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ABSTRACT

Design, Modeling and Simulation of a Miniaturized Gas Sensor

Nicoleta Sandu Chivu, Ph.D.

Concordia University, 2012

In this thesis we have designed, modeled and simulated a miniaturized gas
ionization sensor (GIS). Gas ionization sensors work by detecting the ionization
breakdown voltages, Vg, of the gases to be identified. Recently a GIS based on
gold/silver nanowires was developed in Micro/Nano Devices Laboratories in ECE
department at Concordia University that operates by field-ionizing unknown gases at
exceptionally low voltages. The breakdown voltages of the gases are used to identify
them and the resultant field-ion current-voltage (/-V) characteristic is used to determine
their pressures. Freestanding gold nanowires (AuNW), grown on one of the two parallel
plates act as field-amplifiers to reduce the field ionization threshold voltages. The sensor
was tested for several elemental gases like Ar, N, and He in pressure range of ~0.01 < P
< 100 Torr. Each gas demonstrated a distinctive /-V characteristic. Our simulations
results were in agreement with the experimental.

Although the developed device demonstrated several advantages compare to the
sensors available in the market, in terms of low cost, low power and high sensitivity but
the device never tested for selectivity and for more complex gases. In practical

applications there is usually a soup of gases (like an odor) and identification of one or



few particular gases in the soup are the subjects of interest. As well, monitoring the
greenhouse gases is very essential in many environments.

There are many parameters which control the function of the GIS device. These
parameters include the type of nanowires, their aspect ratio, porosity, configuration of
nanowires, gap between the two electrodes and between the electrodes and the tip of
nanowires, the sharpness of the nanowires and materials used to fabricate the nanowires.
Therefore, the prior knowledge about the design of the device with any specification and
for any particular application and functionality is very essential. Experimentally if it is
not impossible it would be very difficult to design and optimize the sensor for detection
of various gases by trial and error. It will be very expensive and very large labor and time
consuming.

In this thesis, we have modeled the GIS device and its function, due to the
field ionization, based on “A Particle-In-Cell/Monte-Carlo-Collision (PIC/MCC)”. All
parameters responsible to control the function of the device are included in the model.
The modeled device was simulated using a software tool that we modified specifically to
accommodate the structure and functions of the device. We have called the software tool
XOOPIC-GIS which is a modified and new version of open-source software called
XOOPIC. As the electric field between the two electrodes is responsible for the
breakdown of the gases inside the GIS, the non-linear electric field induced around
nanowires 1is studied analytically and simulated using COMSOL, a multiphysics
simulation tool. The results were then integrated in the XOOPIC-GIS codes.

The device was designed considering various nanowires like silver, gold, and

Zn0O. The simulations were done for some simple gases like Ar, N, and Ne. The results



of simulations were verified with experimental results performed in the laboratories of
Micro/Nano Device in ECE department at Concordia University prior to this work. We
also modified the simulation tool for monitoring greenhouse gases like SF6, CF4, CO,
and CO2. Further we tried to identify specific gases in an environment contains mixture
of gases like N202CO2, ArNe, N,O,, and ArHe. We have found out that in these cases
gases with highest concentration always dominate and influence the breakdown of the
mixed gases. As a result, the application of this device will be very limited in these cases.
We have suggested some modifications to the device structure to make it more suitable

for identifying gases in a soup of gases.
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Chapter 1

Introduction

In recent years, concerns about protection of our ecosystem, safety and security of
our societies has dramatically increased. Identification of toxic or bad-smelling gases,
hazardous gases used for industrial processes, detection of air pollutants in environment,
detection of the various volatile gases or smells generated from foods or food materials,
hazardous gases generated by chemical, environmental, medical industries has become
increasingly important. Many observable characteristics of drinking water like color,
taste, smell, and odor are the signs that there may be a problem with the water. For the
above reasons observable parameters in particular the odor could be due to the water
contamination with some toxic chemicals, organic compounds and bacteria, at dangerous
levels. In military and security industries, detecting poisonous and explosive gases is a
daily challenging problem. Often the gaseous components are present at very low levels
and mixed with several other disturbing gases, the detection is not easy. As a result,
development of a sophisticated system to detect and control gases is felt more than ever.
For this, development of gas sensors with high selectivity, sensitivity, reversibility and
durability integrated with microelectronic circuitry, software tools, pattern recognition,

and multi-sensing systems, all together into a device (an e-Nose) is highly desirable.



1.1 Overview of Gas Sensors

Gas sensors are devices that identify and/or measure the concentration of a
particular gas, in a background atmosphere. The performance of a gas sensor is evaluated
by suitable parameters such as:

1. Selectivity;

2. Sensitivity;

3. Stability;

4. Response time;

5. Recovery time;

6. Life cycle;

7. Working temperature.

In practice it is a difficult task to create an ideal gas sensor with all the above
characteristics. On the other hand in many applications it is not required that the sensor
have all the ideal parameters at once. The main requirements for a good performance of a
sensor are stability, sensitivity, selectivity, reversibility, and low cost.

Based on the operation mechanism, the gas sensors can be classified into
chemical type gas sensors operated by gas adsorption and physical type gas sensors

operated by field ionization.



1.1.1 Chemical Type Gas Sensors

A chemical sensor is a device which transforms chemical information into an
analytical signal. Usually gaseous species are adsorbed at the surface of materials. By
monitoring the changes in materials parameters, the type and concentration of the gas can
be detected. Materials such as carbon nanotubes (CNTs), polymer, porous silicon, and
metaloxides were used as active layer in these types of sensors [1-9]. In most cases the
gas molecules are absorbed by the active layer leading to a change in the electrical
resistance of the sensor. Except a few type of polymer based sensors, this type of sensors
works at high temperatures (300C — 500C). Another disadvantage of this type of sensors
is that is difficult to make the distinction between different mixtures of gases with
different concentration as the net change in the conductance can be equal to the one of a
single pure gas.

Sakurai et al. [1] reported the detection of ammonia, methane, ethanol and
chloroform gases using polythiophene (pTh) film and poly (3n dodecylthiophene)
(pDITh) as sensitive layer, working at temperatures closer to room temperature.

The adsorption or desorption of those volatiles gases induces a measurable change in the
resistance of the conductive polymer layer. The film exposure at the studied gases was
done at room temperature and one atmosphere pressure with humidity of 65%. After 10
minutes exposure to the gas, the gas sensor was refreshed in the air for 20 minutes. For
example, in the ammonia detection the resistance of the pTh layer increased fast under
the gas exposure and then remained constant when ammonia was replaced by air. The

sensitivity (S = (Rg-Ri)\R; [1] where R; is the initial resistance and R, is the resistance



after exposure) of the sensor detecting several gases was reported under various operating

temperatures (Figure 1.1) [1].

1.2
O 25°C
1.0}

O 40°C
vy 0.8 & 60°C
£ 0.6
.z
% 04
=
¥
v 0.2

0 ~ ,—@ s
0.2 -

NIIS (71-1(713 CHy i'(1-4”|0 {“,21150]1

Figure 1.1 Sensitivity of the pTh film after exposure to 300 ppm concentration of odor gases at the three

operating temperatures [1].

From Figure 1.1 it can be seen that for different gases at different temperatures,
the polymer resistance changes considerably and the gases were successfully detected.

In his research, M. Y. Faizah [7] successfully reported the detection of carbon
dioxide (CO,), acetylene (C,H,), ammonia (NHj3), natural gas (95% methane, CH4) and
hydrogen (H,) using the carbon nanotubes as the sensible layer (Figure 1.2). The

electrical changes in the carbon nanotubes will detect the presence of different test gases.
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Figure 1.2 Electrical resistance variations of sample upon injection of NH; gas [7].

Although the chemical type sensors may show good sensitivity with low cost and
a simple working principle but these sensors don’t have high accuracy in detection of the
gases with low adsorption energy. Also, detection of any gas in mixed gases is a very
difficult task, if ever possible. Another drawback for these types of sensors is that due to
adsorption of gases, the nature sensing element of the sensors changes and in most cases

1s not reversible.



1.1.2 Physical Type Gas Sensors — Gas Ionization

Sensors

In the physical sensors no chemical reactions take place and the analytical signal
is the result of a physical process. Among all physical type of gas sensors available in the
market or reported in literature gaseous breakdown ionization sensors [10-17] have
several advantages in terms of miniaturization and selectivity. Also as there is no
adsorption and desorption of the gases by the sensor elements, durability and response
time have been improved. The ionization sensor is basically made of two parallel plates,
anode and cathode. These devices work by fingerprinting the ionization breakdown
voltage of the unknown gas, making them a more suitable technique to detect various
gases particularly distinguishing gases in a complex environment. Such a technique is
feasible and provides improved selectivity, because it is well-established that at constant
temperature and pressure every gas has a unique breakdown electric field [18-23].
However, in uniform fields the voltages required to cause gaseous breakdown are in the
order of several hundred to thousand volts [10] therefore, either difficult or hazardous to
employ. The solution is to create a high electric field inside of the gas sensor with a lower
applied voltage. There are several works done and reported in literature in this regard.
Modi and co-workers [21] have reported the fabrication and testing of an ionization
microsensor which detects various gases based on the electrical breakdown of gases. The
gas sensor was basically a two electrodes system (anode and cathode) separated by the

background gas and between the electrodes a controlled direct voltage was applied. The



anode side was in fact a multiwall carbon nanotubes (MWNTs) film. The applied voltage
creates a very high nonlinear electric field at the nanotubes tips and promotes the creation
of a “corona” leading to a powerful electron avalanche, lowering the breakdown voltages.
The sensors are not affected anymore by the gas adsorption property and showed a good
selectivity and sensitivity. The system was tested in the air with and without the carbon
nanotubes at the anode side, proving that the breakdown voltage is lower (about 65%)
when MWTNs were used.

With the MWTNs configuration at the anode side, the study was done to detect
gases like ammonia, helium, argon, nitrogen, oxygen and air at room temperature and a
chamber pressure of 760 Torr. The distance between the two electrodes was maintained
at 150 pum. The results show that each gas has a distinct breakdown pattern; the lowest
value is reached by helium, at 164V and highest by ammonia (430V).

Jiarui Huang and co-workers [22] incorporated carbon nanotubes (CNTs) grown
on silicon substrate into their gas ionization sensor. They have done their tests with the
nanotubes structure at the anode side as well as at the cathode side to detect ammonia in
the ambient air. In the configuration with the CNTs at the cathode, the secondary electron
emission ejected from the sharp tips increases the ionization collisions and breakdown
voltage 1s further lowered comparative to the anode side configuration.

The schematic of the gas sensor system of their research is shown in Figure 1.3,
where one electrode is made of CNTs film and the other one is an indium tin oxide (ITO)

glass plate, separated by a glass insulator.
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Figure 1.3 The schematic diagram of the gas ionization sensor based on CNTs film reported by Jiarui

Huang et al [22].

However, in an atmosphere containing oxygen, the CNTs can easily degrade due to the
oxidation process.

Liao, L. et al [23] used ZnO nanowires as the field ionization anode instead of
CNTs proving a better stability and anti-oxidation behavior. Also the very sharp
nanowires tip generates high nonlinear electric field at a low applied voltage between the
two electrodes. The schematic of the gas ionization sensor device structure is shown in

Figure 1.4.

Figure 1.4 The nanowire sensor device with a ZnO nanowire film as the anode and a Cu plate as the

cathode [23].



Figure 1.5 demonstrates the I-V characteristics of the sensor for various gases

reported by reference [23].
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Figure 1.5 Current—Voltage curves for He, NO,, CO, H,, air and O,, showing distinct breakdown

voltages [23].

Although the breakdown voltages for ZnO nanowires are higher than the CNT’s

breakdown voltages, the stability and anti-oxidation property of ZnO is much better.

1.1.3 GIS Structure Based on Metallic NWs

The design and fabrication of the device was made based on available technology
and equipment in the laboratory. The GIS sensor with metallic nanowires is basically
made of two parallel plates, anode and cathode, with vertically aligned nanowires grown
on one electrode, as illustrated in Figure 1.6 [24]. The nanowires materials used in this

work were either Ag, or Au. The two electrodes are separated by the background gas (Ar

as an example).
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Figure 1.6 Schematic illustrations of the GIS with the nanowires grown on one of the electrodes [24].

The fabricated device is a part of an ongoing research in Micro/Nano Device
Fabrication Laboratories in ECE department to develop an odor sensor (an eNose) for
various applications including monitoring the quality of air, water, and so on. In this
context, this miniaturized gas sensor based on metallic nanowires is designed and
developed recently [24-34]. The miniaturized device is proven to be very sensitive, low
cost and operates on very low voltages. The device is also compatible with standard
CMOS technologies (it is fabricated on single crystal silicon wafers). So, it can be easily
integrated with any microelectronic circuitry. There are many parameters, which control
the functionality of the developed GIS device. These parameters include aspect ratio of
nanowires, porosity, configuration of nanowires, gap between the two electrodes, gap
between the electrodes and the tip of nanowires, the sharpness of the nanowires, the
effects of nonlinearity of the electric field due to the aspect ratio of the nanowires, inter-
wire distances and materials used to grow the nanowires. Considering all these
parameters, the design of the device needs to be optimized to make suitable for various
applications. The optimization of the device experimentally using fabrication-testing and
using trial and error technique, will be very costly and time consuming.

10



1.2 Problem Statement

Most of the chemical gas sensors, beside the fact that they operate at high
temperature, they have also potential difficulties to detect gases with low absorption
energy and to distinguish between gases or gas mixtures. To overcome this
inconvenience, a gas ionization sensor is developed. To design and adjust a GIS for a
specific application is very time consuming, based on the fact that experiments should be
repeated by trial and error. Therefore, modeling and simulations are required to adjust
and optimize the sensor for any specific application, prior to fabrication of the device.
The main task of this thesis is focused on the optimization of the design and parameters
which control the functionality of the fabricated device. Parameters like the aspect ratio
of nanowires, gap between the two electrodes, gap between the electrodes and the tip of
nanowires, the sharpness of the nanowires, configuration of nanowires and materials used
to fabricate the nanowires are of main interest in the fabrication and design of GIS.

Further, the breakdown behavior of the gases can be improved by achieving a
high nonlinear electric field inside the gas chamber. In this regard, analytical studies on
nonlinear electric field between the two electrodes are necessary to be done.

The second task of this thesis is focused on the gas detection from a mixture of

gases and greenhouse gas detection.
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1.3 Methodology

Any scientific research method involves a mutual interdependence between
experimental work and theoretical work. By repeating the experiments, the data result is
collected and then is fitted in patterns and analyzed by the theoretical approaches. An
important bridge between the experimental work and theoretical studies of a specific
research is the computer experiment or computer simulations. The basic idea in
computer simulations is to design and simulate the actual physical system and to analyze
the simulation results. The main advantage of the computer simulation is that
complicated physical systems can be easily studied, helping us understand and predict the
system. In order to model our GIS, several computer simulations are carried out to
determine the best parameters and device configuration. The software tools used for

simulations are XOOPIC-GIS and COMSOL as is shown in Figure 1.7.

' Simulation tools

Studying the electric
Sfield surrounding
the nanowires

Studying 1 & its
relationship with
GIS structure

Optimization of the Device

Figure 1.7 Simulation tools used to model and optimize the GIS — XOOPIC tool used to study the

breakdown voltage V; COMSOL tool used to study the electric field surrounding the nanowires.
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Based on XOOPIC, and an object oriented particle-in-cell (PIC) code, we have
developed our XOOPIC-GIS software tool to accommodate the design, structure and the
function of our device.

We designed our GIS as a two parallel rectangular equipotential sheets,
corresponding to the two electrodes of the sensor. The nanowires were designed to grow
on one of the plates placed between the two electrodes. Gases to be identified fill up the
space, gas chamber, between the two plates.

An external voltage was considered between the two electrodes generating an
electric field inside the chamber. The discharge of gas molecules caused by the electric
field, generated primary and secondary electrons, ions, and finally the breakdown of the
gases, all were modeled in this work.

The electron cross sections are used inside of our XOOPIC-GIS to model the
particles collisions through Particle in Cell — Monte Carlo Collision (PIC-MCC)
mechanism.

Analytical work is done to calculate the local and total electric field, responsible
for the breakdown of the gases inside the modeled device.

Based on the analytical model, simulations were carried out using finite element
method analyzer COMSOL to optimize the nanowires shape and their configurations.

The proposed model and the results of simulation of the GIS were verified by
comparing them with the experimental results obtained in our laboratory. The XOOPIC-
GIS was further developed to accommodate greenhouse gases as well as detection of

impurities in mixed gases.
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1.4 Basic Assumptions

Several assumptions are done in our XOOPIC-GIS simulation. The geometry of
the device in x-y coordinates is a rectangle having the horizontal length of 1 cm and the
vertical length of 100um. The nanowire length varies between 15um and 35pum. The
simulations are done at room temperature and due to the computer memory limitation the

. . . . . . 19
maximum number of particles used in simulations was considered as 1x10"".

1.5 Contribution of the Thesis

The following outlines the contribution made in this project:

. Modeling of the NW-GIS for a first time.
The miniaturized gas sensor based on nanowires was developed for the first time in our
laboratories. In this work theoretical studies and modeling the device based on these

studies contributed further improvements of the device structure and its function.
. Developing software to simulate the model.

The software is based on an open source tools. We modified and developed the tool to

accommodate our modeled device and simulate the structure and its function.

14



. Studies of physical and chemical properties of various gases.
Modeling of the device is based on very complicated physical properties of the gases. To
model the ionization of the gases one needs to understand all the interactions between gas

molecules.

. Optimization of the design and structure of the device.

The modeled device was fabricated experimentally in our laboratory. Its structure and
function needs to be optimized. Doing this experimentally will be very time consuming
and expensive task as several parameters are affecting the function of the device. For this
we have considered all the essential parameters in our model and simulations to modify

the design and function of GIS.

. Extension of the model to detect greenhouse gases.
In this work we have enhanced the model to measure the breakdown voltages of

greenhouse gases like SF¢, CF4, CO, CO;, O, and NHj.

. Extension of the model to detect impurities in mixed gases.
In this work we have enhanced the model to measure the breakdown voltages of
gas mixtures like Ar&Ne, Ar&He, N>&O,, N,&O,&CO;. The results are not conclusive

but we have proposed alternatives to our design to detect the impurities in mixed gases.

15



1.6 Organization of the Thesis

The remaining document is organized as follows.

Chapter 2 reviews the ionization phenomena in gases to provide a reasonable
understanding of the complex physics inside the GIS. These phenomena are important as
they will lead to the induced electric field which is responsible for the breakdown of the
gases.

In chapter 3 the electrostatic field inside the GIS is studied. At first, a brief
description of the field enhancement at the tip of the nanowires is provided followed by
an analytical work to model the local and total electric field in the designed device once
with one single nanowire and then considering a multi nanowires model.

The COMSOL simulation results and analysis of various parameters effect on the
GIS are covered in chapter 4.

In chapter 5 the simulation tools applied in this work are presented, starting with
the studies on the XOOPIC-GIS simulation software. It follows by a discussion over the
Monte Carlo Collision method implemented in XOOPIC-GIS, which is the fundamental
technique in modeling the collision between the particles and target species. Various
electron collision cross sections and their implementation through our developed software
tool are presented in detail. The development of XOOPIC-GIS to accommodate various
gases in our modeled GIS is discussed. The flowcharts of the developed software are

presented in this chapter.

16



In chapter 6 the simulation results of XOOPIC-GIS are presented. Detection of
several elemental gases as well as detection of greenhouse gases and mixed gases is
discussed.

Chapter 7 covers the summary of the works done in this research project. Finally,

suggestions for future works in the field bring the end of this dissertation.
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Chapter 2

Theoretical Background

2. 1. Electrical Phenomena in Gases

2.1.1 Ionization and Breakdown of Gases

The gas ionization is dominated by an interaction of gas molecules called
'collisions'.

Collisions determine the nature and intensity of the radiation emitted by a gas, the state
and distribution of particles present in the gas.

Collisions could be elastic or inelastic. The first only modify the magnitude and
direction of the velocities, while the second can also give rise to changes in internal
energy or in the nature of the particles present.

In our modeled GIS device gases are identified by breakdown voltage due to the
ionization of gases inside the device. In this chapter we will focus on the ionization
process, especially on field ionization and electron impact ionization mechanism that lead

to the breakdown of gases.
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2.1.2 Principles of Ionization

Under normal conditions, any sample of gas contains a number of electrons and
ions. Adding or subtracting an electron from the electrons cloud ionizes the neutral atoms
or molecules. Mechanisms that ionize neutral gas atoms or molecules could be:

a) Field Ionization (FI) - to ionize the gases high electric fields in the range of 10°-10"
Vem™! are required. Such electric field can be obtained between two closely parallel
plates or between the sharp metal needle tips or a sharp needle tip and a plate. Therefore,
the formation of the high electric fields in the developed GIS device depends on the
sharpness of the nanowires and separation of the tip of the nanowires from the second
electrode. The intensity of electric fields necessary for FI depends upon the ionization
energy of the residing atom or molecule.

b) Impact lonization, due to the collisions between energetic particles and gas molecules.
Other phenomena that induce ionization are Thermal Ionization - binding energies will
break due to the sufficiently high temperature, Photo/Radioactive-lonization-energy
absorption from photons or radioactive particles may cause the breakdown of the energy

bonds in gases.
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2.1.3 Discharge of Gases

In a two parallel plates system due to the cosmic/thermal radiations a few
electrons are always available in the subject gases. The various mechanisms presented in
section 2.1.2 will enable the ionization of neutral molecules inside the system. By
applying an external electric field between the two electrodes electrons are accelerated
with high speed, they can excite the gas molecules and ionize them.

As the voltage increases, electron impact ionization occurs between electrons and gas
molecules leading to increase the current density until the breakdown happens at V3.

Figure 2.1 shows the current-voltage, , gaseous discharges characteristics up to

the breakdown voltage V3 [35].
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Figure 2.1 I-V gaseous discharges characteristic in uniform fields, up to the breakdown point Vy,.

(a) Ohmic region, (b) transition to saturation, (c) saturation, (d) pre-breakdown Townsend discharge [35].

When no electric field applied, the gas is under equilibrium state and the rate of the

generation of charged particles G is equal to the rate of their recombination R.
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G=R, therefore dn/dt =0 (2.1)
where dn/dt is the net rate of charged particles production per unit volume per unit of
time.

When an electric field is applied the equilibrium state is affected and the induced
phenomenon is described by the different regions in Figure 2.1 as following.
(a) is an Ohmic region, when the applied electric field is very small and current between
the electrodes is proportional to the mobility of particles (almost constant), i.e. the current
density J, is proportional to the field strength E:

J=Mcpetniui)eE (2.2)
Where n, and n; are the number of electrons and ions, and p. and ; are their mobility’s
respectively.

(b, ¢) At a higher E, electrons and ions are neutralized once they reach the
electrodes, the recombination rate R increases and affects the equilibrium. If the
generation rate G remains constant, a limiting condition is reached as E increases when
all the electrons and ions reach the electrodes before they have time to recombine. The
total number of charges arriving at the electrodes is then equal to the number being
produced, so that:

- dn
S gape o (23)

Where dg,p is the distance between the electrodes, e is the electron charge, and
dn/dt is the total rate of production of charged particles per unit volume, assuming all to
be singly charged. Under these conditions the current density J (independent of E) is
called saturation current density (c region), b region is the transition between ‘a’ and ‘¢’

region [35].
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(d) Once the voltage increases further the current increases until the breakdown
happens. The nature of the increase depends on the gas pressure and type.
Assuming that the number of electrons per second leaving the cathode is ny, it is shown
that the number of electrons reaching anode follows the following equation known as

Townsend’s formula [35-37]:

ad
nye

n,= 2.4
¢ l—yiead—li (24)

Where a is called Townsend’s ionization coefficient and y is the number of
electrons ejected from the cathode per incident positive ion. From the /-7 characteristics
of the GIS (Figure 2.1) it can be seen that at the breakdown voltage, V3 the current /
highly increases. If in equation (2.4) the denominator is zero then the Townsend current
becomes theoretically infinite. This condition is equivalent to

y(e*4-1)=1 (2.5)

The characteristic may therefore, be interpreted as when the voltage increases
and thus electric field, in the Townsend region (region (d) in Figure 2.1) to affect a and y
in a way that this unstable condition is reached and the current rises uncontrollably until
some other limitation sets in. The condition forms a possible breakdown criterion, known
as the Townsend criterion, or the sparking criterion. In this criterion free electrons
existing in the ionization cell ionize the gas molecules, therefore creates more free
electrons and if the process continues, the number of free electrons increases

exponentially which results in the flow of a very large current that leads to breakdown.
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2.1.4 Paschen’s Law

Paschen’s Law states that for uniform fields (two parallel plates), the breakdown
voltage is proportional to the product of the surrounding gas pressure, P, and the gap
distance, d [35-36]:

Ve=f(Pd) (2.6)
From the general law of gases, the gas pressure P is related to the gas density, n, as:
P = nk,T (n is the gas density, T is the absolute temperature, and ky, is the Boltzman’s
constant). Therefore the breakdown voltage can be approximated as a function of the gas
density [35-36]:

Ve =f(nd) 2.7)

Figure 2.2 represent some experimental results for the breakdown voltage versus

Pd for various gases.

10 ! 10 10°¢
pd (cmmm Hg)

Figure 2.2 Variation of the voltage with respect to Pd (Paschen’s Curves) [35].
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The curves show a clear minimum, which can be explained as follows.
At low pressure, for a given distance between the electrodes, the mean free paths (MFP)
of electrons are very long and the probability of collisions is very small. At high
pressures, the MFP's are so short that the electrons cannot acquire enough energy
between two successive collisions. Between the two, at medium pressure, the probability
of the collisions between electrons and the gas molecules is maximized, generating an
avalanche and eventually the breakdown of the gases at V3. Therefore the breakdown
voltage passes through the minimum of the curve.

The minimal value of V5 is called the minimum sparking, or breakdown potential,
(VB)min, and is in the order of several hundred volts. The Paschen’s law can be also
applied for non uniform field produced by some simple geometry like parabolic point-to-

plane geometry, but not for more complex geometries.

2.2 Field Ionization

The techniques of field ionization (FI) consist of passing a valance electron of a gas atom
or molecule having an ionization potential of Uy, through a potential barrier into a vacant
energy state of the conduction band of a metal with a work function of ¢ [38-45].

Figure 2.3 shows the energy band illustration of hydrogen atom during Field

Ionization [39].
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Figure 2.3 Potential energy diagram for a 1s electron of a hydrogen atom in a field of 2V/A at a
distance of 5.5A from a tungsten surface. Ep is the Fermi level; Uj, ionization potential, Py;, atom
potential; Py, superposition of applied and pseudo image potential; x., critical distance. Dashed lines
The necessary condition for tunneling is that the atom is at a distance from the
surface greater than critical distance x.; otherwise the electron energy level of the gas will

be below the Fermi level and in the conduction band of the metal would be no vacant

energy levels, available for tunneling.

Figure 2.4 describes the process of FI of gas atoms. The gas atoms are polarized
near the nanowire tip and then attracted and accelerated to the surface by the field

gradient.

—+

Figure 2.4 Field ionization of hydrogen atoms in a two parallel plate GIS with nanowires grown at the

anode side.

As Uj is specific to any gas particle, the resulted tunneling current can be used to
fingerprint the unknown gas type.
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Chapter 3

Electrostatic Field inside a GIS

Electric field is responsible for the breakdown of gases inside the gas chamber, so
detailed knowledge about it is very essential to optimize the GIS structure, the goal of
this project. The study of the field emission on nanowires is done in order to obtain the
highest current density at a lowest applied electric field. Investigation of the magnitude of
the local electric field emitting from nanowires is the most dominant factor to achieve

this goal.

3.1 Field Enhancement Factor at the Tip of the

Nanowires

The applied electric field between two parallel plates often called the applied

macroscopic field, is defined as

Ly = V/d, 3.1
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where V' is the voltage applied between the two electrodes and d is the gap distance
between them. The applied electric field E,p, is uniform in the gap space between the
anode and cathode electrodes.

When nanowires are grown at one electrode side, strong nonlinear electric field is created
in the vicinity of the sharp tips of the nanowires. One can say that the electric field is
enhanced.

The upper-limit of the local enhanced electric field £, at the apex of a hemisphere is
given by [46]:

Eioc =V/ksr (3.2)
where r is the apex radius, and kr is a numerical constant which depends on the taper
angle of the protrusion, with an average approximate value of 5. The field-enhancement
factor is defined by the ratio between the local electric field Ej.. to the applied field E,pp,

or

p=E,/E,, (3.3)

In order to estimate the enhancement factor f, several computational and experimental
investigations are reported in the literature. These studies are reported to calculate the S
factor value based on the geometrical model for the microprotrusion or nanoptrotrusion
[47-50]. These geometrical models include “hemisphere on a plane”, “hemisphere on a
post” and “hemi-ellipsoid on plane”.

The model “hemisphere on a post” [47] suits the most to the grown NWs positioned in

between the two parallel plates (Figure 3.1).
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Figure 3.1 Geometrical model for a field- enhancing hemisphere-on-a-post (r = nanowire radius; Ej,. =
local electric field at the tip; / = nanowire length, d = distance between the two parallel plates; V = applied

voltage between the two parallel plates)

In this model the nanowire length / is much smaller than the distance between the two
electrodes (d) in order that the field enhancement factor (f) is properly estimated. Miller

[49] showed that the effective value of f depends on d, according to the relation:

B(d)=p,_ [1-1/d]. (3.4)
A suitable unifying expression of various results for B was given as:
p=2+1/r (3.5)
In the limit of / >> r, equation 3.5 reduces to
B=l/r (3.6)
which is used often as a rough approximation. Using this simple expression will largely
under estimate the value of enhancement factor.
One of the best estimations for £ is given by Read and Bowring [50] as:
B=1.0782(1/r+4.7)"" (3.7)

With fitted value of 0.6%. However, within a reasonable approximation the enhancement
pp

factor by many researchers is taken into account as:
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L=0.7Ir (3.8)
In practice, nanowires often exist as extended arrays and the electrostatic interaction
between the nanowires will affect the overall value of the field emission. We have shown

above that for one single nanowire the local electric field (Ej) is expressed as B*Eqpp >

where B, 1s the applied electric field between the two parallel plates and £ is the field
enhancement factor. In a device with an array of nanowires sandwiched between the two
electrodes, the field enhancement factor is affected by the screening effect of the
neighboring nanowires. The electric field for an infinite array of conducting structures in
nano scales has been the subject of many researches [50-59].

In their work, Read and Bowring [50] analytically analyzed the local electric field of
regular aligned nanosized carbon nanotubes, assuming that they are parallel and have the
same length.

Keeping the same parameters, simulations were done using commercially available
software based on the boundary element method. From the simulation results they
implemented a mathematical approach for the enhancement factor due to the screening
effect.

In their simulation they considered an array of regular nanotubes with the length
of /, radius of r and intertube distances of s. Using various combinations of aspect ratio
(I/r) and (s/l) values they have calculated the enhancement factor S. By calculating the
field strength at the tip of the nanotubes and comparing with the applied voltage (far field
value), they determined the enhancement factor f under various conditions. Table 3.1

shows the computed and mathematical fitted results for several combination of s// and //a.
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Table 3.1 Values of the computed and fitted values of the enhancement factor f of evenly spaced linear

arrays for various combinations of //r, and s// [50].

s/l Vr B
0.16 200 83.42
0.16 400 161.9
0.16 800 315.4
0.32 200 104.2
0.32 400 199.8
0.32 800 385.0
0.64 200 123.5
0.64 400 233.6
0.64 800 4457

The values in the Table 3.1 were then fitted in a relation like [50]:

B=Bo (1-exp(c(l/r)(s/)")) (3.9)
where B is the effective enhancement factor, S is the enhancement factor of a single
isolated nanostructure given in Eq. 3.6, and c is an empirical parameter introduced to fit
the computed values of the enhancement factor f.

The fitting parameter ¢ in Eq.3.9 was found to have a form as [50]:

c(x) =In (b*x™) (3.10)
With the values of n=0.60, b = 3.96, and m = 0.25. However the x value was not reported
in their publications.
As these computations are done for metallic type of CNT, we have considered that
equation 3.9 should also hold for metallic nanowires used in our model.
As the x-value was not clear from the published work, based on eq. 3.9 and tabulated

values in Table 3.1, we found a curve to describe a function like x= f (/, r), (curve fitting
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method using MATLAB software). The values were fitted in an equation as 3.11 and

used to plot ¢ versus x as shown in Figure 3.2.

X = -5.97¢-010%(/r)y"2 + 8.502¢-007*(U/r) + 0.003706 G.11)
o
4k "
3905 1
c
39/} 1
3.85 ; i ; ; . ]
200 300 400 500 600 700 300
X

Figure 3.2 Variation of the empirical parameter C versus x, used into the fitting formula of the computed

values of the enhancement factor /.

Substituting (3.11) and (3.10) into (3.9) the resulting value of local electric field
affected by the screening effect (Ejoc) is plotted versus the interwire distances, s. Figure
3.3 shows that the screening effect is decreasing with the distance between the nanowires.
As the distance between the nanowires increases the effective enhancement factor
increases, and when s is around 4 times of the nanowires hight the screening effect is
minimized and remains constant. At this point £ is almost equal to the enhancement

factor of a single nanowire f.
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Figure 3.3 Theoretical works on screening effect versus distance between nanowires (sL is an integer

number of the nanowire length).

To validate these results, we have used COMSOL to simulate the same curve
while keeping all the parameters, (U, /, r), the same as described in figure 3.3. The result

is shown in figure 3.4.

i x 102 Distance Effect on Multi Nanowires - COMSOL

461

441

38+

36} E
——U=180V, L=5"106, =0.01*106

3.4

32 e
0 1 2 3 4 5 B 7 8 9 10

distance befween nanowires - sL
Figure 3.4 COMSOL simulations on screening effect versus distance between nanowires (sL is an integer

number of the nanowire length).
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Both figures show the same pattern, the screening effect decreases as the interwire
distances increases. Then B remains constant for the large interwire distances. So, due to
the electrostatic interaction between nanowires, the enhancement factor of nanowire

arrays decreases with decreasing the interwire distances.

800 T T T T T T T T T
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. 400}

PO = 400

300

200 Jf 0 = 200 3

100

D 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50
distance between nanowires - s [um]

Figure 3.5 Theoretical works on screening effect versus distance between nanowires for different 50 factor—

MATLAB simulation.

The field emission was also plotted with respect to interwire distance for various
enhancement factors, ) by varying the nanowires length from 10 pm to 40 pm by a step
of 5. Other parameters were kept constant, applied voltage of 150V, and r = 0.05 pm. The
distance between nanowires is varied from 0 pm to 50 um with a step of 5 um.

Figure 3.5 shows that the shape of effective enhancement factor component versus s
remains the same as /) changes.
Almost all the works done and reported in literature regarding the enhancement factor for

nanostructure grown on an electrode, considered regular arrays of the structures,
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however, in practice nanowires/nanotubes are grown in a very random structures (in
terms of length, radius, and shape) and configurations. There are not many conclusive
works regarding the screening effect of electrostatic interaction between nanowires
available in the literature. Obviously, for the nanowires grown with a random
configuration, lengths, shape and the diameter, not all of them participate in the structure
of field emission and as a result the enhancement factor will be somehow different from

what it was discussed above.

3.2 The Electric Field at Tip of the Nanowires

Figure 3.6 shows the configuration of the needle-to-plane electrode system where the

needle electrode is represented by the hyperboloid surface [56].

Figure 3.6 Configuration of the needle-to-plane electrode system where “&” is the distance from the needle

tip, “a” is the distance between needle and plane electrodes and “r” is the radius of the needle tip (modified

from [56]).
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The electric field between a needle and a plane (Figure 3.6) in the z-y plane is reported by
Florkowska and Wlodek [56]. In this configuration using the relationship between the
prolate spheroidal coordinates (#, v, ¢) and the Cartesian coordinates one can write [57]:
x = d sinh # sin v cos ¢
y =d sinh # sin v sin ¢ (312)
z=d cosh 7 cosv
Where 120, 0<v<m, 0<¢ <2x, and d= (az-l-bz)l/2
According to Barbara Florkowska and Romuald Wlodek [56] the value of cos(v,) can be
expressed as the ratio between the distance from needle tip to the plane electrode and the

hemi focal distance d:

a 1
cos(vy) == = ——— (3.13)
! d J1+71/a
When ¢=n/2 and v = v1, the electric field in the z-y plane is given as [56]:
\Y
E= (3.14)

a|l+ 2 * y/sin"n + sin2v1ln (cot [v1/2])

where ‘V’ is the applied potential between the two electrodes, ‘a’ the distance between
needle and plane electrode and ‘r’ is the radius of the needle tip.
For v=v; and ¢=nr/2 the parametric equations of the needle electrode in the z-y plane
obtained from (3.12) are:

y=dsinh# sino (3.15)

z=d cosh 7 cosv
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From equation (3.13) and (3.15) one obtains the sinh?(n) as:

2

\/(yz-l-zz—(a 1+£)2) +4 % (a 1+£)2*y2

sinh?(n) = (3.16)
2
Z(a 1+ a)
From (3.13) for a/r >>1,we have [56]:
r
sin?v; = — (3.17)
a
And then
2~ 2 \F 3.18
cot—~2 | (3.18)

Substituting (3.16), (3.17) and (3.18) into (3.14) the equation of the electric field

becomes:

4
Eioc = (3.19)

2
\/<y2+zz—(a 1+£)2> +4x(a 1+£)2*y2

|
|
|
|
\ 2(a |1+ 22

a/l+£*ln(cot(2\/%) +£
Knowing that
z=a—¢ (3.20)

where “£” is the distance from the needle and “a” the distance between needle and the
plane electrode represented by the y axis, one can calculate local electric field with

respect to y (distance from the center of the nanowire).

36



%4
Eioc = (3.21)

\/(3”+(a—€)2—a2(1+§)>2+4*a2(1+£)*y2

a/l+£*ln(cot(2\/§) 2a2(1+£) +

Q=

Based on (3.21) we have used MATLAB to plot the electric field surrounding the
nanowires.
We first considered a system as in Figure 3.7 with one single nanowire between two
electrodes separated by a distance d = at/ = 100um. A voltage of V = -150V was
considered between the two plates.
The nanowire length is / =25 pm and radius r = 0.5 pum and the distance between the tip
of the nanowire and cathode is a = 75 pm;

Z

r=0.5um

.' t—y
-10 pm 10 pm

Figure 3.7 The local electric field calculated in z-y plane in a needle to plan electrode system; nanowire

length /=25um, tip radius r = 0.5pm and gap distance d=100 pm.
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The local electric field is computed on every ¢ point on a surface defined by the

coordinates (-10, 75) for the left corner down and (10, 0) for right corner up, where ¢ (0,

0) corresponds to the point at the nanowire tip.
As it can be seen from Figure 3.8, the maximum electric field is reached at the nanowire

tip, due to the field enhancement.

Epo*10° [Vm™]
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Figure 3.8 The local electric field calculated in z-y plane, for a GIS system with a single nanowire of tip

radius r = 0.5 pm.

We have plotted the variation of electric field versus the nanowires radius. The
results show that as the radius of the nanowires was increased (keeping other parameters
constant) the maximum value of the electric field falls down. For the case when r was
increased to 1 micron the maximum electric field was down by half as it is shown in

Figure 3.9.
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Figure 3.9 The local electric field calculated in z-y plane, for a GIS system with a single nanowire of tip

radiusr =1 pum.

3.3. Screening Effect

Keeping the parameters constants as in the simulation with one single nanowire (d
=100um, V =-150V, [ =25um, r = 1pm) the simulations were carried out for an array of
nanowires, with a distance of 1um between them.

The enhanced electric field is finally derived by multiplying the local electric field
described in equation 3.21 by the effective enhancement factor, f, from (3.9). Using
MATLAB tool the resulting electric field was plotted in the z-y plane.

As can be observed from Figure 3.10, when an array of nanowires is taken into
consideration due to the electrostatic interaction between individual nanowires the total
electric field is reduced (screening effect).

The resulting electric field drops down by more than twenty times.
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Figure 3.10 Electric field intensity versus distance from the nanowires tip calculated in z-y plane, tip radius

r=1pm.

3.4 Conclusion

In this chapter we have presented the enhancement factor for a single nanowire.
The discussion was expanded for an array of nanowires as in practice we are always
dealing with large number of these nanostructures grown on one of the electrodes in the
model device. The effect of electrostatic interaction between nanowire field emission is
studied. It was shown that the interwire distances will influence the enhancement factor
significantly. The phenomenon is called screening of the field emission, or simply
screening effect. It is shown that as the distance between the nanowires decreases the

screening effect increases and for the distances larger than 4 times of the nanowires
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height this effect is minimized and £ will be close to enhancement factor of a single
nanowire.

The electric field between the nanowires and the opposite plate is introduced and the
variation of the field emission around a single nanowire as well as around an array of

nanowires is demonstrated.
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Chapter 4

Simulations of the Modeled Electric Field

generated around Nanowires

In this chapter we introduce the simulations of electric field emission of
nanowires grown between two parallel plate electrodes. We have used the multiphysics
simulation tool, COMSOL, to investigate the structure of the electric fields surrounding
nanowires. As well, we have studied the electrostatic interaction between the electric
fields emitted from nanowires (screening effects) for arrays of the nanowires.

COMSOL calculates the electric fields based on the theoretical models we
described in Section 3.2. Not only the applied voltage and nanowires structure are
implemented in COMSOL, but also information regarding background gas chamber,
nanowires and electrodes materials, distance between the two parallel plates and shape of
the nanowires tips are included in the simulation of the electric field magnitude and field
lines.

The COMSOL Multiphysics is a high-precision numerical simulator used to
model and study various physical, mechanical and chemical processes with high
flexibility and accuracy in the fields of science and engineering.

Using this software tool we have simulated the electrostatic field inside the gas

chamber under the various nanowires structures and configurations.
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In these studies we have considered the amplifications of the local electric field due to the

implemented nanowires.

4.1 Electrostatic Field inside the GIS

In the following we have investigated the effects of various structural parameters
on local and total electric field inside the GIS. In these studies we have considered the
same design for GIS device as explained in section 1.1.3 and unless otherwise is
mentioned a voltage value of 150V was applied between the two parallel plates, the
background gas was assumed to be Ar and, the temperature was considered constant at
300K.

Our point of interest is to simulate the intensity and distribution of the electric
field, responsible for breakdown of gases inside the GIS chamber.

At first we have considered only one nanowire between the two parallel plates to study
the shape effect of nanowires tips. Figure 4.1 shows the electric field line intensity

induced around a nanowire.
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Figure 4.1The electric field line intensity induced around a nanowire grown between two parallel plates

GIS system; background gas Ar, applied voltage V = -150V; working temperature T = 300k.

The electric field intensity lines shown in figure 4.1 are consistent with those we have

calculated in Chapter 3, and plotted in Figure 3.8.
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4.1.1 The Shape Effect of Nanowires tips.

In this study we have modeled the nanowires tips with typical shapes produced
experimentally by other researchers. The shapes include semi spherical, convex and
concave ellipsoid, conical, sharp triangle and square flat. To avoid the interaction
between electric field induced by individual nanowires we have only considered one
single nanowire grown between the plates. The results of the simulations are shown in
Figure 4.2 for various tips’ shapes and sizes. The sizes of the nanowire tips are given in
the figure caption. The highest values at the top of the scales on the right side of the
figures, also given in Table 4.1, correspond to the (maximum) electric fields at the tip of
the nanowires. As it is shown the highest electric field was generated by nanowires with
sharp ellipsoid shapes (see Figure 4.2.c and Table 1). However, the distribution of
electric field around the nanowires with convex circle shape is the widest compare to the

other cases. This is clear from Figure 4.2.a.
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Figure 4.2 Electric field intensity for one nanowire grown between two parallel plates GIS system;
background gas Ar, applied voltage V = -150V; working temperature T = 300k a) convex circle shape tip;
radius r = 0.01um; b) convex ellipsoid shape tip; semi axes a = 0.01um, b = 0.02um; ¢) convex ellipsoid
shape tip; semi axes a = 0.01pum, b = 0.03um; d) concave ellipsoid shape tip; semi axes a= 0.0lpum, b =
0.02um; e) concave ellipsoid shape tip; semi axes a = 0.01pm, b =0.03pum; f) triangle shape tip, h=

0.1um; g) triangle shape tip, h = 0.02um;

This has been confirmed by generated electric field contours around the nanowires tip.
Figure 4.3.a (for semi-spherical shape) shows the most intensive contours around the

nanowires tip.
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Figure 4.3 Electric field contour for different shape of nanowires tips inside a two parallel plates GIS
system; background gas Ar, applied voltage V = -150V; working temperature T = 300k ; a) convex circle
shape tip; radius r = 0.01pum; b) convex ellipsoid shape tip; semi axes a=0.01pum, b = 0.02um; ¢) convex
ellipsoid shape tip; semi axes a = 0.01um, b = 0.03um; d) concave ellipsoid shape tip; semi axes a =
0.01pm, b = 0.02pm; e) concave ellipsoid shape tip; semi axes a = 0.01pum, b = 0.03um; f) triangle shape

tip, h=0.1um; g) triangle shape tip, h =0.02um;

Table 4.1 shows a summarized electric field intensity observed around nanowires tips
with various shapes. From table 4.1 one can see that the structure with a sharp ellipsoid

shape tip gives the highest electric field.
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Table 4.1 Electric field intensity for different shape of nanowires tips.

Shape of the NWs tip Electric field*10”7 [V/m]
Fig. 2.f - triangle 3.113
Fig. 2.g - triangle 3.223
Fig. 2.a— convex circle 4.848
Fig 2.b - convex ellipsoid 5.677
Fig. 2.c- convex ellipsoid 6.044
Fig. 2.d - concave ellipsoid 6.771
Fig. 2.e - concave ellipsoid 7.054

4.1.2 The Effect of Whiskers on the Electric Field

Enhancement

Although the local field intensity is larger for the nanowires with one single
whisker, the electric field contours show that distribution of a large electric field is more
extended for the nanowires with multi-whiskers.

During nanowires growth, it is shown [24] that the tip of the nanowires are not
smooth, usually some narrow whiskers grow on top of the tips. The tinny structures are
treated as the secondary amplifiers in the design of the GIS. It is shown that the local
electric field, responsible for the breakdown of gases, will be increased even further if
one includes the effect of these nanowhiskers [24]. For this reason we have investigated
the effect of these structures on the local electric field induced at the tip of the nanowires.

Starting with a nanowire having a circular shape, whiskers were grown on the top
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surface. Analyses were done for one single whisker in the middle of the tip then we have
carried on studying the effect of multi whiskers grown on nanowires tips (Figure 4.4 and

Figure 4.5).
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Figure 4.4 Electric field intensity for circular nanowires with grown whiskers on their tips grown between
two parallel plates GIS system; background gas Ar, applied voltage V = -150V; working temperature T =

300k ; a) one single whisker; b) multiple whiskers.

Figure 4.4 shows that the maximum electric field intensity for the structure of circular
nanowires with one single whisker is 1.713x10® V/m and for the multi whiskers grown on

the tip is 1.515x10® V/m.
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Figure 4.5 Electric field contours for circular nanowires with grown whiskers on their tips for a two

parallel plates GIS system; background gas Ar, applied voltage V = -150V; working temperature T = 300k

a) one single whisker; b) multiple whiskers.

The simulation results listed in Table 4.2 shows that the overall electric field is

significantly increased when whiskers are grown on the tip surface. The enhancement

factor for nanowire with one whisker was increased by almost 4 times compare to those

of nanowires without whiskers.

Table 4.2 Electric field intensity for different nanowires tips:

Shape of the NWs tip Electric field*10"7 V/m Comments

Circular 4.848

Circular with one whisker 17.13 . the local electric field
intensity increased when one
nanowhisker added to the tip;

Circular with multi whiskers 15.15 v when the tip has multi

whiskers, the local electric field
decreased a bit compare to the tip
with one whisker structure,
however, as it is seen in Figure
4.5.b the overall electric field has

enhanced significantly.
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4.1.3 The Effect of the Nanowires Separation on Electric

Field Distribution

In order to study the effect of interactions between electric fields induced by
individual nanowires on the total electric field inside the gas chamber, we have
considered a model of the device with nanowires grown with various separations. In these
studies we have considered 4 nanowires with equal length and with semi-spherical tip
shape.

The lengths of the nanowires are kept the same as in previous model (given in
Chapter 3), equal to Sum and a voltage of -150V was applied between the two parallel
plates.

The space between the nanowires, S, is varied from 0.5um to 50um and the
corresponding values of the electric field were recorded. Figures 4.6 to 4.8 show the
electric fields, electric field contours, and electric field intensity lines respectively. In
these figures only a few examples of measurements are demonstrated but complete

results are summarized in Table 4.3.
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Figure 4.6 Electric field intensity variation versus distances between the nanowires grown between two
parallel plates GIS system; background gas Ar, applied voltage V = -150V; working temperature T = 300k

(I=5pum, r=0.01lpm, V=-150V); a) S=0.5um; b) S =2.5um;
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Figure 4.7 Electric field contour evolution upon nanowires distance (/ = 5pm, r = 0.01pm, V = -150V);

a) S=0.5um; b) S=2.5um;
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Streamline: Electric field Streamline: Electric field

Figure 4.8 Electric field lines evolution upon nanowires distance in a two parallel plates GIS system;
background gas Ar, applied voltage V = -150V; working temperature T =300k (/=5um, r=0.0lum, V=

-150V); a) S=0.5um; b) S =2.5um;

Table 4.3 Electric field intensity for different distances between the nanowires:

Distance between nanowires [um] Local Electric Field * 1077 [V/m]
0.5 3.327
2.5 3.383
5 3.632
10 4.051
15 4.291
20 4.406
25 4.464
30 4.502
35 4.559
40 4.588
45 4.552
50 4.552

55



The simulation results show that for an array of nanowires, the electric fields
interfere with each other and change the maximum electric field at the tip of nanowires as
well as its overall value- screening effect.

As it is shown in Table 4.3 the electric field at tip of the NWs increases as the interwire
distance increases. However, as the separation between NWs extends over 15um, the
maximum intensity of the electric field increases by only a small fraction. Nevertheless,
as it is shown in Figure 4.7 the distribution of the field (electric field contours) is
uniformly extended in a large area between the nanowires grown with small separation

between them.

4.1.4 The Effect of Aspect Ratio

In these studies we have considered the same device with four nanowires
structure. We assumed the nanowires with a radius of r = 0.01pm. The applied voltage
between the anode and cathode was again taken as -150V. The distance between
nanowires was chosen as 250nm and the distance between the two parallel plates was
assumed as 100pum. The nanowires lengths (/) were varied between Sum to 25um with an
increasing step of Sum (Figure 4.9 - 4.11). Therefore the aspect ratio, //r, was varied

from 500 to 2500.
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Figure 4.9 Electric field intensity evolution upon nanowires length in a two parallel plates GIS
system; background gas Ar, applied voltage V = -150V; working temperature T = 300k (S =
500; s = 0.025pm, d = 100pum, V = -150 V); a) / = Sum; b) / = 10um; ¢) [ = 15um; d) / = 20um;
e)/=25um;
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Figure 4.10 Electric field contour evolution upon nanowires length in a two parallel plates GIS
system; background gas Ar, applied voltage V = -150V; working temperature T = 300k (S =
500; s =0.025um, d = 100um, V =-150V); a) /=5um; b) / = 10um; ¢) /= 15um; d) / =20um,;
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Figure 4.11 Electric field lines evolution upon nanowires length in a two parallel plates GIS
system; background gas Ar, applied voltage V = -150V; working temperature T = 300k (£ = 500;
s =0.025pm, d = 100um, V=-150 V); a) / = Sum; b)1 = 10um; ¢) /= 15um; d) / =20um; e) /
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The simulations results listed in Table 4.4 show that the local electric field
increases as the nanowires length increases. However, experimentally it is very difficult
to grow arrays of long nanowires with very small diameters. We propose considering an

enhancement factor of about 500 as a reasonable value to use in practice.

Table 4.4 Electric field intensity for nanowire with various lengths, /.

[ [pm] Electric field*10~7 [V/m] | Comments

5 3.51 o the local electric field intensity increased with
10 3.707 nanowire length when the same gap distance and the same
15 3.926 distance between nanowires is kept;

20 4.172

25 4.453

4.1.5 The Effect of Parallel-Plates Distances

In order to study the effect of the distance between the two plates on the electric
field we varied the distance between them from 100um to 50pum, with steps of 25um.
The nanowires are kept with the same radius r = 0.01um and, at the distance s = 0.025um
from each other. The applied voltage between the anode and cathode was considered as V
=-150V.

Simulations were done for different values of the nanowires length (Sum, 25um, and
35um).

From the simulation results given in Table 4.5, it is seen that the electric field is
increasing when the gap is decreasing. Further, as it shown as the distance between the

nanowires and the opposite electrode decreases the electric field will enhance even larger.
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The variation of field emission versus the gap between the nanowires and the opposite

electrode is shown in Figure 4.12.

Table 4.5 Electric field intensity for different gap distance. Each color corresponds to a specific gap

between the plates.

NWs length/ | d [pm] Electric field*10%7 | Comments
[nm] [V/m]
5 100 3.51 . the local electric field intensity
5 75 5.138 decreased with the gap distance between the
5 50 7.971 nanowires tip and the plate electrode (anode).
25 100 4.453
25 75 6.666
25 50 13.32
35 100 5.148
35 75 8.355
35 50 22.14

£
m

Electric Field x 107 [V/m]

&)

Gap distance d = 100 pm

20

25

Nanowires length - | [um]

30 35

Figure 4.12 Electric field versus the gap between the nanowires and the opposite electrode.
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4.1.6 Electric Field Study for Non Parallel Plates

The above studies done so far we considered devices made of nanowires
sandwiched between two-parallel plates. These devices can be used to detect a specific
gas in any environment, however to monitor several gases at a time or to identify any
unknown gas, or single out a gas among mixed gases we need to modify the design of the
device. One possibility is to make a grid of these devices with implemented different
circuitry on individual electrodes. By applying various potential differences on each grid
in the range of breakdown voltages of target gases one can identify several gases (or
odor) simultaneously. We are here proposing a simpler design to make the device suitable
to detect several gases without necessity of tuning the applied voltages on the sensor. In
this design the two electrodes are not parallel. The upper electrode makes an angle with
respect to the lower electrode. With this technique, as the distance between the two plates
is not the same along the sensor, the drop of potentials along the device varies, as it is
shown in Figure 4.13. For a given angle between the two plates one can use the device to
detect various gases in any environment by applying a single external voltage between
the two electrodes.

In the following step, we have modified the device by changing its configuration as

presented in Figure 4.13. The device parameters for the simulations were chosen as

follows:

v Nanowires length /= 5pm

v Nanowires radius r=0.01um
v Number of nanowires n = 16
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v Distance between the nanowires s = 0.01um

v Shortest distance between the two plates d = 7um

v The voltage applied between the anode and cathode V =-150V

The anode plate is designed to rotate with angles of 0° (parallel), 10°, 20° and 40° with

respect to cathode. The resulted electric field magnitudes are recorded in Table 4.6.
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Figure 4.13 Electric field intensity evolution in a two non-parallel plates GIS system; background gas Ar,
applied voltage V = -150V; working temperature T = 300k ; a) anode is rotated by 10° with respect to the
cathode; b) anode is rotated by 40° with respect to the cathode; c) detailed view of 4.12.( b).
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Figure 4.14 Electric field contour in a two non-parallel plates GIS system; background gas Ar, applied
voltage V = -150V; working temperature T = 300k ; a) Anode is parallel with cathode; b) Anode is rotated
with 10° with respect to the cathode; ¢) Anode is rotated with 20° with respect to the cathode; d) Anode is

rotated with 40° with respect to the cathode;
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As one can see the electric field is varying along the x-axis (Fig. 4.13. b), although the
applied voltage on the electrodes is the same. As a result the breakdown of various gases
will happen at different axis along y. By tuning the angle between the two plates, and
applying proper external voltage one can modify the device to detect several gases

simultaneously.

4.2 Conclusions

In order to investigate the effect of design parameters on breakdown voltage
systematically, we have developed the following two flowcharts presented in Figure 4.14.
As the calculation of V3 using XOOPIC-GIS through MCC method is very time
consuming, sometimes up to few days for each simulation, we have studied the induced
local electric field inside the gas chamber (responsible for the V) prior to application of
XOOPIC-GIS. Therefore, the flow charts demonstrate the systematic simulations done on
calculating the static electric field inside the gas chamber using finite element method
analyzer COMSOL. The effects of nanowires tips on electric field were investigated
numerically using COMSOL simulation tool (described in the beginning of this chapter).
The chart in Fig. 4.14 shows the steps we have taken systematically to study the electric
field intensity inside the gas chamber. We have also investigated the screening of the
electric field due to the close vicinity of nanowires. The screening happens due to close
vicinity of nanowires that influences the local electric field on each nanowire. In all
measurements the gas was assumed to be Ar and material is chosen as gold nanowires.
Finally, we have simulated the electric field inside a device with nonparallel plates.
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Figure 4.14 COMSOL simulations flowchart — steps taken to study the electric field intensity inside the

GIS chamber.
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Chapter 5

Simulations of the Modeled GIS Device

In this section we study the simulation of the gas ionization sensor based on the
model we described in Chapter 1.
The open source XOOPIC is a 2D particle-in-cell plasma simulation developed at
University of California at Berkeley, used in modeling and simulation of plasma sources,
microwave devices, laser/beam plasma interaction, etc. The XOOPIC tool has been used
by researchers since 1995 to solve problems in design, optimization and to diagnose
problems faster.
XOOPIC open codes are written in C++ including an intuitive XGrafix user interface.
This interface allows the user to model and design the input file, to set the simulation
parameters, to plot the data of interests and to verify at the run time the evolution of the
simulation.
XOOPIC has electrostatic field solvers for 2D geometries in x-y (slab) and r-z
(cylindrical) coordinates and includes Monte Carlo collision (MCC) algorithms for

modeling collisions of charged particles with a variety of neutral background gasses.
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5.1 Monte Carlo Collisions

Particle-in-cell (PIC) Monte Carlo Collision (MCC) has become a very effective
tool for modeling collisional plasma and self-sustained discharges. The conventional
Monte Carlo Collision scheme calculates the time and the distance between the collisions
of each particle, using random numbers. This method it is not enough for PIC, where the
charged particles’ trajectories are all integrated simultaneously in time. To solve the
compatibility between Monte Carlo Collision method and Particle in Cell, additional
collisions between charged particles and neutrals were added into the MCC package.
Over the past four decades several particle-in-cell Monte Carlo collision (PIC-MCC)
simulations, were developed which include charged-particle collisions with neutral atoms
[62-69].

A particularly attractive feature of this method is that it allows the simulation of physical
processes, which cannot always be observed or deduced directly from laboratory
experiments.

The idea of this technique is to simulate the electron motion using random
numbers to account for the random nature of this motion. The free electron flights are
interrupted by the scattering process and are resumed again and again, each time from a
new starting point.

If a single electron is observed for a sufficiently long time, the distribution of times that
the electron spends in the vicinity of different points will reproduce the shape of the

distribution function [63].
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The plasma region is divided by a mathematical grid in order to create charge and current

densities (p, J) at the grid points, shown in Figure 5.1 [64].

A,

(2|l /]

Ll Tl A
Flazma h

Figure 5.1 The mathematical grid set into the plasma region used by Monte Carlo Collision technique.

Figure 5.2 shows our GIS model. The GIS is schematically defined by two parallel plates

as electrodes, connected in series with an external circuit.

Background gas

MMW Il

II.
{\Cathod

]Gold NWs

il

.

R

Figure 5.2 GIS Model defined as two parallel plate electrodes with nanowires grown at the cathode side

and an external circuit connected in series with the device.
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The external circuit consists of a constant voltage source V, and a series resistance R
connected to one of the electrodes- usually the cathode, while the anode is grounded.
When a sufficiently high voltage V is applied over the two electrodes the electrons and
ions of the background gas are accelerated. Due to the created new charged particles, a
current (/) flows in the discharge and affects the potential difference between the
electrodes.

As a result the potential difference across the electrodes is now a function of previous

time step voltage and the voltage-drop across the resistance R, at any given time.

5.1.1. Steps in MCC Mechanism Applied to Model the

Gas Discharge Inside of the GIS Device

Due to the cosmic radiations, inside the GIS described in Figure 5.2, a few
charged particles exist at any time. When a sufficiently high voltage V is applied between
the two electrodes, the corresponding electric field inside the chamber, E = V/d, will
create the electrostatic force applied on particles F = gE, where ¢ is the elementary
charge. Due to this electrostatic force, the electrons start moving towards the anode,

changing their position and velocity.
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R Integration of equations of motion, moving particles.

Let’s consider the moving charged particles inside the gas space. The position and
velocity of the charged particles within a time of At can be calculated by the equation of
motions as follow:

AV’ Ax
m—=F =qE; =

A7 A v (5.1)

where F is the electrostatic force applied on the particle; x and v’ are the position and the

velocity of the particle respectively, m is the mass of the particle, Av’ = v’V 0is and Ax

= Xnew=Xold-
v’new - v,old dv'’
T (>2)
Xnew — Xold ’ dx
—_— =7 =m-—-— 5.3
At new dt ( )

It is assumed that At is very small.

I. Monte Carlo Collision

If at the end of the time interval At the charged particle collides with a neutral
background gas, then the collisions occur and the particles velocity changes its value.

The collision probability P between the charged particles and the gas molecules is given

as [68]:

P =1 -exp( -Ax.o1(E) n(x)) =1 - exp(-At.v+o1(E). ny(x)) 5.4)

where v’ is the particle velocity, o(E) is the total collision cross section and n¢(x) is the

density of the target molecules and E is the particle’s kinetic energy.
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The collisions between the charged particle and the background species inside the
GIS are modeled by the MCC mechanism.

To decide if a collision takes place or not in the interval of time [¢, t+A¢] a random
number RN is generated in the interval [0, 1]. If this number is less than the collision
probability, P, then it is assumed that a collision has occurred at the end of that time step.
Otherwise, the particle continues on its way, moving without any collision.

In the Equation 5.4, the total collision cross section ot is sum of the various cross
sections components of the electron-molecule collisions:

OT = OExc T OEL+ Oloniz+ Ottt OV (5.5)
where oy is the excitation cross section, og; is the elastic cross section, Gjoni is the
1onization cross section, 6y 1S the attachment cross section and oy is the vibrational cross
section.

The collision probability for each type of cross section will be:
Pexe = OExc /07/
Pgi= og /o7
Pioniz = Gloniz /0T (5.6)
Paw= Oawt/OT
Pyv=ov /ot
When a collision occurs, another random number RN, between 0 and 1 is chosen to
determine its type. The relationship between RN, with the collision probabilities
described in Equation 5.6 determines the collision type. For example if: Pexc < PE; <
RN; < Ploniz < PAtt < Pv it means that an ionization collisions occurred during that

process.
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Kinetic energy, ke, is the energy that is related to the motion of the charged
particle and is depending on the particle mass and velocity.
ke = %mv'2 (5.7)
When a certain type of collision occurs, the velocity and position of the particle(s) is/are
changed and some energy is lost. The amount of this energy loss is equal to the threshold
energy required for that specific type of collision. For example, when a charged particle
collides with a gas molecule if an excitation collision occurs, the kinetic energy after
collision is equal to:
KE = ke — Eex (5.8)
Where ke is the energy prior to the collision and Eex is the threshold excitation energy
necessarily to excite the charged particle from one state to another.

The new velocity after the collision, v, is defined as:

_ KE £ g
V= EnergyScale -9

Where KE is the kinetic energy after collision and Energy Scale is defined as:

1
E Scale = —— 5.10
nergyScale 05m ( )

where m 1s the mass of electron.

. Weighting
Using the new position and velocity after the particle collision calculated in steps II, the

charge density and current density are computed as below:
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p(ny) = Zn,m nn;W(xry) (511)

q
AxA

G0 y) = p(z,t y)

(5.12)

where W(x,y) is an interpolation scheme (explained in Figure 5.4). To model our GIS by
the PIC-MCC mechanism, the space charged between the two electrodes is divided into a
certain number of cells, by a mathematical grid as shown in Figure 5.3 [69].

The charge and current density are calculated at the grid points, by weighting the total

charge inside of one cell to the corners of the cell.

y
I, kel j*l, kel
s 4

!

Ay

* =
i=l, k I,k i+, k x

A\ ) =t

Figure 5.3 Two dimensional grids used to weighting the charge density at the grid points [69].

The weights of the charge density into the grid points are given by [69]:

_ (Ax-x)(dy-y)
p],k - c AxAy

x(Ay —y)
Pivth = Pe g (5.13)

xy
Pj+1k+1 = Pcm

(Ax — x)y
Pjk+1 = PCTA}]

76



where p. is the cell charge density (g/area). Figure 5.4 describe the geometrical
interpretation of the weighting scheme used in Equations 5.13, which is called the bi-
linear interpolation or area weighting. If a charged particle ¢ lies inside of the grid cell,
by bi-linear interpolation the area ‘a’ is assigned to grid point A, area ‘b’ to grid point B,

etc.

k+1

i j+1
Figure 5.4 PIC bilinear interpolation interpretation; areas are assigned to grid points with the particle center

located at ¢(x, y).

Iv. Integration of field equations on grid

Solving the Poisson equations the potential @ and electric field strength E is acquired:
V2p = —p(x,y) (5.14)
E(x,y) = -V (5.15)
At the grid points the E(x) as shown in Figure 5.5 is [69]:

(@1~ Bk

(Ex)jk = T (5.16)

Similarly for E, we have:
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(Pr-1 — Pics1)

(Ey)jx = 20y (5.17)
Ptk Ejn Pioi,k
|
]]-I,k ik *1,k
x 2ax 1

Figure 5.5 Location of the E; \ in relation with ¢ j, at the grid points of the mathematical grid used in

Monte Carlo Collision technique [69].

So the Poisson equations at the grid points become:

V2O(x,y) = —p(x,y) = pjx + Pjk+1 + Pjrrks1HPjrre  (5.18)

From equation (5.15), applying the Gauss’ theorem on a cell, the total charge g(x,y) is

determined as:

feodedy =q(x,y) (5.19)

Due to this charge, a current (/) flows in the GIS chamber and affects the potential
difference between the electrodes. The new potential difference alters the electric field
between the two electrodes, causing to change the force, F, on the particles and a new
cycle of process. The cycles will continue until the potential drop on the electrodes is
large enough to cause the breakdown of the gases.

That above model is calculated using MCC. The following chart presented in Figure 5.6

shows the steps are done during one cycle of the process described above.
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Figure 5.6 Classical PIC — MCC schemes

5.1.2 The Breakdown of the Device

After each time step the potential difference across the electrodes is changed
causing a voltage drop across a series resistance, R, implemented externally to the device.
The electronic circuit including the external series resistance is shown Figure 5.2 and the

voltage computation by our simulation tool is shown in the flowchart in Figure 5.7.
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Figure 5.7 Flowchart of the voltage computation between the two electrodes GIS affected by the potential

drop across the series resistance R.

The input of the computation consists of the applied voltage between the two parallel
plates of the device, V;, the series resistance R, the particle charge ¢, and of the
calculation time step dt. Beside the above inputs related to the device, computational
variables are also implemented as well. At the first step the potential drop across the
series resistance R is initialized to the applied voltage V;,. In each “5” cycle (j is a counter
that keeps the number of cycles in each time interval of dt), the total collected charge

Qcol will induce a current flow through the circuit, /. This current causes a potential drop
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across R (Vr = RI). Vr depends on the charges accumulated on the electrodes and is
changing with time. The breakdown of the gases happened when there are enough
charges accumulated on the electrodes to make the resultant potential drop on the device

equal to V3.

5.2 XOOPIC Monte Carlo Collisions Package

As a starting point we used a uniform distribution of all particles inside of the GIS
chamber. The main particle types used in this work are: neutrals, primary electrons,
secondary electrons, single charged positive ions and single charged negative ions.
Primary electrons are ejected from the nanowires tips by field emission and move toward
the anode. Their position and velocity is affected by the electric field strength, by the
collisions with other particles and collisions with the walls. When a primary electron
collides with a neutral particle, the collision can be one of the following types:

1. A primary electron elastically collides with a neutral, with no energy lost but a
change in the particles velocity occurs.

2. A primary electron collides and ionizes a neutral particle, with energy loss and
change into the particles velocity. The neutral atom becomes a single positive charged ion
and a secondary electron is released from its orbit.

3. A primary electron collides and excites the neutral particle, with energy loss and
change into the particles velocity.

4. A primary electron collides and attached to the neutral particle. The neutral
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particle becomes a single negative charged ion.

The electrons movement through the anode is maintained by the electric field between
anode and cathode. Once an electron reaches the anode it is absorbed and lost from the
plasma discharge. Similar processes occurs in the ion-neutral interactions, but due to the
lack of available cross sections data in the literature, in the present work we don’t take
into account the ion-neutral interactions

The electron collisions are the driving mechanism in plasma processes. In the designed
GIS, the electrons and ions produced by the electron collision with the neutral
background gas are responsible of the breakdown mechanism. In the present work four
types of electron collision cross sections are modeled: Attachment, Elastic, lonization,

and Excitation (vibrational and electronic) as it is shown in Figure 5.8.

Electron-molecule collisions

T I

Elastic Scattering Inelastic Scattering

[ T |

Excitation lonization Attachment

Y Y

Electronic Vibrational

Figure 5.8 — Principle of Electron-molecule collisions inside of the GIS chamber represented by: ionization

cross section, elastic cross section, electron attachment cross section and excitation cross section.

A negative voltage is applied to the cathode; the electrons would move to the positive

electrode. When the electrons travelling toward the positive electrode, electron elastic
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scattering, electron attachment, electron excitation and impact ionization would occur and
produce more and more electrons as well as positive and negative ions. All these
phenomena will enhance the emission current, lower the working voltage, and improve

the sensitivity of the sensor (Figure 5.9).

;\*‘ ,/\.ia 3\,

. Electrcrn 3
“lonization ) "Elastic | | attachment | E xcitation
o & _d-: ..'I
@ =leckon . pos ithve ion ‘ excited
molecule
. molecile . negative ian

Figure 5.9 —Flow chart of the electron-molecule collisions inside of the gas discharge represented by the

elastic and inelastic electron collision.

The cross sections values are depended on the particles energy level and each
cross section represent a probability that a specific type of collision can occur. The
various cross sections are collected from the literature [70-77]. Using interpolation
equations we have identified cross section in range of energies. The results were
implemented into XOOPIC-GIS.

The XOOPIC MCC class provides collisions by operating on particles. Individual

MCC packages were deployed in XOOPIC-GIS to accommodate simple gases like N,, O,
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as well as complex gases like SFq, CO,, CO, CF4, NH;3 and mixture of gases. Based on
the specific cross section equations previously computed in MATLAB, the following
electron collisions type were diploid in XOOPIC-GIS: elastic, excitation, vibrational,
ionization, attachment. The MCC is implemented in two different regions of the
XOOPIC-GIS package: advisor and physics.

1. The file Advisor\mccg.cpp defines the MCCParams class, which contains the

Monte Carlo collision parameters such as gas name, neutral gas pressure and temperature,
ion and electron species for ionization, negative ion species for ionization, double ionized
species, number of the ions created in ionization event (ionization fraction), minimum
and maximum x1, x2 position defining neutral gas region, the delay time before MCC
algorithm activates and stop time when the MCC algorithm ends.

2. The file Physics\mcc.cpp defines the Monte Carlo collision class describing the

physics of the particles collisions (Figure 5.10).
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Figure 5.10 XOOPIC — MCC class flowchart of the implemented MCC technique into the two packages of

XOOPIC-GIS software - advisor and physics.

1. Through the advisor package of the XOOPIC-GIS, the following gas parameters
are read from the input file and sent to the MCC class: gas type, density, temperature,
pressure. Also the spatial region that owns the collision model is defined together with
the grid associated with this spatial region. The maximum grid coordinates are set also
from the input file. Electron and ions species are created in Monte Carlo Collisions and
the gas may be confined to a portion of the grid.

2. In the next step the particle’s velocity (#) and its magnitude (v), the delayTime
and stopTime used for simulation time comparison, the electron cross section
(eCrossSection) and ion cross section (iCrossSection), and the energyScale variable for
both electron and ions species are defined and initialized.

3. The position vector, velocity and simulation time of particle that might undergo
collision are saved;

4, In order to check for electron and ion collisions, the electron and ion collision

probability is calculated as.

5. Return if simulation time is not within the specified time interval (function
terminates)
6. Loop over random selection of particles and see if collision occurs. If 7 is the total

number of particles in all relevant particle groups then the number of potential collisions
is n times the maximum collision probability ( # * collProb).
7. Get the collision type; if electron collision

o attachment [defined in section 5.3]
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° elastic [defined in section 5.3]

. excitation [defined in section 5.3]
° ionization [defined in section 5.3]
. vibrational [defined in section 5.3]

5.3 Electron Collision Cross Sections

A cross section is the effective area in which a certain type of collision can occur.
In the electron-atom collision, the cross section is a hypothetical area around the target
particle — in this case the atom. When the electrons cross this area, certain interactions

will take place, as described below.

Attachment Cross sections

e+t X=X (5.20)
In the electron attachment collision the electron is attached to the neutral atoms and

creates a negative ion, losing kinetic energy.

Elastic collision cross section

e+X >e+X (5.21)

(where X can be any of the SF¢, CO,, CO, CF,4, NH; gases)
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After an elastic collision the electron gets scattered and loses little or none of its kinetic
energy. Some of its energy of motion can be transferred to the motion of the particle with
which it is colliding even though none of the energy goes into increasing the internal

energy of the particle.

Excitation collision cross section

The excitation collision occurs when an electron moves from a lower energy state to a
higher energy state. The electron loses at least the excitation threshold energy and gets
scattered after the collision. The excitation threshold energy is the amount of energy
required to excite a neutral atom to the next energy level.

e+ X=e+X* (5.22)

Ionization collision cross section

In an ionizing collision the electron ionizes the neutral atoms and creates a secondary

electron, losing kinetic energy equal to or greater than the amount of energy required to

ionize the neutral atom. This energy is known as the ionization threshold energy.

e+X=e+X +e (5.23)
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Vibrational excitation cross section

Vibrational excitation is a mixture of direct excitation and indirect excitation via
resonances. The atoms in molecules are in a periodic motion with a frequency known as a
vibration frequency. When the molecular vibration absorbs a quantum of energy equal to
the vibration frequency, then it says that the molecular vibration is excited.
etX=e¢+X* (5.24)

(v1=the symmetric stretch frequency; for the CF4 molecule, hv; =0.112 EV [70]).

5.4 Applying Cross Sections in XOOPIC-GIS

In present work, for each tested gas an instance of the corresponding MCC class
is created into xoopic/physivs/mcc.cpp file. The parameters as grid size, pressure,
temperature, and particle species are all read from the input file and passed to the MCC
module through advisor module.

Inside of the MCC class, the MCC::addCrossSections implements new functions to
accommodate the cross sections types as attachment, elastic, excitation, ionization,
vibrational.

Starting from the experimental data cross sections available in literature the best fitting
equations done in MATLAB are implemented into XOOPIC-GIS MCC package to add

the new background gases.
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5.5 XOOPIC-GIS Input File

The XOOPIC was modified to accommodate our GIS structure. Figure 5.11
shows the XOOPIC-GIS input file diagram. The input file includes the structure of the
device and field ionization effect. Parameters that affect the design and the function of
the device are included in the input file and they could be varied as simulate the design to

reach the optimized values for each parameter.

‘ Description ‘

v

‘ Variables ‘

I
| |
: iYile Species Species I
! (Electrons) (Tons) |
' I | |
: I
! I
l Load Load :
: (Electrons) Tons) :
e T e e I
| R B e T T T T B B T S A T S P e R o 3 1
Equpotential Equpotential Dielectric Dielectric
(Cathodey CAnode) (Left boundary) (Right boundary)

Figure 5.11 XOOPIC-GIS Input File flowcharts — physics and device structure.
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Our XOOPIC-GIS input file includes also all physics that happened inside of the device:
the gas ionization phenomenon is demonstrated by electron impact ionization;
atoms are ionized in collision with these electrons, using a Monte Carlo

Collision model;
at the nanowires tips, Fowler Nordheim Emission (FNE) is considered;
the secondary electrons emissions is taken into account;
the diagnostics of how much energy they have upon arrival at the far wall, are

kept.

As boundaries, the nanowires are equipotential surfaces and the rest of the top boundary

is dielectric. The bottom boundary is a perfect conductor -equipotential surface and left

and right boundaries are simple dielectric.
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5.6 The Flow Chart of the XOOPIC-GIS
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Figure 5.12 XOOPIC GIS Flow Chart.
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5.7 XOOPIC-GIS Parameters Optimization

Further we have carried the results of the COMSOL studies presented in Chapter
4 to optimize the gas breakdown voltages in our modeled device. We have incorporated
the results of COMSOL simulations with XOOPIC-GIS and several different designs
were considered in this work as it is presented in the simulation flowchart in Figure 5.14.
The breakdown of gases in designed devices with nanowires with rectangular shapes and
various concentrations were tested. For the high nanowires concentration, the breakdown
voltages increased significantly, probably due to the screen effects between closely
packed nanowires. We also tested the design for various device widths (reducing size of
the device even further). The results showed that no breakdown will achieve if the width
of the device is smaller than 500 microns. This may be due to the fact that the gas
concentration will be very small and the flow of the gases throughout the device will be
more difficult. In most observations, the intensity of the induced electric field in
XOOPIC-GIS is somehow different from those observed in COMSOL as it is shown in
Figure 5.13. This difference can be due to the fact that in our XOOPIC-GIS simulation

tool, the entire plasma physics reactions are incorporated.
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Figure 5.13 The electric field intensity - COMSOL simulation Figure 5.11 XOOPIC-GIS; the inset shows

the same electric field intensity from XOOPIC-GIS simulations.

Table 5.1 shows that the devices designed having nanowires with rectangle tip shape

have lowest breakdown and avalanche achieved faster than other designs.

Table 5.1 The effect of the nanowire tip shape on breakdown. All other parameters were taken the same.

The measurements are done for Ar gas.

Nanowire’s Nanowire Distance between | Breakdown Time of breakdown |[s]
tip shape Width Nanowires voltage [V]

Rectangle 6.666 um, 3.333 um 200 1.5x10-9

T 6.666 pm, 3.333 pm 200 1.7x10-9

Triangle 6.666 pm 3.333 um 200 1.68x10-9

Also, as it is seen from Table 5.2, the distance between the nanowires plays an important

role, due to the screening effect of neighboring nanowires. As the distance increases, the
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screening is weaker and breakdown can happen at a lower applied voltage.

Table 5.2 The time of breakdown for devices versus the distances between nanowires. All other parameters

were taken the same. The measurements are done for Ar gas.

Nanowire’s tip | Nanowire Distance between | Breakdown Time of
shape Width Nanowires voltage breakdown [s]
T 6.666 um, 1.333 um 200V 2.1x10-9

T 6.666 um, 3.333 um 200V 1.7x10-9

T 6.666 pm 8.333 pm 200V 5.6x10-10
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Figure 5.14 XOOPIC simulations flowchart.
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5.8 Conclusions

In this chapter we have introduced a software tool called XOOPIC-GIS. We have
discussed the application of the tool and how the measurements are implemented. The
modeling of GIS by MCC technique is presented in details. Various collisions between
the electrons and neutral molecules which are the main phenomena modeled by MCC are
implemented in our developed software tool. Complete flow charts of the MCC
XOOPIC-GIS package are presented and explained. The device structure, field
ionization effect as well the parameters which affects the device functionality are

introduced into the input file of the XOOPIC-GIS.
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Chapter 6

XOOPIC-GIS Simulation Results

In this chapter, results of the simulated modeled gas sensor using the developed
XOOPIC-GIS tool are presented.

As it was discussed before the device was modeled as two parallel plates with
nanowires sandwiched between them. A gas flows inside the device with various
pressures. Under various conditions (described in the following sections) the minimum
voltage that led to formation of an avalanche, was recorded as the breakdown voltage, V5.

As in practice an associated external circuit connected to the device, we have
added a series resistance connected to one of the electrodes.

Due to the applied voltage, V, between the two electrodes and induced electric
field inside the device, negative charges accumulate on the anode and positive charges on
the cathode electrode (Figure 6.1). The current, /, corresponding to these charges will

cause a potential drop, Vg, across the resistance R.

T NEym T HFE +R -
|||||||||
\'__::
M = i e i e
S —]

Figure 6.1 The GIS schematic device with series resistance R showing the charge accumulation at the

anode.
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At the beginning of the ionization process among the gas molecules, this potential
drop is much smaller than the applied voltage V. As the process continue, more and more
charges are building up on the electrodes, the voltage drop across the resistance R
becomes significantly larger than the applied voltage and the total voltage across the

plates, V-V increases until the breakdown is reached.

6.1 General Description of Gas Ionization in GIS

Figure 6.2 shows the 2-D model containing radiation-induced electrons residing

in the space between the nanowires and the counter electrode at P = 1Torr, before the

external voltage was applied (t = 0).
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Figure 6.2 The 2 — D model for the device showing the radiation- generated electrons (or ions) before a bias

voltage was applied.
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When a voltage is applied between the two plates, due to the generated electric
field between the two plates, the electrons present in the gas (due to the thermal and
radiation energies) are accelerated towards the anode making collisions with atoms of the
background gas. The electric field enhanced proportionally with aspect ratio of the
nanowires causes the carriers to travel much faster inside the device. Figure 6.3 shows the

electric field intensity inside the sensor for an applied external voltage of -150V.

[lJ":ﬂthiit.ITihi =.||ﬂpﬂrm|u,f,mM,q,,w;ﬂh._.im|_,.

|
1
|

x| mm] 1

Figure 6.3 The electric field intensity between the two electrodes for the external applied field of V = -
150V; x axes represents the chamber device length, on y axes is represented the gap distance between the
two plates; a) 3D view with electric field intensity shown on Z axes; b) 3-D view with a section cut along
the z axes, ¢)3D view of charge distribution shown on Z axes; d) 3-D view of charge distribution with a

section cut along the z axes.
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As it is clearly seen from the figure the field due to the aspect ratio of the
nanowires is enhanced greatly compared to the applied field at the bottom of the cell on
cathode electrode side. The enhanced electric field is responsible for the fast gas
ionization, which in turn lowers the breakdown voltage by several hundred volts compare
to parallel plate devices. The mathematical axes x and y corresponds to the Imm chamber
width and to the gap distance of 100 um respectively. The electric field intensity reaches
a maximum of 5.6x10° V/m at the tip of the nanowires. Figure 6.3 c) and Figure 6.3 d)
show that there is no charge distribution between the nanowires, as a result the electric
field (represented by the red zone on the graphs) is zero in these regions.

The total field inside the device is equal to the external applied field plus the local field
induced at the tip of the nanowires. As it was shown in Chapter 4, the induced local
electric field depends on the sharpness, aspect ratio and the separation of the nanowires.

When collisions in the gas occur, more negative and positive charges are formed,

moving toward the oppositely charged electrodes. Since the electrons have much smaller
mass and higher mobility than those of ions, they drift faster than ions.
The generated electrons may interact further with ions present inside the chamber causing
to emit other electrons, called secondary electrons. The carriers are built up with time on
the two opposite plates and eventually an avalanche occurs, causing the breakdown of the
gases.

Figure 6.4 shows the plot of the electrons and ions avalanches, for Ar gas at P =
ITorr and P= 0.05Torr, when a high population of charges is reached. The applied

external voltage was considered at -155V and -180V for the above pressures respectively.
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Figure 6.4. The plot of electrons and argon ions avalanches when the charge concentration at the first
avalanche become maximum a) electrons and b) ions at P =1 Torr, V = -155V, c¢) electrons and d) ions at

P=0.05Torr, V=-180V

Figure 6.5 shows the evolution of total number of carriers with time for Ar gas at
P =1 Torr. The higher total number of electrons compared to ions shows that field due to

generated electrons contribute to the formation of an avalanche.
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Figure 6.5 The evolution of the total number of carriers in argon for P=1 Torr. (both axes are logarithmic

scaled)

Once the total number of carriers builds up inside the device with respect to time
an avalanche of electrons will happen. As a result, the constant current suddenly falls to
zero and goes substantially negative, indicating the breakdown of the gas. Figure 6.6
shows the /-t characteristic of the device. It shows the breakdown of Ar gas. The

breakdown voltage in this case was, V3 =-158 V.

-0.156|
1x10-14 Time [s] 2.52752x10 -09

Figure 6.6 The I-¢ characteristics showing the breakdown of Argon Gas at pressure P = 1Torr.
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6.2 Verification of the Simulation Results

In order to verify the accuracy of our model and the simulation tool, we first
designed in the input file of the developed XOOPIC-GIS tool and simulated a device
similar to one which was fabricated in our laboratories. In this design, we have
considered grown gold nanowires on one of the electrodes. The nanowires thickness was
considered around 300nm, with lengths varying between 15um to 35um, and separated
by 300nm in the direction of x. The y direction is represented by 100 um gap distance
between the two parallel plate’s electrodes.

The circuit elements as a series resistance, R, is incorporated with our device, dc voltages
and the contribution of field emission from AuNW tips are also considered in this
process. The breakdown voltages obtained from our simulation results were in very good
agreement with the experimental results [24].

Figure 6.7 shows the simulated V,—P curves obtained for Ar gas in the pressure range of
0.02 < P <1 Torr, at room temperature, with AuNWSs as cathode [25]. The minimum

breakdown voltage, V}, was recorded for several gas pressures.
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Figure 6.7 Simulated V-P curves for AuNWs grown at cathode side [25].

As the figure shows the V5 remains constant for gas pressure above 0.1Torr. However, as
the pressure goes down the gas molecule concentration decreases causing the breakdown
happens at much higher voltages.

Figure 6.8 shows the V3 for Ar gas obtained experimentally for the same range of
pressures [25]. Comparing figures 6.7 and 6.8 shows that the simulated and the

experimental results are in good agreement.
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Figure 6.8 Experimental V-P curves for AuNWs grown at cathode and at anode [25].

We have further verified our results for a device fabricated with silver nanowires.
A device was modeled with the same description reported by [26]; the V3 obtained by our
simulation technique was in good agreement with theirs under the same conditions.
Figures 6.9 and 6.10 show the Vp -P characteristics of Ar gas obtained experimentally
[26], and by our works respectively.
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Figure 6.9 Experimental V-P curve for Ar NWs grown at cathode [26].
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Figure 6.10 Simulated V-P curve for Ar NWs grown at cathode [26].

6.3 Effects of Various Parameters on Vg

Based on the field ionization, physics, and mathematical model described in Chapters 1

and 2 the following parameters will influence the device structure and functionality:

type of gases like Ar, He, N,, Ne, greenhouse gases, mixture of gases;
- different type of nanowires like Gold, Silver, Zinc Oxide;

- the aspect ratio £ ( the radius to length ratio of the NW);

- the shape of nanowires tips;

- distance between the nanowires;

- the gap between the electrodes;

- the resistance R;
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- the distance between nanowires and the top electrode;

- Non linearity of the electric field around the nanowires.

In the following sections we report our studies on the effect of above parameters on the
breakdown voltages of gases. In these investigations to be comparable we have
considered a device with gold nanowires, and Ar at P = 1Torr as the background gas in

all cases.

6.3.1 Effect of Series Resistance on Vg

Table 6.1 The effect of series resistance on Vg

Parameter Breakdown Time t [s]
Voltage Vg [V]

R =4 Ohm (Beta =500, X = 1000 pm, Y = 100pum) 2210 1.02 x10™

R=6 Ohm (Beta =500, X = 1000 um, Y = 100pum) -190 1x10™

R =8 Ohm (Beta =500, X = 1000 pm, Y = 100pum) -170 1.1x10™%

R =10 Ohm (Beta =500, X = 1000 pm, Y = 100pm) -155 1x10%

R =100 Ohm (Beta =500, X = 1000 pm, Y = 100 um) -155 5.1x107™"°

Keeping the same values for the parameters like field enhancement factor, £, the
gap distance, Y, and the chamber width, X, simulations were done for different values of
the series resistance, R. From the simulation results tabulated in Table 6.1 it can be seen
that the optimum value of the series resistance R is 10 Ohm for which the breakdown
voltage has the lowest value of -155V.

In order to study further the behavior of V3 versus resistance R, simulations were done

for a high value of R (100 Ohm) and the results have been confirmed our conclusion: as
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high is the R as lower V will be. But in reality there are circuit limitations, so we can
consider that 10 Ohm is a reasonable value as the series resistance to represent the
associated microelectronic circuits.

Figure 6.11 shows a typical simulation result of generated current versus time
between the two parallel plate for Ar at P= 1Torr, Beta = 500, Y = 100um, X = 1000pm

and a) R =4 Ohm, b) R =6 Ohm, c) R = 8 Ohm, d) R = 10 Ohm.
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Figure 6.11 Generated current versus time for Ar at P= 1 Torr, Beta = 500, Y = 100pm, X = 1000 um and a) R =4

Ohm, b) R = 6 Ohm, ¢) R = 8 Ohm, d) R = 10 Ohm
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6.3.2 Effect of Aspect Ratio on Vp

As previously presented in Section 3.1, the field enhancement factor, f, can be
approximated by the aspect ratio //r. In this step, we kept the values of the series
resistance R, gap distance, Y, and the chamber width X constant as in previous step. The
aspect ratio represented by the field enhancement factor, f, is varied from 200 to 500.
Several simulations were done until the breakdown happened at the same time, 7 ~ 1x10
%, for each set of parameters the result were recorded in Table 6.2. The minimum value
of the breakdown voltage is reached for a field enhancement factor f of 500, which in

practice is equivalent to a high aspect ratio of the nanowires.

Table 6.2 The effect of the enhancement factor on Vg

Parameter Breakdown Time t [s]
Voltage Vg [V]

Beta =200 (R=10 Ohm, X = lcm, Y = 100um) -380 1.2x10"%

Beta = 300(R=10 Ohm, X = Icm, Y = 100um) -260 1.2x10™

Beta = 500(R=10 Ohm, X = Icm, Y = 100pum) -155 1x10™

The simulations show that as § increases the breakdown voltage will decrease. However,
the larger the B means larger aspect ratio. There are always limitations in practice to
develop nanowires with a very high aspect ratio. We recommend that B = 500 is a very

reasonable to be considered in practice.
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6.3.3 Effect of the Chamber Width on Vg

We are defining the “X” parameter as the width of the parallel plate electrodes, or
chamber width. Keeping the same number of the nanowires (n = 100) at the cathode side
as in the previous simulations, and keeping other parameters the same as the last step
simulations were done for different values of X and the breakdown voltage recorded. The
optimum device configuration which leads to the minimum V3 has the width of the

parallel plates, X, of 1000 um.

Table 6.3 The effect of the chamber widths on Vg

Parameter Breakdown Time t [s]
Voltage Vg [V]

X =600 pm (R=10 Ohm, Beta = 500, Y = 100 pum) 210 1.2x10%

X =900 pm (R=10 Ohm, Beta = 500, Y = 100 pm) -170 1.1x10™

X = 1000 um (R=10 Ohm, Beta = 500, Y = 100 um) -155 1x10™

We should emphasize that we are designing a miniaturized gas sensor however, as
mentioned before there are limitations in practice. Although, the narrower electrodes are
more desirable in our design but the our simulations show that for the devices with very
narrow width (smaller volume) the breakdown voltages is higher compare to the wider
devices. This could be due to the low amount of gas available in the sensor.

Consequently, we recommend a minimum of 1 mm width in the design of the GIS.
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6.3.4 Effect of the Gap Distance on Vp

The gap distance between the two electrodes is defined by “Y” parameter.
Simulations were done keeping all parameters with the same values as in previous step,

except the gap distance. From the simulations results presented in Table 6.4 the

conclusion is that the value of breakdown voltage increases as the gap reduces.

Again for the practical purposes, we recommend a gap with around 100 micron for the
designed device. The proposed gap will be enough to facilitate the flow of the gases

through the sensors, particularly when the device is tuned to detect gases with larger

molecules.
Table 6.4 The effect of the gap distance on Vy
Parameter Breakdown Time t [s]
Voltage Vp [V]
Y= 80 pm (R=10 Ohm, Beta = 500, X = 1000 pm) -130 1.1x10™
Y =100 pm (R=10 Ohm, Beta = 500, X = 1000 pm) -155 1x10™
Y=120 pm (R=10 Ohm, Beta = 500, X = 1000 pwm) -200 1.1x10™

6.3.5 Effect of Work Function differences on V'3

In this step the effect of different nanowire materials was studied. The simulations
were done for argon gas at pressure P = 1 Torr with the following parameters, R=10

Ohm, Beta = 500, X = 1000um and Y = 100 um. The device was tested for Au, Ag, and
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7Zn0O nanowires. The simulation results shown in Table 6.5 illustrates that the minimum

breakdown voltage is reached for the sensor with ZnO nanowires. This could explained

by the fact that the ZnO has a smaller work function, ¢ compare to other nanowires (¢zn0

=435, pag =4.8, pau =5.1). We should add that ZnO is semiconductor material and in

this work we have considered highly doped material (high conductive nanowires).

Table 6.5 The effect of different nanowires on Vg

Parameter

Breakdown NWs Work | Time t [s]
(Y = 100 um, R=10 Ohm, Beta = 500, X = 1000 um) | Voltage ¥ [V] |Function
AuNWs -135 5.1 2.1x10"
Ag NWs -120 4.8 2.1x10"
ZnO NWs 93 4.35 2.1x10%

Figure 6.12 shows the /-t curves for the simulated device having different nanowires

material.
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Figure 6.12 shows a typical simulation result of generated current versus time between the two parallel

plates for the device having a) Ar NWs; b) ZnO NWs.
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6.4 Detection of Breakdown Voltages for Simple

Gases

In this step simulations are done in order to detect single element gases. The
device parameters are kept the same values as in previous simulations. The gap distance
between the two electrodes is 100pum, the length of the nanowires grown at the cathode
considered between 15um and 35um, and the applied pressure was taken as P=1 Torr.
With this configuration the simulations were done Ar, He, and Ne gases. Table 6.6

illustrates the fact that each gas has a unique breakdown voltage.

Table 6.6 Simulation results of breakdown voltages for several gases in the modeled GIS device.

Gas NWs material Vapp [V] Time [s]
Ar Au -150 1.88 x10”
Ar Au -165 1.42 x10”
Ar Au -170 1.04 x10”
Ar Au -160 1.63 x10”
He Au -120 7.2x10™°
He Au -200 59x10™"°
Ne Au -270 6.53x10™°
Ne Au -200 8.04 x10™°
Ne Au -190 1.6x10™
Ne Au -185 1.27 x10”
Ne Au -182 1.28 x10”
0, Au -200 238 x10”
N, Au -100 1.95x10”
N, Au -200 8.8x107°
N, Au -175 1.32x107
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Figure 6.13 shows the simulation results of current evolution with respect to time. The
breakdowns are clearly seen for He and Ne gases. One can note that for the same value
of applied voltage of — 200V, the breakdown of He is achieved much faster than the one
for Ne indicating that the Vg for He is smaller than that for Ne. The same trend should be

considered in all cases as it is very difficult to adjust the applied voltages to achieve Vy at

the same time for all gases.
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Figure 6.13 Simulation result of generated cathode current versus time for the device having as background

gas a) He, V'3 =-200V ; b) Ne, V3=-190 V.

6.5 Detection of Breakdown Voltages for

Greenhouse Gases

Using our XOOPIC-GIS simulation tool, we simulated the breakdowns of CFy4,
SF¢, CO and CO, gases. Quantitative knowledge of electron-neutrals interactions is
essential to model the electrical gas discharge. In these studies again based on the

electron collision data available in the literature, we have integrated elastic, excitation,
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ionization, vibrational and electron attachments cross sections into our simulation
package. We have also considered the device made of gold, silver, and ZnO. With these
structures, simulations were done in order to detect the breakdown voltage for several
greenhouse gases. The gas pressure was considered as 1 Torr, series resistance R of 10
Ohm and gap between the electrodes 100um, and = 500. Figure 6.13 shows the time
evolution of the CF4 charged particle inside the GIS. Although the numbers of ions are
increasing as well, the gas breakdown is due to the electrons, as the breakdown occurs

when the electron concentration falls down suddenly.
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Figure 6.14 CF, Particle charge number evolution versus time reported by N. Chivu, and M. Kahrizi

[42].

The complete results of simulations of breakdown voltages for several gases in
the modeled GIS devices are tabulated in Table 6.7.
It 1s a difficult and time consuming task to adjust the applied voltage such a way

that the breakdown of different gases happens at the same time, in order to compare them
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properly. For this reason, based on the simulated results shown in Table 6.4 we have

plotted the V-t characteristics, as presented in Figure 6.15. Using the extrapolation of

these curves, we obtain the comparable breakdown voltages happen at the same time for

all gases.

Table 6.7 Simulation results of breakdown voltages for greenhouse gases in the modeled GIS device.

Gas NWs material Vapp [V] Time [s]
CO Au -175 1.365 x10”
CO, Au -200 1.287 x10”
CO, Au -250 1.04 x10”
CO, Au -150 1.53 x10”
CF, Au -275 3.8¢"°

CF, Au -175 2.495x10”
CF, Au 215 2.96 x10”
CF, ZnO -120 2.92x107
CF, ZnO -150 2.63x107
CF, Ag -200 1.425x107
CF, ZnO -250 3.57x10™°
SF, Au -200 4.6 x107
SF Au -300 4.7x10°
SF Au 280 1.07 x107
SF Au 265 1.3x107
SF Au 245 1.7 x10”
SF Au 230 4.25x107
SF Ag -300 2.82x107°
SF Ag 350 2.37x107°
SF, Ag -150 4.39x107
SF, ZnO 250 2.67x10™
SF ZnO -150 3.32x107
SF ZnO -300 2.54 x10™"°
NH; Au -150 1.18 x10”

119




270

260}

20t

¢ Vb _SFE_Auvs. time_SF6_Au H

D =——iit1

250

vapp [Vl

160+

20}

0t :
180}
wof

180} -

: .
a8 1 12 14

timex10 2 [s]

T T e T T 3

: + Vb _CO2vs. time_CO2
i1

i L i
125 13 135 14

12
timex10? [s]

200+ - ...... o ..... -

+  Vb_N2_Auvs. time_N2_Au }

180N
180
& 1ofi

2 160}
».ﬂ :

) ‘1‘.;1. L
timex10 ~? [s]

12 13 14 1

Figure 6.15 Vapp — ¢t curves for a) SF4 — Gold; b) N, — Gold; ¢) CO, — Gold; d) CF, — Gold.

The Vapp-t characteristics presented in Figure 6.15 show that each gas has a

unique relative breakdown voltage V3, happens within the same time interval of [1x107,

1.51x10™] seconds. As an example, at time #= 1.2 1x10” s, the extrapolated relative V3

values from the above graphs are listed in Table 6.8.
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Table 6.8 Extrapolated V' values at the sample time 7 = 1.2x10-9 s, based on simulation results of

breakdown voltages for several greenhouse gases in the modeled GIS device.

Gas NWs material Vapp [V]
SFs Au -270
N, Au -175
CO, Au =215
CF4 Au -222

6.6 Detection of Breakdown Voltages for Mixed

Gases

Using the GIS device with gold nanowires of length between 15um and 35um, a
gap distance of 100um and a width of 1000pum, simulations were done for Argon
background gas with different impurity concentration of Ne. The results show clearly that
the breakdown voltage is affected by adding an impurity. Figure 6.16 shows the phase

space plot of ArNe mixed gases.

Figure 6.16 Phase space plot of Ar (50%)Ne(50%) for a) Argon ions; b) electrons; ¢) Neon ions.
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Figure 6.17 a. shows electric field intensity inside the cell along the y-axis for pure Argon

and electric field intensity inside the cell along the y-axis for Ar (10%) Ne (90%) is
presented in Figure 6.16 b.

=T E [V/m]

Figure 6.17 The electric field intensity along y axis (Ey) of the cell for a) Ar (80%) Ne(20%);
b) Ar(50%)Ne(50%).

Figure 6.18 shows a typical simulation result of generated current versus time between

the two parallel plates for different concentrations of ArNe mixture.
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Figure 6.18 The generated current versus time for (a) Ar (10%) Ne (90%) (b) Ar (20%) Ne (80%) (c) Ar

(50%) Ne(50%)

Table 6.9 represents the parameters used in the simulations for AuNWs, for two different gas mixture, at R

= 10 Ohm, (Beta = 500, X = 1000 pm, Y = 100 pm).

ArNe

Argon concentration Neon concentration Breakdown time [s]
Voltage V,,, [V]

100% - -145 1.6e-09

90% 10% -165 1.6e-09

80% 20% -170 1.6e-09

50% 50% -175 1.6e-09

20% 80% -180 1,59¢e-09

10% 90% -178 1.6e-09

- 100% -190 1.6e-09

ArHe

Argon concentration Helium concentration

80% 20% -145 1.6e-09
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Our atmosphere is made of a mixture of gases in different concentrations,
including oxygen (~21%), nitrogen (~78%) and carbon dioxide (~0.038%). For this
reason we have performed simulation to detect the breakdown voltage of N,&O, and
N2&O0,&CO, mixtures. Although the mixture of N, (10%)0,(10%)C0O,(80%), is not
realistic but simulations were done for the testing purposes. The simulations results are

recorded in Table 6.10.

Table 6.10 Simulation results of breakdown voltages for several gas mixtures in the modeled GIS device.

Gas NWs material Vapp [V] Time [s]
He20%Ar80% Au -145 1.6x10”
Nel0%Ar90% Au -210 8.85x107°
Nel0%Ar90% Au -185 1.13 x107
Nel0%Ar,90% Au -175 1.16 x10”
Ne50%Ar50% Au -175 9.43 x10”
N2(10%)0,(10%)CO,(80%) Au -175 1.55x107
N2(10%)0,(10%)CO,(80%) Au 200 1.13x10°
N2(10%)0,(10%)CO,(80%) Au 220 1.498x10”
N5(10%)05(10%)CO,(80%) Au 250 9.25x10™°
N2(10%)0,(10%)CO,(80%) Au -150 1.63x10”
N2(10%)0,(80%)CO,(10%) Au -150 2.301x10”
N2(10%)0,(80%)CO,(10%) Au 200 2.115x107
N2(10%)0,(80%)CO,(10%) Au 250 1.02x10°
N2(79%)0,(21%) Au -100 1.38x10”
N2(79%)0,(21%) Au -140 1.29x10°
N5(79%)04(21%) Au -175 9.38x107"°
N2(78%)0,(20%)CO,(2%) Au -150 1.6x10”
N2(78%)0,(20%)CO,(2%) Au -200 1.47x107
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6.7 Conclusions

The breakdown characteristic of the device for AuNWs, AgNWs and ZnONWs

was modeled using the XOOPIC-GIS software.
As it is seen from Table 6.2, as the aspect ratio of the nanowires increases the breakdown
voltage decreases, this is due to the fact that the higher the aspect ratio the higher
enhanced local field which in turn increases the total effective electric field between the
two plates. The higher the electric field the faster the breakdown happens.

The interaction of electric field between the nanowires apparently affects the
enhancement factor as a result the closer the nanowires are (smaller s) the higher
breakdown voltage will be. On the other hand, the distance between nanowires and the
upper electrode (Y) will change the breakdown inversely. The closers the nanowires get
to the upper electrode the lower the breakdown voltage will be. This is not surprising
however; in practice one must be careful because if Y gets too small there is possibility of
sparks between the nanowires and the electrode, which may damage the device.

We found the optimal external resistance to be around 10 Ohms. Larger values of
R causes that the breakdown happens as lower voltage but at longer time (the sensitivity
of the device is an important factor).

The simulation of the ZnONWSs gas sensor shows an improvement compared to
its AuNWs and AgNWs counterparts, as the breakdown voltages were further reduced.
The reduction of V3 was attributed to the lower work function of zinc oxide compared to
that of gold and silver.

When an impurity is added to the Ar gas, the breakdown voltage is affected. The
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changes in breakdown voltage are visible dependent on the impurity concentration and on
the atomic mass of the impurity.
When 10%Ne, 20%Ne and so on, are added to the pure argon, the Ar breakdown voltage
changes from -145V to -180V.
For the same concentration of Ar (80%) adding 20% of another gas, we found out that for
different gases used as impurity, the Ar breakdown voltage is different, which means that
V3 is also affected by atomic mass of the impurity.
For example for a mixture of 80% Ar and 20% Ne, we found V'3 to be -170V but for 80%
Ar and 20% He, V3 was found as -145V.

The breakdowns of the greenhouse gases are studied. From the simulation results
tabulated in Table 6.7 the Vg was plotted with respect to time (Figure 6.13). Using the
produced graphs we determined the actual breakdown of gases under the same

conditions. The results show distinct breakdown voltages for each gas.
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Chapter 7

Summary, Contributions and Future Work

7.1 Summary of the Project

In this research work, we have designed and modeled and simulated a
miniaturized gas sensor based on what was fabricated in our laboratories prior to this
work.

The device is made of two parallel plates with nanowires grown on one of the plates,
sandwiched between them. The goal of the project was to optimize the structure and
functionality of the sensor to detect various gases including greenhouse gases and odors.
There is an ongoing research in the Micro/Nano Device laboratories in ECE department
at Concordia to develop a GIS for various applications. The aim of this research was to
help to save time and cost for future fabrication of the sensors in that labs and other
researchers working in this area. All the parameters responsible for the function of the
device in terms of sensitivity, selectivity, and fast response were considered in our model.
The field emission inside the device and its enhancement due to the sharp nanowires were
studied, the electrostatic interaction between arrays of nanowires was investigated and
considered in the model. The simulation tools of COMSOL and XOOPIC are introduced,
their structure and how to implement them were discussed. Using these simulation tools

we have studied the effect of structural elements on the function of the device and based
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on our finding we recommended the most relevant parameters to achieve an optimized
design for future works. Finally we have estimated the breakdown voltages for several

gases as a reference for future researchers in this field.

7.2 Contributions

The following is the list of major contributions of this work to the design and modeling of

the GIS device.

e The electric field inside the GIS and its enhancement due to the presence of
nanowires were studied thoroughly. The nonlinear electric field at the tip of the
nanowires was studied. The enhancement factor of an array of nanowires was
presented analytically. The screening of the electric field and reduction of
enhancement factor due to the interactions of electric fields of an array of nanowires
were investigated. Our results have shown that the screening effect is weaker as the
nanowires are grown far apart from each other.

e Using the finite element method analyzer COMSOL, we have simulated the static
electric field (responsible for the ionization of gases inside the GIS) around the
individual and arrays of nanowires. The effects of the shapes of nanowires tips, their
separations, their materials, dielectric gases between the electrodes, and the gap
between the nanowires and the opposite electrode on the local electric field were

studied.
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Based on an open source tool, the XOOPIC-GIS software program was developed to
simulate the GIS model. We modified and developed the tool to accommodate our
modeled device and simulate its structure and function. The series resistance “R” is
integrated into new XOOPIC-GIS codes. The gas discharge inside of the GIS is
modeled by MCC and various collisions between the electrons and neutral molecules
are implemented in our developed software tool. The complete device structure and
corresponding parameters are modeled into the input file of the XOOPIC-GIS.

The breakdown voltage Vy, and the relationship between Vy, and the parameters which
affect the functionality of the device are studied through XOOPIC-GIS software
simulations. For the modeled GIS device structure, we have analyzed the simulations
results in order to optimize parameters such a way that the breakdown of gases
happens at a lowest applied voltage. Based on these studies our recommendations are:

v' A reasonable value of the series resistance “R” is to be around 10 Ohms. Due
to the circuit limitations, “R” cannot be considered greater than this value.

v The optimized gap distance between the two parallel plates is about 100um
and the chamber width 1 mm. Although we have found that the breakdown
voltage decreases as the gap decreases, in practice the gas chamber cannot be
too narrow, to allow a proper gas flow inside the device.

v' The semispherical nanowires tip shape shown the best electric field
distribution along the tip surface.

v" To avoid the screening effect, the NWs should be grown far apart from each
other. In the present work it is shown that an interwire spaces about four times

the nanowire length will not affect the overall electric field intensity, in other
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words under this condition the screening effect is minimized.

v A good value of the nanowires aspect ratio, //r, will be 500 if the technology
allows to fabricate such nanowires.

v" Nanowires material with a lower work function causes a lower breakdown

voltage in the device.

e The simulated device model is extended to detect and measure the breakdown
voltages of greenhouse gases like SF¢, CF4, CO, CO;, Oy, NH3 as well as mixture of

gases like Ar&Ne, Ar&He, N,&O,, N2&O,&CO;.

7.3 Future Work

While we accomplished much in our work in modeling and optimizing of the design and

structure of the GIS device, still more investigations can be made in the following areas:

o 3D simulation — Much of the physics requires a three dimensional simulations for
a more accurate result. The code presented in our work can be further developed to
accommodate the 3D future, but beside the complexity of the physics in the new codes,

still remains the question of the computational speed and power.

. Meshing on the grid — While the mesh grid makes the physics computations to

be fast and easy however, this type of mesh couldn’t solve our need of various device
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design. The segments in graphics can be done only in a step function, and the fine tips for
some nanowires cannot be achieved. Future development can be done into the grid
generating functions to implement a simulation capable to increase the control over mesh

spacing and boundaries of nanowires tip shape.

J Modeling of the ion-neutral Monte Carlo Collision — due to the lack of
available cross sections data in the literature, in present work we did not take the ion-
molecule interactions into account. The new MCC package to accommodate the
greenhouse gases employed in the present study should be further assessed with

analytical computational work to develop the corresponding cross sections.

o To identify one or few gases in a soup — In present work studies were done to
analyze the effect of impurities and the breakdown of the mixture of gases. An area of
interest for further research is the gas detection from a soup of gases, for example to
detect the toxic gases in the air. For this probably a grid of the designed sensors needed to
detect various gases simultaneously. Another suggestion is to design the GIS as a two

non-parallel plates device as presented in section 4.1.6.

o Apply the results of the work in practice — Another area for future work is to
apply the results of the modeled GIS in practice in particular for monitoring the

greenhouse gases.
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