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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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ARTICLE

Automated System for Optical Inspection of Defects in Resist-coated

Non-patterned Wafer

A. Knapek, M. Drozd, M. Matéjka, J. Chlumska, S. Kral and V. Kolarik

Institute of Scientific Instruments of the Czech Academy of Science, Kralovopolska 147,
612 64 Brno, Czech Republic.

Doi : https://doi.org/10.47011/13.2.1

Received on: 08/08/2019; Accepted on: 9/2/2020

Abstract: Quality control of the resist coating on a silicon wafer is one of the major tasks
prior to the exposition of patterns into the resist layer. Thus, the ability to inspect and
identify the physical defect in the resist layer plays an important role. The absence of any
unwanted defect in resist is an ultimate requirement for preparation of precise and
functional micro- or nano-patterned surfaces. Currently used wafer inspection systems are
mostly utilized in semiconductor or microelectronic industry to inspect non-patterned or
patterned wafers (integrated circuits, photomasks, ... etc.) in order to achieve high yield
production. Typically, they are based on acoustic micro-imaging, optical imaging or
electron microscopy. This paper presents the design of a custom optical-based inspection
device for small batch lithography production that allows scanning a wafer surface with an
optical camera and by analyzing the captured images to determine the coordinates (X, Y),
the size and the type of the defects in the resist layer. In addition, software responsible for

driving the scanning device and for advanced image processing is presented.
Keywords: Optical inspection, Resist layer, Non-patterned wafer, Quality control.

Introduction

Silicon wafer is a typical substrate that is
used in lithography process for microfabrication
of various types of devices. The quality of the
silicon wafer determines the quality of a
lithographic process, just as the quality of the
resist-coated surface prior to the lithography step
is very important in terms of the final
functionality of the fabricated micro-device.
Several papers have been published reporting
optical properties of polymethyl methacrylate
(PMMA) films [1, 2, 3].

Generally, there are two categories of wafer
inspection methods: non-patterned and patterned
[4, 5]. Non-patterned wafer inspection typically
investigates defects on the unprocessed silicon
wafer. On the other hand, patterned wafer

inspection is used for wafer control after the
lithography process.

Industrial inspection devices used in
semiconductor and chip manufacturing are based
on two main technologies: optical and electron-
beam [6, 7]. The optical inspection device
typically uses laser, deep ultraviolet (DUV) or a
broadband plasma light source to illuminate the
wafer and acquire an optical image in the bright
field or the dark field. In general, a principle of
function, where a reflected laser beam carries
information about a position, is illustrated in Fig.
1. The e-beam based inspection uses highly
specified and automatized scanning electron
microscopes that are typically used only for
detailed inspection of patterned wafers [6].
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Detector

"\

Laser beam

Defect

FIG. 1. Optically-based principle of defect inspection on a non-patterned wafer.

The devised approach is based on a
motivation to develop an optical-based semi-
automatic wafer inspection device that allows
the inspection of a non-patterned [6] resist-
coated wafer and would replace the current
visual inspection of a wafer within the visible
light microscope (VLM). Our primary aim is to
find the position, the size and the type of the
random defect at the layer of electron resist. That
sort of evaluation is applied to a wafer surface by
spin coating technique prior to its patterning by
electron beam lithography (EBL).

Various types of defects are involved during

the deposition of resist by spin-coating: dust
contamination, micro-bubbles, bumps, craters,

- - +

comets, thickness inhomogeneity ... etc. [9, 10].
For the software, it is important to be able to
identify not just the position of defects on the
wafer, but also to estimate the type of defect, that
may be considered as an essential feature,
because not every type of defect can be equally
problematic in the follow-up lithography process
[9]. For example, a larger dust particle in or on
the resist might cause a charging phenomenon,
when the electron beam irradiates neighboring
particles. Therefore, a charged dust particle can
deflect the electron beam and reduce the dose
received under and in the vicinity of the particle
[11], as illustrated in Fig. 2.

FIG. 2. Schematic of charging of a dust particle and the resulting defect in the EBL patterned wafer, with
permission from Hitachi, Ltd., Tokyo, Japan [8].

It is critical to avoid patterning in the areas
with particle contamination. Air bubbles might
create holes in the resist after development.
Comets can cause resist thickness inhomogeneity
and thus an inadequate development of the
recorded pattern.
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Defect Analysis

The preparation of PMMA resist layers on
silicon wafers by spin-coating method is
performed under laminar flow in order to lower
the chance of a defect occurring in the prepared
layer. The PMMA and xylene solvent are mixed
together and, according to viscosity, are filtered
through syringe filters (the porosity level is 0.45
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pm or 5 um). Subsequently, the resist is poured
onto the silicon wafer which in this case forms
an approx. 2.5um thick compact layer.

A variety of problems may occur during the
coating process. In general, the above defects
can be caused by impurities on the silicon wafer,
such as dust particles, impurities or micro-
bubbles in the resist mixture or by e.g. poor
centering of the wafer on a spin coater. The
parameters considered within the process of spin
coating include rotation speed, acceleration, time
and the application method of the liquid resist

precursor.

The first class of defects is caused by
impurities that stick to the resist layer during the
deposition or during the baking process, as
illustrated in Fig. 3. If a dust particle or fiber
falls on the wafer during deposition, it becomes
coated in the resist and forms a “comet” (a small
thickness difference formed from the center of
the particle to the edge of the wafer). Other
possible particles are small resist flakes (i.e.,
dried resist) that stick to the layer and become
permanently attached to the surface due to the
baking process.

FIG. 3. Fiber creating a comet (left); a resist flake baked into the layer (right).

The second class of defects illustrated in Fig.
4 may occur randomly based on the processing
technology. During the process of mixing of the
resist and the solvent, air bubbles can form in the
mixture. If a bubble is transferred on the wafer, it
may form a defect called “micro-bubble”. It is a
small spot (spherical shape) in the resist layer,
where there is a huge thickness difference. It
may cause problems during development (for
example cracks in the resist layer around the
spot). It can be prevented by degassing the
mixture in the desiccator or really slow pouring
of the resist mixture on the wafer. Another issue
that may occur is related to inhomogeneity on a
much bigger scale. For example, interference
circles can be seen all over the wafer. The
thickness difference is formed on a bigger

surface than in the case of micro-bubble defect.
The exposed structure has afterwards different
depths according to the location on the wafer.
This type of defect can be caused by poor
centering of the wafer on a spin coater, by an
insufficiently levelled spin coater or by improper
choice of the spin-coating parameters, as
mentioned above. This type of defect cannot be
seen using a microscope because of the small
field of view. It can, however, be seen by the
naked eye. Despite this kind of defect cannot be
observed by the set-up, it has to be dealt with
before the process of electron beam lithography
and defected areas have to be avoided. This
particular type of defect is further explained in
the following paragraphs.
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FIG. 4. Micro bubble (left), inhomogeneity all over the wafer (right). The left image was taken by VLM and the
right one by a camera.

The interference effects, which can be seen in
Figs. 3 and 4, are determined by the optical path
length (OPL) through the thin PMMA film in a
phenomenon called thin-film interference.
Optical path length is the product of the
geometric length d of the path of light through a
system and the index of refraction n of the
medium through which the light propagates,
hence OPL = nd. Through this concept, a phase
of the light can be determined by governing
interference and diffraction of light as it
propagates.

Recently, as was reported by Lalova [2],
refractive index n, extinction coefficient & and
thickness d of the spin-coated PMMA films
deposited on a silicon wafer were determined by
using minimization of a function. The function
consists of the discrepancies between measured
and calculated R spectra by means of multi-
wavelength nonlinear curve fitting. The

refractive index was described using Sellmeier’s
equation in the following form:

Aq2?
n*() =1 +/12+A§, (D

where A4; and A, are the Sellmeier’s coefficients.
The dispersion of the extinction coefficient was
described using the following exponential
dependence [2]:

k = B, exp (BZ/ A)’ )

where B; and B, are dispersion coefficients.
Based on Egs. (1) and (2), it has been found out
that the refractive index of the thin PMMA
increases with the increase of the thickness
following an exponential law of the type n = ny +
Ay (1 — exp(-d/d,)), where ny is the initial value
of the refractive index and 4, = -0.9 and d, =
31.91 are parameters.

Refractive index
w
[$,]
L]

125 F

40 60 80

100 120 140 160

Thickness (nm)

FIG. 5. Dependence of the refractive index on the thickness of thin spin-coated PMMA films at a wavelength
of 600 nm, with permission from Bulgarian Chemical Communications [2].
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Based on the dependence illustrated in Fig. 5,
it has been concluded that the refractive index is
thickness-dependent for values of d < 110 nm.
For thin films with thicknesses greater than 110
nm, the coating possess refractive index is close
to that of the bulk [2].

Measurement Set-Up

The measurement set-up illustrated in Fig. 6
consists of a table moving along the axis Y and a
camera placed above the table which moves

along the axis X. The camera is based on a
classical color CMOS sensor working at a
resolution of 1.3 megapixels, allowing obtaining
15 screens per second with a resolution of 1280
x 1024 pixels over the USB 2.0 bus. The camera
provides also a white LED lighting, whose
intensity can be controlled manually. In order to
reduce a distortion caused by the lens that may
appear near the edges of the image, only the
inner part of the image (approx. 70% of the
original image) is used and further processed.

FIG. 6. Prototype of the measurement set-up scanning over a 4-inch wafer showing all the electronic and
mechanical parts: (A) moving table, (B) camera on a moving holder, (C) Arduino board with buttons and stepper
motor drivers, (D) stepper motor drive and (E) the evaluated 4-inch wafer.

The mechanical system was originally
adapted from a 3D-printer-based platform with
two precise stepper motors (see Figs. 6 and 7).
The XY movement is based on the two stepper
motors controlled through a microcontroller
board Arduino UNO® based on the Microchip
ATmega328P. The Arduino board contains its
own program responsible for interpreting
received commands from the WaferScan
software (illustrated in Fig. 8, left), which
includes driving of the movements. The board
also generates a response when limit switches
have reached the end of the track in one of the
axes. The power supply to the motors is
provided through two Easy Driver expansion
boards. The whole system is powered using an
external 12V DC power supply.

The main algorithm consists of a few simple
steps that are implemented within an algorithm,
whose flowchart is illustrated in Fig. 8 (right). In
the beginning, the position of a calibration mark
is located. The calibration mark is situated on a
calibration sample, which is a silicon chip (1
cm’) with a cross-structure etched into the
surface. This sample is placed on the stage table
that contains also the evaluated wafer. After the
position of the mark is read, a new coordinate
system is set. This system of coordinates is then
used for determining positions of any defect
found during the scanning over the surface of the
evaluated wafer. The flowchart illustrated in Fig.
8 (right) of the main scanning algorithm is
implemented using Matlab graphic user interface
(GUIDE®) and Matlab Instrumentation
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toolbox®. Matlab instrumentation toolbox
provides software means to communicate with
all the components directly from the software by
using text-based Standard Commands for
Programmable Instruments (SCPI) command or
via instrument drivers. The process follows a
simple line scanning procedure, as it is known
from any other scanning devices, which means
that when an image is obtained, the camera

moves to another field of view until the whole
surface is mapped. The implementation of post-
processing uses advanced image processing and
recognition techniques, whose description is
outside of the scope of this paper; so, let us just
simply conclude that the software returns precise
coordinates and sizes of the defects found in the
taken images.

USB camera
(CCD)

Movement X-axis
(stepper motor A)

¥

MATLAB
PC
i

stop

buttons St

movement controller

I —

4 WaferScanEN

1

09

[X:]

0.7

06 [

05

stepper stepper
motor motor
Movement Y-axis driver A driver B

(stepper motor B)
FIG. 7. Schematic illustration of the measurement set-up.

Go with camera above
the calibration mark

Automatically retract to zero

Calibration and setting the center
of the coordinate system

Manualy retract to zero

Calbration procedure

Set number.
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29031901
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one field of view
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03
£ water

02 s0

10
0.1

] ¥ [) Preview
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40
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- —-{ Processing of measured data

i

Process the image and
write to the list

I

Summary with size
and position of defects

FIG. 8. The screen of the WaferScan software showing located defects in the red box (left); the flowchart of
scanning algorithm schematically showing the implemented scanning procedure (right).

The WaferScan software (Fig. 8 left) allows
running the initial calibration procedure both
manually and automatically as well as precisely
determining the area on the wafer to be scanned.
On the background, the software saves a list of
defects and their parameters as well as the
particular images that are continually obtained
for a possible further inspection. Using the saved
images, it is possible to determine the size of the
located defects.
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Results and Discussion

A comparison of two particular defects found
is illustrated in Fig. 9, showing the output of our
WaferScan system compared to the images
obtained by manual inspection using a classical
visible-light microscope. The map of defects
shows the precise positions of the particular
defects found.
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WaferScan output

Defect n. 1

Defect n. 2 C ; 5 o

Defects map

Visible-light microscope
for comparison
Defect n. 1

100 Defect n. 2

FIG. 9. Results provided for two selected defects (left top and above) within the scanning area (that is located
within the red borders). On the right side, there are images from a visible-light microscope.

Summary and Conclusions

This paper presents an important tool that has
been developed to cover certain needs of
complex research, which are connected with the
development of large-sized micro-structure
diffractive optical elements as well as sub-
micron diffractive holography structures for
industrial holography applications.

The devised set-up enables to scan a non-
patterned wafer stepwise and to find defects as
small as 10 pm by means of a precise CCD
camera that scans the surface. Software, that is
an essential part of the device, allows
determining the size of a defect and its position
on the wafer. This is the most significant benefit
of this set-up, since the evaluation of a small
series was in most cases done manually.
Moreover, the accuracy of the process was
increased and its error rate was decreased.

Further development will focus on precise
characterization of particular defect types and
automated distinction between defects, such as
micro-bubbles, fiber or dust, in addition to
revealing inhomogeneities of the resist layer on a
smaller scale. The set-up will be further
extended by addition of an automated focusing
system that would make the process more
precise. Among the other future goals, the set-up
may be also extended to be used for patterned
wafers and to implement White Light
Reflectance Spectroscopy (WLRS).
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Abstract: In field electron emission (FE) studies, it is important to check and analyze the
quality and validity of results experimentally obtained from samples, using suitably plotted
current-voltage [/,(V,,)] measurements. For the traditional plotting method, the Fowler-
Nordheim (FN) plot, there exists a so-called "orthodoxy test" that can be applied to the FN
plot, in order to check whether or not the FE device/system generating the results is "ideal".
If it is not ideal, then emitter characterization parameters deduced from the FN plot are
likely to be spurious. A new form of FE [,(V,,) data plot, the so-called "Murphy-Good
(MG) plot", has recently been introduced (R.G. Forbes, Roy. Soc. Open Sci. 6 (2019)
190912). This aims to improve the precision with which characterization-parameter values
(particularly values of formal emission area) can be extracted from FE 7,(V},) data. The
present paper compares this new plotting form with the older FN and Millikan-Lauritsen
(ML) forms and makes an independent assessment of the consistency with which slope
(and hence scaled-field) estimates can be extracted from an MG plot. It is shown that, by
using a revised formula for the extraction of scaled-field values, the existing orthodoxy test
can be applied to Murphy-Good plots. The development is reported of a prototype web tool
that can apply the orthodoxy test to all three forms of FE data plot (ML, MG and FN).

Keywords: Field emission, Field electron emission, Murphy-Good plot, Fowler-Nordheim

plot, Millikan-Lauritsen plot, Orthodoxy test.

Introduction

The process of field electron emission (FE)
occurs in many technological contexts. This
paper is about the analysis of measured current-
voltage [1.(Vm)] data that relate to FE processes,
devices and systems. The conventional methods
of analyzing this data are to make either (a) a
Fowler-Nordheim (FN) plot, i.e., a plot of the
form loge 10{/m/Viz} vs 1/Vp, or (b) (in older
work) a Millikan-Lauritsen plot, i.e., a plot of the
form loge 10{/m} VS 1/Vi,. Such plots are often
approximately straight. Emitter characterization
parameters are then extracted from the slope of

the plot and from the intercept that a fitted
straight line makes with the 1/V,, = 0 axis.

With logarithmic expressions, such as log{x}
or In{x}, an international convention [1] is used
in this paper that the symbol {x} means "the
numerical value of x, when x is measured in the
stated units". In this paper, in all equations, all
figures and all tables, voltages are always
measured in volts and currents are always
measured in amperes. Brackets not part of
logarithmic expressions are used normally.

Corresponding Author: Marwan S. Mousa
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A so-called ideal FE device/system is one
where the measured I,,(V},) characteristics are
determined only by unchanging system geometry
and surface properties and by the electron
emission process. An ideal system is termed
orthodox if, in addition, it is an adequate
approximation to assume that emission takes
place through a Schottky-Nordeim (SN) ("planar
image rounded") potential-energy barrier and
hence that Murphy-Good FE theory applies.

For an orthodox device/system, FN plot (or
ML plot) analysis leads to correct values for
emitter characterization parameters. However,
for a variety of reasons (for example, series
resistance in the measurement circuit), many real
FE devices/systems are not ideal (and hence
cannot be orthodox). When conventional FN plot
(or ML plot) analysis techniques are applied to
I,(Vy) data taken from non-ideal devices/
systems, spurious values can be (and often are)
derived for emitter characterization parameters.

The so-called Orthodoxy Test [2] is a test that
can be applied to a FN plot (or to an ML plot), in
order to establish whether or not the plotted data
are derived from an orthodox FE device/system
(and hence whether extracted characterization
parameters are valid or spurious).

For a field emitter with local work function ¢,
subject to a local electrostatic field of magnitude
F1, a corresponding scaled field f can be defined
by:

fL = c§p72F, = (e3/4ney)p~*F, = F /Fg, (1)

where c¢s is the Schottky constant, e is the
elementary positive charge, & is the vacuum
electric permittivity and Fi [= c5%¢?] is the
reference field needed to pull the top of an SN
barrier of zero-field height ¢ down to the Fermi
level. Emitter behaviour can be described in
terms of characteristic field (£¢) and scaled-field
(fc) values, usually taken as the values at the
emitter apex (for a pointed emitter) or at the apex
of a prominent individual emitter (for large-arca
field electron emitters).

The range of fc-values in which emitters
normally operate is well established (see
spreadsheet associated with [2]). When [(V,)
data is plotted in the form of a Fowler-Nordheim
(FN) plot or a Millikan-Lauritsen (ML) plot, the
plot can be used to extract values of fc that
correspond to the range of electrostatic fields
apparently used in the experiments. The
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orthodoxy test compares these apparent f--values
with the known fc-values at which emitters
normally operate and draws appropriate
conclusions. For example, if an extracted fc-
value is higher than the known fc-value at which
an emitter melts or self-destructs, it is concluded
that the FE device/system is not ideal and that
any characterization results derived from the FN
(or ML) plot are likely to be spurious.

Fowler-Nordheim plots came into use
because the FE equation derived by FN in 1928
[3] predicted that an FN plot would be linear.
But, in 1953, Burgess, Kroemer and Houston
(BKH) [4] found a physical mistake in FN's
thinking and a mathematical mistake in a related
paper by Nordheim [5]. In 1956, Murphy and
Good (MQG) used the BKH results to develop a
revised FE equation [6]. (For a modern
derivation, using the International System of
Quantities (ISQ), see [7]).

Murphy-Good plots are a new form of FE
1.(V,) data plot that has recently been developed
[8]. They are based on improved mathematical
understanding of MG theory, developed from
2006 onwards and have the form
loge 10{/m/Vi } vs 1/V;,, where the voltage
exponent x for the SN barrier used in MG theory
has the value:

K=2- nl6. 2)

The parameter 7 depends only on the
assumed work-function ¢ and is given by [2, 9]:

n =9.836239 (eV/g)"~ (3)

More generally, in the expression In{l,, /V;X},
the value to be allocated to the general voltage
exponent x depends on the plot type, as shown in
Table 1.

TABLE 1. Values of the voltage exponent « for
the three plot types under discussion.

Plot type Voltage exponent (x)
Murphy-Good (MG) K= (2-1/6)
Fowler-Nordheim (FN) 2
Millikan-Lauritsen (ML) 0

In the work reported in this paper, we will
confirm that using an MG plot is an improved
method to analyse FE data. This is because
modern Murphy-Good theory predicts that
(unlike an ML plot or an FN plot) an MG plot
will be "almost exactly" a straight line. This
means that, for ideal measured current-voltage
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data, we can extract well-defined emitter
characterisation parameters more precisely and
more easily than with the older plot forms.

We also develop a form of orthodoxy test that
applies to Murphy-Good plots and report on the
development of a software tool that implements
this test for any of the three plot forms shown in
Table 1.

Theoretical Background

The so-called Extended Murphy Good (EMG)
equation [8] for the local emission current
density (LECD) JEMG can be written in the
linked form:

JEMG = 2 JoN, (4
JoY = a¢~1F2exp[—vpbp>/2 /F]. (5)

Here: A is an ‘“uncertainty factor", of
unknown functional dependence or value, called
the local pre-exponential correction factor; ]E]I:I
is called the kernel LECD for the SN barrier; and
a and b are the first and second FN constants as
usually defined ([2], also see Table 2 here). The
parameter vg, which acts as the barrier-form
correction factor for the SN barrier defined by ¢
and Fp, is a particular value of a special
mathematical function v(x), where x is the Gauss
variable (i.e., the independent variable in the
Gauss Hypergeometric Differential Equation)
and usually is adequately given by the simple
good approximation:

VE=v(x =f)~1-f+(f/6)Inf, (6)

where f is to be interpreted as the local scaled
field fi as defined above or as its characteristic
value fc.

Integrating Eq. (4) over the emitter surface,
we can find the total emission current IEMG as:

IEMG = ARMC AT (7)

where AEMG is the related notional emission
area. On defining the formal emission area (for

the SN barrier) AfS-N by:
ARN = 1 ARMC, (8)

and on assuming that the measured current /,, is
equal to IEMG, we obtain the I,,(Fc) form of the
EMG equation, as:

Im(F) = AfNag ' Fexp[—vegbp/2 /Fc].  (9)

The characteristic barrier field F: can be
related to the measured voltage V,, by the
formula:

Fe="Vnl/, (10)

where (¢ is a system-geometry parameter called
the characteristic voltage conversion length
(VCL). This parameter (¢ is constant for ideal FE
devices and systems, because their [,(Vi)
characteristics are determined only by the
emission process and unchanging system
geometry and surface properties. Additional
background theory is given in [7-9].

The Theory of Murphy-Good (MG)
Plots

Development of a Theoretical Equation for
the MG Plot

This section reviews the theory [8] of
Murphy-Good plots. To develop the theory, it is
necessary to put Eq. (9) into the so-called scaled
form. From Eq. (1), for characteristic values, we
have F¢ = c52¢?fc. We can define two scaling
parameters 77(¢) and 9 (¢) by:

n(¢) = bcdp~1/2, (11)

0(¢) = acs*¢>. (12)

Inserting these three relationships into Eq. (9)
yields the scaled EMG equation:

Im(f) = AN 61¢ exp[—ven/fcl, (13)

where, for simplicity, we do not explicitly show
that # and @ depend on ¢. Making use of
approximation (6), with f = f, yields (after
some algebraic manipulation):

Im(fo) = AN 0 79 expln] exp[—n/fc-
(14)

Eq. (14) now needs to be converted into a
form where the measured voltage V,, is the
independent  variable. For an ideal
device/system, the reference measured voltage
Var 1s related to the reference field Fr (that
corresponds to fc = 1) by:

Vir = Fr Cc. (15)
Combining this with Eq. (10) and definition
(1) for characteristic scaled field fc yields:
fc = Fc¢/Fr = Vin/Vinr- (16)
In Eq. (14), we use Eq. (2) to replace (2—77/6)
by xand use Eq. (16) to replace fc, yielding:
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Iy (Vi) =
{A 6 expln] Vik} Vi exp[—1 Vinr/Vin]- (17)
Dividing both sides by Vi and taking the
natural logarithms of both sides give us the
equation for the theoretical MG plot:

In{ln/Vik} = In{A$N 6 expln] Vink} —

1 Vir/Vin- (18)
Extracting Parameters from an MG Plot
MG plots have the form

(loge 10t/ Vi } vs 1/Vpy), but we discuss only
the natural logarithmic form here. We can define
the following expressions:

Z=1/V, (19)
Y = In{l,,,/V%} (20)
a = AN 0 expln] Vink 1)

= VR . (22)

For a given work-function value, S, « and
In{a} are constants. On substituting Egs. (19) to
(22) into Eq. (18), we obtain the linear equation:

Y(X) = In{a} + BZ. (23)

Thus, In{a} is the theoretical intercept of the
MG plot and f is its theoretical slope. It can also
be seen that:

alBl* = AN 6 n* exp[n] = AN (On*)n~"/°.
(24)

rom Eqgs. an , 1t follows that &7 =
F Egs. (11) and (12), it foll hat 017
ab2¢2; S0, we obtain:

alBl* = AN 6 n* exp[n] =
AN (ab?p®) (™ expln]).

Let S{,‘[tc denote the slope of a straight line
fitted to an experimental MG plot (made using
natural logarithms) and let ln{Rl{,i[tG} denote the
intercept that this line makes with the (1/V,) =
0 axis. It follows from the equations above that
an extracted value of formal emission area AFN

can be obtained from the extraction formula:

(25)

. .. K
{AFN}™ = Ay Rig [Swal > (26)

where the extraction parameter for the MG plot,

Amg(9), 1s given by:
Avg(®) = 1/[(ab*¢*)(n ™"/ exp[n])].

Examples of the numerical dependence of
Anc(¢) on ¢ are given in [8].

@7

104

It also follows that extracted values of Vg
and ¢ can be obtained from:

{Vr}&" = —Sﬁtc/rl,
Gy = —Siie /bd®/2 . (29)

For large area field electron emitters
(LAFESs), an extracted value of a characteristic
(dimensionless) field enhancement factor (FEF)
¥Mc» can then be obtained from:

{rmc} ™ = dm /(¢ (30)

where dy; is the macroscopic distance used to
define the FEF (often, but not necessarily, the
separation between two parallel planar plates).

(28)

Once a value has been extracted for V., Eq.
(14) can be used to determine (for an ideal
device/system) the characteristic scaled-field
value fc that corresponds to any measured
voltage. This is equivalent to using the extraction
formula:

{feyowr = |
Vin/ (Vg3 = — (n/S8%)/(1/ V). (31)

This can be contrasted with the formula for
extracting fc-values from an FN plot made
against 1/V,, which is [2]:

{fe}o0 = — (s n/SHE)/(1/Viw). (32)

Clearly, the MG-plot formula does not
contain the slope correction factor s,.

Orthodoxy Test for a Murphy-Good
Plot

Description of the Test

Since the orthodoxy test is based on
comparing extracted ranges of fc with acceptable
and unacceptable ranges of fc, as defined in Ref.
[2] and shown in Tables 2 and 3 below, it is
straightforward to apply an orthodoxy test to a
Murphy-Good plot, by using Eq. (31) to extract
apparent fc-values.

To describe the test procedure, we use the
simulated ideal I,(V;,) MG plot shown in Fig. 1.
The method of generating this plot is described
later in detail. The test procedure is as follows:
(1) Fit a straight line to the experimental (or

simulated) plot. Regression techniques can be

used, but usually defining a straight line with

a ruler is good enough.

(2) Identify the position on the line that has the
same X-coordinate (X,,) as the lowest-X data-
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point you wish to use and determine the Y-
coordinate (Y,,) of this position on the line.
These coordinates (X, Y,,) define the upper
point shown in Fig. 1. (The apparently
contradictory terminology arises because
"up" refers to the related value of V,, rather
than of 1/V,.)

(3) Carry out a similar procedure for the lower
point shown in Fig. 1.

(4) Evaluate the (negative) slope Sfit. of the
fitted line, using the formula:

0.00 0.10 0.20 0.30 0.40

l{/l[% - (Yup Ylow)/(zup - Zlow)- (33)

(5) Extract the range-defining scaled-field

values, by applying Eq. (31) to the (1/V,)-

values that define the ends of the range, as
follows:

lg)\igr = (U/Sﬂt )/(1/Vm)lowa (34)
fixw = — (n/85i%)/ 1/ Vi) up- (35)

(6) Apply the test condition, as derived from
Tables 2 and 3.

0.50 0.60 0.70 0.80 0.90

0_""I""I""I""I""I""I""I""I""I
] 1 1000/{V,} 1
-10
— Vertical Axis Intercept
S 20
=~ ]
N30 4«
= ] Upper Point
40 -
50 1"
] Lower Point
-60 -

FIG. 1. Murphy-Good (MG) plot showing the upper and lower data points that define the range of voltages used.
This plot covers the range from 1.2 to 2.8 kV (corresponding to the scaled-field range from 0.15 to 0.35), for an
emitter with ¢=4.50 eV Voltages are measured in volts and currents in amperes. The parameter k = k= 2—7/6.

In Table 2, ;25" is the extracted fc-value for
the lower point, fitX™ is the extracted fc-value

for the upper point and the superscripts (A/ NA)
indicate the allowed/ disallowed limits for the
extracted fc-values. (For simplicity, the subscript

TABLE 2. General criteria for the orthodoxy test.

"C" is omitted in Egs. (34) and (35) and in the
tables). Table 3 shows the values of these limits
for wvarious work-function values [2]. If
necessary, linear interpolation between these
limits can be used.

Condition

Result

Explanation

0w < fiow” AND figxtr < fA Pass

Reasonable range

fi e’égr < fl OR fup NA uegtr Fail Clearly unreasonable range
extr : . D

f1 < flow = flow Inconclusive ~ More investigation is needed

fip S fo < ft Inconclusive ~ More investigation is needed

TABLE 3. Orthodoxy-test range-limits, as a function of work function ¢.

g(eV) S fiow"
5.50 0.09 0.14
5.00 0.095 0.14
4.50 0.10 0.15
4.00 0.105 0.16
3.50 0.11 0.17
3.00 0.12  0.18
2.50 0.13 0.20

fu"  fo
041 0.69
043 0.71
045 0.75
048 0.79
0.51 0.85
0.54 091
0.59 0.98
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The physical meanings of the two "fail"
ranges are easy to state. The "low-fc" one
corresponds to the situation where the extracted
fc-value is thought too low for a measurable
current to be detected in normal experiments; the
"upper-fc" one corresponds to the situation
where the extracted fc-value is higher than fc-
values at which the emitter is known to
electroform (i.e., change shape due to atomic
migration) or self-destruct. In both cases, it has
to be concluded that the FE device/system is not
ideal and that any characterization parameters
extracted from the plot are likely to be spurious.

MG Plot Example

0.151

At a recent conference [10], we reported on
the development of a prototype of a web tool that
can apply an orthodoxy test to either an ML or
an FN plot, and—if the test is passed—extract
values of relevant emitter characterization
parameters. The output of this prototype is
shown in Fig. 2. During the work reported here,
we have extended this prototype to include MG
plots. At the time of writing, this prototype can
be found at link [11]. The web tool is still under
development and the final version will be made
openly available in due course. It is also planned
to develop a downloadable spreadsheet version.

Click here to obtain all Orthodoxy Test Outputs

Data Input

Click here to obtain all Orthodoxy Test Outputs

Fowler Nordheim

Click here to obtain all Orthodoxy Test Outputs:

_lel-kan Launtsen v

FIG. 2. Current outputs of orthodoxy test web tool, for: (a) MG plot; (b) FN plot; (c) ML plot.
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Consistency of Scaled-Field Extraction for
MG Plot

For an MG plot, the physical consistency of
the extraction process can be checked in the
following simple way. Highly precise simulated
ideal 7,(Vy,) data-sets can be generated by using:
(a) Egs. (13) and 14); (b) chosen values for
system input parameters ¢, V,r and A?N; (c) a
high-precision (HP) formula for v(f), given in
[7] and also in the Appendix to [8] (in the range
0 < f <1, v(f) varies from 1 down to 0 and the
HP formula yields v(f)values known to have
errors less than 8x107'%); and (d) a chosen set of
values for fc.

Values of parameters used in (or related to)
this simulation are shown in Table 4. The chosen
values of fc (as shown in Table 5) lie in the range
0.15 < fc < 0.35. This range is used because it is
known [2] that, for tungsten FE devices,
experimental fc-values often lie within this

range. Table 5 also shows the resulting simulated
values of quantities relevant to drawing the MG
plot shown in Fig. 1.

For simplicity, the "lower" and "upper" data
points on the MG plot are assumed to have the
horizontal ("Z") and vertical ("Y") coordinates
given by the values in columns 4 and 5 of Table
5, for the fc-values 0.15 and 0.35. The resulting
"fitted" slope, S{,i[tc, derived using Eq. (33), is
shown in Table 4. The corresponding extracted
values {fc}**"" are shown as the last column in
Table 5 and are consistent with the input values,
apart from a small systematic error of 0.27%.
The cause of this error is the small discrepancy
between the highly precise numerical formula
for v(f)used in the simulations and the "simple
good approximation" (6) used to develop MG-
plot theory, which is known to have an error of
this order of magnitude. For practical purposes,
the error is negligible.

TABLE 4. Parameters used for preparing simulation data for MG plot and extracted outputs related to
its slope. Universal constants are shown to seven significant figures. Other parameters are shown to
four or five figure precision. Asterisks indicate the chosen input-parameter values.

Parameter name Symbol  Numerical value Units
Input and related data

First FN constant a 1.541 434 HA eV V7?2
Second FN constant b 6.830 890 eV~ (V/nm)
Schottky constant Cs 1.999 985 eV (V/nm)"?
Local work function* 7 4.500 eV
Reference field Fr 14.06 V/nm
Exponent scaling factor n 4.637 -
Pre-exponent scaling factor o 6.774x10" Am?
Voltage exponent (SN barrier) K 1.227 -
Reference measured voltage* Vir 8000 Vv
Voltage conversion length le 56.90 nm
Formal area (SN barrier)* AN 100.0 nm
Extracted data

Fitted slope SuG -3.6995x10" NpV
Extracted value of V,» {Vaor} ™" 7987 \Y4
Extracted value of (¢ {3 56.73 nm

TABLE 5. Typical simulation data for a current-voltage [/.(V.)] - based MG Plot and related

extracted values of characteristic scaled field fc.

fo Va I 1/Vlm In{l_/V¥}y  {fe}" % error
- O A) V) - -

0.15 1200 2.755x10"° 8.33x10°* —42.2 0.15040 0.27%
020 1600 8.747x107% 6.25x10*  -34.5 0.20054 0.27%
0.25 2000 1.172x107° 5.00x10*  -29.9 0.25067 0.27%
0.30 2400 3.196x10° 4.17x10°*  -26.8 0.30081 0.27%
0.35 2800 3.488x107 3.57x10*  —24.6 035094 0.27%
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Table 4 also shows the extracted values of the
reference measured voltage and the voltage
conversion length. Again, these are very close to
the input values.

The various good agreements just discussed,
between extracted values and input values, serve
to demonstrate the physical self-consistency of
the MG plot and related extraction formulae,
when these are applied to an orthodox FE
device/system.

A more detailed investigation was also
carried out, in order to confirm the high
consistency level with which characterization
parameters can be extracted from an MG plot for
an orthodoxly behaving FE device/system (if
likely statistical errors in measured data are
disregarded). This investigation was similar to,

TABLE 6. Simulation of extraction of fitted slope S,

but performed independently of, that described
in [8].

A data-set was created by using the same
basic input data as above, but using fc-values at
intervals of 0.01 in the range 0.15 < f. < 0.35.
This fc-range was then divided into four different
smaller ranges, in order to check how much the
extracted slope S{}[tc varied, depending on the
particular range chosen. As shown in the first
five columns of Table 6, it was found that, to a
very good level of precision, the extracted MG-
plot slope does not depend on the range used.

For the MG plot, the residual variations
shown in Table 6 presumably result, as before,
because the simple good approximation (6), used
to derive MG-plot theory, is not an exactly
precise expression for v(f).

{,i[tc, for an MG plot, and fitted slope Sf for an FN

plot, for various different ranges of characteristic scaled field fc (and hence of predicted measured

voltage V). Input data as in Table 4.

(fC)low (fC)up (Vm)low (Vm)up S I{/IItG S 511;[]
V) ) (NpV) (NpV)
0.16 020 1280 1600 37006 -35902
0.21 025 1680 2000 -36992 -35577
0.26 030 2080 2400 -36981 -35256
031 035 2480 2800 36974 -34938
|Total variation|: 32 964

Comparisons between the Plot Types

It is known that a Fowler-Nordheim plot is
not expected to be an exactly straight line and
that this gives rise to difficulties when
interpreting a straight line fitted to an
experimental FN plot. Within the framework of
the prevailing "smooth planar metal emitter
(SPME)" methodology almost-universally used
for interpreting FE current-voltage data (see next
section), the Murphy-Good plot was designed [§]
to be "very nearly” a straight line and to remove
these interpretation difficulties.

The superior quality of the MG plot is
illustrated in Fig. 3, which shows the same set of
basic I,,(V},) data plotted in the three ways under
discussion. These plots are each based on a large
set of data points, distributed over a wider fc-
value range than was used to produce Fig. 1. The
MG plot is "very nearly" straight, as 1/V;, gets
smaller, whereas the FN plot curves slightly
downwards and the ML plot curves upwards.
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The differences are small and normally difficult
to see. However,—because the "lever effect"
operates when extracting, from experimental
data points well away from the (1/V;;,) = 0 axis, a
value for the intercept on the axis—these small
differences significantly affect the accuracy with
which the intercept value can be extracted.

To illustrate this quantitatively, we carried
out for an FN plot a simulation exercise
analogous to that described for an MG plot,
using the same set of values of f¢, V;, and [,,,. The
results for the FN-plot fitted slope SE are listed
in the last column of Table 6: the variation in
SH (around 3%) is around 30 times higher than
the variation in the fitted slope S{,‘[tc for the MG
plot. This again demonstrates the superiority of
the MG plot as a tool for the precise analysis of
I(Vy,) data (within the framework of SPME
methodology).
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1.00 3.00 5.00 7.00 9.00 11.00 13.00
0 L L L L 1 L L L L 1 1 1 L 1 L L L L J
1 10000/{V,.}
-10 - \\
* | \
:;'30 1 \
> J
~
:LE | \ \
E -40 4 1.00 2.00 3.00 4.00 5.00 )
1o . ) . ;
1| -5
-50 .10 ]
-15 1
41-20 1
-60 25 | \
-30
1l-35 7
-70

FIG. 3. Comparison between plot types. The ML plot (top) has voltage exponent k£ = 0; MG plot (middle) has
k= x=2-n/6; FN plot (bottom) has k = 2. Voltages are measured in volts and currents in amperes.

Obviously, this difference between MG plots
and FN plots aligns with the fact that Eq. (30)
contains the slope correction factor s, but
Eq. (29) does not. It is known (e.g. [7]) that the
slope correction function s(f) is a function of f,
albeit a weak one. Thus, the "fitting value" s, [=
s(f)] will be a function of the fitting value f; (f; is
the value of characteristic scaled-field at which
the experimental plot and the tangent to the
theoretical plot are assumed to be parallel).
However, normal practice is to take s, as having
the constant value 0.95; this is part of the cause
of the observed discrepancy. (One of the
problems with precise FN-plot analysis is
determining the precise value of s;).

Note that the numerics presented here have
been generated specifically for the purpose of
confirming the theoretical performance of an
MG plot and comparing this with that of an FN
plot. These numerics should not be interpreted as
likely errors when MG plots are used to interpret
real experimental data. In the application of FN
plots and MG plots to real experimental data,
other factors come into play, including noise in
the data, non-ideality and weaknesses in SPME
methodology.

Applicability to Non-Metals and Non-
Planar Emitters
Obviously, the whole discussion here has

been within the framework of the near-universal
experimentalists' assumption (whatever the

material they are working with) that,
theoretically, emitters can be treated as if: (a) the
existence of atomic structure can be disregarded;
(b) emission is coming from a limited area of a
smooth planar surface of very large extent; and
(c) Sommerfeld free electron-metal theory
applies. This has been called elsewhere [8] the
"smooth planar metal-like emitter" (SPME)
methodology. The above set of assumptions is
obviously unrealistic for some modern field
electron emitters (in particular, for low-apex-
radius carbon nanotubes). Clearly, for such
emitters important questions are: "how should
FE [.(V.,) data-analysis techniques be
modified?" and (in the context of the present
paper) "do new test(s) of FE 'ideality' need to be
developed to replace the orthodoxy test?"

To a large extent, these questions are outside
the scope of the present paper. The MG plot is a
method for improving the precision of data
analysis within the framework of SPME
methodology and the focus of this paper has
been on developing and testing a form of
orthodoxy test applicable to an MG plot. These
things have merit in themselves. Nevertheless,
the following points deserve making.

In reality, the situation is more favourable
than it might seem at first sight. (1) (Except
perhaps for very sharp emitters) most of the
causes of non-orthodoxy in FE devices/systems
are associated with breakdown of the assumption
that V,r is constant, rather than with breakdown
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of the assumption that the emission is adequately
described by Murphy-Good theory. But, the
causes of breakdown in the constant-Vr
assumption are much the same, whatever the
emitter material. (2) In breakdown of the
assumption that the EMG FE equation applies,
the biggest factor will probably be that the true
barrier is not an SN barrier. But, except possibly
for very sharply curved emitters, the effect on
FN-plot analysis is known to be a change in the
value of s, by a relatively small amount (typically
of the order of a few percent); equivalently, one
would expect (qualitatively) that the numerical
validity of MG-plot analysis would be only
slightly affected. (3) Differences in the electron
supply function would be expected to have only
a very small effect on the FN plot or MG plot
slope, since they primarily affect the plot
intercept. (4) With very sharp emitters, it is
likely that both FN and MG plots would be
noticeably curved and thus obviously non-
orthodox. (5) Lack of strict applicability of
orthodoxy test theory is more likely to result in a
false determination that the FE device-system is
non-orthodox, than a false determination that the
FE device/system is orthodox. In fact, for further
development of FE theory, a false determination
of the first kind is of limited importance, because
only results that pass the orthodoxy test are of
scientific use. (6) The orthodoxy test is an
"engineering triage" test, with generous margins
of uncertainty built in.

Although more-exact tests for "ideality/non-
ideality” may be developed in due course, this
seems unlikely to happen soon. For the time
being, we consider that the orthodoxy test,
whether applied to FN or MG plots, is a
technological test of "ideality or otherwise" that
is sufficient for the purpose.

A final point is that development of data-
analysis theory for non-metal emitters and for
very sharp emitters is inhibited by lack of
sufficiently good understanding of emission
theory for such emitters. Probably a higher
strategic priority is to first develop a form of
data-analysis theory that deals with metal
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emitters that have the shape of pointed needles
or of rounded posts or are otherwise sharp (but
not "very sharp"). This topic is beginning to be
an active area of research and some of the issues
involved have recently been discussed (see
doi:10.13140/RG.2.2.32112.81927 and
doi:10.13140/RG.2.2.35337.19041).

Summary

This paper has reviewed the theory of
Murphy-Good (MG) plots and made some
comparisons with the theories of Fowler-
Nordheim (FN) plots and Millikan-Lauritsen
(ML) plots. If experimental current-voltage
characteristics conform to the so-called
"Extended MG equation”, then an experimental
MG plot is expected to be "very nearly" a
straight line and "much more nearly straight"
than either an FN plot or an ML plot. We have
confirmed this to be the case. Also, by extracting
(from a simulated MG plot) slope values that
correspond to different voltage ranges, we have
shown that (for an MG plot taken from an
orthodoxly behaving FE device/system) the
process of slope extraction generates very
consistent slope values, irrespective of voltage
range

Because values of characteristic scaled field
fc can be extracted from an MG plot by using
Eq. (31), an orthodoxy test can be applied to an
MG plot by using the same rules about scaled-
field ranges as in the case of the FN plot. A
prototype web tool that can apply the orthodoxy
test to any of the three types of FE data plot
discussed (ML, MG or FN) is partially
completed, though still under development. It is
planned that there should eventually also be a
downloadable spreadsheet version.

A particular application that we have in mind
is to use the new data-analysis techniques
discussed here; namely Murphy-Good plots and
the related orthodoxy test, to enhance the
analysis of experimental results obtained in the
field emission laboratory at Mu'tah University.
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Abstract: The aim of this work is to investigate the electric properties of carbon nanotube-
reinforced epoxy polymer composites, using impedance spectroscopy, in the frequency
range from 1 Hz to 10 MHz and over the temperature range from 25 to 105 “C. The
dielectric response was analyzed using the complex permittivity and the electrical modulus
formalisms, depending on temperature and filler concentration in the polymer matrix.
Furthermore, an equivalent circuit model is proposed to describe the impedance response of
carbon nanotubes/epoxy composites. The impedance studies disclosed the appearance of
grain and grain-boundary effects, as confirmed by the Nyquist plot.
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Introduction

The use of carbon nanotubes (CNTs) in
polymer nanocomposites has received much
attention due to their enormous potential to
enhance or modify particular mechanical and
electric properties [1, 2]. These possibilities
include the use of CNTs as conductive filler in
insulating  polymer  matrices and  as
reinforcement in structural materials [3-8]. The
aspect ratio, the amount and the dispersion states
of carbon nanotubes determine how easily CNTs
can interact with each other to construct an
interconnecting network of percolation able to
transfer electrons and phonons to improve the
properties of the nanocomposite [9-11]. On the

other hand, epoxy resins are well established as
advanced composites displaying a series of
promising characteristics for a wide range of
applications. So, CNT incorporation into epoxy
resins results in carbon nanotubes / epoxy
composites allowing many potential
applications, ranging from microelectronics to
aerospace [12-15].

As an extension of our recent research for
exploring electrical properties [16-22], we report
in this paper a detailed investigation of the
dielectric and electrical properties of CNT-
loaded epoxy polymers using impedance
spectroscopy. Based on the obtained results, we
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can readily make the following observations. On
the one hand, the analysis of the behavior of
complex electric modulus revealed the existence
of two dielectric relaxation processes. One of
these relaxations was associated with dipolar
interactions at high frequencies, whereas the
other, appearing at lower frequencies, was
consistent with the interfacial polarization effect.
On the other hand, an important thermoelectric
phenomenon of transition was shown in this type
of materials, below and above the conduction
threshold (in our case the percolation threshold
was found at x =2.7%), which is the positive
temperature coefficient in resistivity effect
(PTCR). In addition, we report the behavior of
the impedance that reveals the presence of grain
and grain-boundary effects confirmed by single
and double arcs in the Nyquist representation.

Experimental
Materials

Multi-walled carbon nanotubes, with an outer
diameter of about 50 nm, a length in the range of
1020 pm and purity higher than 95 wt%
(Cheap-Tubes, USA Laboratories), were selected
in this work. The matrix used was an insulating
epoxy matrix DGEBA (diglycidylic ether of
bisphenol 1A) produced by A.W. Chesterton
Company, Boston (USA). DGEBA had a DC
electrical conductivity of the order of 1.4x10™
Sm’' and density of 1.19 g/cm’. The CNTs were
dispersed uniformly through the polymer matrix
in different concentrations, before adding 1% of
hardener to make each mixture cohesive. The
CNT/DGEBA gelation took 5 minutes after
pouring into the mold. Finally, the obtained
samples were unmolded after a few hours.

Differential scanning calorimetry (DSC) was
carried out using a DSC Q100 V9.9 Build 303
(TA Instruments Co-USA) programmed between
0 °C and 500 °C, at a heating rate of 5 °C /min.
The results were used to determine the glass
transition temperature of the composite for four
selected nanotube concentrations besides the
neat, undoped polymer. In our previous work
[21], it was observed that the glass transition
temperature decreased from 63 ° for the neat
polymer to 58 =C for the sample with 5.0% CNT
concentration. This decrease of the glass
transition temperature can be attributed to the
creation of a dense polymer package which is the
result of this filler loading increase that affects
the free volume of polymer.
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Experimental Procedures
Electrical Impedance Spectroscopy
Measurements

The impedance measurements on the samples
were performed using a Novocontrol Alpha-A
Analyzer combined with the ZG4 impedance
interface, in a 4-wire arrangement in the
frequency range of 1 Hz < f = 10 MHz under
isothermal conditions, at temperatures ranging
between 25 °C and 105 °C. The solid samples in
the form of discs with a diameter of 13 mm and
thickness of 2 mm were placed between two
parallel plated electrodes. The studied
composite materials were modeled by a lumped
circuit consisting of a resistor and a capacitor
connected in parallel. Impedance analysis
provides a simple method to determine various

complex formulations: permittivity (%),
modulus (M*) and impedance (Z*]. The
complex impedance

Z'(w) = Z2(w) 4+ 2" (@) = 1/(G(w) + jB(w))
can be converted into the complex permittivity
£*(w) = £'(w) — j&"(ew) by the relations:

£'() =P (1)

and " (w) = Glw)d

[eqAm (2)

where j =+/—1 is the imaginary unit, w = 2wf
is the circular frequency, 4 is the electrode area
of the sample, d is its thickness and &; is the
permittivity of vacuum (g, = 8.85 x 10~ Fm™).
The terms G(ew) and B{w) are the conductance
and the susceptance of the samples. The
electrical modulus, M*(w), is defined in terms of
the reciprocal of the complex relative
permittivity, £*{w):

M*(w) =1j£*{m}=M’(m}+jM”(m] (3)

where M'(w) and M''(w) are the real and
imaginary parts of the electrical modulus which
can be expressed by using the complex dielectric
constants via the following relations:

M @) = O ) 4 e @)

M”(m:} _ £H(mj/(g"21:m} 4 ,5""'2({;.3}} (5)
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Results and Discussion
Dielectric and Electrical Modulus Properties

The complex permittivity of the specific
samples of x = 0.8% and x = 5.0% (x is the
concentration of carbon nanotubes) is shown in
Fig. 1 and Fig. 2, respectively, which depict the
imaginary part and in the inset the real part of
the complex permittivity as a function of
frequency, for different temperatures. For the
composite with a lower CNT volume fraction;
ie., x = 0.8% (Fig. 1), we can observe that a
relaxation process is present, which is expressed
by the maximum in the imaginary part of the
complex permittivity and the inflection in the
real part. The amplitude of this maximum
increases as the temperature increases. The
relaxation phenomenon is probably the result of

the combination of two principal polarization
mechanisms [23-25]. The first one corresponds
to the dielectric properties of the polymer, which
is generally attributed to the re-orientation of
dipoles. The other mechanism is related to the
CNT presence. This polarization mechanism
causes an electric charge concentrated at the
CNT/epoxy interface.

For the higher CNT volume concentration;,
ie., x = 5.0% (Fig. 2), the relaxation peak
vanishes. Indeed, the material is characterized by
the formation of an infinite cluster of CNT
particles, which allows the displacement of
electrons through large distances. Interfacial
polarization phenomena on surfaces of the finite
clusters can always exist, but they are masked by
the process of conduction.

10'

10%

"

FIG. 1. Frequency dependence of the real and imaginary parts of the complex permittivity for various
temperatures at the concentration of x = 0.8%.

105 °C

(1P R
f(Hz)
FIG. 2. Frequency dependence of the real and imaginary parts of the complex permittivity for various
temperatures at the concentration of x=5.0%.
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Figs. 3 and 4 show the modulus spectra for
two CNT concentrations (x= 0.8% and x =
5.0%, respectively), at different temperatures. In
Fig. 3, we observe the presence of one relaxation
at the temperatures of 25 °C and 45 =C and the
existence of two successive relaxations above
the temperature 45 °C. The first relaxation, at
high frequencies, represents the orientation of

dipolar interaction groups, whereas the other, at
low frequencies, is related to the interfacial
polarization at the CNT/epoxy interfaces that
gives rise to the Maxwell-Wagner-Sillars
(MWS) polarization [26,27]. For x =5.0% (Fig.
4), the two relaxations are superimposed giving a
single distorted peak in M"{w) at all
temperatures.

4.0x107%
3.0x107F
z 3
S 2.0x10 7 10 10}(H1)05 10
Z
v o 25°C
1.0x107} o 45°C
A B5°C
o 85 °C
0.0 <1 105 °C
10t ' 46 H8°..90° qnd Y T an®
f(Hz)

FIG. 3. Imaginary part of the electric modulus as a function of frequency for various temperatures at the
concentration of x = 0.8%. The inset is a similar plot for the real part of the electric modulus.

1.5x107F50%

125107

. 9.0x10°]
6.0x107

3.0x107F

0.0L

P T RV EPUR N |

6.0x10°

85°C
85°C
105 °C

s siimd

Moo o

l R R R P R |

107 10" 10° 10° 10" 10° 10" 10" 10" 10"

f(Hz)

FIG. 4. Imaginary part of the electric modulus as a function of frequency for various temperatures at the
concentration of x = 5.0%. The inset is a similar plot for the real part of the electric modulus.

Impedance Analysis

The impedance spectra of CNT/epoxy
composites were analyzed by fitting to an
equivalent electrical circuit which, instead of
being a parallel R-C circuit, was the parallel
combination of a resistance and a constant phase
element (CPE) on the basis of brick-layer model
[27-30]. The CPE was modeled as a non-ideal
capacitor:

1y
[eGadn- (©)

Zepg =

116

Here, Z.pg is the impedance of the constant
phase angle component, 0 <n =1 and @ is a
constant. The CPE becomes equivalent to a
capacitance when n= 1 [31]. This equivalent
circuit model (Fig. 5a) is usable if only grain
effect is present. If an additional grain-boundary
effect is also to be taken into account, the
equivalent circuit model has to be supplemented
by a second, similar subcircuit of parallel R and
CPE, connected in series (Fig. 5b). For the
equivalent circuit models proposed, the total
impedances Z, and Z, in the simple (Fig. 5a)
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and the extended (Fig. 5b) equivalent circuit
models, respectively, can be expressed as:

A
Za =" t1.+ Ry @
(a) ] Re
— Qg
R
— Qg

Z

»
“la +R, Q)™ T

Ry

b

b
J(1+ Rgbﬂ?gﬁ{f@j et

®)
Here, R, and R g are the grain and the grain-
boundary resistances, respectively, @z, @z, 14,
and ngy, are constants.

Rgb

Qsb

FIG. 5. Equivalent electrical circuits used to fit the impedance spectra of CNT/epoxy composites taking into
account the effects related to (a) grain effect only, (b) both grain and grain-boundary effects.

To extract more information on the electrical
responses and  the structure-properties
relationship, complex impedance spectroscopy is
normally used. The Nyquist plots Z"(Z") of the
complex impedance for CNT/epoxy composites
with 0.8% and 5.0% CNT content are shown in

Figs.  6a-6b, respectively, for various
temperatures from 25 °C to 105 °C. At room
temperature measurements, no semicircle
formation takes place. With increasing
temperature, the behavior of Z' versus Z'
transforms into semicircles; this should be

attributed to the grain effect in CNT particles
(Fig. 6a) [32, 33]. In Fig. 6b, all the plots exhibit
one single arc from room temperature (25 °C) to
85 °C representing grain effect only. When the
temperature reaches 105 °C, a small segment of
an arc appears at the low frequency side, which
connects to the first semicircle. This suggests a
process, in which the grain effect is gradually
replaced by grain-boundary effect at increasing
temperature [34]. It is also observed that the
radius of the semicircles first increases, but then
decreases with the increase in temperature,
indicating a non-monotonic behavior of
resistivity. Its depression at high temperatures is

due to the statistical distribution of relaxation
times.

Fig. 7 shows the temperature dependence of
the maximum value Zj/ .. of the impedance
Zl o) for the three concentrations. In Figs.
7b and 7c, it can be seen that Z,, . increased
first with increasing temperature, which is
obviously a positive temperature coefficient in
resistivity (PTCR) effect, while negative
temperature coefficient in resistivity (NTCR)
effect appeared when the temperature was over
65 °C. For composites with 3.0% and 5.0% of
CNT content, both the PTCR and the NTCR
effects were very strong, while at 0.8% CNT
content (Fig. 7a), only the NTCR effect was
detectable. The PTCR could be attributed to
volume expansion of the composites, which
resulted in an increase of the distance between
conductive tubes. However, the expansion could
be paused when the distance of expansion was
over the grid size of the cross-linked network in
the rubber-matrix composites. With a further
increase in temperature, electrons with enough
energy could have an electron tunneling effect,
which resulted in the NTCR effect.
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FIG. 6. Nyquist plots of the impedance of x = 0.8% (a) and x = 5.0% (b) CNT measured at different
temperatures.
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FIG. 7. Zgay vs. temperature, for x = 0.8%, x = 3.0% and x = 5.0% CNT concentrations.
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Fig. 8 compares the Nyquist plots of the
complex impedance (symbols) with fitted data
(solid line). For x = 0.8%, it is clearly shown that
semicircular arcs are formed, whose shape
remains almost the same as changing the
temperature (Figs. 8a-8b). The experimental data
was fitted with the impedance of the equivalent
circuit in Fig. 5a, consisting of a parallel
combination of a resistance and a CPE and
representing the grain effect. For x = 5.0%, at
low temperature (85 °C, Fig. 8c), the same
equivalent circuit could be employed. However,
at the higher temperature of 105 °C, a small
segment of arc appeared from the low frequency
side, which is connected to the first semicircle
(Fig. 8d). This suggests a process, in which the
grain effect is gradually replaced by the grain-
boundary effect. In this case, the fitted curve was

TABLE 1. Fitted parameters of the Nyquist plots

obtained using the extended equivalent circuit in
Fig. 5b, consisting of two subcircuits in series
that correspond to the two semicircular arcs. In
addition, this also indicates that there exist two
different relaxation processes and there is a
distribution of the relaxation time rather than one
particular relaxation time. The fitted parameters
of grain and grain-boundary effects are tabulated
in Table 1. The spectra reconstructed with the
fitted parameters and the measured impedance
spectra show good agreement with each other.
Table 1 presents parameters also for CNT
concentrations, whose spectra were not shown.
From this table, it is found that the resistances R,

and R, decrease, while @, and @, increase

with CNT loading. The behavior for x = 2.5%
was qualitatively the same as for x = 0.8%, while
for x = 3.0%, it was similar to x = 5.0%.

of CNT/epoxy composites with different CNT

concentrations.

X T Rg Qg 1 Rgb Qgh n

(%) (9 (@ (F) g ) (F) o
25 - - - - - -

0.8 65  1.72x10°  7.45x10""  0.74 - - -
105  7.47x10°  7.89x10""  0.86 - - -
25 - - -

2.5 65  0.10x10° 0.25x10°  0.74 - - -
105 1.72.10°  0.32x10°  0.80 - - -
25 9.11x10"  0.20x10°  0.79 - - -

3.0 65  0.15x10°  0.21x10°  0.79 - - -
105  1.05x10"  0.16x10°  0.86 5.66x10° 7.92x10%  0.56
25 6.71x10°  0.68x10°  0.76 - - -

5.0 65  1.60x10°  0.89x10°  0.75 - - -
105 7.35x10°  0.57x10°  0.81  3.39x10° 0.73x10°  0.54

Conclusion

The present work reports the results of our
investigation on the electrical properties of
CNT/epoxy composites. Both the permittivity
and the modulus formalisms were used to
interpret the relaxation processes at different
temperatures. However, the electric modulus
formalism was capable of revealing the
interfacial relaxation which, in most cases, is
covered by the conductivity of the material when
represented in  the dielectric.  Positive
temperature coefficient in resistivity and
negative temperature coefficient in resistivity
were also exploited, which is strongly dependent
on the carbon nanotube content. A novel
equivalent circuit model is proposed to describe
the impedance response of the composites. The

impedance measurements reveal the presence of
grain and grain-boundary effects and confirm the
temperature-dependent non-Debye type
electrical relaxation processes in CNT/epoxy
composites.
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Abstract: Nanotechnology deals with the creation and utilization of materials at a
nanoscale. Nanoparticles, in general, possess enormous surface area per unit volume and
have explicit characteristics. Zinc oxide (ZnO) - based nanomaterials have been recognized
to be of countless uses for numerous important requests from the beginning of nanoscience
as a result of the great quantity of zinc element and the comparatively simple adaptation of
its oxide to nanostructures. Currently, ZnO as nanoparticles, nanowires, nanofibers in
addition to other classy nanostructures occurs amongst the innovator nanomaterials utilized
in solar cell systems, fuel cells, water purification and biomedical fields. ZnO nanoparticles
had been a research target for many investigations because of their vast band-gap and
extraordinary exciton binding energy. The performance of ZnO nanoparticles is completely
different from those of corresponding bulk materials, through enhancing the properties and
using lesser amount of materials, which leads to price reduction. The main purpose behind
this review article is to give a deep view on structure, synthesis and applications of ZnO
nanoparticles prepared through various approaches to give the reader a comprehensive
understanding.

Keywords: ZnO, Nanoparticles, Structure, Synthesis, Applications.

Introduction

In recent years, among metal oxide NPs, a lot
of research focused on zinc oxide, because it has
strange chemical, optical, magnetical and
mechanical characteristics that are clearly unlike
those of corresponding bulk materials [1].
Currently, nanotechnology 1is available in
different scientific fields. Also, different
techniques have been utilized for the operation
of nanoparticles (NPs) in nano-scale range. NPs
are an extensive type of materials comprising

particulate materials which possess at least one
dimension below 100 nm [2].

ZnO has distinctive chemical and physical
properties; for instance, higher photostability,
higher chemical stability, naturality,
paramagnetism, a wide range of radiation
absorption and higher electrochemical coupling
coefficient [3]. Due to famous performance of
ZnO nanostructured material in photonics, optics
and electronics, it acquired great attention. The
lack of a center of symmetry in wurtzite
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structure, joined with great electro-mechanical
coupling, strong pyroelectric and piezoelectric
properties are reasons behind using ZnO in
piezoelectric detectors and mechanical actuators.
Moreover, zinc oxide possesses a broad energy
gap (3.370 eV), which is typical for a compound
semiconductor, sufficient for different types of
applications; for instance, in power generators,
solar cells, ultraviolet (UV) lasers [4], gas
detectors [5], photo catalysts,field emission
devices, capacitors [6, 7]. It can also be utilized
for clear UV resistance coating, electro-
photography, photo-printing, electrochemical
and electromechanical nano-devices, anti-
bacterial agents, sun blockers, anti-hemorrhoids,
cosmetic wound healing [8], eczema and
excoriation from human medicine [9]. Zinc
oxide powder is broadly utilized as an additive in
many products and materials involving ceramics
[10], rubber, cement, lubricants, glass, paints,
adhesives, ointments, plastics, pigments,
sealants, food, ferrites, batteries and fire
retardants [8]. ZnO-based coating can be utilized
as a protecting layer against moisture in woody
samples [11].

ZnO nanoparticles can be classified
depending on physical and chemical properties;
for instance, crystal structure, shape, surface
area, size and other properties changing with size
reduction. This has given rise to the
improvement of methods to prepare mixtures
[12], as well as mechanic and chemical
procedures [13, 14], procedure of precipitation
[15, 16], surfactant precipitation [17], sol-gel
[18], hydrothermal and solvothermal procedures
[19], technique of microwave [20], emulsion
[21], technique of microemulsion [22], CVD
(chemical vapor deposition) [23], MBE
(molecular beam epitaxy) [24], spray method
[25], laser ablation [26], among others.

To our best knowledge, there is only a few
review articles regarding ZnO NPs, such as Ref.
[27] and Ref. [28]. Thus, due to the importance
of ZnO NPs and their potential applications, this
review article is originally designed to give a
comprehensive understanding of the structure
and the main approaches of synthesizing ZnO
NPs, which are not fully covered by previous
review. Further detail has been given to chemical
and physical properties. The mechanical, electro-
chemical, electrical and photoluminescence
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properties are among the properties that took
more explanation during this investigation.

Zinc Oxide Structure

Zinc oxide nanoparticles are categorized
among the materials that have potential
applications in many areas of nanotechnology
[29, 30]. ZnO possesses one-, two- and three-
dimensional structures. 1D structure involves
tubes, needles, ribbons, nanorods helixes, belts,
combs, wires, rings and springs [12]. Two-
dimensional structure involves nanoplates and
nanosheets that can give us zinc oxide. However,
three-dimensional —structure of =zinc oxide
includes snowflakes, coniferous, urchin-like
flowers and dandelions. Zinc oxide gives greatly
different particles among materials [27]. Also,
zinc oxide in different shapes and structures can
be seen in Fig. 1.

Crystal Structure

Crystallization of zinc oxide exists in two
types: cubic zinc-blende and hexagonal wurtzite
structure. The structure of wurtzite is stable and
common in ambient situations. At ambient
temperature and pressure, zinc oxide is crystal in
the wurtzite structure type B4, as displayed in
Fig. 2. It is a hexagonal lattice, going to the
P63mc space group and can be characterized via
two connecting lattices O* and Zn"; each Zn ion
is bounded via a tetrahedral of O* ions or vice
versa. The coordination of this tetrahedral
provides an increase to polar symmetry on the
hexagonal axis [10]. This polarity is superior to a
few properties of =zinc oxide, involving
(piezoelectricity and spontaneous polarizations).
However, it is a hide factor from crystal growth,
defect generation and etching. The ultimate face
terminations of wurtzite zinc oxide are the polar
(Zn) terminated (0001) and (O) terminated
(000.1) faces [c-axis oriented], as well as the
nonpolar (11.2) (a-axis) and (10.1) faces. This
can commonly hold an equal number of atoms of
Zn and O. On the other hand, polar faces are
identified to possess different physical and
chemical properties and the (O) terminated face
possesses a slightly changed electronic structure
compared to the other three faces of O [35].
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FIG. 1. Different structures and shapes of zinc oxide, (a) flower [31], (b)

wire [32], (¢, d) rod & mushroom [33],

(e) comb [34].
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FIG. 2. Crystal structure of zinc oxide NPs [10].

Preparation Methods of ZnO NPs

Preparation of nanoparticles simply requires a
low-cost and high-yield process. The approaches
to preparing zinc NPs can be detached into solid
phase, liquid phase and gas phase procedures.
The solid phase methods involve mechanical
milling and mechanochemical processes. The
liquid phase methods involve exploding wire,

laser ablation, decomposition process and
solution reduction. However, the gas phase
methods include laser ablation, exploding wire,
gas evaporation and spark discharging [36], as
well as chemical bath deposition (CBD) [37],
green preparation [7] and wet chemical approach
[38].
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Mechanochemistry

Mechanochemistry is a field that deals with
thermal or ultra-fast chemical reactions between
solids or between solids and surrounding
gaseous or liquid molecules under mechanical

forces. = Mechanochemistry  includes  the
composition of mechanical and chemical
incidence at molecule scale and involves

mechanical breaking and chemical display of
srainning of mechanics in solids.
Mechanochemical preparation is different from
ball milling. A classic ball milling procedure
under inert atmosphere effects in a reasonable
drop of particle powder size yields eventually the
creation of nano-size grains in micro-size
particles. The mechanochemical treatment
includes the beginning of a displacement solid
state reaction throughout the ball milling
procedure in which nano-scale size particles
drop to near 5 nm in size fixed through big
particle production phase [39]. Synthesis by
mechanochemical processing was predicted by
Ao et al. [13]. They prepared zinc oxide in a
standard size crystallite of 21 nanometers.
Milling procedure took six hrs, manufacturing
ZnCO; through the =zinc oxide precursor.
However, calcination of the precursor at 600 °C
created zinc oxide in the form of hexagonal
structure. Investigations displayed that the size
of the ZnO crystallites changed by the change of
milling time and temperature of calcination.
Increasing the milling time (from 2 to 6 h)
reduces the crystalline size (from 25 to 21.5 nm),
which may show the presence of a (critical
moment). Temporarily, a rise in the temperature
of calcination from 400- 800 °C initiated a
growth in the size of the crystalline (from 18 to
35 nm) [13]. The advantages of this
mechanochemical approach are: finer particle
size, higher purity of production, faster reactivity
speed and different micro-reaction mechanism
[40].

Sol-Gel Approach

The sol-gel preparation procedure of NPs was
changed to the formation of inorganic
composition along chemical reaction of a given
solution. The importance of utilizing sol-gel
technique is that this method produces best
thermal stability ratio, best solution resistance,
higher mechanical stability and the probability to
the transform simulation.

Sol-gel and calcination method was used for
the synthesis of zinc oxide NPs by Darroudi et
126

al.[41]. ZnO NPs formed after characterization
of that crystal structure including particle size
and morphology. The results revealed that good
procedure situation for the preparation of ZnO
NPs was predictable at 60 minutes of ultra-
sonication time and pH 10. The crystal size of
the created ZnO NPs was 45.350 nm, with high
morphology homogeneity. The particle size of
ZnO NPs is about 50 nm with a ZnO content of
87.31 percent [42]. The main advantages
accompanying the sol-gel approach include
lower dispensation temperatures, extraordinary
levels of purity, control of dopant concentrations
and the aptitude to manufacture multicomponent
compositions in dissimilar product forms [43].

Hydrothermal Approach

The hydrothermal technique doesn’t require
using (organic solvents) or supplementary
processes of grinding and calcination; so, it’s an
casy and environmentally friendly method. This
method requires an autoclave place when the
substrate combination is heated gradually to a
temperature between 100 and 300 °C and left for
more days. Consequently, after cooling, (crystal
nuclei) are created, with an increase in size. This
method has a lot of advantages; it can be applied
at low temperatures and size and shape of the
crystals depend on the structure of the mixture
and the temperature of the process as well as on
pressure. Moezzi and coworkers [42] have
manufactured ZnO nanotubes synthesized by
hydrothermal approach utilizing Zn(NO;), as a
precursor. However, the outer diameter and
length of the ZnO nanotubes were about 200nm
and 2.4pm, respectively [44]. Advantages of the
hydrothermal method over other types of
nanoparticle preparation methods include the
ability to create crystalline phases which are not
stable at the melting point. Also, materials which
have a high vapor pressure near their melting
points can be grown by using the hydrothermal
method [45].

Liquid Phase Approach

PLD (Pulsed laser deposition) is an amazing
synthesis approach because of its capability to
create NPs in a small size and a low impurity
level. There are 3 famous steps to participate in
the laser ablation preparation approach and
create NPs in a target sunk in liquid. Yoshitak
explains that the morphological phase in
controlling zinc oxide crystals was aware of the
simple water solution approach. Zinc oxide
nanotubes were produced at (50 °C) with a



Structure, Synthesis and Applications of ZnO Nanoparticles: A Review

length of 50 um and a width of around 100 nm
[46].

Liquid-phase synthesis methods have several
advantages over other gas-phase and solid-phase
synthesis methods. Liquid phase synthesis is the
most common synthesis method for preparing
nanoparticles (NPs) and nanostructured materials
together with gas-phase synthesis. Also, size and
shape control of NPs obtained could be achieved
at low temperatures within a short time ranging
from minutes to hours [47].

Precipitation Control

A general way to obtain ZnO is controlled
precipitation, given the fact that it makes it
possible to obtain results with repeated
properties. This procedure includes quick and
natural reduction of ZnCl, solution utilizing a
reducing agent, to stop the increase of particle
size with the definite dimensions, through
deposition of a precursor of zinc oxide in the
solution. This precursor is then under the effect
of thermal treatment, through milling for
removal of impurities. It is too difficult for
breaking collective form; consequently, the
powders calcined have a higher scale of particle
collection. The deposition procedure is
prohibited via parameters like temperature, pH
and deposition time. ZnO is deposited in water
solutions of ZnCl,, ZnSO, and ZnC,H¢O,4, where
the reagent concentration controlling factors are
the ratio of adding of the substrates and the
reaction temperature. Zinc oxide NPs with the
average size of 30 nm were found by using
William-Hal approach by Sadraei et al. [48].

Precipitation method relies wupon the
precipitation of nanometer-sized particles within
an incessant fluid solvent. An inorganic metal
salt, such as chloride, nitride ... and so on, is
dissolved in water. Metal cations exist in the
form of metal hydrate species. The hydrolyzed
species condense and are then washed, filtered,
dried and calcined in order to obtain the final
product [49].

Vapor Transport Approach

The famous approach to manufacture zinc
oxide NPs is the vapor transport procedure. It is
able to be clamped into a catalytic (free vapor-
solid VS) procedure and a (catalyst-assisted
vapor liquid solid VLS) procedure depending
upon the variation in the creation mechanisms of
the nanostructures. The vapor-solid procedure
can generally generate a large scale of nano-

structures, such as mnanorods, nanowires,
nanobelts, among others. In a usual vapor-solid
procedure, composite zinc oxide nanostructures
like nanobelts and nanohelixes were prepared by
Kong et al. [50], establishing through
synthesized NPs a belt pattern in lengths grater
than hundreds of micrometer, thicknesses from 5
to 20 nm and widths from 10 to 60 nm [50]. In
some processes like this, the vapor of zinc,
oxygen or oxygen vapor are volatile and interact
with each other, creating zinc oxide NPs. There
are many ways to generate zinc and O vapor.
Zinc oxide decomposition is a direct and easy
approach; however, it is confined to higher
temperatures [51]. From the vapor-solid
procedure, the NP structure is created via
contracting directly in the phase vapor. While
different NP structures can be grown, this way
prominently gives fewer control in the
geometrical shape, arrangement and specific
position of zinc oxide nanostructures. The
geometrical nanobelt parameters are found to be
T519 nm and W528 nm. Table 1 summarizes the
different ways of zinc oxide nanostructure
creation.

The wvapor transport method has full
advantages  represented in  impulsively
accumulating pure one-dimensional single
crystals directed by developing along the
lowermost energy direction, favored orientation
and least energy surface, leading to creation of
low index crystallographic planes of NPs [52].

Physical Properties of Zinc Oxide
Nanostructures

Zinc oxide NPs have different physical
properties. It should be noted that since the
dimensions of semiconductor materials are
continuously reduced to a nanometer or even
smaller size, several physical properties fall
under the effects of changes called (quantum size
effects). For instance, quantum confinement rises
the energy band gap of quasi, one-dimensional
(Q1D) zinc oxide, which was accepted via
optical radiation [34]. It can be stated that
quantum confinement is the alteration of
electronic and optical characteristics once the
material tested is of an adequately tiny size;
characteristically 10 nm or less. The band gap
rises as the dimensions of the nanostructure
decrease. Explicitly, the consequence is that
electrons and holes are pressed into a dimension
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that is close to a critical quantum measurement,

named the exciton Bohr radius [53].

Acceptance of primary physical properties is
critical to the intelligible design of useful
devices' properties. Investigation of specific zinc
oxide NPs is required to examine their potential

propertie

[54].

application as building blocks for nano-scale

TABLE 1. Summary of ZnO NP preparation approaches.

s, electrical properties, me

view devices. This review article is going to
summarize the previous research on the physical
properties of zinc oxide NPs, involving magnetic
chanical
properties and properties of photoluminescence

Technique Precursors Synthesis conditions  [Properties and uses Ref.
Mechanochemical calcination: 2 h, hexagonal structure
7ZnCl,, o . . [13]
1 process Na,COx. NaCl 600 °C particle diameter 21-25 nm [14]
2 process S 400-800 °C hexagonal structure
s particles of spherical size
Zn(NO0s),, synjche‘ms. 2h; o of around 40 nm
s drying: 2h, 100 °C .
Precipitation NaOH . o~. [hexagonal wurtize [15]
reaction.r-Z h, 25 °C; .
process ZnO powder, drvine: 80 °C- structure; flower-like and [16]
NH,HCO, s b 350 o [od-like shapes (D: 15-25 nm,
o BET: 50- 70 m*/g)
wurtize structure, [17]
e Zn(NO0s),, rod-like shape (L: 3.6 mm, D:
E:Clgzzgsg I INaOH,SDS,  precipitation: 5055 400
p TEA (triecth-  min, 101 °C 500 run) nut-like shape and|
surfactants . S .
anolamine) rice-like shape, size: 1.2-1.5
um
Zn(CH;COOQ),, rreaction zincite structure; aggregate
Sol - el oxalic acid, temperature: 60 °C; particles: ~100 nm; rod—like[lg]
& ethanol and drying: 24 h, 80 °C; shape; particles L: ~500 nm,
methanol calcination: 500 °C D: ~100 run; BET: 53 m2/g
hexagonal ( wurtize)
structure, size of micro-
Solvothennal Zn(CH;COO0),, reactlon:ol 0-48 h, crysjcalhte: 100 nm -.20 pm
hvdrothermal Zn(NO3),, 120-250 °C particle morphology: [19]
aI}l/ d microwave LiOH, KOH, [reaction: 5-10 h, bullet-like (100 - 200 nm), 20]
rechniques NH,OH 100-220 °C in teflon-rod-like (100 - 200 nm),
q ZnCl,, NaOH [lined autoclave sheet (50 - 200 nm),
polyhedron (200 - 400 nm),
crushed stone-like (50-200 nm)
reaction: 1 h; [21]
Zn(CH;COO),, pging: 2.5 b; hexagonal structure;
. heptane, drying: in rotary . i .
Emulsion spherical shape; particle
Span- 80, cvaporator; diameter: 0.05-0.15 pm
NH,OH calcination: 2 h, T oK
700 - 1000 °C
22000, Sl
NaOH, morpholc’)gy'
Microemulsion heptane, I;GaCtIOI’.lI 15k, 340 needle-likr (L: 150-200 nm,
hexanol, C; drying: 60 °C i ]
. ID: ~55 nm), nanocolumns (L:
Triton X-100, )
PEG400 80-100 nm, D: 50-80 nm),
spherical (~45 nm)
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Mechanical Properties of ZnO NPs

After the traditional elasticity theory, the
bending coefficient was determined.
Determination of the mechanical properties of
the specific NPs is moderately difficult, since the
classic ~measurement approach for bulk
substances does not directly apply. Based on the
resonant excitation caused by the electric field,
according to Bai et al. [51], the bending
coefficient of zinc oxide nanobelts is
characterized by TEM. By this way, distinctive
holder sample TEM was performed to apply an
oscillating electric field between the zinc oxide
nanobelt and a static electrode. This field of

electricity led the nanobelt vibration and
increased resonance oscillation due to heavy
frequency tuning. Based on the conventional
elasticity theory, bending modulus was
calculated. Zinc oxide nanobelt proves to be a
capable material as nanocantilever and
nanoresonator. Its size is decreased and its
sensitivity improvement differs from that of
(conventional cantilever) invented by micro-
technology displayed in Fig. 3 [51]. Hughes et
al. [55] stated the influence of the zinc oxide
nanobelt to chosen position and length. This
indicates the possibility of applying it as a very
atomic force microscope (AFM) cantilever [55].

FIG. 3. A particular zinc oxide nanobelt through a curved end (a) (stationary), (b) (resonant) at (731 kHz) from
the parallel plane to the looking direction and (c) (resonant) at (474 kHz) from the perpendicular plane to the
looking direction [51].

Electrical Properties

The important revision of electrical properties
of zinc oxide NPs is difficult to increase their
applications in nano-technology. Measurement
of electrical transfer has been carried out on
specific nanowires and nanorods [38, 56].
Private zinc oxide nanowire was arranged as a
field effect transistor through several techniques.
Isopropanol alcohol was first synthesized to
install a nanowire suspension system and then
deposited on SiO, / Si material. Lithography
photo has been used to characterize (contact
electrode range) and (degenerately doped Si
substrate) worked as a (back gate electrode). Due
to population defects like (oxygen vacancy) and

(zinc interstitials), zinc oxide mnanowires
described clearly the behavior of n-type
semiconductors.

It is established that the electrical properties
of zinc oxide depend on the ratio of doping ions,
as found by Chu and Li [57], when they worked
on the improvement of electrical properties of
doped zinc oxide via electrochemical deposition.
Following this, just pure zinc oxide displays the
behavior of a resistive switch, indicating that
defects in zinc oxide are importantly responsible
for determining the behavior of a resistive
switch. From Fig. 4a for pure zinc oxide, it is
clear that a rapid fall of leak of current
demonstrates that it has a higher resistance and is
non-volatile, while according to Fig. 4b and Fig.
4c, In’" and A" are dopings to zinc oxide,
which correspondingly do not display the
behavior of a resistive switch. By (AI’") doping,
conductivity rose and In*"displayed a rectifying
behavior as a current reduction upon growing
voltage [57].
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FIG. 4. I-V characteristics of (a) pure zinc oxide, (b) indium (In*)-doped zinc oxide and (c) aluminum (AI*")-
doped zinc oxide created on the (FTO/ZnO/Pt) structure [57].

Madhuri et al. [58] measured the electrical
properties of zinc oxide and films of rGO-ZnO
measured by Madhuri ef al. are shown in Fig. 5a.
Contacts are created by utilizing an Ag paste on
the films composed under (SiO, 300 nm/Si)
substrates. Currents are determined in light and
dark situations by external UV illumination at
A = 365 nm. (I-V) curves of zinc oxide are
rectifying (Schottky) in nature, causing metal
and semiconductor contacts as shown in Fig. 5b.
At -1 V bias, the current in the on state is
approximately 7 times higher than in the off

[£Y

s § 2N

b B o ok i

state. Fig. 5c displays I-V curves acquired on
(rGO-ZnO hybrid films). The curves are a little
nonlinear and rGO contact with zinc oxide takes
place near Schottky junctions aiding effective
charge transport. Dark current of rGO-ZnO is
closely 50 times higher than that of zinc oxide.
The rising amount of current in the off state is
caused by less film resistivity, while the
existence of zinc oxide is obviously
demonstrated in UV-On situation. In the two
cases, we observed a linear increase in current

with the voltage [58].
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FIG. 5. (a) Circuit graphic for 2-probe measurement, (b) I-V characteristic curves of films manufactured of zinc
oxide nanoparticles and (rGO-ZnO) nanoparticles on silicon dioxide by (UV illumination) [58].
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Electrochemical Properties of ZnO
NPs

The electrochemical properties of ZnO NP
substances were studied via galvanic static and
cyclic voltammetry (CV). Measurement of
dynamic electrochemical potential is concerned
with measuring the potential along the work
electrode and the reference electrode via the
current measured along the work electrode and
the counter electrode. Specific capacitance was
determined [59, 60] as:

Q _ Ixt

(s = AV xm AV xm (1

where Cs: specific capacitance of the electrode, I:
current through the discharge process, t: time
discharge, A V: potential window and m: mass
of active electrode substance.

Raja et al. [61] synthesised ZnO/rGO
compound by chemical wet preparation as
displayed in Fig. 6a. CV curve indicates a high

100

Specific current (Ag™)

integral area of (positive synergetic effects) in a
particular capacitance as displayed in Fig. 6b.
Specific capacitance is about 280 F/g which is
greater than that of the pure zinc oxide and
(rGO) under a current density of (1 A/g) [61].

Babu et al. [63] perceived from
electrochemical experiments that the zinc
oxide/graphene nano-compound produces an
elementary charge capacity of (420 mAh g) and
that the nano-compound displays a clearly
enhanced cycling stability associated to simple
zinc oxide causing buffer, conduction and
confinement effects [63]. As in Fig. 7, Song et
al. [62] synthesized ZnO/graphene compound
utilizing in-situ hydrothermal preparation, with a
capacitance of (300 mAh g') after twenty-five
cycles. However, the capacitance of pure zinc
oxide decreased to (101 mAh g") after the same
cycles. Combination of graphene improved the
cyclic stability of pure zinc oxide [62].
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FIG. 6. (a) (ZnO/rGO) compound TEM image and (b) CV characteristics for (zinc oxide), (rGO) and (ZnO/rGO)
compound as electrodes from (0.1M Na,SOj, electrolyte) at a sweep ratio of (SmV/s) [61].
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FIG. 7. (a) (ZnO/G) TEM image and (b) differences of (cycling stability) along (zinc oxide) and (ZnO/G) at
(50mA g-1) [62].
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Luo and co-workers [64] synthesized ZnO-
SnO, compound via the (electro-spinning)
method and displayed enriched cyclic production
at 700 °C owing to small-size particles of zinc
oxide and stannic oxide as shown in Fig. 8.
Through a flexible capacity of (560 mAh g™)
after (100 cycles) while the compound was
heated at 800 °C to 900 °C, the capacity

Specific capacity/ mAh g

decreased after (100 cycles) [64]. Guler et al.
[65] prepared ZnO-MWCNTSs having a capacity
of 527 mAh g'by larger cyclic stability up to
100 cycles, as displayed in Fig. 9. This best
stability is attributed to zinc oxide NP adhesion
over CNT through having higher electrical
conductivity, best relaxation stress and best
flexibility [65].

1420 —8 O ZNO-SN0,- 700
—e——o—Zn0O-Sn0 -800
1200 —ah——8— Zn0-Sn0_-800
Solid: Discharge Hollow: Charge
200 -
1] s . o
] ] 409 o L] 0

Cycle number

FIG. 8. (a) (ZnO-Sn0,) compound nano-fiber TEM image and (b) (cycling performance) and (Coulombic
efficiencies) [64].

Photoluminescence Properties of ZnO
NPs

Photoluminescence properties of zinc oxide
and nano-substance were considered by
Rauwel et al. [66]. Zinc oxide givess the
photoluminescence emission from the UV and
visible ranges depending upon preparation
shape, routes, deep level, size and surface
defects. Once zinc oxide NPs are pooled
between carbon nano-substances, surface defects
are converted.
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FIG. 9. (a) (SEM) and (HRTEM) images for the oxidized films from (99.99 %) of (high-purity oxygen) and Ar

(99.999 %) at a rate of (a) (1:4) and (b) curves of galvanostatic charge/discharge of the oxidized films below (a)
(1:4) (oxygen & argon) gas pressures [65].

Zinc oxide permits the organization of
photoluminescence properties to create as white
light. Furthermore, the efficient transfer of
energy in zinc oxide to the carbon nanotubes
makes it suitable not just for energy gathering
applications, but also as photo-detectors,
biosensors and thermal imaging at low
temperatures. Furthermore, it was shown that
zinc oxide NP embodiment from (metal oxide
matrix) creates changes in the (PL)response
causing the inactivation of (surface defects) [66].
Different colors emitted by zinc oxide include:
red, orange, green and blue [67].
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Applications of ZnO NPs

ZnO has different chemical and physical
properties. It can be used in numerous fields.
Zinc oxide is important in a wide range of
applications, from medicine to agriculture, from
paints to chemicals and from tires to ceramics.
Fig. 10 displays the universal consumption of
Zn0 via area [27].

31% 7%

Medicinal Applications

Zinc oxide NPs have certain properties that
make them appropriate for applications
associated with the central nervous system
(CNS) and possibly wit the improvement
procedures of disease treatment over (mediating
neuronal excitability) or (even the release of
neurotransmitters). Several types of research
have shown that zinc oxide influenced unalike
tissues, cells or functions, as well as neural tissue
engineering and biocompatibility [68].
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FIG. 10. Universal consumption of ZnO [27].

Agricultural Applications

ZnO NPs have potential to enhance the
growth of food crops. Seeds fixed by various
ZnO NP concentrations improved seed
propagation, seed strength and plant growth.
ZnO NPs showed to be active in growing roots
stems and seeds [69]. Importance of zinc oxide
NPs in biotechnology area was investigated by
Paul and Ban [70]. They observed the effect of

Application :
of ZnO

chemically prepared ZnO NPs on the biological
system. Zinc oxide is also used at different
concentrations from (Streptococcus pneumonia,
Bacillus subtitles, E.Coli and Pseudomonas

aeruginosa). A quick rise of enzymatic activity
was found through high concentrations of zinc
oxide [70]. A summary of ZnO uses in different
fields is shown in Fig. 11 [27].

FIG. 11. Chart showing zinc oxide applications stated in the manuscript [27].
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Summary

ZnO 1is a useful, most functional and single
material with some distinguished properties;
therefore, zinc oxide proposes unbelievable
potential to future applications, such as
electronic, magnetoelectronic and optoelectronic
devices. The authors believe that this review
article intensively focused on ZnO NPs from
preparation, structure and application points of
view. According to the assessment of studies
presented here, ZnO NPs can be formed by
numerous approaches. These can be alienated
into metallurgical and chemical approaches. In
metallurgical procedures, ZnO NPs are acquired
by the burning of a suitable zinc ore, through a
straight or unintended procedure.

This study indicated that zinc oxide NPs
constitute building blocks in a massive range of
devices and a plenty of applications. This
investigation suggested that continuous effort is
required to attain large arrays of structural
programs for  constructing  recoverable
architectures. Thus, attention to ZnO NPs will
remain to develop and this will cause the growth
of novel potentials for their request.
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Abstract: This study aims to investigate the backscattering electron coefficient for
Si,Ge/Si heterostructure sample as a function of primary electron beam energy (0.25-20
keV) and Ge concentration in the alloy. The results obtained have several characteristics
that are as follows: the first one is that the intensity of the backscattered signal above the
alloy is mainly related to the average atomic number of the Si,Ge,, alloy. The second
feature is that the backscattering electron coefficient line scan shows a constant value
above each layer at low primary electron energies below 5 keV. However, at 5 keV and
above, a peak and a dip appeared on the line scan above Si-Ge alloy and Si, respectively,
close to the interfacing line. Furthermore, the shape and height of peak and dip broadening
depend on the primary electron energy and incidence position with respect to the
interfacing line. The last feature is that the spatial resolution of the backscattered signal at
the interfacing line is improving by decreasing the primary electron energy (below 5 keV)
and the shared element (Si) concentration. On the other hand, a poor compositional contrast
has been shown at low primary electron energy below 5 keV. For energies above 5 keV,
the spatial resolution becomes weak. These results can be explained by the behavior of the
incident electrons inside the solid (interaction volume), especially at a distance close to the
interfacing line and their chance to backscatter out of the sample. In general, a good
compositional contrast with a high spatial resolution can be achieved at primary electron
energy equal to 1 keV.

Keywords: Monte Carlo model, Backscattering electron coefficient, Si-Ge/Si, Elastic

scattering, Spatial resolution, Compositional contrast.

Introduction

The development on the field emission source
in getting a small probe size at low electron
energies in SEM has improved the spatial
resolution in the topographic contrast and
reduced the charging and radiation damage of
biological and semiconductor samples [1-5].
Using SEM for nano-scale sample imaging
becomes recently one of the most important
challenges [1, 6]. The images on SEM are
produced by collecting either the backscattered

electrons (BSEs) or secondary electrons (SEs).
The image contrast in SEM is normally related
to backscattering electron coefficient (n) and
secondary electron yield () which are functions
of the target atomic number (Z), incident
electron beam energy (E,) and angle of incidence
(0). Conventionally, secondary electron yield (d)
is defined as the ratio of the number of the
electrons escaping with energies below 50 eV to
the number of the primary electrons. These
secondary electrons are mainly generated as a
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result of inelastic scattering between the primary
electrons and the outer shell electrons of the
target atoms. The collected secondary electrons
are those electrons that escaped from the few
nanometers depth beneath the surface [1, 2]. The
backscattering electron coefficient (1) is defined
as the ratio of the number of electrons that exit
the surface with energy greater than 50 ¢V to the
number of primary electrons impinging on the
surface. The choice of the 50 eV value is purely
arbitrary and historical. The secondary electrons
with energy higher than 50 eV are produced as a
result of electron beam-—solid interaction. The
number of these secondary electrons is rather
small in comparison with the backscattered
electrons and can be safely neglected [7]. BSE
signals are normally used for the compositional
contrast and elemental distribution, while SE
signals are used for topographical contrast [1, 2].
Several experimental works have been
conducted in order to provide accurate data for 1
and d [7-14].

This paper presents the results of the Monte
Carlo simulation of the backscattering electron
coefficient for Si,Ge,./Si heterostructure as a
function of primary electron beam energy (0.25-
20 keV) and Ge concentration using CASINO
model [15]. The counted backscattered electrons
are those primary electrons that escaped from the
surface with energy above 50 eV. Si-Ge alloys
are widely used in semiconductor industry [16].
Si-Ge alloys with different fractions of Ge (1-x)
are used in MOSFETs as stressors to introduce
strain into Si and Ge channels. This is due to the
lattice constant of Si-Ge alloys which is different
from that of Si and Ge and is easily controlled by
the fraction of Ge [17]. The mechanical strength
of the alloy becomes temperature-insensitive at
elevated temperatures depending on the alloy
composition [18]. Understanding electron-solid
interaction is important for surface analysis in
many technological applications. For example, in
Scanning Electron Microscopy (SEM), this can
help significantly improve the image quality in
terms of contrast and spatial resolution. When
analyzing insulator targets, sample charging
phenomenon can have adverse effects on the
resulting image to a certain extent. Another point
concerns the obtaining of a good contrast
between different objects, which depends on
such quantities as, for example, the incident
energy of the electron beam and the attenuation
coefficient in different parts of the investigated
target [1, 2]. The right choice of different
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experimental parameters may significantly
improve the resulting images. However,
sometimes, there is no possibility to check all of
them in one experiment (this can be time- and
money-consuming). Therefore, the wuse of
theoretical simulation can help predict the
resulting image quality. One of the widely used
approaches is the Monte Carlo simulation model
which allows to take many different effects and
parameters into account [19-25]. The result of
such a simulation strongly depends on input
parameters, such as electron scattering
characteristics. The authors used the Mott elastic
cross-sections to describe elastic scattering of
electrons in solid which is indeed among the
most reliable data [26]. The primary electron
energy loss due to inelastic scattering has been
calculated by applying the semi-empirical
equation of Joy and Lui [27]. This equation is
proved to be simple and accurate as it was
applied in a wide range of primary electron
energies, especially low electron energies. The
primary electrons on one side of the target start
penetrating and interacting with the target atoms
until losing their energy (which becomes less
than 50eV), backscatter from the surface to
vacuum or penetrate the interfacing line toward
the next layer of the target. The interfacing line
is considered as a surface of the penetrated layer.
Hence, the electrons penetrating the interfacing
line keep scattering inside the new layer until
they backscatter to the old layer, backscatter to
the vacuum from the target surface as
backscattered electrons or lose all of their energy
(minimum Ep= 50 eV).

Results and Discussion

Fig. 1 shows the simulation geometry of the
present theoretical study and the corresponding
profile of the volume of electron-solid
interaction. The interaction volume is the place
where the incident electrons are scattered (elastic
and inelastic) with the solid atoms. Fig. 2 shows
the interaction volume for Si and Ge layers at
E, = 5, 10 and 20 keV. It is clear that the
incident electrons penetrating a target are
broadened from the incidence position. The size
and shape of the interaction volume are
depending on the primary electron energy (Ep)
and the characteristic parameters of the target
material (average atomic number (Z,,;), atomic
mass number (A) and density (p)) [1, 2, 28].
Generally, the interaction volume inside the Ge
layer is smaller than that in the Si layer, since the
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atomic number of Ge is larger than that of Si.
Thus, the incident electrons have a small range
inside the Ge layer. This keeps them interacting
with the Ge atoms close to the layer surface and
gives the incident electrons a chance to
backscatter to vacuum with a small loss of their
primary energy. In the case of Si layer, the
incident electrons will penetrate deeper and
spread wider than those electrons that penetrate
the Ge layer. The incident electrons will also
suffer a large amount of energy loss inside the Si
layer more than inside the Ge layer. Fig. 2 shows

Primary electrons

Sample

R
] \
" BSE scapg depth (zgsg)
l\ Interaction ) (]
AN volume
\ radius (ry
~ 4

e S

that as the incident electron energy increases, the
interaction volume depth (R) and radius (r)
increase [29]. Generally, the interaction volume
of the incident electrons in the Si-Ge alloy with
different Ge concentrations is smaller than in the
pure Si side for the entire Ep range. This is due to
that Z,,, of the Si-Ge alloy is larger than that of
the Si layer. Therefore, the incident electrons in
the alloy have a larger chance to reach the
surface and be backscattered to vacuum after
penetrating and scattering with the alloy atoms
than those incident on the pure Si side.

\

™~

FIG. 1. Schematic diagram of the interaction volume of electron-solid interaction showing the BSE escape depth
(zgsg) and the interaction volume radius (r).
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FIG. 2. Monte Carlo simulations of electron-solid interaction for Si and Ge at Ep = 5 keV, 10 keV and 20 keV.
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In the case of micro-scale dimensions where
the sample structure width is above 400 nm, n
line scan has been calculated for different Ge
concentrations as a function of Ep, as shown in
Fig. 3. Fig. 4 also shows 1 line scan of different
Ep values as a function of Ge concentration on
Si,Ge, alloy. The results show that the signal
intensity above the alloy is higher than that
above the Si side. The results also show that
above the Si-Ge alloy depends on the Ge
concentration [30]. This is mainly because Z,,, is
increasing as the Ge concentration increases. A
peak above the alloy side and a dip above the
pure Si side have been shown in the line scan
around the interfacing line at primary electron
energies of 5 keV and above; Fig. 4 (¢, b, e). The
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position, height and sharpness of the peak and
the width of the dip are directly depending on
Z.: of the alloy, Ep and the beam incidence
position from the interfacing line. These
artefacts have been also observed in separate
studies [31, 32], where the edge effect on 1 and
the backscattered Auger signals have been
investigated. The dip in the signal was explained
due to the edge shadowing effect, whereas the
peak was due to the increase in the escape
probability of the incident electron from the edge
side. Hence, the artefacts shown in the present
results could be explained by studying the
behavior of the incident electrons inside the
sample close to the interfacing line.
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FIG. 4. Backscattering electron coefficient line scan as a function of x concentration of Si,G_,/Si at different
primary electron energies (Ep = 0.5-20 keV).

For Ep < 1 keV, the backscattering electron
coefficient (1) line scan with a sharp step above
the interfacing line can be observed for all Ge
concentrations; Fig. 4 (a, b). This gives an
indication that n data is reflected only from the
primary electrons incident on the sample. This
means that the interaction volume did not spread
away from the incidence position. The latter is
reflected on having a good spatial resolution for
all x concentrations of Si,Ge;., alloy at low Ep.
On the contrary, a compositional contrast
between the Si-Ge alloy and Si reduces as Ep
decreases (at Ep = 0.25keV) and the Ge
concentration decreases; Fig. 3. This is because
n values for the alloy and the Si layer become
close to each other. In other words, the material
contrast is no more proportional to the atomic
number at primary electron energies below 0.5
keV [1, 7, 13]. As Ep increases above 1 keV, the
compositional contrast improved while the
spatial resolution reduced; Fig. 4 (c, d, ¢). This is
due to the appearance of the peak above the
Si-Ge alloy and the dip above the Si side. Also,
the spatial resolution decreases as Ep increases
and the Ge concentration decreases in the alloy.
This appears in the increment in the distance
between the peak and the dip. The reasons of
having a peak and a dip above the Si-Ge alloy
and Si, respectively, could be explained through
the backscattered electron escape depth (Zgsp)
and the interaction volume radius (r) of the
primary electrons in the solid. When the primary
electrons impinge on the Si-Ge alloy side at a

distance from the interfacing line smaller than
the radius (r) of the interaction volume, many of
these electrons will reach the Si layer through
the interfacing line. And because of their small
depth which is close to the surface and the
sufficient energy in addition to their large mean
free path length in the Si layer, these electrons
could find their way to the vacuum through the
Si surface. As Ep increases and Ge concentration
decreases, the peak height decreases and
becomes wider and shifting way from the
interfacing line; Fig. 4. The reduction in 1 values
is due to the reduction in the average atomic
number (Z,,,) of the Si-Ge alloy as a result of the
reduction in Ge concentration. The broadening in
the peak is due to the increase in the mean free
path length of the primary electrons in the alloy,
which reflects on the increase of Zgge and r.
Hence, the interaction volume will cover part of
the Si layer while the primary electrons are
incident on the Si-Ge alloy at a long distance
from the interfacing line. This means that as the
Ge concentration deceases and Ep increases,
more primary electrons can find their way to the
vacuum through the Si side. The results also
show that the peak appears on the line scan when
the ratio of the incident position from the
interfacing line to the interaction volume radius
(r) is around 70% for all Ge concentrations and
Ep.
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In the case where primary electrons are
incident on the Si side, a dip in the
backscattering electron line scan is observed;
Figs. 3 and 4. This is clear when the distance
between the incidence position and the
interfacing line is less than the interaction
volume radius (r). This is due to the large depth
of the interaction volume from the surface.
When some electrons pass the interfacing line
toward the Si-Ge alloy, they stay and interact
with the alloy materials at a large depth from the
alloy surface. Because of the small mean free
path length of primary electrons inside the Si-Ge
alloy, these electrons will not backscatter to the
vacuum from this large depth where they entered
the alloy from the Si side. Even though some of
these primary electrons could be scattered back
toward the Si side, this would occur with no
enough energy that allows them to reach the
surface. So, the Si-Ge alloy prevents the primary
electrons that entered the alloy from reaching the
surface and being backscattered to the vacuum.
As Ep and Ge concentration increase, the dip

width increases and becomes deeper; Fig. 4. This
is due to the large escape depth of the primary
electrons in the Si side, as explained above.

Fig. 5 shows the backscattering electron
coefficient (n) line scan for Si,Ge,,/Si with
different x concentrations and Ep values at nano-
scale dimensions (= 100 nm around the
interfacing line). It is clear that there are several
features that can be observed. At Ep = 0.5 and
1keV, the compositional contrast between the
two sides of the sample around the interfacing
line is clear. However, at E, = 5 keV, a wide
peak appears above the alloy. At Ep = 10 keV
and 20 keV, the compositional contrast becomes
weaker, since the backscattering coefficient (1)
increases above the alloy as the incidence
position of the primary electron moves away
from the interfacing line, while it decreases
above the Si side. This shows that at E, = 0.5
keV and 1 keV, a good spatial resolution and a
compositional contrast can be obtained for all Ge
concentrations in Si-Ge alloy.
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FIG. 5. Backscattering electron coefficient line scan as a function of primary electron energy for different x
concentrations of Si,Ge,,/Si alloy at nano-scale dimensions (+£100nm width around the interfacing line).

Conclusion

The Monte Carlo model is used in the present
study in order to provide a better understanding
of the artefacts shown in the backscattered
electron signals obtained as a result of the
interaction between the primary electrons and
Si,Ge;./Si heterostructure sample with different
x concentrations and primary electron energies.
The results show the effect of Ge concentration
of the alloy and that of the primary electron
energy on the compositional and spatial
resolution of the backscattered signal. A good
compositional contrast and spatial resolution in

SEM imaging could be obtained at low primary
electron energies of 0.5 keV and 1 keV. At
higher primary electron energies (above 1 keV),
a peak and a dip have been shown in the
backscattering electron coefficient, which
affected the spatial resolution and the
compositional contrast.
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Abstract: In this work, we present an efficiency synthesis method of phosphorene from red
phosphorus by means of black phosphorus. The latter was synthesized by using copper, tin,
tin iodide and red phosphorus as precursor at low pressure-temperature. Characterizations
with powder X-ray diffraction, scanning electron microscopy (SEM), energy dispersive
spectrometry (EDX), high-resolution TEM (HR-TEM) and Raman spectroscopy were
performed to confirm the high quality and purity of black phosphorus crystal. Liquid phase
method was used to exfoliate black phosphorus to phosphorene in N-methyl-2-pyrrolidone
(NMP) as solvent. Atomic force microscopy and STEM were used to confirm the
exfoliation of black phophorus in a few layers of phophorene.

Keywords: 2D materials, Red phosphorus, Black phosphorus, Phosphorene, Liquid-phase

exfoliation.

Introduction

Black phosphorus (BP), the most stable form
of phosphorus, is a 2D material expected to have
potential  applications [1], such as in
nanocomposites [2], photovoltaics [3] and
batteries [4]. While graphene (the 2D derivative
of graphite) suffers from zero band gap [5] and
molybdenite (MoS,) suffers from the Ilow
mobility of its charge carriers [6], BP presents
itself as a very promising material for the

electronics and energy market, due to its high
mobility of charge and direct gap (from 0.3 to
1.5 eV as a function of its thickness) [7]. Black
phosphorus can be prepared by several methods,
such as  high-pressure  synthesis [8,9],
recrystallization from Bi [10,11] or Hg [12] and
melting and annealing sequence at high
temperatures [12,13]. All these methods often
lead to small crystals with limited crystallinity,
take a long time and in some cases even involve
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toxic chemicals. In 2007, S. Lange et al. [14]
synthesized black phosphorus from red
phosphorus at low pressure and 873 K by adding
small quantities of Au-catalyst, tin and tin (IV)
iodide in a silica tube sealed under vacuum. This
method produces several secondary phases in the
final product, difficult to be eliminated. Thus,
the development of a safe and simple method
allowing to obtain black phosphorus with high
crystallinity remains one of the present
challenges preventing the wuse of black
phosphorus and phosphorene for industrial
applications. We have recently developed a
modified method based on the choice of a cheap,
abundant and non-toxic catalyst (Cu) to
synthesize black phosphorus with high quality
[15]. The main objective of the present work is
the optimization of BP synthesis conditions
using copper as catalyst and its liquid exfoliation
in N-methyl-2-pyrrolidone (NMP) to produce
dispersible BP flakes with controllable size and
thickness, as well as in high yield.

Experimental

Black phosphorus was synthesized from
amorphous red phosphorus (RP) by using Cu, Sn
and Snl,. The mineralizing Snl, was synthesized
by adding 0.5g of Sn (Chempur, 99.999%) and
2.0g of I, (Chempur, 99.8%) to a solution of 25
mL of glacial acetic acid and 25 ml of acetic
anhydride. The suspension was heated to reflux
until the solution turned orange, indicating the
completion of the reaction. After cooling, the
crude product, crystallized as an orange solid,

was filtered and further purified by
recrystallization in hot chloroform. Black
phosphorus was prepared as follows: Cu
(22.7mg), Sn (42.5mg), red phosphorus

(155.2mg) and Snl4 (10.0 mg) (molar ratio
1:1:14:0.045) were transferred into a silica glass
ampoule, 10 cm in length, with an inner diameter
of 1.0 cm and a wall thickness of 0.25 cm. The
ampoule was sealed under vacuum placed
horizontally in an oven and heated at 923K for 4
hours. The solid mixture was located in the hot
end of the oven. The reaction was cooled to RT
over a period of 72 hours with a slow rate of
0.2°C/min, which allows for better crystal
growth. The product is formed in the cold
section of the ampoule. The excess of Snl4 was
removed by refluxing the mixture in toluene
several times until the toluene remains clear
(ultrasonic bath 2045 min). No traces of other
elements were observed in the final product.
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The free layers of black phosphorus (i.e.,
phosphorene) were obtained by liquid-phase
exfoliation (LPE) method [16,17]. Black
phosphorus was exfoliated in N-methyl-2-
pyrrolidone (NMP) (1mg/ml) using a bath
ultrasonication (VWR - USC 600 THD (45 Hz))
for 8 hours. Similar to mechanical exfoliation,
liquid-phase exfoliation cannot produce 2D
materials with uniform size and thickness. To get
layers with uniform size and thickness, an
additional centrifugation step is required. For
each speed of centrifugation, the supernatant was
then further centrifuged at a high speed up to
13000 rpm (MC Medline 20000). The crystalline
structure of the synthesized samples was
analyzed by powder X-ray diffraction (D8
Discover Bruker AXS diffractometer, CuKa
radiation, A =1.540 A). The microstructure and
chemical composition of the prepared black
phosphorus were studied using a high-resolution
scanning electron microscope (Zeiss Ultra Plus,
Zeiss, Germany) equipped with an energy
dispersive x-ray spectrometer (INCA, Oxford,
UK) and a scanning electron microscope (FEI,
Quanta FEG 450) equipped with an EDX
detector (BRUKER). Raman spectroscopy was
carried out at room temperature using a confocal
Labram 300 spectometer (Horiba Jobin-Yvon)
and A=532 nm and acquired on different
locations of the sample powder. Aberration-
corrected STEM analysis was carried out on a
Jeol 2100F microscope operating at 200 kV. The
size distribution was determined using a
Zetasizer Nano ZS (Malvern Instruments, Ltd.,
UK) at 25 °C and atomic force microscopy
(AFM) imaging was performed by using the
Veeco Dimension ICON system operating in
tapping mode.

Results and Discussion

The optimization of the quantity of copper
used as catalyst for the synthesis of BP was
studied. The three tests were realized using the
same procedure announced above and the
products of the recovered tubes are then
analyzed (cold zone and hot zone).

The diffractograms of the obtained phases
during the optimization tests are represented
in Fig. l(a-e) according to the following
nomenclature in Table 1.

Analysis of the phases recovered in the
tubes revealed the compositions grouped in
Table 2.
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TABLE 1. Nominations used in the phase analysis.
Abbreviation  Signification

BP2QZF Products recovered in the cold zone of the tube (synthesized with Cu 2Q)
2Q =45.5 mg.
BP2QZC Products recovered in the hot zone of the tube (synthesized with Cu 2Q).
BP1QZF Products recovered in the cold zone of the tube (synthesized with Cu 1Q)
1Q =22.75 mg.
BP1QZC Products recovered in the hot zone of the tube (synthesized with Cu 1Q).
BP1QZC Products recovered in the hot zone of the tube (synthesized with Cu 1/2Q)
1/Q=11.37 mg.
(a) Red phosphorus | (b) BP2QZC phase
=1 = |
8, g
£ 8
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I | il
| | 1B
e — — N — .....I-b .....'I.'I'.-.m.n.lll.'..."' e ittt umd sl
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(040)
(¢) BP1QZF phase
Black phosphorus
]
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gl |
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0 2 30 40 50 6 70
2Theta (%)

FIG. 1. X-ray powder diffraction: a) red phosphorus, b) BP2QZC phase and ¢) BP1QZF phase.
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TABLE 2. Influence of the amount of Cu in the synthesis of black phosphorus.

Amount of Cu  Phases in the hot zone  Phases in the cold zone Remarks
CU4SHP10
Cu,P, e High crystallinity of black
SnCu,P, phosphorus
22.75 mg Cu Black phosphorus (BP) e Traces of oxygen in the
P,0s tubes
PO,
Black phosphorus (BP) e Low crystallinity
Cu,P, Todine e a, b, ¢ different from those of
45.5 mg CuysSnPy Snly 1Q
Snl, SnP; e Snl4  appeared, because
CuSn washing is not performed.
Amorphous RP RP spread on the . The amount of Cu is
11.37 mg Cu insufficient to convert RP
surface of the tube :
Snl, into BP.

The existence of traces of oxygen in the
tubes led to the existence of secondary
phases composed by the starting materials.
The optimal amount of Cu to produce black
phosphorus with good crystallinity and purity
was 22.75mg. The tests with 11.37mg of
copper did not make it possible to obtain
black phosphorus; the quantity of Cu could
not convert red phosphorus into black
phosphorus. The tube analysis showed the
existence of black phosphorus spread on the
surface of the tube in the hot zone and in the
cold zone.

The XRD pattern of the obtained black
phosphorus using 22.75mg of copper is
presented in Fig 1.c and shows the presence
of only three peaks corresponding to the
planes (020), (040) and (060), indicating a
pure and well-crystallized BP material
according to the BP (PDF: 04-015-0991),
space group Cmce (No: 64). The X-ray data
demonstrates the high purity and crystallinity
of BP without impurities. The strong
preferential orientation along the b-axis is
observed by analyzing the (040) diffraction
peak. The obtained lattice parameters are
a=3314A,b=10.482 A and c=4.375 A.

Typical SEM micrographs and EDX
spectra of the obtained black phosphorus are
shown in Fig.2. The SEM pictures clearly
show the layer architecture of black
phosphorus. A  semi-quantitative EDX
measurement is used to determine the
chemical composition of the crystal,
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revealing a composition of P (97.83wt %)
and O, (2.17wt %). The detected oxygen can
be attributed to the exposure of black
phosphorus to air during handling and
characterization.

The identification of the vibrational mode
of black phosphorus was found to be in
agreement with the studies reported in the
literature [18,19]. In the low-frequency
region, we observe a mode with medium to
low intensities. As shown in Fig. 3, three
Raman peaks are observed at 362.5 cm ',
438.6 cm ' and 467.5 cm™', corresponding to
A'g, B’g and A’g normal vibrational modes
(Fig. 3a, 3b), which are in good agreement
with the reported data on black phosphorus in
literature. These results are consistent with
the XRD data and confirm the high purity of
the prepared BP.

Transmission electron microscopy (TEM)
analysis of the as-synthesized BP is shown in
Fig. 4. Large crystalline grains with a size of
about 6x15 pm? are observed (Fig. 4a),
where single crystallinity is shown in the
high resolution which is an important request
for electronic applications. A careful
measurement of the lattice fringes in the HR
image (Fig. 4b) gives a value of around 2.3 A
that corresponds to the (014) planes of a bulk
BP crystal, which is coherent with well-
known BP lattice parameters.
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(a)

()
Mass Mass Norm. Atom
Element Lines. (%) (%) %)
Carbon K-Serie 0.00 0.00 0.00
Oxygen K-Serie 1.95 2.17 a.12
Phosphorus K-Serie 87.80 97.83 95.88
89.74 100.00 100.00

FIG. 2. (a) Photograph of black phosphorus, (b) SEM image

() (b)

Intensity (a. u.)
g“g?

T

350 400 450 500
Raman shift (em-'l )
FIG. 3. (a) Raman spectrum of as-prepared black phosphorus recorded at room temperature and (b) vibrational
modes of black phosphorus.

FIG. 4. (a) TEM analysis of black phosphorus and (b) corresponding lattice fringes.
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Liquid exfoliation of the prepared black
phosphorus in NMP gave a dispersed
supernatant which was centrifuged at 13000 rpm.
STEM analysis (Fig. 5) shows the dispersion of
the nanosheets, which approves the success of
BP exfoliation.

FIG. 5. STEM analysis of exfoliated black
phosphorus (13000 rpm).

536 nm

-28.3nm

AFM experiments revealed the presence of
layers with a narrow range of shapes and sizes.
Height profiles taken on large nanosheets
revealed a thickness of about 23 nm (Fig. 6).
Previous AFM measurements in the literature
[20] suggest that single-layer phosphorene has a
thickness of 0.9 nm. Therefore, AFM images
here suggest that the large nanosheets consist of
18-20 phosphorene layers. However, single- or
bilayer phosphorene (0.9-1.6 nm) thickness can
be produced by improving the experimental
conditions (sonification power and time,
centrifugation speed, ... etc.). The AFM results
suggest that increasing the exfoliation time for
more than 8 hours breaks down the larger sheets
into smaller nanosheets that could be
predominantly single- and bilayer phosphorene.
We have shown by this exfoliation that our
synthetic product is easily exfoliable and could
potentially give high-quality systems with
controlled number of layers.

-58.6 nm

r
0.0 1: Height sensor

1T
B.6um 0.0

1 -227.5nm

1: Height sensor 10.0 pm

FIG. 6. AFM image of exfoliated BP layers deposited on SiO,/Si a) lower concentration of BP in NMP
(1mg/ml), b) higher concentration (Smg/ml) and c) three-dimensional representation of the surface in (c).

Conclusion

In this paper, we have improved the
conditions of synthesis of black phosphorus with
high yield and quality. This method also reduces
phases that appear with gold as catalyst,
which are sometimes difficult to remove. The
presence of some traces of Snl, on the final
product can be eliminated by washing with
toluene. The crystal quality is proved by X-ray,
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Raman and SEM. The crystal with
sizes in the order of several millimeters can be
exfoliated easily (8h-sonification followed by
centrifugation) into one or more layers
depending on the speed of centrifugation and the
solvent used. These layers of phosphorene are
interesting for  various applications in
microelectronics and photo catalysis.
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Abstract: In this work, we report the structural, thermal and electrical properties of
composites consisting of polypyrrole particles in a polymethylmethacrylate matrix.
Electrical resistivity analysis of these percolating composites showed a remarkable change
in the conduction mechanisms below and above the percolation threshold. Structural
properties were studied using X-ray diffraction, showing increases in the crystallinity index
for filler concentrations above the critical percolation. Thermogravimetric analysis was
used to study thermal degradation. It shows a transition from a single peak for
concentrations below the percolation threshold to a double peak for concentrations above
that point. The increase in the degradation temperature with the concentration of
polypyrrole indicates the increase of thermal stability.

Keywords: Conducting polymer, Percolation threshold, Crystallinity, Thermal degradation,

X-Ray diffraction.

Introduction

Conducting polymers are the purpose of
many types of research, not only at the
fundamental level, but also as several potential
applications [1-4]. These materials can combine
the electrical properties of the filler with the
mechanical properties of the matrix. The
description of the mechanisms of electronic
transport of these composites is based on the
concept of percolation [5]. Percolating systems
based on composite materials are formed with
insulating matrix loaded with conducting
charges. One of the most important conducting
polymers is polypyrrole (PPy); it exhibits
interesting properties, such as high conductivity
and can easily mix with a polymeric matrix [6].
On the other hand, polymethylmethacrylate
(PMMA) is a suitable matrix, because it is
readily available and easy to cast into desired

forms maintaining the mechanical integrity of
the matrix.

A study of the electrical and diclectric
properties of PMMA/PPy composite has been
already presented. El Hasnaoui et al. [7]
analyzed the electrical conductivity spectrum,
finding that the hopping of charge -carriers
between localized states is the dominant
conduction mechanism. Aribou et al. [8]
performed an analysis on the real and imaginary
parts of permittivity in a wide range of frequency
using the impedance spectroscopy, concluding
that the response of these materials has an
abnormal low-frequency dispersion due to the
localized or almost free charge carriers. Thus, in
order to complete these studies, the thermal and
structural properties of these composites were
investigated. In this paper, we explore
experimental measurements on such composites
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in order to obtain the structure, electrical
resistivity and thermal properties characterizing
the electrical transport mechanisms governing
this type of material.

Experimental
Samples Preparation

The PPy powder was obtained by doping
intrinsic PPy with tosylate anion TS". The doping
rate was controlled by the XPS technique and
was found of the order of one sulphur (S) for
four nitrogen (N); that is, one tosylate ion TS’ for
four pyrrole monomers [9]. The average grain
size of PPy is in the range of 10—15 pm. The two
powders, PMMA and PPy, were mixed in
several proportions of filler and pressed at 5000
kg.cm™ and 150 °C. Then, the samples were
allowed to cool freely to room temperature to
give solid disc-shaped samples. All discs had a
diameter of 13 mm and 3-4 mm thickness. The
direct current conductivities of the PPy and
PMMA matrix are, respectively, 54 and 3.10®
(Q.m)" and the densities are 1.20 and 1.14-1.20
gem®, respectively. The glass transition
temperature of PMMA polymer is T, =115 °C

[5]-
Characterization

Structural characterizations were made by X-
ray diffraction (XRD) using a Philips X'pert
MPD diffractometer, operating at 40 kV and 30
mA, equipped with a Cu anticathode of
wavelength 1= 1.5406 A.

The electrical resistivity was measured using
a 617 Keithley electrometer, at constant
temperature T=300 K. The samples were
prepared as discs of thickness of about 3-4 mm
with aluminum electrodes of 10 mm diameter on
the opposite sides of the sample. The electrical
contacts were made with silver paint.

TGA was carried out using a Shimadzu TGA-
50 Thermogravimetric Analyzer. The
measurements were taken under an atmosphere
of nitrogen with a flow rate of 30 mL.min", at
temperatures between 20 and 800 °C and a
heating rate of 5 °C.min"'. The samples were
placed in platinum cells.
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Results and Discussion
X-ray Diffraction

X-ray diffraction (XRD) diagrams of four
samples of the PMMA/PPy composites are
shown in Fig. 1. It allows us to make an analysis
of the dispersion of the PPy inclusions in the
PMMA matrix. The diffraction peak that is
observed at 31.2° corresponds to conducting
filler that is the TS-doped PPy structure. The
peak intensity increases with PPy concentration,
which means that the crystallinity of the
PMMA/PPy  composite increases. The
crystallinity index (Crl) was calculated from
XRD data according to the Segal empirical
method [10] written as follows:

crl = [(Ir — Is) /1] x 100 (1)

where I is the intensity of both crystalline and
amorphous peak corresponding to PPy-doped
TS particles at 20 = 31.2° and I is the minimum
height between two peaks at about 20 = 26°. The
crystallinity index (Crl) of PMMA/PPy
composites has been calculated for all
concentrations of PPy particles by taking the
amorphous and crystalline contributions to the
diffraction intensity and the results are shown in
Fig. 2. As can be seen, the obtained values of Crl
are between 40 and 70 % which are greater than
those obtained in two series: PMMA/CdS
composites that are between 39 and 42 % [11]
and PMMA/TiO, composites that are between 10
and 19 % [12]. These differences are related to
the type of conducting charges used in each
series; i.e., the PPy doped with TS has more
effect on PMMA crystallinity than cadmium
sulfide (CdS) and titanium dioxide (TiO,)
semiconductor particles. It can also be noticed
that there is a significant change in the value of
the crystallinity index below and above the
percolation threshold, which will be determined
into "electrical resistivity analysis" section.
Above the percolation threshold, the crystalline
index takes the highest value, which
demonstrates the significant effect of PPy
particles on electrical transport mechanisms
governing this conducting composite.
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FIG. 2. The crystallinity index (CrI) as a function of PPy concentration at a temperature of 300 K.

Electrical Resistivity Analysis

Fig. 3 shows the semi-logarithmic curve of p
as a function of PPy fraction embedded in a
PMMA polymer matrix, at a temperature of
T=300 K. As can be seen, the behavior of p can
be divided into three regions [13]. In region I,
the small decrease in resistivity of the composite
can be attributed to the transportation of the
small number of conducting charges through the
PMMA/PPy composite without having any
continuous conductive path. In region II,

resistivity decreases sharply due to a continuous
conductive path developed in the PMMA matrix.
The estimated percolation threshold, ¢, is about
3.24%, where resistivity begins to decrease
abruptly. This major jump in resistivity could be
attributed to the formation of an infinite
agglomerate pathway that allows electrons to
travel a macroscopic distance through the
PMMA matrix. In region III, further addition of
conducting particles has a marginal effect on
resistivity. The creation of PPy conducting
network-like structure in the PMMA/PPy
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composites results in removing the static charge
from the sample surface [14]. The behavior of
experimental data, in this region, could be
modelled by the percolation model [15,16]
written as follows:

p=po(p— )" fordp > ¢, 2

where, the exponent ¢ is a parameter related to
the dimensionality of the composite and p, is a
pre-exponent factor. Fig. 4 shows logp as a
function of log(¢ — ¢.) for the PPy fractions
above the percolation threshold. Fitting the
percolation model (Eq. (2)) to the experimental
data  yields the  pre-exponent p, =
34,7 (2.m)and t = 1.69 + 0.12. This value is
close to that of the universal three-dimensional

percolating systems that is equal to 2 [17].
Omastov and Simon [14] have presented a study
on the same composites. finding the same
behavior, but with a lower percolation threshold.
This can be justified by the prepared procedure,
where they used a dilution with 25% of water,
containing FeCl; particles. In our case, the
composites contain TS  anions, changing the
viscosity of the PMMA/PPy composite. It is
known that low percolation thresholds are
always achieved with low viscosity composites
[18] and could be also the result of the degree of
dispersion or interfacial adhesion between PPy
particles and the PMMA matrix [19].

4

8 E
10 E CRR——

—~ “region I

a.m
—_—
o
£
b BLALL |

region |

region Il

4
¢ (%)

FIG. 3. Semi-log plot of electrical resistivity p versus PPy concentration at room temperature. Dashed line is
drawn to guide the eyes.
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FIG. 4. Log-log plot of p versus ¢ — ¢, for concentrations above the percolation threshold at a temperature of
T =300 K. Solid line represents the best linear fit of data with a correlation coefficient R* = 0.98.
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Thermal Properties

We have reported in Fig. 5 the measured
relative evolution of the mass losses of four
samples obtained from the TGA spectrum in the
range of temperature from 20 to 500 °C. It is
clearly seen that the thermal degradation of these
samples starts around 250 °C with a significant
mass loss of approximately 97%, corresponding
to thermal degradation of the PMMA polymer.
The loss of mass reaches its maximum value
beyond 440 °C for a given PPy concentration
and the rate of degradation slightly depends on
the PPy fraction in the matrix. In order to look
for deep analysis and identify the significant

variations of these curves, we calculated the
derivative weight of each curve. Figs. 6 and 7
show the comparative curves of weight loss and
its derivatives for the PPy fraction-reinforced
PMMA matrix. The thermal decomposition
temperatures of the PMMA/PPy composites
increased with increasing the concentration of
PPy. The presence of the PPy particles can lead
to the stabilization of the PMMA matrix and
good interfacial adhesion between the PPy and
the PMMA may restrict the thermal motion of
the PMMA molecules [20], resulting in
increased thermal stability of the PMMA/PPy
composites.
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FIG. 5. TGA thermograms of PMMA/PPy composites for different PPy concentrations.
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FIG. 7. TGA and derivative thermograms of PMMA/PPy composites for PPy concentrations below the
percolation threshold, 4.9 % (c) and 5.6 % (d).

It clearly appeared from Table 1 that, for
concentrations below the percolation threshold
¢. (Fig. 6), there is only a single endothermic
peak in derivative weight, whereas there are
double endothermic peaks for concentrations
above ¢, (Fig. 7). Table 1 illustrates the
temperature values of initial degradation T;, first
degradation Ty, second degradation Ty, and final
degradation Ty We observe that there are
significant changes in the values of these
parameters; i.e., when the PPy filler increases
from low concentrations (¢ < ¢.) to high
concentrations (¢ > ¢.), the temperature of

initial degradation (243-245 °C) is increased to
(253-254 °C) and the degradation of PMMA/PPy
follows two steps, characterizing two thermal
degradations. We attribute this behavior to the
existence of two non-compatible phases forming
the molecular level of composites that explains
the phenomenon of degradation found below and
above the percolation threshold. The same
behavior was observed in thermal analysis of
PMMA/multiwalled carbon nanotube (MWCNT)
composites presented by Choi et al. [21], where
they found that the addition of MWNTs as a
filler improved the intrinsic properties.

TABLE 1. Temperature and mass loss characteristics of thermal degradation of PMMA/PPy

composites.

¢ (%) 1.6 32 4.9 6.5

T;(°C) 243 245 254 253
Tq1 (°C) 297 290
T(°C) 345 327 370 365
T:(°C) 405 408 405 403
Mass of loss (step 1) (%) 49 48

Mass of loss (step II) (%) 95 96 485 485
Mass of loss 97.5 96.5

Conclusion analysis was used to study the evolution of the

This paper presents a study of structural,
electrical and thermal properties of PPM/PPy
composites. Analysis of electrical resistivity
versus PPy fraction showed a percolation
threshold at which the behavior of transport
mechanism changes. Thermal gravimetric
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thermal stability of PMMA/PPy composites; it
shows that the rate of degradation slightly
depends on the PPy content in the PMMA
matrix. Moreover, X-ray diffraction patterns
indicate that the crystallinity index of composites
increases with increasing the PPy fraction.
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Abstract: In this work, samples of zinc oxide nanoparticles doped by molybdenum
(Zn; xMo,O with 0 <x <0.1) were prepared by using the wet co-precipitation method. The
characterization of the prepared samples was carried out by means of X-ray powder
diffraction (XRD). The samples reserved their hexagonal wurtzite structure with Mo
doping and showed a decrease in the crystallite size up to x = 0.04 followed by a further
increase. On the other hand, dielectric measurements were performed using an LCR meter.
The effect of frequency and temperature on the dielectric properties such as the real and
imaginary parts of dielectric constant (¢’ and ", respectively), dielectric loss (tan8) and ac-
conductivity (g,.) of Mo-doped zinc oxide samples, was studied in the frequency range
(100 Hz - 1 MHz) and at temperatures (300 - 773 K). The values of room temperature
dielectric parameters were found to be strongly dependent on the Mo-doping. However, the
increase in temperature caused an enhancement in the values of the dielectric parameters,

particularly at 773 K.

Keywords: Zinc oxide, XRD, Dielectric constants, Ac-conductivity.

Introduction

Among diluted semiconductors, extensive
research was employed to study ZnO due to its
interesting features, such as wide direct band
gap, large exciton binding energy and high
transparency in the visible region [1]. Thanks
these interesting features, ZnO has been
employed in various applications as light
emitting diodes, piezoelectric devices, solar cells
and gas sensors [2]. Research has shown that
doping ZnO with transition metals enhances
their structural, optical and electrical properties,
which is wuseful in the fabrication of
optoelectronic devices. Studies have reported the
effects of transition metal doping on ZnO
properties  [3-6]. Sundar and John [7]
investigated the dielectric properties of ZnO
doped with Mn. The dielectric properties
increased with temperature, confirming the
space-charge contribution in the charge transport
process and polarizability. Belkhaoui et al. [8]

studied Mn-doped ZnO nanoparticles. The ac-
conductivity was decreased with Mn addition,
which is attributed to the increase of defects.
Boukachem et al. [9] explored the effect of Mo
on ZnO thin films. The high-frequency dielectric
constant and plasma pulsation showed a decrease
with Mo content. Gosh et al. [10] studied the
impact of Ni on ZnO prepared by precipitation
method and reported the decrease in dielectric
constant with the increase in Ni-doping
percentages.

Doping with Mo is favorable, since it has
multiple valence states and hence produces free
carriers by single doping. Furthermore, the ion
scattering effect is reduced due to the difference
in the valence electrons between Mo and Zn
ions. Therefore, the aim of this work is to study
the structural, as well as dielectric properties of
Zn;;, Mo,O (0.00 < x < 0.10) nanoparticles
prepared by the co-precipitation method.

Corresponding Author: H. Basma

Email: h.basma@bau.edu.lb; hadibassma@gmail.com



Article

Basma et al.

Experimental Techniques

Nanoparticles of general formula Zn; Mo,O
were prepared by the wet chemical co-
precipitation method as reported previously for
Zn;Er,O [11]. The structure of the samples was
examined by room temperature X-Ray powder
diffraction using Shimadzu-7000 advance
powder diffractometer with Cu-K, radiation (A =
1.54056 A) in the range 25° < 20 < 75°. The
dielectric properties were measured as a function
of frequency and temperature using HIOKI
3532- 50 LCR Hi-tester.

Results and Discussion

Structural Properties

The XRD  patterns of Zn; Mo,O
nanoparticles with 0 < x <0.10 are shown in Fig.
1. The diffraction peaks of the pure and Mo-
doped samples confirmed the formation of a
hexagonal wurtzite structure. No additional
phase was observed in the XRD patterns of the
Mo-doped ZnO samples up to doping value x =
0.04. However, a diffraction peak corresponding
to MoO; was observed in the XRD pattern for
the samples with x = 0.06 and x = 0.1. Table 1
depicts the values of the lattice parameters (a and
¢), the unit cell volume (v), the crystallite size

(D) and the Zn-O bond length (1) for pure and
Mo-doped samples. It is noticed that both lattice
parameters a and c show a decrease with x up to
0.06 and then increase for x > 0.06. The decrease
in lattice parameter ¢ is probably due to the fact
that Mo®" ions have smaller ionic radii than Zn**
and a higher valence state. This causes a
contraction of the unit cell and hence a decrease
in its volume. The lattice parameter ¢ increases
for x > 0.06 and reaches the value of pure ZnO.
A reasonable interpretation might be the
migration of smaller Mo®" ions from ZnO lattice
to form MoQO; impurity as confirmed by the
XRD patterns for samples with x > 0.06. The
values of the crystallite size D was obtained
from the stress-starin plots. They show a
decrease with x up to 0.04 and then increase to
30.11 nm for x = 0.1. The decrease in D might
be attributed to the lowering of nucleation and
decreasing growth rate of ZnO crystals resulting
from the deformation of the ZnO lattice by
Mo® -doping. At high substitutions of Mo®", the
migration of Mo® from the ZnO matrix to form
MoO; reduces the deformation of the lattice,
changing back the value of crystallite size to that
of pure ZnO sample. The Zn-O bond length
decreased with x due to the substitution of Zn*"
ions by Mo®” ions.

MoOs3
4 " A A A X=0.10
" " “ A A n A x=0.06
“ " Jl A h F nx=0.04
£)
‘u' A n n A x=0.02
— S N P — .
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= — —_—
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60 70

26(degrees)

FIG. 1. XRD patterns of Zn; (Mo,O nanoparticles with 0 <x <0.1.

TABLE 1. Lattice parameters, unit cell volume, crystallite size and Zn-O bond length as functions of

X.
X a (A°) c(A°) v(A°Y Dmm) 1(A°)
0.00 3.24 5.22 47.68  31.85 1.978
0.02 3.24 5.21 4753 27.09 1976
0.04 3.23 5.18 47.09 2646 1970
0.06 3.22 5.16 4648  29.60  1.961
0.10 3.25 5.20 46.01  30.11 1.955
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Dielectric Properties

Fig. 2(a - d) shows the dependence of the real
and imaginary parts of the dielectric constants
("), (¢'"), dielectric loss tangent (tan §) and ac-
conductivity (o,) at room temperature of pure
and Mo-doped ZnO nanoparticles. For all
samples, the dielectric constant (¢') (Fig. 2.a)
shows a sharp decrease at low frequencies
followed by a marginal decrease to obtain
constant values up to a frequency of 1 MHz.
This behavior is explained by the Maxwell-
Wagner model [12] which agrees with Koop’s
phenomenological theory [13]. The samples
consist of strongly conducting grains surrounded
by weakly conducting grain boundaries. Upon
the application of an external field, the charge
carriers within the grains migrate and
accumulate at the grain boundaries. This high
accumulation causes large polarization and
consequently high dielectric constants. Another
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reason behind the high dielectric constant at low
frequencies is the contribution of
interfacial/space polarization which arises due to
the  inhomogeneous  dielectric  structure.
Furthermore, as the frequency increases, the
hopping between the different metal cations
(Zn** and Mo®") cannot follow the applied field
anymore and this explains the frequency
independence of the dielectric constant at high
frequencies. The variation of &' with Mo doping
shows an unsystematic decrease with x up to
0.06 followed by an increase for x = O0.1.
Research has shown that polarization in
nanoparticles varies by doping according to
several factors, including crystallite size, cation
distribution, defect density, inhomogenieties,
porosity of samples, number of oxidation states
of the dopant element, lattice distortions and
variation of bond length [14—16].
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FIG. 2. Variation of €' (a), £"(b),0,. (c) and tan 6 (d) versus fat T = 300K.
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For the samples under study, the variation of
the crystallite size with doping, as shown in
Table 1, causes a variation in the surface to
volume ratio and hence the variation of
interfaces and boundary defects, at which
polarization takes place, which results in a
variation in the dielectric constant. Again, the
incorporation of Mo ions gives rise to lattice
distortion and a decrease of bond lengths, as
shown in Table 1, which varies polarizability
and thus dielectric constant.

Finally, the interaction between different Mo
ions found in different valence states and
distributed randomly over different
crystallographic sites changes the polarizability
and the dielectric constant.

The values of €" (Fig. 2.b) for all samples
show a decrease with frequency for all samples.
The values of €” are high at low frequency due to
high resistivity of grain boundaries at this range
of frequency, which requires more energy for
polarization, resulting in a high energy loss. As
frequency increases, the effect of the grain
boundary decreases, accordingly less energy will
be required for the hopping process. Thus, less
energy is dissipated for polarization, which
results in lower dielectric losses. Higher doping
caused a sharp decrease in the dielectric loss at
higher frequencies. The migration of Mo ions
from the grain boundaries to form the MoQO;
phase reduces their contribution in dielectric
losses and hence we obtain a dcerarse in &”.
Therefore, one can conclude that the doped
samples might be used in high-frequency device
applications [17].

Tan o displayed in Fig. 2.c represents the
ratio of the dielectric loss to the dielectric
constant and exhibits a similar trend, such that it
decreases with frequency increase and increases
with temperature increase, confirming Koop’s
theory.

For all samples, o, (Fig. 2.d) shows a gradual
increase with frequency, with a faster increment
at higher frequencies. As the frequency
increases, more charges can migrate between
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grains as they acquire enough energy to
overcome the poor conducting- grain boundary
barrier [18]. Moreover, the values of o, decrease
with Mo doping. So, Mo doping hinders the
hopping mechanism and hence decreases the
value of o,. This might be linked to the
enhancement of zinc interstitials and oxygen
vacancies by Mo doping [3]. These defects
segregate at grain boundaries and assist the
formation of the barrier resulting in a decrease in
conductivity [13]. The small values of o, are
attributed to the space charge contribution to the
charge transport process and polarizability.
When the grain size is smaller than the electron
mean free path, grain boundary scattering
dominates and hence electrical resistivity is
increased.

Fig. 3(a-d) represents the temperature
dependence of all the dielectric parameters at a
fixed frequency equal to 10° Hz. All the
parameters showed an increase with temperature.
This can be attributed to the increase in the
number of accumulated charges at the grain
boundaries due to temperature increase, which
consequently leads to polarization increment and
hence to an increase in dielectric constants. At
lower temperatures, the charge carriers possess a
weak contribution to the dielectric response. As
a result, they cannot orient themselves with
respect to the direction of the applied field [19].
However, as temperature increases, the drift
mobility of these charge carriers increases
causing an enhancement in the dielectric
parameters. The contribution from space charge
polarization depends on the purity and perfection
of the crystal structure, which in turn are
strongly dependent on temperature [20]. Hence,
the large values of dielectric parameters obtained
at higher temperatures may be ascribed to the
creation of crystal defects as the temperature
increases leading to the dominance of space
charge polarization contribution [21]. It is
remarkable to note that the sample of highest Mo
doping possesses the highest dielectric constants
with temperature.
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Conclusion
Mo-doped  ZnO  nanoparticles  were

successfully prepared using the wet chemical co-
precipitation method. XRD measurements
revealed that Mo substituted Zn without altering
the hexagonal crystal structure. Room
temperature dielectric measurements showed a
non-systematic decrease in dielectric constant

with frequency due to electron exchange
interaction. The dielectric loss was found to
decrease with Mo-doping, indicating that Mo-
doped ZnO nanoparticles are important for high-
frequency applications. At a fixed frequency, all
dielectric parameters showed an increment with
the increase in temperature for both pure and
doped samples.
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Abstract: This paper discusses the similarities and differences between two studies that
deal with resin-coated field-emission cathodes. The two works that are compared within
this paper are entitled: Hot Electron Emission from Composite-Insulator Micropoint
Cathodes and Methods of Preparation and Characterization of Experimental Field-
Emission Cathodes. Within the text, both studies are reviewed and put into context,
pointing out and commenting the advantageous features of this type of cathodes. The
comparison focuses mainly on the method of preparation including deposition of a thin film
on the cathode tip and the characterization of the coating itself. The effect of the coating on
the field emission is discussed as well.
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Introduction
sources, it should be emphasized that only slight
demagnification is required to obtain a Inm-
diameter probe, because of the small virtual
source starting from 2 up to 5 nm [2]. Secondly,
there is only a very small energy spread, which
enables operation at low accelerating voltages.
This, in turn, enables to obtain a very sharp,
high-contrast image without major radiation
damage, especially when working with
biological specimens (e.g. tissues or single cells).
Lastly, thanks the epoxy layer, it is possible to
work in relatively low-quality vacuum (less than
10°° Pa), preventing the ion-bombardment and
An experimental field-emission emitter based ~ chemi/physisorption of residuals on the surface
on tungsten ultra-sharp emitter with a metal-  of the tip. The preservation of the lower vacuum
oxide-dielectric structure proved to be the ideal  also enables faster manipulation with the sample
candidate based on the conditions stated above.  and a generally lower price compared to devices
Regarding the advantages of cold field-emission  working with UHV exceeding 10’ Pa [2].
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At present, field electron emission from a
metal through a diclectric layer is a subject of
considerable interest. Its importance is caused
mainly by electron devices utilizing a focused
electron beam which requires a high-quality
source of free electrons that is sufficiently bright
and able to provide high current density and
work in low-quality vacuum conditions [1, 2].
This paper discusses and further compares two
experimental emitters appearing in two separate
projects, implying a single way to develop the
ultimate electron source.
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The need for a better understanding of high-
voltage phenomena and development of theories
of field electric emission from epoxy-coated tips
represents the motivation to study further the
behavior of composite tips [1-4]. In general, field
electron emission occurs after switch-on voltage

is applied to the tip, which has been introduced
in previous papers [5-8]. This produces an
emission current at considerably lower voltage
compared to pure (virgin) tungsten cathodes.
Cycling of the voltage provides reproducible I-V
characteristics [7,8] with an improved stability
[9,10] and a brighter spot [11].

The summary that is presented in this paper
concerns our investigations carried out under
high vacuum following the pressure 10 Pa and
baking the system at 150-200 °C. In this work,
all the experiments were carried out using a
high-purity single/polycrystalline tungsten wire,
due to its favorable properties, such as: high
melting point, high hardness, high work function

and significant heat resistance at

temperatures [1-4].

high

Methods of Preparing Cathodes

Ultra-sharp tips used as a metallic substrate of
epoxy-coated emitters were prepared by the
same method based on electrolytic etching in
both cases [1, 2]. For the electrolyte, a solution
of 2-2.5 molar sodium hydroxide was used.
After applying the two-phase etching method
[4], the samples were cleaned by HF and
ethylene (or isopropyl alcohol) in the first step.
In the second step, the samples were further
cleaned in water for a few minutes using
ultrasonic bath in order to get rid of the
contaminants originating from the
electrochemical etching that are discussed
further in the text. The composition of a typical
cathode is obtained by Energy Dispersive X-ray
spectroscopy (EDS), as illustrated in Fig. 1.
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FIG. 1. The spectra of the SEM-EDS analysis for a sample coated by (478 Epoxy resin) a) EDS on the tip (blue).
b) EDS in the area of wire narrowing (red).

From the results of the EDS analysis of the
second emitter, it can be seen that even though
tungsten predominates, there is a certain amount
of contaminants present. The EDS spectrum was
measured twice: on the coated surface (blue) and
on the narrowing (uncoated area). Both
measurements are comparable and show only a
limited influence of the epoxy thin film on the
chemical composition. Contaminants, such as
Nickel (Ni) and Sodium (Na), originate from a
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grounded electrode (cathode) that releases some
of the components from its surface during the
etching process.

These contaminants move from the cathode
towards the etched tip and attach to the surface
of the etched tip. Despite the fact that this
analysis was performed only in the second study,
it can be concluded that it goes also for the first
study, since it depends on the chemical
composition of the etched wire (that was pure
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tungsten in both cases) and on the composition
of the grounded electrode (that was steel in both
cases as well).

After the final etching step, the tip was in
both cases coated by epoxy resin: in the first
paper, commercially available resin branded
Epoxylite UPR-4 is used, whereas in the second
paper, the Epoxylite 478 is used. In both cases,
resins are cured in an electric furnace at two
different phases, each at a different temperature.
The first phase, where the temperature is usually
about 100 °C, serves for degassing of the epoxy.
The second phase serves for reaching the glass

0.3um
p—t

transition temperature. Fig. 2 shows the emitters
coated by using transmission electron
microscopy (TEM) and scanning electron
microscopy (SEM). The TEM shows a slight
difference of the contrast between the dielectric
layer and the metallic core. The SEM, on the
other hand, shows surface contrast and hence the
part of the tip that has been coated. Both
methods are complementary and provide

different information about coating. The coating
method itself in both cases is based on dipping
the tip in the epoxy and covering the very top of
the tip by a homogeneous layer.

FIG. 2. a) TEM micrograph of W-tip coated by Epoxylite UPR-4 with a diameter of approx. 200 nm;
b) SEM micrograph of W-tip coated by Epoxylite 478 with a diameter of approx. 20-30 nm.

In the first case, the tip is dipped twelve times
into the Epoxylite UPR-4 epoxy, where the
concentration ratio of the A and B components
was 1:1. The single dip creates a layer that is
approximately 15 nm thick. The ultra-sharp tips
used as a metallic substrate of the epoxy-coated
emitters were prepared by using the same
method based on electrolytic etching in both
cases [1, 2]. The layer thickness is
approximately 200 nm. In the second case, the
tip is dipped only once into the Epoxylite 478
which is a single component epoxy resin creating
a layer of 20-30nm thickness. Both epoxy resins
are based on a Bisphenol A diglycidyl ether
which is a colorless solid that melts slightly
above room temperature. The UPR-4 is a two-
component epoxy, whilst the 478 is a single-
component epoxy. The difference in thickness
amongst the two epoxy resins is caused mainly
by different densities of the epoxy resins. In both
cases, the tip is then subjected to a curing cycle.
In the first case, the tip is baked directly in the
vacuum chamber during the degassing
procedure, whilst in the second case, the tip is

cured in the electric oven. The first part of the
curing procedure takes thirty minutes at 100 °C
to expel the solvents, followed by thirty minutes
at 160 °C to complete the curing of the resin [2,
3]. In both cases, the epoxy resin undergoes
glass transition and becomes a hard and
relatively brittle “glassy” matter.

Comparison of the
Results
In this part, the experimental results obtained

by several methods are described and compared
in more detail. Those methods are, in particular:

Experimental

a) Current-voltage (I-V) characterization and
Fowler-Nordheim (F-N) analysis of the I-V
data,

b) Analysis of the switch-on phenomena and the
emission patterns,

¢) Energy and noise spectral analysis of the
electron beam.
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a. Current-Voltage Characterization and
Fowler-Nordheim Analysis

The I-V curve is used to determine basic
parameters of the field-emission cathode and to
model its behavior during operation. In Fig. 3,
curve A shows the I-V characteristics for an
uncoated tungsten emitter with a 30nm tip apex
connected in a simple diode configuration.
Compared to curve A, curve B represents the

characteristics of a coated tip by 200 nm of
Epoxylite UPR-4 resin. It can be seen that the
threshold voltage Vy, decreased and an additional
hysteresis appeared, slightly moving the
characteristics toward higher current values
when the applied voltage is increased in contrary
to the opposite way. These effects have been
already described and discussed in several
papers [1, 5, 7].
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FIG. 3. A comparison of I-V characteristics of an uncoated (A) vs. coated (B) W-emitter of a tip radius of 30 nm
and an epoxy coating of approx. 200 nm (UPR-4 Epoxylite resin).

Fig.4 shows the Fowler-Nordheim plots of
the uncoated (curve A) and the resin-coated
(Epoxylite UPR-4) sharp tip. The Fowler-
Nordheim plot is the most common method of
analyzing the I-V characteristics and it is used to
graphically interpret and analyze data obtained
from the theoretical equation derived by Fowler-
Nordheim [11]. The original idea was to obtain
an exact straight line of slope Spy, Which would
be a ratio related to the parameters appearing in
the exponent of a Fowler-Nordheim-type
equation of I-V form by: Spy = -bo”*/B; and
therefore the knowledge of the work-function ¢
would enable the determination of field
enhancement factor  and vice versa. From Fig.
4, a certain difference between slopes of lines
representing uncoated (A) and coated (B)
emitters can be seen. A decrease in the slope of
the F-N plots of the coated cathode at room
temperature is obtained with a factor  of 3 to 4.
This also results in a decrease in the work
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function ¢ with respect to that of the uncoated
W-tip of 4.52 eV [5].

In Fig. 5, the left curve shows the I-V
characteristic for a sample coated with (478
Epoxylite resin) [4, 8]. The cathode was
measured in the triode mode incorporating an
additional anode called the extractor electrode
which is located close (approx. 0.75 mm) to the
field emission tip. This configuration is used
mostly for devices utilizing a focused electron
beam, where it is possible to change the size of
the cross-over simply by changing the ratio
between voltages applied. The extractor
electrode makes the electrons leave the surface
and the additional (acceleration) energy is
provided by the anode which serves as the main
acceleration electrode here. The particular set-up
and the precise measurement method is
described in more detail by Knapek [4].
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FIG. 4. The Fowler-Nordheim plots of the uncoated (curve A) and Epoxylite UPR-4 coated tip (curve B).
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FIG. 5. Electrical characteristics of the tip coated by Epoxylite 478. Left: I-V characteristics of the emission
current based on extraction voltage following exponential function. Right: calculated Fowler-Nordheim plot
following linear slope.

The current-voltage measurements of the
second sample are represented by Fig. 5 left (I-V
characteristics) and right (F-N plot). Even
though the I-V characteristics curve covers just a
limited range of extraction voltages (195-270
V), it implies that the current there follows the
same exponential function as the previous coated
sample illustrated in Fig. 3. B. The difference of
the nominal current is caused mainly by a
different operation mode (the triode mode vs. the
diode mode), by a different detection method
(the  Al-coated scintillation crystal  vs.

phosphorus screen in the previous case) and by
different coating where both layer thickness and
different chemical structure affect the emission.
In the F-N plot illustrated in the right part of Fig.
5, it can be seen that there is a certain similarity
to the previous sample implying the same effect
on the field emission. This effect was explained
in more detail by Mousa [12].

The ideal thickness of the Epoxylite 478
coating whose relative permittivity & = 4 has
been theoretically calculated (based on WKB
approximation) and found to be around 5 nm [2].
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To conclude this part, the typical slope of a
coated emitter is = 1/4 that of the uncoated
tungsten emitter. The maximum voltage that may
be applied for stable emission is typically twice
the voltage required for saturated emission [1, 6,
8].

b. Analysis of Switch-on Phenomena and
Emission Patterns

The initiation of the field emission is
observed after a “switch-on” voltage has been
applied to the tip. This produces a saturated
emission current that can then be maintained at
much lower voltages. A summary of the most
important results was reviewed in a paper
published by Mousa [5]. The projection images
that appear on the screen are also referred to as
emission patterns due to their geometric
arrangement for single-crystalline emitters. In

1.

each of the studies, the analysis of the emission
pattern is made from a different point of view.
For the first paper, the difference between virgin
(uncoated) and coated emitters is analyzed,
whilst for the second, the effect of the extractor
voltage is analyzed for the coated emitter.

The field emission pattern displays the
projected work function map of the emitter
surface. The closely packed faces {110}, {100},
and {211} have higher work functions than
atomically rough regions and they thus appear in
the image as dark spots on the brighter
background (see Fig. 6. A). In the right part of
the figure, the effect of epoxy coating can be
seen creating a single emission region in the
position of the facet {110}. This is one of the
most important and interesting features of using
the epoxy coating.

B

FIG. 6. Emission pattern obtained from a) the clean tungsten emitter and from b) the emitter that was coated by a
150nm layer of Epoxylite UPR-4 resin. Both images were recorded with the same tip-to-screen separation and
the same emission current of 4.5 pA [1, 6].

For the tips that were coated by Epoxylite
478 in the second work, it has been
experimented with an increasing extractor
voltage and its effect on the shape of the field-
emission-active area. Instead of the phosphorus
screen used in the previous case, in this case, a
Cerium-doped Yttrium Aluminium garnet was
used to display the emission pattern and to
conduct a constant part of the electron beam that
has been used for analysis. The measurement is
illustrated in Fig. 7, showing 4 extracting V.
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voltages and the corresponding spot size d. It has
been found out that the intensity of the spot size
is equally distributed and the shape is equidistant
in respect to the optical axis. Another pursued
parameter is the relative light intensity that is a
parameter based on the number of photons
impinging on the surface of the CCD chip of a
camera used to record the image, which is
expressed in percents. Authors have found out
that the relative light intensity L follows the
linear function [2].
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FIG. 7. The emission patterns vs. the extraction voltage for the sample coated by Epoxylite 478 resin [8].

c. Energy and Noise Spectral Analysis of the
Electron Beam

The electron spectra were measured only for
the cathodes coated by Epoxylite UPR-4 to
provide important information on the emission
mechanism associated with the composite
regimes. The measurements were performed
using a well-known retarding potential analyzer
design of Van Oostrom (1966), but incorporating
fully automated electronically controlled drive
and detection systems [1]. In particular, a lock-in

A

Fermi level (0.23 eV/division)
Energy decreasing —

amplifier technique was used to obtain a direct
differential spectral output providing an output
that is comparable to the more widely used
hemispherical type of analyzer [1].

Fig. 8 illustrates and compares the energy
spectra obtained from a tungsten emitter before
(A) and after (B) coating with a 200nm thick
layer of the Epoxylite UPR-4 resin. In both
cases, the emission currents were equal to 4 pA.

B

Fermi level (0.23 eV/division)
Energy decreasing —

FIG. 8. A comparison of the energy spectra obtained from the tungsten emitter (a) before and (b) after coating
with a 150 nm thick layer of resin at identical emission currents of 4 pA.
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These results have shown that with respect to
the Fermi level, the spectrum obtained in the
metal cathode is displaced towards lower
energies by approx. 0.7 eV and that the
composite emitter has a significantly larger full
width at half-maximum compared to the
uncoated one. Last, but not least, the
measurements showed that the spectrum of the
composite  emitter is more symmetrical
compared to the clean tungsten tip [1, 5].

In the second case, for the Epoxylite 478-
coated tip, the electron beam was analyzed using
a method that is based on evaluating the slope of
the power noise spectral density spectrum of the
total emission current. This method is mostly
used for semiconductor analysis and it is
obtained by  performing the  Fourier
transformation on the sampled emission current.
From the slope of the spectrum at particular
frequency bands, it is possible to identify
processes responsible for particular events that
are responsible for the noise at the quantum
level. The precise method was described by
Knapek [10].

From the measurements shown in Fig. 9, it is
evident that the power spectral density of whole
spectra is being slowly increased in time and that
the slope is staying constant. From the slope,
which is constantly about 1.5, it is evident that
the measured noise has characteristics of the so-
called 1/f (flickering) noise. The 1/f noise is a
process with a frequency spectrum, such that the
power spectral density is proportional to the
reciprocal of the frequency. We can see that, for
the red curve, the parameters changed to a =
1.5x10™, the slope n = -1.3 and the time constant
remains the same, b = 1x10° s. In conclusion,
the period 7 between each hop to the different
energy level is computed as 1.59x10™* s. The
cutting frequency is located near 1000 Hz. The
1/f ™ noise (where n > 1) originates from the
superposition of particular 1/f and generation-
recombination (G-R) processes which originate
from adsorption and desorption of various atoms
present with some residual gas in the vacuum
chamber.

S, [A%s]

Frequency, / [Hz]

FIG. 9. A comparison of long-time noise power spectrum density measured at Vo, =200 V, from ¢ = Os (blue) to
¢t =120 min (red).

The results suggest that the ions which are
bombarding the cathode’s surface can be
observed from the noise measurement as well.
They prove themselves by random burst noise.
The bombardment reduces the epoxy layer,
which leads to its unavoidable damage. The
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noise spectral density (where the 1/f noise
prevails) changes to 1// ", where n is located
between 1 and 2. In general, the 1//" noise
originates from the superposition of particular 1/f
and generation-recombination (G-R) processes.
Therefore, the higher the n, the more significant
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the G-R. Generation-recombination is caused
mostly by the chemisorption of the ion residuals
present in the chamber. These effects of
chemisorption are unavoidable, since only the
surface on the tip is protected by the epoxy layer.

Conclusions

In this paper, two similar studies have been
compared with the emphasis on similar features,
confirming the excellent field emission behavior
of the dielectric-coated emitter tip. This is a
prospective candidate for a future advanced
electron field emitter.

Amongst the most suitable attributes, the
most interesting are the low operating voltages
and the high current densities. The resin coating
protects the surface of the emission plane from
unwanted chemical or physical sorption of ions
which are attracted backwards towards the
cathode and cause a massive bombardment of
the tip. This protection enables the cathode to

work at lower vacuum than for classical field
emission. The coating also slightly reduces the
emission current, making the energy more
symmetrically distributed compared to the
distribution of the uncoated emitter. The epoxy
influence of the coating thickness on emission
stability will be discussed later in a follow-up
publication. For now, it can be concluded that
the coating is very thin. Epoxy coating also
causes a decrease in the beam energy spectrum
which is lower by = 0.7 eV with respect to the
Fermi level of the metallic cathode, as we can
see in the electron spectra.
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