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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)
2" to 4™ 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 4™ 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 ISYyDMA 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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Critical Behavior of Electrical Conductivity for Reduced Graphene
Oxide/Epoxy Resin Composites

Y. Nioua’, S. El Bouazzaoui’, B. M. G. Melo’, P. R. Prezas’, M. E. Achour’,
M. P.F. Grag:ab, L. C. Costab, A. Fattoum‘ and M. E. Touhamid
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Doi : https://doi.org/10.47011/13.3.1

Received on: 08/08/2019;

Accepted on: 5/12/2019

Abstract: In this paper, we analyze the dc and ac electrical conductivities, in the 240 to
400 K temperature range and 10” to 10° 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 (I)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 T, 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 m’/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
10% up to 10° 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™ and the specific surface
area [15] is between 423 and 500 m’.g”. The
insulating resin epoxy prepolymer D.E.R. 321
has an epoxy equivalent weight of 180-188
(g/eq), a density of 1.14 gecm™ at 25 °C, a
viscosity of 500-700 (mPa.s) at 25 °C and a
glass transition temperature T, = 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
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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 G, 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 y*(w)=1/Z *(0) = G(o) + /B(®)
could be converted into the complex permittivity
formalism  g*(w)=¢'(w)—je"(w) using the
e'(w) =B(w)e/ g, Ao and
e"(0)=G(w)e/g,An, where A is the cross-

relations

sectional area of the sample, ¢ is its thickness
andeg, is the free space permittivity. The terms
G(w)and B(w) are, respectively, the
conductance and the susceptance of the samples

[16-17]; afterward, the ac electrical conductivity
can be calculated wusing the relation

c,.(0)=own.tg,& [16].

Results and Discussion
Morphological Characteristics

The SEM micrographs of the rGO/epoxy
nanocomposites, with rGO concentrations of
¢ =4.42 % and ¢ =6.21 %, 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
m’/g) [14].
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FIG. 1. SEM mlcrographs of the rGO/epoxy comp051tes w1th 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 (S.m”)
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 1.52x107"" S/m for 3.66 % to
1.93x107° 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 ¢ 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].

10°
107
= {0

10°F

2
O
(@)

O

10"°F (1)

(1)

(1)

4 6 8 10
¢ (vol%)

FIG. 2. dc electrical conductivity, G, versus tGO concentration in the tGO/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
(T,). 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

(p=1/0,,) of the rtGO/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 T, = 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

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 (T,), 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
(1). 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 T,.

opposite behavior is observed, typical of
2400 @) ~
ip. 6=4.42% /i
I Ny /i
oy m
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s | |
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% . (D)
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400 - & O
_ s
%0 -8 . j
L 00 00 ",’"
320 - $aaed
| . | 1 | " | L |
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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 /.,
defined as the ratio of the maximum resistivity
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(P,ay ) to the resistivity at room temperature

(Pgr), which can be calculated from the

temperature dependence of the composite’s
resistivity, as shown in Eq. (1) [23]:
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pmaX
Ipre = /4. (1)

Prr

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 Ipyc 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.

5
(b)

PTC intensity

¢ (%)

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

NTC/epoxy

—
0

)

NTC/Polyester

¢ (%)

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%; ie., above the percolation

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

dependent. At low frequencies, C,. remains

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

frequency plateau in G, 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].

o, (oT)=c,+Ax’ (2)
where o4 is the frequency independent
component of the ac conductivity, ® is the
angular frequency, A4 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
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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 o, 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
T,, respectively. This can be clearly observed in
Fig. 6, for 6.21 % of GO, 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, G, for a concentration above the percolation threshold,

6.21 %, for temperatures below and above the glass transition (Ty).
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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.
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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 Ln(c, )

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

threshold. Above the percolation threshold ¢

(Fig. 8b), a change in the slope of the In (og4)
versus 1000/T plot, around T = 380 K, is visible.
As one can see, oy 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):
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3)

~E
Oe = Oo-Xp(-—7)

B

where o, is a pre-exponential factor, E, is the
activation energy, kg is the Boltzmann’s constant
and T is the temperature. The values of the
activation energy for the wvarious 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% , for the composite rtGO/DGEBA.

Concentration (%) 1.21

242  3.66 6.21 8.48

E,(eV) 1.02

093 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 > 10° 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

Corresponding Author: Marwan S. Mousa
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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 107 Pa.

Experimental Techniques

The tungsten emitters have been prepared by
electrolytic etching. A 0.lmm 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 uA 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].
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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 ~107 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.

_ Retractable
— wire holder

& @.@

Anode ,

(tungsten wire)

Cathode

(steel ring)
.

Solution .
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, [-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 pA, applied voltage 1600
V. B) Emission current 0.8 pA, applied voltage 1400 V. C) Emission current 0.6 u A, applied voltage 1200 V.
D) Emission current 0.4 pA, applied voltage 1100 V.
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FIG. 4. Electron emission pattern for uncoated emitter type 2. A) Emission current 1.5 pA, applied voltage 1600
V. B) Emission current 1.2 pA, applied voltage 1400 V. C) Emission current 0.7 pA, applied voltage 1200 V.
D) Emission current 0.3 pA, applied voltage 1100 V.

n
FIG. 5. The stability structure pattern for uncoated emitter type 1, at emission current 2 pA, applied voltage 1900
V. The duration time between obtaining the next images is 15 minutes.

n
FIG. 6. The stability structure pattern for uncoated emitter type 2, at emission current 3 pA, 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.
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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.
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FIG. 8. A) SEM image at magnification (X 1000) for emitter type | 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 pA, applied switch-on voltage 1250 V. B) emission current 1.7 pA, applied

voltage 1150 V. C) emission current 1 p, applied voltage 850 V. D) emission current 0.5 pA, 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 pA, applied switch-on voltage 1150 V. B) emission current 2 pA, applied

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

n
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 pA and applied voltage 1100 V. The duration time between obtaining
images is 15 minutes.

n

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 pA and applied voltage 1100 V. The duration time between obtaining images is
15 minutes.

From the comparison of the emission current ~ Epoxylite 478 resin has a higher emission
patterns, emission current stability structure  current and is more stable compared to emitter
patterns and SEM images showing the tip  type 1 coated with a 60-nm thick layer of
geometry and surface, it is concluded that  Epoxylite UPR- 4 resin.
emitter type 2 coated with a 60-nm thick layer of
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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 Vgw = 1250 V and the
emission current Isy = 3.2uA, by decreasing the
voltage of the line region of F-N plot that
extends down to Vgar = 800 V with an emission
current Isat = 1.12 pA, by decreasing the voltage
of the emission current that vanishes at Vg =
550 V with an emission current I, = 46.7 PA.

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

I-V Characteristics
5.00E-06
4.00E-06 B
' Vg = 1150V, | =3.3 pA. /
Vear= 600V, I, = 1.08 pA. A
3.00E-06 SAT 2TH
I Viy= €00V, Iy, =22.3 PA
~ 2.00E-06 - W= =32pA
Vear= 800V, lgsr = 1.12 A,
1.00E-06 // Vi =550V, 1;,=46.7 PAC
0.00E+00 . ; ; ; ; ;
300 500 700 900 1100 1300 1500 1700
VIv]

FIG. 13. Curve A is the 1-V characteristics for emitter type 1 after being coated with a 60-nm thick layer of
Epoxylite UPR- 4 resin. B) The 1-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].
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-26.60 .

F-N Characteristics
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1V IV
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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 SryCay4TiO; (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 PbTiO; or doped
(Pb,Zr)Ti0; [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 (BaTiO;) 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
(StTiOs), which is another simple perovskite
ABO; 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 SrTiO; ceramics, it is possible to substitute A-
sites with another divalent cation, such as Ba*',
Mg, Ce*" or Ca®" [15-20]. In particular, the
Sr;..Ca,TiO; 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 SrTiO; 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
(Sr;«Ca,TiO3) 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.
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Experimental

Ceramic samples with 3 mm of diameter and
3 mm of thickness were prepared by the
conventional  solid-state  reaction  method.
Sry6Cag4TiO; samples (SCT) were prepared
using stoichiometric proportions of high-purity
powders of strontium carbonate (SrCO;) (Fluka,
98%), calcium carbonate (CaCO;) (Fluka, 98%),
and titanium oxide (TiO,) (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 Ka
radiation (A=1.54056 A) 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, ¢) dimensions
and unit cell volume values are respectively:
5.4960 A, 5.4881 A, 7.7418 A and 233.51 A,
The average crystallite size calculated by the
Scherrer’s Eq. (1) is about 42 nm.
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FIG. 1. XRD patterns of Sry4Cag4Ti05 powders.

ka2
- B.cos O (1)

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

0: Bragg diffraction angle;

\: X-ray wavelength (1.5406 A);

k: Dimensionless shape factor (0.9).

; where:

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 pm which is about 45 times the average
crystallite size. The average grain boundary size
is about 0.05 pm. The compactness of the SCT
ceramic is about 93%.

FIG. 2. SEM microphotograph of the Sry¢Cag 4TiO; ceramic.

Fig. 3 presents the frequency dependence of
the dielectric permittivity & of SCT ceramic
from 100 Hz to 1 GHz at room temperature. The
dielectric permittivity shows a good stability all
over the frequency range (¢’ = 200). This is an
advantage for high-frequency components. This

¢’ value is lower than that reported for low
calcium rates (x = 0.02 and ¢ = 310) [23]. In
fact, doping with Ca rates higher than 12%
decreases the dielectric permittivity value, as
shown in recent studies [24].
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FIG. 3. Dielectric permittivity (g’) of the SrysCag 4TiO; ceramic in frequency at room temperature.

The frequency dependence of the dielectric
loss tangent (tgd) 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™ due to space-charge
polarization losses and increases from 10 MHz
to 1 GHz up to 6.107 due to intrinsic losses [28].

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.

These tgd values are of interest for
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FIG. 4. Dielectric loss tangent (tgd) of the Sry 4Cag4Ti0;5 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 (¢’= 200) in
temperature up to 200°C for all the frequencies
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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
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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 F,, 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 &' = 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
g', 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].
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FIG. 5. Dielectric permittivity (g”) of the Srq ¢Cag 4TiO; 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)

4?6 410 3?3

shows that the increase in dielectric permittivity
with temperature may be related to oxygen
vacancies that are heat-activated in the material
[31].
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FIG. 6. Threshold frequency (Fr) of the Sry¢Ca(4TiO; 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 ¢’’ value obtained is
107 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, &’ shows a

minimum around 100°C, which could indicate
the existence of dielectric relaxation at low
temperatures and low frequencies. Fig. 4
illustrates tgd 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].
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FIG. 7: Dielectric losses (¢’”) of the Sry¢Cag4Ti0; 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 & 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 &’
decrease as the measurement frequency
increases, like €’. 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 ¢g'),
explained in terms of oxygen vacancies diffusion
[34].
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FIG. 8. Dielectric permittivity (&”) and dielectric losses (g”’) of the Sry¢Ca4Ti05 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 ¢’ of a material is given by the
formula: 0’ = w.€y. €

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.
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FIG. 9. Conductivity (c”) of the Sr(¢Ca(4TiO; ceramic in frequency and temperature.

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

100 Hz and 100 kHz and from 400°C for 1 MHz.

225
1

This variation is attributed to the charge carriers
hopping due to the high temperature jumping
process [36]. At 1 MHz, ¢’ is constant up to
300°C with a value of about 3x10™* S/m. Above
400°C, the conductivity is thermally activated
with the Arrhenius formula (2).
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FIG. 10. Conductivity (c”) of the SryCa(4TiO; ceramic in frequency and temperature.
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—Ea
Opc = 0p ekBT (2)
Fig. 11 shows the Arrhenius plots of In ¢’
from 400°C to 510°C and at different

frequencies from 100 Hz to 1 MHz The
calculated activation energy E, decreases with
the increase of frequency: from 1.38 eV at 100
Hz to 0.86 ¢V 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].
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FIG. 11. Arrhenius plots of the conductivity of the Sry¢Cay4TiO; 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 E,. All E, 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
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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 (E,) of the Sr¢Ca(4TiO; ceramic as a function of frequency. All E,
values are related to temperatures ranging from 400 to 510°C.

Conclusion

SryCag4Ti0; 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 (BaFe;;019) 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 CosBaFe,0 9Hexaferrite were investigated. The co-precipitation method was employed
to prepare CosBaFe ;09 nanoparticles, with x = 0, 0.04, 0.06 and 0.1 wt. %, at two
different calcination temperatures (900°C and 950°C). 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 (¢’ and €"), loss tangent (tan 6) and ac conductivity (c,.) have been
explained on the basis of hopping of electrons between Fe?" and Fe** ions.

Keywords: BaFe;,0,9 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 ‘‘BaFe;;0,9’’ is the most important
type both scientifically and technologically
because of its various applications and amazing
properties. Scientifically, BaFe;O9 has an
excellent chemical stability and corrosion
resistivity [2]. Technologically, BaFe;;O19 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 (BaFe»O,9) 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
BaFe ;0,9 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 BaFe,019. 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 BaFe;O9. For that
purpose, Co,BaFe ;01 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 (BaFe;,019)
added with x amount of Cobalt (Co0),0.00 <
x (wt.%) < 0.10,were  synthesized by co-
precipitation method. An aqueous solution of
Iron (III) chloride hexahydrate (FeCl;.6H,0),
Cobalt Chloride (CoCl,) and Barium Chloride
Dihydrate (BaCl,.2H,0) 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
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2 hours with constant stirring rate till
Co,BaFe,0,9 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 Co,BaFe;,09 were obtained
by using Brucker D8 advanced power
diffractometer with 20° <20 < 65° range and Cu-
K, radiation (A = 1.54056 A). 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.

Co,BaFe ;019 nanoparticles were pressed
with a load of 13 tons and heated at 900°C and
950°C, 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.c.,
above 500°C). 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 25°C-500°C,
respectively, where the parallel capacitance (C,)
and loss tangent (tan d) were measured.

The following relations relate the real part of
the dielectric constant (g'), the imaginary part of
the dielectric constant (¢'") and ac conductivity
(0a) to the parallel capacitance (C,) and loss
tangent (tan 0).

. Cpd
= A 0]
" =¢' tan$, 2)
and 0, = g, w €' tan §, 3)
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where w = 2 n f and f is the frequency of the
applied ac field (Hz), d is the sample thickness
(d = 0.4 cm), g, is the permittivity of free space
(8.85 x 102 F/m) and A is the area of the sample
(A=5.3cm).

Results and Discussion

Structural Analysis

Fig. 1 shows XRD patterns for Co,BaFe,019
nanoparticles, with x = 0.00 and 0.06 wt. %,
prepared at calcination temperatures 900°C and
950°C. The observed peaks are well indexed by
the hexagonal indices of BaFe;,O,9 (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 a-Fe,O; phase is also presented in
the patterns indexed as (203) at 26=37°. Ding et
al. [15] reported that, from Mdssbauer spectra, o-
Fe,Os is usually associating the formation of

Barium Hexaferrite. The BaFe ;0,9 phase
percentages are calculated and are listed in Table
1. It is clear that BaFe;;O,9 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
BaFe ;0,9 phase. This may be attributed to the
interstitial diffusion of barium atoms into the
cation vacancy of a-Fe,Os. Packiaraj et al. [16]
reported similar results. They concluded that by
increasing the calcination temperature, the
intermediate phases, such as y-Fe,0;, a-Fe,Os
and BaFe,0,4, decreased whereas BaFe;0q9
phase increased and appeared as a major phase at
950°C. Zhong et al. [17] reported about the fact
that the appearance of a-Fe,O; with
orthorhombic hexahedron structure prevents the
formation of BaFe;,O;9 hexagonal structure at
low temperatures below 750 °C.
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FIG. 1. XRD patterns for x= 0.00 and 0.06 wt. % at T=900°C and 950°C with the inset of Reitveld refinement.
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Lattice parameters (a and c) were calculated
using MAUD program and unit cell volume V

was calculated using equationV = ?azc. The

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

= Brrcos®’ where D is the average crystallite
hkl

size in nm, S is the shape factor which is equal to
0.9, 1 is the wavelength of the X-ray radiation,
Lz 1s the peak width at half-maximum intensity
and 0 is the peak position. The values of a, ¢, V
and D at different calcination temperatures (T=
900°C and 950°C) for Co,BaFe ;0,9 are listed in
Table 1. As can be seen from Table 1, the values
of a, ¢ 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 950°C,
except for x = 0.04 wt. % sample, have higher
values of D in comparison with their
counterparts sintered at 900°C. This result is
consistent with the XRD peak width that
becomes narrower with increasing calcination
temperature to 950°C (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 A) than Fe
(0.63 A) and Ba (1.11 A), while the increase in
crystalline size may be explained by cobalt ions
being dissolved in BaFe;019 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. BaFe ;0,9 phase percentage, lattice parameters (a and c), unit cell volume (V), crystalline
size (D) and grain size (Drgy) of CoiBaFe ;019 nanoparticles with (0 < x < 0.10) at calcination

temperatures= 900°C and 950°C.

T(°C) x(Wt%) BaFe;;09(%) a(A) c(A) c/a V(A) D(mm) Drgy(nm) I
0.00 90.36 587 23.14 393 692.6 515 80.29 1.55
900 0.04 90.43 588 2321 393 693.6 55.57 73.61 1.32
0.06 90.83 587 23.16 394 6969 51.42 74.56 1.45
0.10 90.84 587 23.12 393 693.0 5498 95.52 1.73
0.00 91.01 587 23.13 393 692.7 58.76 95.65 1.62
950 0.04 91.02 587 23.13 393 6933 52.02 69.82 1.34
0.06 91.69 587 23.16 3.94 6939 54.60 82.40 1.51
0.10 91.72 587 23.12 393 692.0 57.54 164.51  2.85
TEM Investigation are mainly composed of agglomerated grains

The shape as well as the average particle size
of pure and Cobalt-added Co,BaFe;;019
nanoparticles were examined using TEM
technique. Figs. 2a-d show TEM micrographs
coupled with their Gaussian distribution of
Co,BaFe ;0,9 with x= 0.00 and x= 0.06 wt. %, at
T = 900°C and T = 950°C, respectively. The
average particle sizes Drgy 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
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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/ Dxrp (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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FIG. 2. TEM micrographs with 100 nm magnification scale and Gaussian distribution of Co,BaFe;,0;9 with (a)
x=0.00 and at T=900°C, (b) x=0.06 wt.% and at T=900°C, (c) x= 0.00 and at T=950°C and (d) x= 0.06 wt.%
and at T=950°C.
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Dielectric Properties

Fig. 3(a) shows the variation of the real part
of the dielectric constant (€') with frequency (f)
at fixed temperature T= 500°C for Co,BaFe;,019
(with x = 0, 0.04, 0.06 and 0.1 wt. %) samples
calcined at 900°C and 950°C. The dielectric
response can be visualized as; in the low
frequency region (10° Hz) €' has high values
which  decrease rapidly with increasing
frequency followed by a plateau with lower
values in the high frequency region (10* 10°
Hz). This behaviour can be explained on the
basis of Koop's phenomenological theory and

Fe’" 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

M 0w 0 201 Thi d b dielectric constant will decrease at high
axwe agner theory [ 1. 1S cou3 d be  frequency [22].
related to an electron hopping between Fe™  and
10
oy T=500 °C 121£=100 KHz ]
8 “°ee,, 104 . e x=0.1 wt% ,T=950°C
N ““..““‘ {e o . . x=0.1 wt% ,T=900°C
S 6] S 81 « < x=0.06 wt% ,T=950°C
X % 6 ] < x=0.06 wt% ,T=900°C
P EAE P < o <4 4 < < v x=0.04 wt% ,T=950°C
] PODPPOOPOOID. 44v Y x=0.04 Wt% ,T=900°C
24YYYVYVYvyvyVyyVYVYVYYVYVYYVYY 2_' Y Y Y M e x=0 wt%,T=950°C
1200000000000 0000000 {® o ° ° b : m x=0  wit%,T=900°C
O FEEEEEEREmsssREERE e e e
0 05 1 15 2 25 3 0 100 200 300 400 500
(a) f(x10° Hz) (b) T(°C)

FIG. 3. The variation of €' with (a) frequency at fixed temperature T = 500°C and (b) temperature at fixed
frequency f= 100 kHz for Co,BaFe,0,, calcined at 900°C and 950°C.

The variation of €' with temperature at fixed
frequency of 100 kHz for Co,BaFe;,0,9 samples
is shown in Fig. 3(b). It can be seen that €'
values show increment with increasing
temperature from 25°C to 500°C. Finally, it is
noted that €' 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 950°C have
higher values of €' than those sintered at 900°C.

Fig. 4(a) displays the variation of the
imaginary part of the dielectric constant (g'")
with frequency (f) at fixed temperature T =
500°C for CosBaFe ;019 (with x =0, 0.04, 0.06
and 0.1 wt. %) samples calcined at 900°C and
950°C. It is clearly observed from Fig. 4(a) that
the variation behavior of €'with frequency is
very similar to the wvariation of & with f.
Similarly, €" is found to exhibit a sharp decrease
in the low-frequency region, then as the
frequency increases, €" is observed to decrease
slowly until it becomes independent on
frequency at high-frequency range. The high
values of €'" obtained for all samples at low
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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 €'". However, further decrease in €"
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 €" with
temperature at fixed frequency f= 100 kHz. It is
clearly observed from the figure that €" 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 €' with (a) frequency at fixed temperature T = 500°C and (b) temperature at fixed
frequency f= 100 kHz for Co,BaFe,0,4 calcined at 900°C and 950°C.

The behavior of dielectric loss (tan &) with
frequency at fixed temperature T = 500°C for
Co,BaFe ;0,9 (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 o 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 &) as a function of
temperature is represented in Fig. 5(b), where the
dielectric loss (tan 0) 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].
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FIG. 5.The variation of tan § with (a) frequency at fixed temperature T = 500°C and (b) temperature at fixed
frequency f= 100 kHz for CoxBaFel12019 calcined at 900°C and 950°C.

The ac conductivity (o,) dependence on
frequency at fixed temperature T= 500°C for
Co,BaFe ;0,9 (with x =0, 0.04, 0.06 and 0.1 wt.
%) samples calcined at 900°C and 950°C is
recorded in Fig. 6(a). The results show that o,
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 Fe’” and Fe’*

ions is low and this explains the low values of
0, 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
Fe*" and Fe’* ions and therefore an increase in
the conduction [20] and consequently in the o,
values. It is clear from Fig. 6(b) of o, versus
temperature at f = 100 kHz that the temperature
greatly affects the ac conductivity, c,.. 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 G, with (a) frequency at fixed temperature T = 500°C and (b) temperature at fixed
frequency f= 100 kHz for Co,BaFe ;09 calcined at 900°C and 950°C.

Conclusion

Chemical co-precipitation method was
successfully utilized to prepare nanoparticles of
Co,BaFe,09, with x =0, 0.04, 0.06 and 0.1 wt.
%. The effects of Cobalt addition and calcination
temperature  (900°C and 950°C) 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
BaFe ;0,9 and reduction of Fe,O; 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 (¢' and €"), loss
tangent (tan o) and ac conductivity (o,) have

been explained on the basis of hopping of
electrons between Fe*” and Fe'™ ions. Moreover,
the Co-addition and the calcination temperature
elevation lead to higher dielectric constants (11.9
x 10% at T=500°C and =100 kHz) and enhanced
ac conductivities (15.1x 10° A"'m™) for samples
calcined at 950°C. As a conclusion, the dielectric
properties are highly dependent on the hexagonal
structure of the Co,BaFe ;0,9 and the exchange
between Fe’*-Fe’* 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
6 and ac conductivity.
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Abstract: In this study, Yttrium Iron Garnet (Y3FesO;;) (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 - SMHz, 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 A. 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 &', the imaginary part of the dielectric constant €”, loss tangent tan & and ac
conductivity o, 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 (Y;3FesOpp) (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. YCl;.6H,O and
FeCl;.6H,0 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 - SMHz, 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 Y;FesO,
(JCPDS: 21-1450) [10] phase indicate that YIG
crystallized into a cubic structure with space
group la3d’. The XRD patterns showed the
existence of a second phase; the Yttrium Iron
Perovskite (YFeO;) (JCPDS: 39-1489) [11].
From the XRD results, the garnet formation can
be described as follows [12]:

Y503 + Fe; 05 = 2YFeO4 )
3YFeO3 + Fe, 05 = Y3Fe;04, 2)

The reason behind the existence of YFeO;
could be shown in the equations of formation
above. The formation of YFeO; 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 YFeO; 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 = dpiVh? + k? + 12, where dy,,; is the lattice
spacing and A, k and / are the Miller indices. It is
shown in Tablel that the increase of the molarity
showed a slight effect on the lattice parameter,

where its value varied between 12.334 and
12.339 A.

*YFeOs

o w
¥ =
w

-
©

Intensity (a.u.)

50

26 (°)

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

222

which could be resolved by increasing the
temperature of calcination, whereas the
agglomeration shown could be due to the piling
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up of a few nanocrystals on the large-sized
grains [14]. The average grain size of the

particles obtained from TEM photographs
g _

100 nm 100 nm

(a) 2M
FIG. 2. TEM photographs of the YIG powders prepared with 2, 3 and 5SM of NaOH.
TABLE 1. The lattice parameter (A) and the grain size (nm) of the YIG powders prepared with 2, 3, 4

(b) 3M

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

(¢) SM

100 nm

and 5SM NaOH.
Sample Lattice parameter Grain size
(A) (nm)
M 12.339 163.42
3M 12.338 107.47
4M 12.335 -
SM 12.334 91.09

Dielectric Studies of YIG

The real (¢") and imaginary (&") parts of the
dielectric constant and the ac conductivity o,
were  calculated from  the  dielectric
measurements using the following equations:

€ = Cd/Ag, 3)
e =tand.¢’' 4)
Oge = € .. (5)

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

-4
mm and A = 1.249x10 m’.

Figs. 3 (a) and 4 (a) show, respectively, the
influence of frequency on the real (¢') and
imaginary (&") 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 diclectric 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 €' 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.
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FIG. 5. Variation of the dielectric loss tangent tan § (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.
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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].
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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
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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
(YFeOs), where a ferroelectric phase transition
can take place at high temperatures [20].
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FIG. 6. Variation of the ac conductivity o, (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 wvariation 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 PAI12/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.-ei1, 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 (PAI12) - 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
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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 10° 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 PAG6
composite film obtained with 10 wt. % of aniline
(Fig.1-a). It reaches values up to 2.10° 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.

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

—a— Left angle
—e— Right angle
—A— Mean value

Contact angle 6 (°)

60 -

2 4 6 8 10 12 14
Aniline concentration (wt.%)

(a)

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.

—&— Left angle
—e— Right ange
—A— Mean value

\_

Contact angle 0 (°)

60

Aniline concentration (wt.%)

(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.

Mean.value =

2

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
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Left + Right where Left and Right refer to left and right contact angle, respectively.

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
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w
Red
2
T -404
04 —NeatPA6
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=4.23 wt. %
p ° Eg>6¢
4 ' 5 | é | '
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(a)

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 PAG6 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 V). 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 m’ 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 10° g/m* 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 (MoS,) 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 1is 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, MoS,, NbS,, NbSe,, TaS,, ... 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).

(b)

NERAR

DISTANCE

>0, 34mm
—— —

CRAPEIE \

NONOLAYER

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, MoS, 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 Substrate

—

Support Layer

————

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.

2D material

The Substrate

Ll Ll Ll sl sl

2D material Support Layer

The Substrate

VIS

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 ofthe
following: a few layers  of graphene,
molybdenum disulfide, boron nitride, hexagonal

—— Energetic particles

- atomically

b,

«A —. bombardment operation
Plurality of pores

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.

Process of making nanopores

e

£ I> e\

concentric plurality of pores

thin material
R,

composite |
film

=%>v

Etching procdss

el e e e e e e s e e ——-——»@

et s e e s e s s aar ans as e ane sane e s o e s g
3

>

Polymer layer

[

Functionalized pores

-~ T Residual
Residual struckuré f N structure
~ _/ &
Enlarged pores Enlarged

Residual structure
pores

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
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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

pores that extend all the way through the

the enlarged polymer pores. Further, it may form  graphene and the polymer Ilayer, i.e., the
pores that extend partially into the polymer layer =~ composite layer.
to create a cavity. The process may also create
_.. energetic particles
ﬁ q ‘, bombardment process . Plurality of pores
! i i, =" atomically thin materiaL Plurality of pores
! ! i = ical bgnd
' l / C emTa /ﬁ'n \ /,_, pores
. L] AN £l \ ~N
' E : composite film 1 ;Tmposne
i ] |
! E : "") \-cavity *‘)“
i |
I
{
a |
! !
i i
]!
1 H L >
7T ' ¢

-
Polymer Film
€nlarged pores

Polymer Film

s
\\ enlarged pores

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 m’ of seawater
requires 3.4 kWh of energy at 6.5 MPa [28, 29].
Seawater predominantly contains Na (Sodium)
and CI' (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
SO,>, Mg™, K" and Ca® 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
cr 25,491 0.181 0.270
S04’ 3,594 0.147 0.300
Mg** 1,642 0.078 0.395
K" 722 0.133 0.315
Ca’’ 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.

GRAVITY FED SALT
WATER SOURCE

-’-.‘_-:—_"—\..-:—:2—:-—_'2‘2—1 e v
| — T pumpP
PUMPED SALT VALVE1.
WATER SOURCE ]
VALVE 2 — ~ CHANNEL PERFORATED
»[ — SUPPORT CHM&R |» GRAPHENE SHEET

— BACKING
SHEET

"""""""""" .

CAPTURED
DEIONIZED WATER

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.

x

SPACING
15 nm (1yp)

x DIAMETER

0.6 nm (tve)

FIG. 7. A plan view of a perforated graphene sheet, showing 0.6 nm diameter perforations or apertures and
interperforation dimensions [32].

ions. The concentrated ClI° and Na' ions
accumulating on the graphene layers can be
separately harvested.

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"

238



Graphene and Related 2D Materials for Desalination: A Review of Recent Patents

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

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 CI and allow the flow of other species;
e.g. water molecules. Nanoporous graphene

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.

(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].

materials having an overall porosity of 10% and
containing a plurality of pores with an average
pore size of about 6 A may exhibit a water
permeability of about 50 L/cm® /day/MPa to
about 60 L/cm” /day/MPa, which is two to three
orders of magnitude higher than known UF, NF
and reverse 0SMOsis 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 MoS, 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 MoS, 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 MoS,
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 MoS, as desalination membrane are
first to fix the MoS, 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 MoS, membrane to allow water
molecules to pass and block the salt ions and
thus complete the desalination process. In some
embodiments, the MoS, 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
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possibilities  and  predict the  device
characteristics for efficient desalination. The
low-pressure operation of these mnanoporous
membranes and the self-cleaning, no fouling
characteristics make them very attractive for use
in desalination. Graphene, BN, MoS, 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 MoS, 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 A
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~ 10> 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  lines in their X-ray spectra (see Table 1). One of
at a layer deeper than absorbing heavy atoms has  the interesting properties of this class is the
been proposed. According to recent studies, observed correlation between the orbital period
several pulsars show luminosity dependence  and the spin period of the NS [19]. This would
changes on cyclotron resonance energy. The  reveal the clues about the evolution of HMXBs,
main aim of this paper is to investigate the = which can be understood in terms of the
probability distribution of magnetic field conservative evolution of normal massive binary
strengths among the HMXBs, using more robust  systems.

values of the B-field obtained from cyclotron
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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
10).
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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].

Pspiv VS. Pors

The Py, versus P,, 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).
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TABLE 1. List of observational parameters of all known HMXBs with cyclotron resonant scattering
features.
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Object Pgpin  Porbit Ecyc B Type Ref.
(s) () (keV) (10"*G)

4U 0115+63 3.6 243 15+0.15 1.7 Transient/ Be
4U 1907+09 439 8.37 18.840.4 2.1 Persistent/SG3]']f
4U 1538-52 529 3.73 21437 24 Persistent/SG >+
Vela X-1 283 896 54+ 6  Persistent/ SG33-’34
Cen X—B 4.8 2.09 30.45&31 3.4 Persis_tent/ SG::;
V0332+33 4.37 34.25 30*9:153 3.4 TraHS}ent/ Be‘] ;8
CepX-4 66.3 20.85 30.7*18 34 Tram_em/ S .
A 0535426 105 111 50+0.7 5.6 Transient/ Be **
GX 301-2 690 41.5 42473% 47 Persistent/ Be 4
LMC X-4 13.5 1.4 100+2.1 11.2 Persistent/ SG!**°
T i
RFEY R 31 : e S1stent Bl
J1946+274 15.83 169.2 ?6.2j§2 4 ﬁ?ﬁzgﬁém 6.43
MXB 0656-072 160.4 56.2 32.8%)5 3.7 Transient/SG
GX 304—1 275.46132.5 S3.7jgfg 6  Transient/Be #3:4¢
J16493-4348" 1069 6.78  33+4 3.7 Persistent/SG *#3
GS 1843+00 205 55 20+£045 2.2 Transient/Be *'#
1A1118-61 408 580 55.17]% 6  Transient/Be :’:
J1008-57 93.5 247.8 79 10 Transient/Be 325
EXO 2030+375 41.7 46 11.44+0.02 1.3 Transient/Be **
11626.6-3156 15 132 10 1.1  Transient/Be 32;‘
4U 1700-377 N | 37 4.1 Persistent/SG *!'~
JO1583+6713 469 561 353+1.6 4  Transient/Be *°
4U 2206+54 5500 19.1129.6 2.8 3.3 Persistent/Be 778
2S 0114+65 9700 11.6 72 2.5 Persistent/SG 60
TR a8 ol TawaiRdi
3-03511"1 .6 o ; ransient A
J0440.9+4431 205 155 32 3.6 Persistent/Be
11409 - 619 506 233 4443 49 Transient/Be ©°
J18462-0223 997 — 30+7 3.4 Transient/SG ¢
J18179-1621 11.8220-50 20.87!4 23 Transieny/Be ©°
J17544-261 715 4.9 17 1.45 Transient/SG
2S 1553-542 9.27 30.6 23.5+0.4 2.7 Transient/Be 7°
4U 1909+07 604 4.4 44 49 Transient/SG !
L 0.y e
54134.7-6 61.6 : ersistent/Be '
KS 1947+300 1808 41.5 115 14  Transient/Be 7#
IGRJ18027-201 140 4.6 23 2.6 Persistent/SG 7°
SMC X-2 24 18.6 27 3.1 Transient/Be °
J0520.5-69 8 24 31.5 3.6 Transient/Be 77
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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.

Anderson-Darling (5%) MC confidence
Normal Log-Normal Normal Log-Normal
Persistent  Spin 3.264 0.502 0.001% 26.7%
Orbit 2.454 0.548 0.002% 21.2%
Bfield 1.307 0.389 0.4% 16.6%
Transient Spin 1.974 0.355 0.001% 54.6%
Orbit 1.861 0.367 0.004% 51.7%
Bfield 0.4963 0.5442 27.5% 21.7%

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.

BF]LD 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 ~ 10° years. However, there
are strong magnetic fields (B > 10'> 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:

E.pe = 11.6 By, (1 +2) (1)

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

line-forming region. Here, By, is the magnetic
field strength in units of 10'* G and the higher
harmonics have a cyclotron energy » times the
fundamental energy E.. 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 10" 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
x10" 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 10" G. The maximum and minimum
values of HMXB magnetic fields are,
respectively, 11.2 x 10" G (J0520.5-69) and 1.1
x10"” G (J1626.6-5156). We fit the Gauss
function to the magnetic distributions. The Gauss
function we choose reads:
|

\

A -
—= EXp

x—axp 2
—2 () } . ®)

¥=¥*

[El

f.l}\‘l -

Here, the parameters yy, x.,, @ and 4 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.
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TABLE 3. Fit parameters of the distribution of magnetic field strengths.

quantity y0 xe w A o x-/Dof R*
Magnetic field 12.6 £0.43 15.03 £0.02 238 +£0.02 12,76 £0.016 0.22 005 0.26
100
13.3F
e [ 80
129}
- 60
— 125}
= % - o e L
m e . ®
é"' 121F o % - 40
11.7f
o 20
11.3} ) . . .
0 1 2 3 4 5
Log Psin [5]

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.

104

MNumber
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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.

248

og B(G)
FIG. 4. Magnetic field strength distribution of the observed sample. The solid line is the curve fitted using a
Gaussian function.

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, ~ 10'> 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 > Pj;, 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 107 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 pA). 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
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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.

=
Vacuum Au

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 [-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 agniﬁcation X 1000) for emitter type 1(tungsten/ 1

The

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 pA, applied voltage 1600
V. B) Emission current 1.2 pA, applied voltage 1400 V. C) Emission current 1 pA, applied voltage 1200 V.D)
Emission current 0.4 pA, applied voltage 1000 V.
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n.

FIG. 5. Emission current pattern for uncoated emitter type 2. A) Emission current 1.8 pA, applied voltage 1600
V. B) Emission current 1.6 pA, applied voltage 1400 V. C) Emission current 1.3 pA, applied voltage 1200 V. D)
Emission current 0.8 pA, applied voltage 1200 V.

n

FIG. 6. The stability structure pattern for uncoated emitter type 1, at emission current 2.1 pA 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 pA 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
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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 pA, applied voltage 1600 V. B) Emission current 4 p A, applied voltage 1400 V. C) Emission current
3.6 u A, applied voltage 1200 V. D) Emission current 2.4 p 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 p A, applied voltage 1600 V. B) Emission current 9.4 p A, applied voltage 1400 V. C) Emission current 8.3
p A, applied voltage 1200 V. D) Emission current 2.5 p A, applied voltage 900 V.

nn

.

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

nu

FIG. 11. The stability structure pattern for emitter type 2 (Tungsten/ 150 nm 478 resin/ 4 nm Au), at emission
current 13 pA 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 [-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 uA, by decreasing the voltage of the line
region of F-N plot that extends down to Vgar =
1300 V with Isat = 1.1 pA, by decreasing the
voltage of the emission current that vanishes at
Vi = 600 V with emission current Iy, = 56.3
PA. Fig. 12C shows the I-V characteristics after
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being coated with 150 nm with Epoxylite UPR-  the voltage of the line region of F-N plot that
4 resin followed by 4 nm of Au, where a switch- extends down to Vgar = 700 V with Igar = 1.17
on phenomenon has been observed without uA, by decreasing the voltage of the emission
detecting current fluctuations before switching current that vanishes at Viy = 500 V with
the threshold switching voltage Vgw = 1400 V emission current I, = 86.4 PA.

and switching current Igw = 5 pA, by decreasing

A I-V Characteristics
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FIG. 12. The I-V characteristics. A) Uncoated emitter type 1. B) Emitter type 1(Tungsten/ 150 nm 478 resin),
Vew = 1600 V with Igw = 1.7 pA, Vsar= 1300 V with Igar = 1.1 pA, V=600 V, Ity = 56.3 PA. C) Emitter

type 1 (Tungsten/ 150 nm UPR- 4 resin/ 4 nm Au), Vgw = 1400 V with Igw=5 pA, Vsar= 850 V with [gar =
1.67 n A.

1.20E-05
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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 pA, by decreasing
the voltage of the line region of F-N plot that
extends down to Vgar = 850V with Igxr = 1.1
UA, by decreasing the voltage of the emission

current that vanishes at Vg = 500V with Ity =
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 Igy = 9uA, by
decreasing the voltage of the line region of F-N
plot that extends down to Vgar = 650V with Igar
= 1.12 pA, by decreasing the voltage of the
emission current that vanishes at Vg = 350V
with Ity = 65.9 PA.
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¢ I-V Characteristics
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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 pA, Vsar= 850 with [ sa1 = 1.1 pA, Vig=350 V, Ity = 65.9 PA. C) Emitter type 2
(Tungsten/ 150 nm 478 resin/ 4 nm AU.), VSW = 1300 V with ISW =9 }lA, VSAT: 700 V with I SAT — 1.12 HA, 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 In (%) versus (%), 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.

F-N Characteristics
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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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F-N Characteristics
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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
107 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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