectric constants 
increase when the frequency increases. The 
dielectric constants arise from the polarization 
and movement of dipole orientation. This dipole 
orientation takes time, but as the frequency 
increases, the response time becomes 
comparable to the period of the field, thus the 
dielectric constants increase. A peak is observed 
in all the samples, which can be attributed to the 
occurrence of resonance, where the frequency of 
the applied electric field happens to be the same 
as the frequency of dipole orientation [16].  
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FIG. 3. Variation of the real part ε' of the dielectric constant of the YIG samples (a) as a function of  frequency at 

room temperature and (b) as a function of temperature at 2 MHz. 

  
FIG. 4. Variation of the imaginary part ε" of the dielectric constant of the YIG samples (a) as a function of 

frequency at room temperature and (b) as a function of temperature at 2 MHz.  

  
FIG. 5. Variation of the dielectric loss tangent tan δ (a) as a function of frequency at room temperature and (b) as 

a function of temperature at 2 MHz. 
 

The increase of the temperature facilitates the 
segmental mobility, thus easing the dielectric 
polarization and increases the dielectric 
constants [10], as shown in Figs. 3 (b) and 4 (b). 
The peaks obtained are explained by Bunget et 
al. [17], where at a certain temperature, the 
decrease in relaxation polarization overcomes 
the increase in the number of polarons, so that 
the dielectric constants begin to decrease.  

 

In Fig. 5 (a), it is obvious that the loss tangent 
increases with the increase of frequency and the 
lowest values are obtained in the 2M and 3M 
samples. This is caused by the presence of 
leakage loss aside with the polarization loss [18]; 
whereas the increase of the loss tangent with the 
increase of temperature, as shown in Fig. 5 (b), 
is attributed to the perturbation in the phonon 
system caused by the applied electric field, 
where the energy transferred to the phonon is 
dissipated in the form of heat [19].  

 

(a) (b) 

 

(a) 

 

(b) 

 

(a) 

 

(b) 
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The impact of the frequency on the ac 
conductivity is shown in Fig. 6 (a). The ac 
conductivity increases with the increase of 
frequency and this increase is the largest in the 
2M sample. This lift is an indicator of the 
presence of small polaron conduction. On the 
other hand, the increase of the ac conductivity 
with temperature shown in Fig. 6 (b) could be 
attributed to the increase of the number of 
polarons with temperature [18] and the peak 

obtained might be a result of the flipping of 
conduction mechanisms at a certain temperature. 
The irregular behavior of the dielectric 
parameters above the temperature of 300°C for 
samples at molarities 2M and 4M of NaOH can 
be attributed to the ferroelectric behavior of 
these samples. This behavior can be explained 
by the existence of the yttrium iron perovskite 
(YFeO3), where a ferroelectric phase transition 
can take place at high temperatures [20]. 

  
FIG. 6. Variation of the ac conductivity σac (a) as a function of frequency at room temperature and (b) as a 

function of temperature at 2 MHz.  
 

Conclusion 

In this work, we prepared YIG powders by 
co-precipitation method from chlorides of Iron 
and Yttrium. Dielectric properties of the 
prepared samples were studied over a wide range 
of frequencies and temperatures for different 
values of molarity of NaOH (M=2, 3, 4 and 5). 
The change in the behavior of the dielectric 
constants as a function of frequency and 
temperature can be interpreted in terms of 
polarization and segmental mobility, 
respectively, while the variation of the ac 
conductivity can be interpreted in terms of 
polaron conduction. It can be seen that the 
highest dielectric constants and highest ac 

conductivity values were obtained for the 2M 
sample. The dielectric properties of YIG can be 
manipulated by changing the molarity of NaOH, 
making it suitable for a wider range of 
applications, such as bio-antennas. 
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Abstract: The present work deals with the investigation of the dielectric properties of 
layered polyamide/polyaniline films and their correlation to the microstructure. A thin 
polyaniline (PANI) layer was polymerized in the subsurface of polyamide films. The 
dielectric relaxation spectroscopy was used to compare the electrical behaviour of flexible 
polyamide 6 (PA6) and polyamide 12 (PA12) surfaces loaded with PANI nanoparticles, 
while the roughness was investigated by the contact angle technique. Relatively high 
dielectric constants were recorded for PA12/PANI films compared to PA6/PANI ones due 
to the hydrophobic nature of the PA12 matrix. This also explained the wettability 
enhancement observed for PA12/PANI films up to 12 wt.% of aniline absorbed 
concentration, while PA6/PANI films needed no more than 9 wt.% to reach maximum 
wettability. This behavior was in good correlation with the microstructure of the films. 
SEM micrographs showed uniform surfaces for both films formed above these respective 
concentrations, where wettability started to decrease. The films of PA/PANI seemed to be 
good candidates as dielectric layers in flexible electronics. 
Keywords: Polymer, Polyamide, Polyaniline, Dielectric constant, Optical gap. 
PACS: 78.20.-ei, 78.20.-c, 68.60.-p, 82.35.Lr. 
 

 

Introduction 

Conducting polymers have received 
considerable attention in the fields of both 
nanoscience and nanotechnology [1,2]. 
Compared to metals, intrinsically conducting 
polymers are light and flexible and can not only 
reflect, but also absorb, electromagnetic 
radiations.  

Polyaniline (PANI) has attracted considerable 
interest as an air-stable conducting polymer. Its 
reversible redox behavior is useful 
for supercapacitor, gas sensor, pH sensor and 
fuel cell applications. Frequency-
dependent conductivity of PANI is involved in 

electromagnetic interference (EMI) shielding 
application. PANI is also used as an antistatic 
coating and corrosion inhibitor, due to its high 
chemical stability, nontoxicity, good process 
ability and stable intrinsic redox state derived 
from the imine groups of the PANI chain. It is 
possible to tune structures of PANI within a 
wide domain of shape, size and crystal structure.  

Incorporation of conducting polymer into a 
host polymer substrate forming a blend, 
composite or inter-penetrated bulk network has 
been widely used in a manner to combine 
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electrical conductivity with desirable physical 
properties of polymers [3,4].  

At present, a renewed interest is directed to 
thermoplastic polymers which present a liquid 
phase at high temperature. They soften by 
heating and yield solid materials after cooling, 
allowing recycling. Considering annual volume 
production, the number of different polymers 
and variety of applications, the polyamide family 
is the most important one [5]. Polyamide (PA), 
commonly known as Nylon, is the largest 
engineering thermoplastic material. It finds 
major usage in several application segments, 
which the three notable ones are: automobile, 
electronic and packaging applications. 

Many research studies have been reported on 
Polyamide/polyaniline systems. These composite 
materials find applications in various fields as 
antistatic films [6,7], membranes [8,9], 
nanowires for MEMs [10], ammonia sensors [11, 
12], anti-corrosion coatings [13,14], wave 
absorbers [15], among many others. Few works 
were dedicated to polyamide 12/PANI 
composites. 

In this study, flexible polyamide 6 (PA6) - 
and polyamide 12 (PA12) - based films are 
compared in terms of dielectric permittivity, 
wettability, microstructure and optical properties 
in order to identify their potential uses in flexible 
electronics. 

Experimental Part  

Depending on the swelling time of polyamide 
films in aniline, different concentrations of 
polyaniline were obtained by oxidative 

polymerization in the subsurface using an 
aqueous solution of ammonium persulphate and 
hydrochloric acid. The obtained green films were 
then rinsed in n-Hexane to remove the by-
products and dried at 65 °C for 24 h.  

The dielectric properties were investigated by 
dielectric relaxation spectroscopy using a 
Novoconcontrol broadband dielectric 
spectrometer over a wide range of frequencies 
(from 0.1 to 106 Hz). The roughness of the 
surface was investigated by the contact angle 
technique based on the measurement of the 
contact angle formed by a drop of water on the 
surface of the samples. The morphology was 
examined by SEM microscopy. UV-vis 
spectroscopy was used to study the optical 
properties of the films. 

Results and Discussion  

Dielectric Properties 

Fig. 1 shows a comparison between PA6 and 
PA12 composite films in terms of dielectric 
constant. At room temperature, the dielectric 
constant increases with increasing PANI. It 
doesn't exceed 60 at 0.1 Hz for the PA6 
composite film obtained with 10 wt. % of aniline 
(Fig.1-a). It reaches values up to 2.105 at 0.1 Hz 
for the PA12 composite film obtained with 12.68 
wt. % of aniline (Fig.1-b). At 0.1 Hz, a high 
value of about 4000 was also registered at 30 °C 
for a PA6 based film obtained with 4 wt. % of 
aniline, as can be seen in Fig. 2. However, this 
result is not observed for higher concentrations 
or other temperatures. 
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FIG. 1. Log plot of dielectric constant ' versus frequency for PA6 (a) and PA12 (b) composite films. 
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FIG. 2. Log plot versus frequency of dielectric constant ' at 30 °C for a PA6 film made with 4 wt. % of aniline. 

 
A first theory attributed the high permittivity 

at low frequency to the polarization of counter-
ion carriers associated with the fixed surface 
charge of particles [16,17], whereas later work 
linked it rather to the polarization of the double 
electric layer by electro kinetic processes [18]. 
The higher value of permittivity observed for 
PA12 is ascribed to its hydrophobic nature which 
prevents aniline from infiltrating, thus from 
becoming polymerized uniformly and clustering, 
hence causing the existence of a larger number 
of minicapacitors consisting of insulating PA12 
and dispersed conductive particles of PANI than 
in PA6 composites.  

Morphology 

It should be noted that the polymerization 
process in PA12 films lasts longer. Indeed, the 
green color, characteristic of polyaniline 
formation appears for longer polymerization 
times reflecting their poor processing. This is 

confirmed by SEM micrographs of PA12 films 
containing different concentrations of PANI. The 
images are not as clear as those of PA6 films, 
probably because of the low surface conductivity 
of PA12 films. 

Fig. 3 shows the morphology of the 
composite films as a function of PANI 
concentration. It is clear that structure is related 
to matrix type. While the PA6 films exhibit a 
granular structure, the PA12 films show an inter-
penetrating fibrous network. The PA6 surface 
shows well dispersed small particles of PANI 
with irregular shape at 9 wt. % (Fig. 3-a). The 
size of these particles increases at 10 wt. %, 
leading to a totally covered surface (Fig. 3-b). 
One can observe the conductive pathways 
meandering through the insulating PA12 matrix 
for both concentrations (c, d). However, at 10 
wt. % of aniline, the PA12 structure is clearly 
porous.  

 

 

 

 
(a) (b) 
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(c) (d) 

FIG. 3. SEM micrographs of PA6- (a, b) and PA12- (c, d) based composites made with different concentrations 
of aniline: (a) 9 wt. %, (b, c) 10 wt. % and (d) 12.68 wt. %. 

 
Wettability 

The contact angle measurements made on 
PA6 and PA12 films gave the curves in Fig. 4. 
Despite fluctuations in the measurement method, 
the contact angle for the PA6-Water system (Fig. 
4-a) decreased with the increase in aniline 
concentration up to 9 wt. %, reflecting an 
improvement in film wettability. This is due to 
surface roughness that increases with the growth 
of PANI clusters. Beyond this concentration, the 
contact angle increases with increasing aniline 
concentrations. Indeed, the roughness of the 

films decreases due to the surface uniformity 
verified by the SEM images showing surfaces 
totally covered by PANI. For PA12 films (Fig. 
4-b), through angle fluctuations, it is possible to 
detect a gradual decrease in the contact angle 
versus the aniline concentration up to an 
approximate value of 12 wt. %. This 
concentration, from which the contact angle 
begins to increase, corresponds to the quantity 
required to cover the surface film by PANI, as 
shown in Fig. 3-d.  

 

 

 

 
(a) (b) 

FIG. 4. Contact angles formed by a drop of water on the surface of PA composite films versus the initial aniline 
content: (a) PA6, (b) PA12. 
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A similar study was conducted on composite 

films of Nafion/carbon nanotubes [19]. The 
authors observed a decrease of the contact angle 
with the decrease of the Nafion content (increase 
in the carbon nanotubes content). Beyond a 
certain concentration of Nafion, hydrophobicity 
 

increases again. This phenomenon was explained 
in terms of air cavities (due to the surface 
roughness). The wettability of the films was 
controlled by simply varying the content ratio of 
Nafion to Carbon nanotubes. This is in good 
agreement with our observations. 
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Optical Properties 

The optical gap of the films was deduced 
from the transmittance spectra obtained by the 
UV-vis spectroscopy technique. A more 
appropriate procedure for determination of 
bandgap while dealing with nanomaterials 
involves the derivative of the transmission with 
respect to photon energies (dT/dE). In the 

derivative method, as the photon energy 
approaches that of bandgap, the derivative 
should exhibit a minimum (spike toward 
negative infinity at E = Eg). The plot of the 
transmittance derivative versus energy for both 
types of films is illustrated in Fig. 5. Comparable 
and relatively low concentrations of aniline were 
investigated.  
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FIG. 5. Evolution of the optical gap Eg versus aniline concentration for the PA6 (a) and PA12 (b) composite 
films. 

 
As illustrated in Fig. 5-a, the characteristic 

peak of PA6 located at 6 eV and corresponding 
to the gap energy Eg, disappears to the benefit of 
an increasing peak, related to PANI and located 
at 4.55 eV for 4.23 wt. %. The decrease of Eg is 
due to the growth of PANI clusters in the 
subsurface of the films. Increasing PANI 
concentration in PA12 films (Fig. 5-b) leads to a 
slight decrease of Eg compared to the PA6 
matrix case. However, determined Eg values are 
lower, revealing better semi-conductive 
properties comparable to Pure PANI (2.7 ev) 
[20].  

Conclusion 

In this study, physical properties of bi-layered 
films of Polyamide and PANI are investigated 
regarding matrix type. A thin polyaniline (PANI) 
layer was polymerized in the subsurface of 
polyamide films using ammonium persulphate as 
an oxidant and hydrochloric acid as a dopant.  

A novocontrol broadband spectrometer was 
used to investigate the dielectric properties of the 
prepared samples. High values of dielectric 
constant are obtained for both PA12 and PA6 
composites, but at a low extent for PA6 
composites, allowing their use as high-k 
dielectrics at low frequency.  

Through contact angle measurements, it has 
been shown that the wettability of the films is 
affected by the growing size of PANI clusters. 
Better wettability is observed for PA12-based 
films. This is probably due to the hydrophobic 
nature of PA12 which delays the polymerization 
of aniline and PANI cluster growth. This 
property is interesting in multilayer devices, such 
as OLEDs or PV cells. A good correlation is 
found between wettability and microstructure 
through the surface roughness related to cluster 
size.  

PA12 composites also show better semi-
conductive properties than PA6 ones. Their 
optical gap is equal to the known gap of PANI 
(2.7 eV). This is also ascribed to hydrophobicity 
of the PA12 matrix, where PANI is confined in a 
thinner surface layer, facilitating its 
identification.  

Based on the above observations, we 
conclude that the matrix type strongly affects the 
physical properties of the resulting composite 
and plays a major role in determining the proper 
application. With higher carbon atom number, 
the PA12 matrix seems to offer high potential in 
optoelectronic applications.  
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Abstract: The growing population and energy demand, coupled with the depleting fresh 
water resources resulted in great progress in sea water desalination (SWD) technologies. 
Nanopores of 2D materials, like graphene and its structural analogs, are the latest 
innovations in membrane technology for SWD. The performance of these novel atomically 
thin nanopores, as seen from various experimental and theoretical studies, is highly 
encouraging with reports of water permeability 2-3 orders of magnitude greater than the 
conventional reverse osmosis (RO). The potential for high efficiency and the low energy 
requirements of these nanopores for desalination led to tremendous efforts in fabrication 
and commercialization. We present here a review of the very recent patents associated with 
the preparation of these nanopores, the process and the efficiency of SWD. 
Keywords: 2D nanopores, Graphene, Membrane, Patents, Desalination. 
 

 

Introduction 

It is expected that by 2030, more than 15% of 
the world population will be forced to turn to 
seawater to meet their needs for fresh or brackish 
water. At present, around 150 countries rely on 
desalination and around 80 million m3 of 
drinking water is being produced daily by more 
than 17,000 desalination plants, with 50% of 
them utilizing sea water as the source [1]. The 
desalination process needs to be perfected and 
made more energy-efficient, cost effective, 
environment friendly and sustainable [2-5]. The 
rapid and innovative advancements in 
nanotechnology during the past decade and the 
quick strides taken in nanoscale fabrication have 
given rise to the discovery of nanopores of 
atomically thin membranes of graphene and 
other 2D materials that can filter molecules and 
selectively transport ions in nano-channels for 
various applications in energy, sensing, medicine 
and desalination [6-10]. 

Nano-filteration (NF) and reverse osmosis 
(RO) that use filters are limited by the low 
permeability of the filters. Even though today 
RO is the most established method and the 
efficiency of RO is thrice what it was two 
decades ago, it is a slow diffusion process 
whereas nanopores use a sieving method and fast 
water transport in an efficient manner with high 
rates of salt rejection [11-18]. For efficient 
desalination, a membrane must demonstrate a 
high salt rejection rate along with a high water 
flux. Highly permeable membranes can be 
achieved by engineering the right pore size, 
chemical functionalities and other surface 
characteristics [13-15, 19-20]. Nanoporous 
graphene (NPG) has a separation rate of two-
three orders of magnitude higher than diffusive 
RO, as shown by the molecular dynamics (MD) 
studies [13, 14]. In addition, the experimental 
study of [15] for single-layer graphene shows 
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almost 100% salt rejection and rapid water 
fluxes in the order of 106 g/m2 s at 40°C. 
Moreover, since the desalination process with 
nanopores does not require high pressures like 
RO, the energy used is very much less and 
makes them extremely cost effective, especially 
as we know that in RO, the high energy 
consumption accounts for half the total cost of 
operation. These results confirm NPG as a 
desalination device with a very high potential. 
Further, first principles' studies of Molybdenum 
disulphide (MoS2) give 70% higher water fluxes 
than NPG and allow for strain tuning of the 
membrane [15, 16]. Again, simulation studies of 
boron nitride (BN) show higher efficiency than 
NPG and superior water flow and salt rejection 
performance [11, 12, 17]. The insights obtained 
by theoretical findings regards the optimum pore 
size, functionality and material design must be 
translated into practice for fabrication and 
manufacture of optimal desalination devices. 
The recent years have seen several innovative 
techniques of nanoporous membrane preparation 
and patents in the various processes, methods 
and materials for desalination.  

Water is a scarce resource and SWD is the 
most sustainable and attractive option for water 
management. In this context, the past decade has 
seen a tremendous increase in research on the 
use of nanopores of 2D materials, like graphene 
and transition metal dichalcogenides, for energy-
efficient desalination technologies. Now, as this 
novel technology is ripe for commercial 
implementation, it is important to bring to the 
attention of the scientific community the recent 
patents on this valuable desalination technology. 
In addition to being energy-efficient, nanopores 
offer water permeability 2-3 orders of magnitude 
greater than the conventional reverse osmosis. 
Since this is a rapidly developing field with 
exciting new scientific findings, the focus of the 

present review article is on the recent (since 5 
years) patents in this new and exciting field of 
graphene and related 2D material nanopores. The 
immense possibilities and success in water 
desalination using this novel technology is 
highlighted with some interesting patents and 
discussions of the various aspects concerning the 
preparation, process and fabrication of 
nanoporous optimal desalination devices. The 
paper is organized under the headings: 
Introduction, Structure of Nanopores and Patents 
Therein, Process, Performance and Effectiveness 
of Nanopores and Challenges and Outlook. 

Structure of Nanopores and Patents 
Therein 

Patents [21-23] deal with various ways of 
making nanoporous membranes of graphene and 
related 2D materials. In the patent [21], graphene 
separation membrane with a plurality of grain 
boundaries on a polymer support has been 
prepared for separation of ions in water 
(desalination) and in gases. The polymer support 
may include polysulfone, polyethersulfone, 
polyimide, polyamide, polyetherimide, 
polyacrylonitrile, polyethylene, polycarbonate, 
polytetrafluoroethylene, polypropylene or 
polyvinylidene fluoride. The separation 
membranes can be based on graphene or 
transition metal dichalcogenides (TMDs); for 
example, MoS2, NbS2, NbSe2, TaS2, … etc. and 
other 2D materials, like BN. The graphene 
membrane may be made by a variety of methods, 
like liquid phase method, vapor phase method, 
polymer method and other methods that can 
grow the grain boundaries, as shown in Fig. 1(a). 
The pore size and spacing in the grain 
boundaries and the channels can be different in 
the layers to increase the separation selectivity of 
particular substances, as seen in Fig. 1(b). 

 
FIG. 1. Schematic illustration of different forms of grain boundaries and pores in (a) graphene layer (b) cross-

section of a bilayer [21]. 
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The pores can have a width of about 0.335 
nm to 100 nm. The pore size and channels can be 
controlled by adjustments to the graphene 
growth rate or by changing the carbon supply 
source to methane or hydrocarbon-based organic 
polymers. These pores can be made so small as 

to selectively pass only water molecules and 
block the hydrated salt ions in desalination. In 
addition to pores arising from grain boundaries, 
fine pores could be formed on the graphene 
membrane as a result of defects near 5- or 7-
membered rings, as depicted in Fig. 2. 

 
FIG. 2. Schematic illustration of structure of graphene monolayer including defects [21]. 

 
The procedure and description above of 

forming nanopores [21] is not exclusive to 
graphene, but also applies to the other 2D 
materials; for example, MoS2 and BN. 

It is difficult to remove and transfer 
atomically thin layers of 2D materials containing 
nanopores from the growth substrate, as this can 
give rise to tear and conformity problems. This 
issue is addressed by Sinsabaugh et al. (2015). 

The process involves manipulation of the 2D 
materials, such as graphene, by first providing a 
support layer while it is still adhered to the 
growth substrate, then, second releasing the 
substrate from the 2D material, resulting in a 2D 
material attached to the support layer. Fig. 3 
illustrates this 3-step process; the operations of 
forming and depositing a support layer and 
removal of the substrate.  

 
FIG. 3. Schematic illustration of the process of formation on substrate, deposition of support layer and removal 

of substrate [22]. 
 

The substrate can be a metal, like Cu or Ni, 
and the removal of the substrate is achieved by 
etching with a suitable etchant, like ammonium 
persulphate. The method uses a non-sacrificial 
porous support layer that can contain a plurality 
of pores with a pore size gradient in some 
embodiments. Such an embodiment has a 
smaller pore size in the supporting layer close to 

the 2D material surface compared to the opposite 
end. This feature can be achieved by electro-
spinning of fibres with a density that is higher 
near the 2D material surface and lower further 
away from the 2D surface. Various chemical and 
physical techniques for perforating graphene or 
the 2D material can be employed, like particle 
bombardment, chemical oxidation, lithographic 
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patterning or a combination of these [24]. This 
can be done while it is adhered to the growth 
substrate or after removal of growth substrate 
and while it is attached to the supporting layer.  

The most recent invention is that of 
Stoltenburg et al. (2017). The method consists of 
making a composite film of an atomically thin 
material (such as graphene) and a polymer layer; 
bombarding the same to create a plurality of 
pores in at least the graphene layer. The 
atomically thin material could be any of the 
following: a few layers of graphene, 
molybdenum disulfide, boron nitride, hexagonal 

boron nitride, niobium diselenide, silicene or 
germanene. The best mode for the process of 
making and etching the nanoporous membrane 
and the execution of the invention is illustrated 
in Fig. 4. The composite film consists of an 
atomically thin layer of 2D material and a 
polymer film. A hot press manufacturing process 
could be used to make the composite film. The 
polymer film is polycarbonate with a thickness 
ranging from 25-250 microns. Materials, like 
polyester, polypropylene, polyimide, polymethyl 
methacrylate or polyvinylidene fluoride, could 
be used for the polymer film. 

 
FIG. 4. A schematic diagram of a process for making a nanoporous membrane with an initially non-porous 

polymer film [23]. 
 

The energetic particles may be electrons, 
neutrons, ions, ion clusters or similar particles 
that are sufficiently energetic to traverse the 
composite film. Typical energies > 1 
MeV/micron thickness are directed at the 
composite film during the bombardment 
operation. Another aspect is the selection of the 
energetic particles to form a plurality of pores in 
the composite film, such that the chemical nature 
of polymer layer is changed and the 
functionalizing of the pore occurs. Upon 
completion of the bombardment process, the 
composite film undergoes the etching process. 
The entire film is immersed in an appropriate 
etching fluid, which depends on the type of 
polymer film used. For polycarbonate, a solution 
of NaOH is used for a predetermined length of 
time. During the etching process, the etchant 
attacks the chemical functionalizing of the 
polymer film in the pores to remove the 
chemical functionalized area and form enlarged 
pores in the polymer film. Depending upon the 
extent of chemical functionalization and the 

etching parameters, the pore size can be 
controlled and it may range from 10-1000 nm. A 
residual polymer structure is formed as a result 
of the etching process. The end results of the 
etching process provide a plurality of pores with 
a size ranging from 0.5 to 10 nm in graphene that 
are concentrically aligned with the enlarged 
pores. Thus, the nanoporous membrane (active 
layer) has a one-to-one mapping of the holes 
with the polymer layer (substrate). An alternate 
method of producing a nanoporous membrane is 
depicted in Fig. 5. The method is similar to the 
above described method, except that the polymer 
film is already porous with enlarged pores. The 
composite film (which consists of the atomically 
thin layer and polymer layer) is the same as the 
composite film in the previous method and has 
the same characteristics. The energetic particles 
during the bombarding process are selected such 
that there is no chemical functionalization of the 
polymer film and it is inert to pore enlargement. 
The process of bombardment creates a plurality 
of pores in graphene or other atomically thin 
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material that may or may not be concentric with 
the enlarged polymer pores. Further, it may form 
pores that extend partially into the polymer layer 
to create a cavity. The process may also create 

pores that extend all the way through the 
graphene and the polymer layer, i.e., the 
composite layer. 

 
FIG. 5. Schematic diagram of a process for making a nanoporous membrane with an initially porous polymer 

film [23]. 
 

Furthermore, a chemical bond may be formed 
between the graphene and polymer layer that 
will secure it and strengthen the composite film 
and support the graphene membrane. As a result, 
there can be an alignment of the pores of size 
0.5-10 nm with the enlarged pores to provide 
higher permeability. This method has the 
advantage that the particles for bombardment 
can be different from those needed to create 
tracks in the polymer film, thereby giving more 
flexibility in forming the composite film, 
whereas the advantage of the previous method 
(Fig. 4) allows for simultaneous creation of the 
holes in both graphene and the polymer film that 
are one – to – one and are concentric, thereby 
considerably increasing permeability of the 
composite film and manufacturability. 
Processing active layer (graphene) and support 
layer (polymer film) simultaneously is easier and 
more scalable. Having discussed the various 
types of nanopores and the patents involved in 
making these nanoporous membranes, the 
application to desalination will be discussed in 
the next section. 

Process, Performance and 
Effectiveness of Nanopores and 
Patents 

Several membrane- and pressure-driven 
technologies, like RO, NF, Ultrafiltration (UF) 
and Microfiltration (MF), are in use at present 
[3, 25, 26). 19% of the world has RO 
installations [27] and it is the conventional 
method in use. RO requires high pressures and 
the energy consumption costs equal half the total 
cost; the desalination of 1 m3 of seawater 
requires 3.4 kWh of energy at 6.5 MPa [28, 29]. 
Seawater predominantly contains Na+ (Sodium) 
and Cl- (Chlorine) ions and has an average 
salinity of 3.5% (35 g/L) of dissolved salts. 
Typical values of the various ions present in the 
Arabian Gulf seawater in ppm (parts per million) 
are shown in Table 1. Moderate amounts of 
SO4

2-, Mg2+, K+ and Ca2+ ions are also present. 
The table also shows the radii of the hydrated 
ions for the main components from references 
[30, 31]. The mesh size has an inverse relation to 
the cost, so an estimation of the size of the 
hydrated ions in seawater is very useful. 

TABLE 1. Arabian Gulf seawater composition adapted from [30, 31].  
Ion Conc. [ppm] Ion radius [nm] Hydrated ion radius [nm] 
Na+ 14,161 0.098 0.360 
Cl- 25,491 0.181 0.270 

SO42- 3,594 0.147 0.300 
Mg2+ 1,642 0.078 0.395 
K+ 722 0.133 0.315 

Ca2+ 530 0.106 0.348 
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As seen from the table, the radii of hydrated 
ions are almost twice the radius of the water 
molecule which is 0.138 nm. The knowledge of 
the values of the hydrated ions helps in the 
manufacture of membranes with optimal size 
and the costs of devices for desalination are 
reduced as a result of the lower pressures 
involved. The choice of the average pore size 
depends on the desired result of excluding a 
particular species and in turn is dependent on the 
size of the particular hydrated ion. Selection of a 
membrane material is based on the fact that it 
should be thin to maximize flow rate, chemically 
inert and stable and mechanically strong, with 
size-defined pore that provides selectivity by 
blocking large molecules and allowing smaller 

ones. The bright future for desalination with 
novel nanoporous membranes, like graphene and 
the related materials, as well as the tremendous 
progress and promise shown in this direction 
discussed with the related patents [32-35]. 

In the process described by [32], a perforated 
graphene membrane separates sodium, chlorine 
and other ions from water. The apertures in the 
membrane are designed to pass water molecules 
and to not pass the smallest Na+, Cl- and other 
relevant ions. The deionized water flowing 
through the graphene membrane is collected. 
Fig. 6 shows a notational representation of this 
disclosure using a perforated graphene sheet. 

 
FIG. 6. A notational representation of a water filter, using a perforated graphene sheet [32]. 

 
A channel conveys the ion-laden water to a 

filter membrane mounted on a supporting 
chamber. The ion-laden water may be seawater 
or brackish water. The filter membrane can be 
wound into a spiral in a known manner. Flow 
impetus or pressure of the ion-laden water 
flowing through channel of Fig. 6 can be 

provided either by gravity from a tank or from a 
pump. Valves 1 and 2 allow for the selection of 
the source of ion-laden water. In the apparatus or 
arrangement, the filter membrane is a perforated 
graphene sheet. A plan view of the same is 
shown in Fig. 7 below. 

 
FIG. 7. A plan view of a perforated graphene sheet, showing 0.6 nm diameter perforations or apertures and 

interperforation dimensions [32]. 
 

The ionized water flows first through a 
graphene layer dimensioned with pores allowing 
chlorine ions to pass and then through a second 
graphene layer with pores designed to pass Na+ 

ions. The concentrated Cl- and Na+ ions 
accumulating on the graphene layers can be 
separately harvested.  
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Mahurin et al. [34] also used nanoporous 
graphene for desalination. They have devised a 
process for the flow of salt water through a free 
standing graphene layer, having pores up to a 
size of 1 nm and with pore edges passivated by 
silicon. When water flows through the first 
planer side, the salt ions are blocked and salt free 

desalinated water exits from the other side. The 
membrane is supported on a substrate that 
contains a window and the free standing 
graphene layer spans this window and the salt 
water flows only through this portion. Fig. 8 
shows the single graphene layer suspended over 
the hole /window in the support material. 

  
(a) (b) 

FIG. 8. (a) Schematic of single-layer graphene being subjected to oxygen plasma etch process while suspended 
over a hole in a support material (b) SEM image of single-layer graphene suspended over a hole in a support 

material [34]. 
 

Seawater contains at least one of sodium or 
potassium ions and at least 10 g/L of the salt 
species, while the removal of salts is ~ 95-99%. 
The membrane is disposed on the opening of the 
container, which is inverted to feed seawater by 
gravity to the first planer side, resulting in 
desalinated water flowing out of the second 
planer side. The seawater is fed continuously 
into the container.  

Grossman et al. [33] used a variety of porous 
materials, including nanoporous materials for 
filtration, purification and/or separation 
applications. The materials may be thin, flexible 
and manufactured with a control over pore size 
and spatial distribution for applications in 
desalination. These could be a nano-structured 
carbon material, such as carbon nanotubes, 
graphite, graphene or graphene oxide. For 
example, the porous material could be a single 
layer or multiple layers of graphene arranged on 
a support or formed on a substrate that can be 
fabricated to include a plurality of pores having 
an average pore size of about 1 nm or less. The 
pores can be made to have an optimal size so as 
to effectively reject certain ion species, such as 
Na+ and Cl- and allow the flow of other species; 
e.g. water molecules. Nanoporous graphene 

materials having an overall porosity of 10% and 
containing a plurality of pores with an average 
pore size of about 6 Å may exhibit a water 
permeability of about 50 L/cm2 /day/MPa to 
about 60 L/cm2 /day/MPa, which is two to three 
orders of magnitude higher than known UF, NF 
and reverse osmosis membranes. 
Functionalization in addition to pore size affect 
the permeability of the water and the salt 
rejection performance of the membrane. As 
shown by [36], the chemical functionalization of 
graphene nanopores can tune and selectively 
reject certain solvated ions. The carbon atoms at 
the edge of a pore on a graphene membrane can 
be functionalized by hydrophilic groups-OH or 
hydrophobic groups-hydrogen, alkyl, aryl, … 
etc. or by substituted/un-substituted amino, … 
etc. The hydrophilic functionalization allows 
faster water flow by providing a smoother 
entropic landscape for the water molecules, 
whereas hydrophobic functionality at or near the 
pore edges with hydrogen may enhance salt 
rejection. The key performance indicators of any 
desalination technology are salt rejection and 
water flux and Fig.9 illustrates the high 
performance of graphene nanopores as compared 
to RO and other common desalination methods. 
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Fig.9. The two most important key performance parameters, salt rejection on y axis and water flux/permeability 
on x axis of graphene nanopores compared with the other common desalination technologies; reproduced with 

permission from Cohen-Tanugi and Grossman copyright (2012) ACS. 
 

In another patent, Li and Ruhong [35] use 
mechanical strain control to open and close pores 
and tune a 2D MoS2 desalination membrane. 
This invention offers more flexibility compared 
to graphene which has a fixed open/closed state 
that cannot be tuned externally. The sandwich-
like structure of a ML of MoS2 has a Young's 
modulus of ~270 GPa which is significantly 
smaller than the graphene sheet-like structure of 
a single layer of about 1 TPa. It is therefore more 
sensitive to mechanical strain and MoS2 
nanopores and can be made controllable with 
"open" and "closed" states; i.e., the pore opening 
size can be changed to allow or stop water flow 
by using strain. The steps involved in strain-
controlled MoS2 as desalination membrane are 
first to fix the MoS2 nanoporous membrane on a 
frame, second install the frame-film device filter 
in seawater, third apply a pull force to the frame 
to increase the membrane frame surface area 
about 6-12% and fourth to pass pressurized 
seawater with a pressure range of 0-100 MPa 
through the MoS2 membrane to allow water 
molecules to pass and block the salt ions and 
thus complete the desalination process. In some 
embodiments, the MoS2 monolayer can have Mo 
or S or both Mo and S vacancy defects for 
selectivity and performance improvement.  

Challenges and Outlook  

Nanopores, with low energy requirements 
and high desalination efficiency are proving to 
be the new generation desalination devices. The 
theoretical studies of graphene and low-
dimensional TMDs give insight to numerous 

possibilities and predict the device 
characteristics for efficient desalination. The 
low-pressure operation of these nanoporous 
membranes and the self-cleaning, no fouling 
characteristics make them very attractive for use 
in desalination. Graphene, BN, MoS2 and related 
nanopores offer a safe, reliable, sensitive, 
energy-saving and cost-effective water 
desalination technology that is ready to be put 
into action. But, in order to translate this 
technology to large-scale production, various 
aspects concerning process and fabrication need 
to be addressed. The main challenges are large-
scale defect-free, well-defined membrane 
synthesis, uniform, precise and small-size pore 
generation, mechanical stability and 
functionalization of membranes. Liu et al. [37] 
successfully generated nanopores of 1-10 nm 
diameters in MoS2 using a transmission electron 
microscope with a highly focused electron beam. 
Large-area, good-quality membrane with 
nanopores in the nm and sub-nm range can be 
fabricated, as shown by Waduge et al. [38] and 
Feng et al. [39]. Graphene is the ideal membrane 
with its only one-atom layer thickness and the 
simple techniques for introducing nanopores by 
ionic irradiation or chemical treatment and can 
be implemented with great success. The 
simulation study of Jun et al. [40] found that 
graphene mono-layers pinned every 40−160 Å 
can withstand pressures greater than 500 MPa 
without ripping. Experimental results for bulge 
tests, Bunch et al. [41] also confirmed the high 
strength of graphene. The rapid experimental 
progress suggests the practical feasibility of 
accurate and large-scale synthesis of highly 
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ordered nanoporous graphene and related 2D 
materials and the commercialization of this 
desalination technology is anticipated to be in 
the immediate future. 
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Abstract: The study of variation of measured cyclotron lines is of fundamental importance 
to understand the physics of the accretion process in magnetized neutron star systems. We 
investigate the magnetic field formation, evolution and distribution for several High- Mass 
X-ray Binaries (HMXBs). We focus our attention on the cyclotron lines that have been 
detected in HMXB classes in their X-ray spectra. As has been correctly pointed out, several 
sources show variation in cyclotron lines, which can result due to the effect of accretion 
dynamics and hence that would reflect the magnetic field characteristics. Besides, the 
difference in time scales of variation of accretion rate and different types of companion can 
be used to distinguish between magnetized neutron stars. 
Keywords: Stars: neutron stars, High-Mass X-ray binaries, Stars: magnetic field, Cyclotron 

lines. 
 

Introduction 

The cyclotron lines in accreting neutron stars 
(NSs) are detected as absorption features in their 
X-ray spectra. This detection is due to resonant 
scattering processes with electrons which are 
perpendicular to the B-field [1-5]. The 
significant detection of such behavior helps 
study the formation and evolution of X-ray 
binaries through the direct calculation of the 
magnetic field strength. However, most observed 
cyclotron lines have been detected above 10 keV 
and are interpreted as electron features, with 
inferred magnetic fields B~ 1012 G [6]. The 
amount of mass loss and the effect of the mass-
loss via stellar winds may influence the stellar 
binary evolution. This will also allow 

distinguishing the phenomenology of the X-ray 
sources and their optical counterparts in a natural 
way [4, 5, 7-13]. Despite its importance, many 
questions remain unanswered in terms of the 
accretion geometry and flow with significant 
uncertainties due to the small number of detected 
cyclotron lines in some sources [13-16]. In 
addition, a cutoff below 2-3 keV would remain 
undetected in the available spectra of some 
sources. Therefore, the physical properties of the 
accretion column, as well as the line profiles of 
cyclotron lines must be studied in detail [18]. 
Calculated cyclotron lines assume a strong 
variation in field strength with the distance from 
an emission region. However, no model 
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generating such high flux and high temperature 
at a layer deeper than absorbing heavy atoms has 
been proposed. According to recent studies, 
several pulsars show luminosity dependence 
changes on cyclotron resonance energy. The 
main aim of this paper is to investigate the 
probability distribution of magnetic field 
strengths among the HMXBs, using more robust 
values of the B-field obtained from cyclotron 

lines in their X-ray spectra (see Table 1). One of 
the interesting properties of this class is the 
observed correlation between the orbital period 
and the spin period of the NS [19]. This would 
reveal the clues about the evolution of HMXBs, 
which can be understood in terms of the 
conservative evolution of normal massive binary 
systems. 

 
FIG. 1. The cumulative distribution function of cyclotron energy and magnetic field strength of the observed 

sample HMXBs, dividing them into two groups; transient sources (Group I) and persistent sources (Group 
II). 

 
FIG. 2. Corbet diagram for all the HMXBs that have presented a cyclotron line. A group of SG and Be clusters 

act together and occupy the same regions of the parameter space, akin to the separated regions in this figure. 
Note that the peculiar properties of J1946+274 and 4U 2206+54 let them be observed in Be and SG regions, 
respectively. Future observation and modeling including disk/wind fed with orbital motion would figure out 
the true nature and any further evolution of such binaries. The shaded regions represent the potential 
observations of the orbital parameters of those groups. 
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Statistical Tests 

We make use of two statistical tests to try to 
quantitatively evaluate our sample of magnetic 
field strength (see Table 1): the Kologorov-
Smirnov (KS) test and the Anderson- Darling 
(AD) test (e.g. [20-21]). Because the AD test 
uses the cumulative distribution, we use it as our 
primary comparison and use the KS test results 
as a consistency check. The first test that we 
perform is for normality, checking whether the 
distribution is consistent with a single Gaussian 
which has the mean and standard deviation of 
the observed populations. Neither the mean nor 
the variance is known beforehand for the 
distributions and we perform testing at the 5% 
level of significance. Furthermore, we use Monte 
Carlo (MC) test to examine the confidence that 
the given distribution is either normally or log-
normally distributed. Our results are tabulated in 
Table 2. The results of the KS test agree in every 
case with those of the AD test and have therefore 
been omitted from the table. From the table, it is 
clear that every distribution, with the exception 
of the magnetic field for the transient sources, 
fails the AD test for normality. However, every 
distribution passes the test for log-normality. The 
confidence levels from the MC test are all below 
50% for the persistent sources and slightly above 
50% for the spin and orbit distributions of the 
transient sources. While these statistical tests and 
fits do not, by themselves, constitute a proof of 
two populations, coupled with the other pieces of 
evidence (i.e., such as mass transfer due to 
Roche lobe overflow or stellar wind that can also 
be a supplement to the mass transfer rate in 
HMXB systems, tidal interaction, gravitational 
wave radiation, magnetic braking or X-ray 
irradiated wind outflow), they do lend support to 
the hypothesis of two populations. We show in 
Fig. 1 the cumulative distribution function of the 
energy of cyclotron absorption lines (left) and 
magnetic field strength (right) of the observed 
sample of HMXBs. We note that this function is 
not smooth, implying that the energy of the lines 
is not constant, but changes linearly with the 
luminosity of the sources [22]. We excluded the 
data after 65 KeV, because the high field cut-off 
appears to be real. On the observational level, 
this variability in transient sources, for example, 
is most likely due to the irregular optical and IR 
outbursts generally observed in Be stars and it is 
attributed to changes in the presence structure of 

the circumstellar disk. These effects were 
investigated by [23]. 

PSPIN VS. PORB 

The PSpin versus Porb diagram [19] (also 
known as the Corbet diagram, see Fig. 2) is a 
valuable tool to study the interaction and 
feedback between the NS and accreted matter 
and the influence of the local absorbing matter, 
the location of the different systems being 
determined by the equilibrium period reached by 
the rotation of the NS accreting matter on its 
surface. The main parameters of the HMXB 
sample are summarized in Table 1. However, the 
orbital period of X-ray binaries is expected to 
change due to redistribution of the angular 
momentum due to the interaction between the 
components of the binary system. As such, 
measurement of the rate of change of the orbital 
period (i.e., orbital period derivative) of the 
binary system is, therefore, necessary in order to 
understand the evolution of compact binary 
systems [24-25]. The spin and orbital periods of 
all HMXBs for which values are known are 
plotted in Fig. 2, which represents a panoramic 
perspective for binaries occupying separate parts 
of the plot. This is not only because the NSs in 
HMXBs have a different type of companion, but 
also because the accretion process itself seems to 
be universal [4-5], with the NS spin in or near an 
equilibrium state in which the magnetospheric 
radius of the NS equals the Keplerian co-rotation 
radius. They are a group of supergiant (SG) 
sources having peculiar properties of orbital 
parameters and could be a good test-candidate 
for those in Be sources. Future observations can 
identify these candidates. This group is 
categorized according to their observed spin 
period as in Table 1. It is noteworthy to mention 
here that the effect of mass exchange process on 
the orbital evolution has two scenarios 1) 
conservative case: where the total mass and the 
total angular momentum of the system do not 
change (see i.e., [26-27]). Hence, the size and the 
orbital period of the system must be decreased if 
the mass is transferred to the less massive 
component (NS) and vice versa. 2) non-
conservative case (more complex): this will 
depend on how and how much angular 
momentum is lost from the system (see i.e., [28-
29] for full details and references). 

 



Article  Taani et al. 

 246

TABLE 1. List of observational parameters of all known HMXBs with cyclotron resonant scattering 
features. 
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TABLE 2. Anderson-Darling and Monte Carlo statistical tests of the distributions of the spin period, 
orbital period and magnetic field for the persistent and transient sources. 

 
 

Candidate sources for cyclotron features are 
references related to period measurements in the 
literature. Some have errors originating from the 
applied analysis, designated with a dagger or 
from the supplied data, designated with an 
asterisk.  

BFILD VS. PSPIN 

It may be interesting to investigate the 
relation between the magnetic field strength and 
spin period, also known as the spin-up line [88, 
95, 110] to discuss the formation and evolution 
of these systems through various evolutionary 
stages. Fig. 3 represents a plot of the magnetic 
field strength as a function of the spin period in 
logarithmic scale with cyclotron energy colored. 
It can be seen clearly that there is a possible 
correlation between the magnetic field strength 
and the spin period. Moreover, the cyclotron 
energy independence of the spin period is very 
clear. This implies that the NSs in these systems 
generally have ages ~ 106 years. However, there 
are strong magnetic fields (B > 1012 G) in the 
HMXBs as evidenced by their regular x-ray 
pulsations, while the absence of such regular 
pulsations and thus strong magnetic fields can be 
noticed in the Low Mass X-ray Binaries 
(LMXBs) [69]. However, the known magnetic 
field strengths of the X-ray pulsars are all lying 
in a very narrow band (due to the observational 
selection effect) and can be used by the equation: 

           (1) 

where z is the gravitational redshift at the NS 
surface, which is approximately (z = 0.3) in the 

line-forming region. Here, B12 is the magnetic 
field strength in units of 1012 G and the higher 
harmonics have a cyclotron energy n times the 
fundamental energy Ecyc. Using Eq. (1), the 
surface magnetic field strengths of HMXB 
sample have been calculated and presented in 
Table 1. We found that these values are clustered 
in a relatively narrow range of (1-13.3) x 1012 G. 

To illustrate all HMXB magnetic field 
strength distributions, a histogram of HMXB 
magnetic field strengths is plotted in Fig. 4 and 
the smooth curve represents the normal fit to the 
observed data. We assume that the distribution 
follows a Gaussian distribution, centered at 12.5 
x1012 G. In these systems, the data suffers from 
the selection effect, which may be due to the 
sensitivity of the current X-ray observatories. 
About 89% of all HMXBs considered in this 
study have high magnetic fields of the order of  
B = 12.5 x 1012 G. The maximum and minimum 
values of HMXB magnetic fields are, 
respectively, 11.2 x 1012 G (J0520.5-69) and 1.1 
x1012 G (J1626.6-5156). We fit the Gauss 
function to the magnetic distributions. The Gauss 
function we choose reads:  

  .         (2) 

Here, the parameters y0, xc, ω and A are: 
offset of vertical axis, center of horizontal axis, 
width and area of the curve describing the 
magnetic distribution, respectively. The fitting 
results are listed in Table 3. 



Article  Taani et al. 

 248

TABLE 3. Fit parameters of the distribution of magnetic field strengths. 

 

 
FIG. 3. The diagram of magnetic field strengths versus spin periods for our data sample of HMXBs (SG and Be 

sources) in Table 1. Color coding is based on the associated cyclotron energy. Sources with the same energy 
(same color) show zero slope against the spin period. 

 
FIG. 4. Magnetic field strength distribution of the observed sample. The solid line is the curve fitted using a 

Gaussian function. 
 

Summary and Conclusions 

The magnetic field strength of several HMXB 
systems has been investigated. As such, the 
magnetic field is responsible for the formation of 
an accretion column, since it forces the particles 
to hit the NS surface at its magnetic poles. 

Therefore, the cyclotron lines are of fundamental 
importance to understand the properties of other 
physical parameters of the magnetized X-ray 
system. Here, we find that most NSs in the 
HMXBs show an intermediate level of field 
strength, ~ 1012 G. However, the characteristics 
of their X-ray behaviors and properties are 
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different. We analyze and discuss the 
distribution of the characteristics of the HMXB 
sample, through benefiting from the Corbet 
diagram. In particular, one can see that all 
transient sources have an orbital period more 
extended than 11 d, thus newly detected sources 
for which P > P11d have a high probability of 
being transients. An attempt is made to quantify 
the possible distribution of the magnetic field 
strength through the cumulative probability 
distribution. The extent to which the sample is 
complete is well demonstrated by a log-normal 
law and shows somewhat similar behavior for 
both groups. Such parameters greatly affect the 
model of wind-fed binary systems and can be 
constrained by stellar properties during the 
binary evolution. However, the quantity of these 
exciting objects has greatly increased in recent 
years, mainly due to successful surveys. More 
details and results on the multiplicity of the 
cyclotron line features from some sources are 

required to explain the behavior of shape 
variation during the rotation phase as well as the 
change in accretion rate and characteristics. 
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Abstract: In this work, the differences in the behavior and properties of the emitted 
electron beam from tungsten (W) tips were studied before and after coating these tips with 
a thin layer of dielectric material followed by a thin layer of gold, to improve the emission 
current density, stability and emission current pattern concentration. The core of the 
composite cathode is made of high-purity tungsten (W). Measurements have been made 
with clean W emitters before and after coating these tips with two types of epoxy resins 
(epoxy 478 resins or epoxy UPR- 4 resins) followed by a thin layer of gold. For critical 
comparison, several tungsten tips with various apex-radii have been prepared using 
electrochemical etching techniques. The emitters have been coated by dielectric thin films 
of various thicknesses and the layer of Au used for coating the Epoxy layer has the same 
thicknesses. Their behavior has been recorded before and after the process of coating. 
These measurements include the current-voltage (I-V) characteristics and Fowler-
Nordheim (F-N) plots. Imaging has also been done using a visible light microscope (VLM), 
along with a scanning electron microscope (SEM) to help in characterizing the epoxy layer 
thickness on the tip surface after coating. Besides, the emission patterns have been recorded 
from the phosphorescent screen of a field electron emission microscope (FEM). Having 
two types of composite systems tested under similar conditions provided several 
advantages. These measurements helped in producing a new type of emitters that have 
more suitable features with each of the two resins. 
Keywords: Cold field emission, Nano emitter, Dielectric coating, Au layer. 
 

 

Introduction 

The improved electron emission from metal 
through dielectric and metallic coatings has been 
a subject of considerable interest at present. 
Within the search for stable and bright electron 
sources, a deeper understanding of high voltage 
breakdown phenomena has been greatly required 
by developing theories of induced electron 
emission in the metal-insulator-metal-vacuum 
interface. The emitter is usually formed into a 
tip, which has an apex radius ranging from 
several nanometers to a hundred nanometers [1- 

4]. When preparing very sharp emitters, it is 
necessary to use a metal of the highest possible 
quality. Within this work, all experiments have 
been carried out using high-purity 
polycrystalline tungsten wire. Tungsten is used 
due to its favorable properties, such as the 
highest melting point, high strength, high work 
function and heat resistance at high temperatures 
[1, 3- 7]. Moreover, tungsten emitters with 
different apex radii ranging from 100 -150 nm 
have been prepared and coated with a thin layer 
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of various epoxy resin types (478 and UPR-4 
resins) [1, 4- 7]. Additionally, the Epoxy layer 
has been covered by a thin layer of gold. The 
thickness of the epoxy layer was approx. 150 
nm. The scanning electron microscope was used 
to extract the thickness of the epoxy layer. The 
thickness of the Au layer was 4 nm determined 
by the sputter coater. The emission patterns have 
been directly recorded from the phosphor screen 
of the field electron microscope (FEM) using a 
digital camera. The current-voltage (I-V) 
measurements and Fowler–Nordheim (F-N) 
plots have been obtained under ultra-high 
vacuum (UHV) conditions with a basic pressure 
of about 10-7 Pa.  

Experimental Techniques  

The tungsten emitters (tips) were prepared by 
electrolytic etching. A 0.1 mm diameter tungsten 
wire was immersed into a 2 molar sodium 
hydroxide solution with the emitter held by a 
conductive cylinder usually made of corrosion-
proof material. Both the anode (tungsten wire) 
and the cathode (steel cylinder) were immersed 
in the sodium hydroxide solution and connected 
to a DC power source (12 V). When immersing 
approximately 0.8 cm of tungsten wire in NaOH 
solution, the etching current starts with a value 
of around (5 μA). Then, the tip is placed in an 
ultrasonic bath for 15 minutes to clean it from 
the oxide layers formed on the tip surface [1, 6- 
10]. 

We have discovered that to obtain a layer of 
150 nm thick epoxy layer (Epoxylite 478 resin or 
Epoxylite UPR-4 resin) on the emitter surface, 
the tip has to be dipped into the epoxy 12 times 
very slowly and vertically, which yields a 15 nm 
layer [1, 8, 11]. In the following way, the sample 
holder that keeps the sample in a vertical 
position is mounted on a trolley that moves 
vertically and lowers to a flask of Epoxylite resin 
and the tip [7, 10]. To ensure an even 
distribution of resin on the surface of the tip and 
stabilize the Epoxylite resin on the tip surface, 
the coated tip is transferred into a furnace and 
subjected to 30-minute curing at 373 K to drive 
off the solvent, followed by 30-minute curing at 
453 K to complete the curing of the resin [4, 7-
10]. Then, we used the sputter coater to cover the 
tips by 4nm of Au, where a desired operating 
pressure has been obtained by a rotary pump 

with an inert gas, such as argon, admitted to the 
chamber by a fine control valve to ionize the 
argon gas. It also applies an electric field which 
accelerates the ions to the tip, as shown in Fig. 1 
[9-14].  

Next, the composite emitter is mounted in a 
standard FEM with an emitter screen distance of 
10 mm [1, 4, 10- 13]. The emission patterns are 
recorded from a phosphor screen coated by tin 
oxide layers. All the experiment was performed 
under ultra-high vacuum (UHV) system 
pressures of approx. 10-7 Pa. The UHV system 
has been baked at a temperature of about 453 K 
for 12 hours [1, 13- 18]. Before adding the liquid 
nitrogen to the trap, the radius of each emitter 
apex has been measured from an image taken in 
a 30 kV SEM at magnifications up to 1000 X.  

 
FIG.1. A schematic diagram showing the sputter 

coater. 

Results and Discussion  

The tungsten micro emitters have been 
prepared to have an apex radius of 
approximately 100 to 150 nm. Presented results 
include SEM images [14, 15] of emitter’s apex, 
as well as I-V characteristics and F-N type plots 
of the field emission characteristics. 

Fig. 2A, B shows the visible light microscope 
(VLM) images for uncoated type 1 and type 2 
emitters. The measurement radii for emitter 
types 1 and 2 were 125 nm and 120 nm, 
respectively. Fig. 3A shows SEM images for 
emitter type 1 which had an approximately 
hemispherical apex being coated with a 150 nm 
thick layer of the Epoxylite UPR- 4 resin 
followed by 4 nm of gold. Fig. 3B shows a SEM 
image for emitter type 2 which had an 
approximately hemispherical apex being coated 
with a 150 nm thick layer of Epoxylite 478 resin 
followed by 4 nm of gold. 
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FIG. 2. A) Visible light microscope image (X 1500) for uncoated emitter type 1, with an apex radius of 125 nm.         

B) Visible light microscope image (X 1500) for uncoated emitter type 2, with an apex radius of 120 nm. 

 
FIG. 3. A) SEM image at magnification (X 1000) for emitter type 1(tungsten/ 150 nm UPR- 4 resin/ 4 nm Au). 

B) SEM image at magnification (X 1000) for emitter type 2 ((tungsten/ 150 nm 478 resin/ 4 nm Au). 
 

The most important factors to be considered 
are the structure and stability of the emission 
pattern, as these effects are a reflection of the 
influence of the intermediate coating on the 
emission properties. The emission of two types 
of newly synthesized emitters was tested and 
photographed on the phosphorus emission 
screen. The emission current patterns for the 
uncoated emitters have been taken at the same 
voltage values when the voltage was decreased 
slowly. In detail, the FEM emission current 

pattern primarily consists of multi bright spots. 
Fig. 4 shows the emission current pattern for 
uncoated emitter type 1. Fig. 5 shows the 
emission current pattern for uncoated emitter 
type 2. Fig. 6 shows the stability structure 
pattern for uncoated emitter type 1. Fig. 7 shows 
the stability structure pattern for uncoated 
emitter type 2. However, the stability structure 
images for the two types of emitter were taken at 
the same voltage and the duration time between 
obtaining the next images is 15 minutes.  

  
FIG. 4. Emission current pattern for uncoated emitter type 1. A) Emission current 1.5 μA, applied voltage 1600 
V. B) Emission current 1.2 μA, applied voltage 1400 V. C) Emission current 1 μA, applied voltage 1200 V.D) 

Emission current 0.4 μA, applied voltage 1000 V. 



Article  Al Soud, Al Buqain and Mousa 

 256

  
FIG. 5. Emission current pattern for uncoated emitter type 2. A) Emission current 1.8 μA, applied voltage 1600 

V. B) Emission current 1.6 μA, applied voltage 1400 V. C) Emission current 1.3 μA, applied voltage 1200 V. D) 
Emission current 0.8 μA, applied voltage 1200 V.  

 
FIG. 6. The stability structure pattern for uncoated emitter type 1, at emission current 2.1 μA and applied voltage 

1800 V; the duration time between obtaining the next images is 15 minutes. 

 
FIG. 7. The stability structure pattern for uncoated emitter type 2, at emission current 2.3 μA and applied voltage 

1800 V; the duration time between obtaining the next images is 15 minutes. 
 

The emission current patterns for coated 
emitters were taken at the same voltage values. 
The images were taken for the emission current 
patterns at the switch-on voltage and then, the 
voltage was regularly decreased, where the FEM 
image primarily consists of a single bright spot. 
Fig. 8 shows the emission current pattern of 
emitter type 1 after being coated with a 150 nm 
thick layer of Epoxylite UPR- 4 resin followed 
by 4 nm of Au. Fig. 9 shows the emission 
current pattern of emitter type 2 after being 
coated with a 150 nm thick layer of Epoxylite 
478 resin followed by 4 nm of Au. The stability 
structure pattern for emitter type 1 after being 
coated with Epoxylite UPR- 4 resin followed by 
4 nm of Au is shown in Fig. 10. The stability 
structure pattern for emitter type 2 after being 
coated with Epoxylite UPR- 4 resin followed by 
4 nm of Au is also shown in Fig. 11. However, 
the stability structure patterns for the two types 

of emitters have been taken at the same voltage 
and the duration time between obtaining the next 
images is 15 minutes. 

From the comparison of the emission 
patterns, emission pattern stability and the SEM 
image show the tip geometry and surface. With 
that, it has been concluded that the emission 
current pattern and stability structure for the 
emission current from emitter type 2 (tungsten/ 
150 nm 478 resin/ 4 nm Au) is more stable in 
comparison with the emission current from 
emitter type 1 (tungsten/ 150 nm UPR-4 resin/ 4 
nm Au). The emitted electrons were 
concentrated in one single spot with high 
brightness, where a single bright spot formed. 
Also, the electrons will be emitted from the 
epoxy layer in different proportions, depending 
on the components of each type of epoxy. 
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FIG. 8. Emission current pattern for emitter type 1 (Tungsten/ 150 nm UPR-4 resin/ 4 nm Au).A) Emission 

current 7 μA, applied voltage 1600 V. B) Emission current 4 μ A, applied voltage 1400 V. C) Emission current 
3.6 μ A, applied voltage 1200 V. D) Emission current 2.4 μ A, applied voltage 1000 V.  

  
FIG. 9. Emission current pattern for emitter type 2 (Tungsten/ 150 nm 478 resin/ 4 nm Au) A) Emission current 
10.6 μ A, applied voltage 1600 V. B) Emission current 9.4 μ A, applied voltage 1400 V. C) Emission current 8.3 

μ A, applied voltage 1200 V. D) Emission current 2.5 μ A, applied voltage 900 V.  

  
FIG. 10. The stability structure pattern for emitter type 1 (Tungsten/ 150 nm UPR-4 resin/ 4 nm Au), at emission 
current 10 μA and applied voltage 1800 V. The duration time between obtaining the next images is 15 minutes. 

  
FIG. 11. The stability structure pattern for emitter type 2 (Tungsten/ 150 nm 478 resin/ 4 nm Au), at emission 
current 13 μA and applied voltage 1800V. The duration time between obtaining the next images is 15 minutes. 

 

The (I-V) plot shows the total emission of 
current on voltage V externally applied between 
cathode and anode. Fig. 12A shows the I-V 
characteristics for uncoated emitter type 1. This 
typical curve for the non-ohmic behavior for 
tungsten emitter has been cleaned by alcohol, 
distilled water and ultrasonic bath. Fig. 12B 
shows the I-V characteristics for emitter type 1 
after being coated with 150 nm Epoxylite 478 
resin. There were obvious fluctuations of 

emission current while the voltage applied has 
been slowly applied throughout the emitter. At a 
certain threshold switching voltage value, Vsw = 
1600 V, the emission current starts from zero to 
2 μA, by decreasing the voltage of the line 
region of F-N plot that extends down to VSAT = 
1300 V with ISAT = 1.1 μA, by decreasing the 
voltage of the emission current that vanishes at 
VTH = 600 V with emission current ITh = 56.3 
PA. Fig. 12C shows the I-V characteristics after 
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being coated with 150 nm with Epoxylite UPR- 
4 resin followed by 4 nm of Au, where a switch-
on phenomenon has been observed without 
detecting current fluctuations before switching 
the threshold switching voltage VSW = 1400 V 
and switching current ISW = 5 μA, by decreasing 

the voltage of the line region of F-N plot that 
extends down to VSAT = 700 V with ISAT = 1.17 
μA, by decreasing the voltage of the emission 
current that vanishes at VTH = 500 V with 
emission current ITh = 86.4 PA.  

 

 

 
FIG. 12. The I-V characteristics. A) Uncoated emitter type 1. B) Emitter type 1(Tungsten/ 150 nm 478 resin), 
VSW = 1600 V with ISW = 1.7 μA, VSAT = 1300 V with ISAT = 1.1 μA, VTH = 600 V, ITH = 56.3 PA. C) Emitter 
type 1 (Tungsten/ 150 nm UPR- 4 resin/ 4 nm Au), VSW = 1400 V with ISW = 5 μA, VSAT = 850 V with ISAT = 

1.67 μ A. 
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Fig. 13A shows the I-V characteristics for 
uncoated emitter type 2, as this is a typical curve 
for the non-ohmic behavior. Tungsten emitter 
has been cleaned by alcohol, distilled water and 
ultrasonic process. Fig. 13B shows the I-V 
characteristics for emitter type 2 after coating 
with 150 nm Epoxylite 478 resin. There were 
obvious fluctuations of emission current, while 
the voltage has been slowly applied throughout 
the emitter. At a certain threshold switching 
voltage value, Vsw = 1400 V the emission 
current starts from zero to 3 μA, by decreasing 
the voltage of the line region of F-N plot that 
extends down to VSAT = 850V with ISAT = 1.1 
μA, by decreasing the voltage of the emission 

current that vanishes at VTH = 500V with ITH = 
33.7 PA Fig. 13C shows the I-V characteristics 
after coating with 150 nm Epoxylite 478 
followed by 4 nm of gold, where a switch-on 
phenomenon has been observed without 
detecting current fluctuations before switching 
the threshold switching voltage VSW = 1300 V 
and the switching current ISW = 9μA, by 
decreasing the voltage of the line region of F-N 
plot that extends down to VSAT = 650V with ISAT 
= 1.12 μA, by decreasing the voltage of the 
emission current that vanishes at VTH = 350V 
with ITH = 65.9 PA. 
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FIG.13. The I-V characteristics for A) Uncoated emitter type 2. B) Emitter type 2 (Tungsten/ 150 nm 478 resin), 
VSW = 1400 V with ISW = 3 μA, VSAT = 850 with I SAT = 1.1 μA, VTH = 350 V, ITH = 65.9 PA. C) Emitter type 2 

(Tungsten/ 150 nm 478 resin/ 4 nm Au), VSW = 1300 V with ISW = 9 μA, VSAT = 700 V with I SAT = 1.12 μA, VTH 

= 350 V, ITH = 65.9 PA. 
 

The study of the second approach of I-V data 
is conducted through the Fowler-Nordheim (FN) 

plot via ln  (
୍

మ) versus (ଵ


), as shown in Fig. 14. 

Curve (A) shows the characteristics of clean 
tungsten emitter type 1, while curve (B) shows 
the characteristics of tungsten emitter after being 
coated with 150 nm Epoxylite UPR- 4 resin. 
However, curve (C) shows the characteristics of 
tungsten emitter after being coated with 150 nm 

Epoxylite UPR- 4 resin followed by 4 nm Au. 
Curve (A) of Fig. 15 shows the characteristics of 
clean tungsten emitter type 2, while curve (B) 
shows the characteristics of tungsten emitter 
after being coated with a 150 nm thick layer of 
Epoxylite 478 resin. Curve (C) shows the 
characteristics of tungsten emitter after being 
coated with a 150 nm thick layer of Epoxylite 
478 resin followed by 4 nm Au.  

 
FIG. 14. The F-N plot for emitter type 1, where curve A is for clean emitter, curve B after being coated with a 

150 nm thick layer of Epoxylite UPR- 4 resin and curve C after being coated with a 150 nm thick layer of 
Epoxylite UPR- 4 resin followed by 4 nm of Au. 
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FIG. 15. The F-N plot for emitter type 2, where curve A is for clean emitter, curve B after being coated with a 

150 nm thick layer of Epoxylite 478 resin curve C after being coated with a 150 nm thick layer of Epoxylite 478 
resin followed by 4nm of Au. 

 

The new composite micro emitters covered 
by Epoxylite resin and followed by Au layer had 
the following effects: A) The switch-on voltage 
for the emitter after being coated with epoxy 
layer followed by Au layer is lower than the 
switch-on voltage for clean emitters and the 
emitter is coated with epoxy layer only with high 
emission current. B) The F-N plots are 
approximately linear for emission current below 
10-7 A with a duration of higher currents. C) The 
emission patterns are in the form of a very 
regular and concentrated spot more than the 
emission patterns for the clean emitter and the 
emission patterns for coated emitter with the 
epoxy layer only.  

Conclusion 

Details of new types of composite 
microstructure have been presented. The results 
confirmed that the excellent field emission 
behaviour of the coated emitter tip is a 
prospective candidate for advanced electron field 
emitters. The most important finding from this 
work is that the switch-on phenomenon occurs 
with the 2 types of the epoxy resin that were 
used even covered with the Au layer. Another 

important finding is that the emission patterns, at 
the gross level, are in all cases relatively stable, 
as this is a necessary requirement if an emitter is 
to be used as an electron source. The switch-on 
voltage and the threshold switch-voltage have 
been decreased after coating the emitters with a 
dielectric material even after being covered with 
a thin layer of Au. This has been accompanied 
by a rise in the value of the emission current and 
stability in the electrons’ emission patterns, 
where the electrons have been centered in the 
form of a bright spot. The field emission 
characteristics of a tungsten electron source are 
intrinsically changed by coating the tips with a 
micro-thin layer of epoxy resin covered with a 
thin layer of Au. This is in line with the results 
obtained from similar studies [19]. This change 
in the characteristics varied depending on the 
type of epoxy resin used in coating the tungsten 
tips. 
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يتم اعتماد وتكتب المراجع في النص بين قوسين مربعين. وفي النص.  هاتسلسلمزدوجة ومرقمة حسب  بأسطرجب طباعة المراجع ي: المراجع

  .Wordlist of  Scientific Reviewersاختصارات الدوريات حسب نظام 

جب طباعة كـل جـدول علـى صـفحة منفصـلة مـع عنـوان فـوق الجـدول. أمـا           يو .: تعطى الجداول أرقاما متسلسلة يشار إليها في النصالجداول

  فتكتب أسفل الجدول. ،التي يشار إليها بحرف فوقي ،الحواشي التفسيرية

  بصورة متسلسلة كما وردت في النص. ،ططات) والصورالرسومات البيانية (المخوالرسومات و: يتم ترقيم الأشكال الرسوم التوضيحية

 ، علــى ان تكــون أصــيلةالأســودوالأبيض بــتقبــل الرســوم التوضــيحية المســتخرجة مــن الحاســوب والصــور الرقميــة ذات النوعيــة الجيــدة   
لا تحتـاج   بحيـث هـا الأصـلي   يجب تزويد المجلة بالرسـومات بحجم والمقابل. بوكل منها على ورقة منفصلة ومعرفة برقمها  ،وليست نسخة عنها

وبكثافـة متجانسـة.    0.5عـن   ، وألا تقـل سـماكة الخطـوط   Times New Romanمـن نـوع    8 الحجـم  حـروف عـن  وألا تقـل ال ، لاحقـة إلى معالجة 
ع يجـب أن تتوافـق م ـ   ،فـي حالـة إرسـال الرسـومات بصـورة رقميـة      وتنشـر ملونـة.   سجب إزالـة جميـع الألـوان مـن الرسـومات مـا عـدا تلـك التـي          وي

للرسـومات بـاللون الرمـادي،     dpi 600 و الأسـود الخطيـة،  و) لرسـومات الأبـيض   dpi Resolution 1200يز (امتطلبـات الحـد الأدنـى مـن التم ـ    
بـالحجم الفعلـي الـذي     الرسـوم التوضـيحية   أن ترسـل و، )jpgيجب تخزين جميع ملفات الرسومات علـى شـكل (  وللرسومات الملونة.  dpi 300و
نســخة ورقيــة أصــلية ذات نوعيــة جيــدة  يجــب أرســال ،)Onlineالمخطــوط بالبريــد أو عــن طريــق الشــبكة (وســواء أرســل يظهر فــي المجلــة. ســ

  للرسومات التوضيحية.

 وتشمل المواد الإضافية أي .: تشجع المجلة الباحثين على إرفاق جميع المواد الإضافية التي يمكن أن تسهل عملية التحكيممواد إضافية

  .مفصلة لا تظهر في المخطوطاشتقاقات رياضية 

علـى البـاحثين تقـديم نسـخة     ف: بعد قبـول البحـث للنشـر وإجـراء جميـع التعـديلات المطلوبـة،        المدمجةقراص الأل) و(المعد المنقحالمخطوط 

ا على تحتوي على المخطوط كاملا مكتوب لكترونيةإنسخة مزدوجة، وكذلك تقديم  بأسطرأصلية ونسخة أخرى مطابقة للأصلية مطبوعة 
Microsoft Word for Windows 2000  يجب إرفاق الأشكال الأصلية مع المخطوط النهائي المعدل حتى لـو  و. منه استجدأو ما هو

م جميـع الرسـومات التوضـيحية بـالحجم الحقيقـي      د)، وتق ـjpgتخزن جميع ملفات الرسـومات علـى شـكل (   ولكترونيا. إتم تقديم الأشكال 
، مـدمج يجب إرفاق قائمة ببرامج الحاسوب التي استعملت في كتابة الـنص، وأسـماء الملفـات علـى قـرص      و تظهر به في المجلة.سالذي 

  . مغلف واق ويحفظ فيعنوان المقالة، والتاريخ. و ، وبالرقم المرجعي للمخطوط للمراسلة،م القرص بالاسم الأخير للباحثحيث يعلَ

  حقوق الطبع

 أي جهـة أخـرى   لـدى ترافاً صريحاً من الباحثين بأن مخطوط البحـث لـم ينْشـر ولـم يقَـدم للنشـر       يشكِّل تقديم مخطوط البحث للمجلة اع
ملكـاً لجامعـة اليرمـوك    لتُصبح  نموذج ينُص على نقْل حقوق الطبعأ. ويشترط على الباحثين ملء كانت وبأي صيغة ورقية أو إلكترونية أو غيرها

ويمنـع  كمـا   .نموذج نقل حقـوق الطبـع مـع النسـخة المرسـلَة للتنقـيح      إالتحرير بتزويد الباحثين برئيس  قومقبل الموافقة على نشر المخطوط. وي
  دون إذن خَطِّيā مسبق من رئيس التحرير.من إعادة إنتاج أي جزء من الأعمال المنشورة في المجلّة 

  إخلاء المسؤولية

، ولا يعكس بالضرورة آراء هيئة التحرير أو الجامعة أو سياسة اللجنة العليا للبحث العلمي أو إن ما ورد في هذه المجلة يعبر عن آراء المؤلفين
وزارة التعلــيم العــالي والبحــث العلمــي. ولا يتحمــل ناشــر المجلــة أي تبعــات ماديــة أو معنويــة أو مســؤوليات عــن اســتعمال المعلومــات       

  المنشورة في المجلة أو سوء استعمالها.

  

  ة مفهرسة في:المجل: الفهرسة

  

Emerging Sources Citation Index 

(ESCI) 

    

  
  

  



  معلومات عامة

، وزارة التعلـيم  دعـم البحـث العلمـي    بـدعم مـن صـندوق   ة تصـدر  محكم ـمتخصصـة  ة عالميـة  هي مجلة بحـوث علمي ـ  للفيزياءالمجلة الأردنية 
وتنشـر   .ربـد، الأردن إالعالي والبحث العلمي، عمان، الأردن. وتقوم بنشر المجلة عمـادة البحـث العلمـي والدراسـات العليـا فـي جامعـة اليرمـوك،         

، والمقــالات Technical Notesالفنيــة ، والملاحظــات Short Communications لمراســلات القصــيرةا إلــى ، إضــافةالأصــيلةالبحــوث العلميــة 
  نجليزية.، باللغتين العربية والإالنظرية والتجريبية الفيزياءفي مجالات  ،Review Articles، ومقالات المراجعة Feature Articlesالخاصة 

  تقديم مخطوط البحث
  jjp@yu.edu.joلكتروني : الإبريد تقدم البحوث عن طريق إرسالها إلى ال  

  

  اتبع التعليمات في موقع المجلة على الشبكة العنكبوتية.: إلكترونياتقديم المخطوطات 

  

 .من ذوي الاختصاص والخبرة اثنين في الأقلمين حكِّم جانبمن  الفنيةويجري تحكيم البحوثِ الأصيلة والمراسلات القصيرة والملاحظات 
تم بــدعوة مــن هيئــة يــ، فالفيزيائيــة النَشِــطَةالمقــالات الخاصــة فــي المجــالات نشــر ى اقتــراح أســماء المحكمــين. أمــا وتُشــجع المجلــة البــاحثين علــ

 تمهيـداً تقديم تقرير واضـح يتّسـم بالدقـة والإيجـاز عـن مجـال البحـث        من كاتب المقال الخاص  ويشار إليها كذلك عند النشر. ويطْلَب ،التحرير
 أو مسـتَكتبيها علـى   ، وتُشـجع كـاتبي مقـالات المراجعـة    الفيزيائية النشطة سريعة التغيريضاً مقالات المراجعة في الحقول للمقال. وتنشر المجلةُ أ

) باللغة Keywords( دالة ) وكلماتAbstract( المكتوب باللغة العربية ملخصإرسال مقترح من صفحتين إلى رئيس التحرير. ويرفَق مع البحث 
  الإنجليزية.

  رتيب مخطوط البحثت

 × A4 )21.6علـى وجـه واحـد مـن ورق      مـزدوج، بسـطر  و ،Times New Romanنوعـه   12ط نبب ـ يجب أن تـتم طباعـة مخطـوط البحـث    
ويجـري تنظـيم أجـزاء المخطـوط      .منـه أو مـا اسـتَجد    2000روسـوفت وورد  سم ، باستخدام معـالج كلمـات ميك   3.71سم) مع حواشي  27.9

، المقدمة، طرق البحث، النتائج، المناقشة، الخلاصة، الشكر والعرفـان،  )PACSرموز التصنيف (فحة العنوان، الملخص، وفق الترتيب التالي: ص

بينمـا   ،غـامق ثَم الأشكال والصور والإيضاحات. وتُكْتَب العنـاوين الرئيسـة بخـطā     ،المراجع، الجداول، قائمة بدليل الأشكال والصور والإيضاحات

  .مائلن الفرعية بخطā تُكْتَب العناوي

ويكتب الباحث المسـؤول عـن المراسـلات اسـمه مشـارا       كاملة. تشمل عنوان المقالة، أسماء الباحثين الكاملة وعناوين العملو: صفحة العنوان

 ،طويجـب أن يكـون عنـوان المقالـة مـوجزا وواضـحا ومعبـرا عـن فحـوى (محتـوى) المخطـو            .إليه بنجمة، والبريد الإلكتروني الخـاص بـه  
  وذلك لأهمية هذا العنوان لأغراض استرجاع المعلومات.

هـم مـا توصـل إليـه     أالنتـائج و وفيـه   والمـنهج المتبـع  موضـحة هـدف البحـث،     ،: المطلـوب كتابـة فقـرة واحـدة لا تزيـد علـى مـائتي كلمـة        الملخص

  الباحثون.

  الدقيق للمخطوط لأغراض الفهرسة. تعبر عن المحتوى دالةكلمات  6-4: يجب أن يلي الملخص قائمة من الدالةكلمات ال

PACS: فرة في الموقع اوهي متو ،يجب إرفاق الرموز التصنيفيةhttp://www.aip.org/pacs/pacs06/pacs06-toc.html.  

مراجعة مكثفة لما نشر (لا تزيد المقدمة عـن   ن تكونألا ح الهدف من الدراسة وعلاقتها بالأعمال السابقة في المجال، : يجب أن توضالمقدمة

  مطبوعة). الصفحة صفحة ونصف

ق موضــحة بتفصــيل كــاف لإتاحــة إعــادة إجرائهــا بكفــاءة، ولكــن باختصــار  ائــالطرهــذه : يجــب أن تكــون طرائــق البحــث (التجريبيــة / النظريــة)

  ق المنشورة سابقا. ائحتى لا تكون تكرارا للطر ،مناسب

  دون مناقشة تفصيلية.من مع شرح قليل في النص و ،النتائج على صورة جداول وأشكال حيثما أمكن : يستحسن عرضالنتائج

  : يجب أن تكون موجزة وتركز على تفسير النتائج.المناقشة

  : يجب أن يكون وصفا موجزا لأهم ما توصلت إليه الدراسة ولا يزيد عن صفحة مطبوعة واحدة.الاستنتاج

  في فقرة واحدة تسبق المراجع مباشرة. انلإشارة إلى مصدر المنح والدعم المالي يكتب: الشكر واعرفانالشكر وال
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