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il
ABSTRACT

A Field Effect Gas Sensor based on Self-Standing Nanowire Arrays

Ramin Banan Sadeghian, Ph.D.
Concordia University, 2007

In this thesis we have introduced a novel gas sensor that works by fingerprinting the
ionization breakdown characteristics of the unknown gases. This technique provides
excellent selectivity; it is well established that at a constant temperature and pressure,
every gas displays a unique breakdown electric field. In addition, because this technique
does not involve adsorption or desorption of gases, the sensor exhibits a fast response and
is not limited by considerations of reversibility and recovery.

We employed vertically-aligned, self-standing arrays of gold nanowires (AuNWs) at
one of the electrodes of a miniature parallel-plate ionization cell. The AuNW arrays were
synthesized using a tailored version of the electrochemical template-assisted technique,
resulting freestanding structures with controlled sparseness. Individual AuNWs, owing to
their nanoscale tips generate very high non-linear electric fields near their tips that
provoke the breakdown process due to formation of a corona and allow self-sustaining
discharges to be created at relatively low voltages.

In an alternative approach, we exploited the tunneling field ionization characteristics
of the gases to identify the unknown gas type and measure its concentration. The
phenomenon of field ionization consists of electron tunneling from gas atoms (molecules)
through a potential barrier into a vacant energy level of the conduction band of a metal. It
has been widely used in field-ion microscopy and mass spectrometry. However, the
electric fields required to field-ionize gaseous species are in the range of 2-5 V/A, orders
of magnitude higher than the breakdown fields. With the provision of low voltage
operation, this method can be utilized in detection of gases at very low concentrations. In
this research, we also fabricated sensors using AuNWs with particular tip geometry and
composition capable of field-ionizing gas particles at sub-10V voltages. The devices were

successfully characterized using several gas species.
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Chapter 1
Introduction

1.1. An Overview of Gas Sensors

Of late there has been an increasing demand in highly sensitive and selective solid-state
gas sensors, whereas research and development of these devices began in 1950s. Since
then the number and pace of such investigations have been growing in response to the
increasing pressure placed on automotive and environmental industries, environment,
public health and national security. Innovative concepts, both in device structure and
operation principles, have been introduced recently. However miniaturization of such
devices and at the same time maintaining reasonable functionality is still a challenge.
Sensors are also critical in improving the reliability and efficiency of manufacturing
operations by providing faster, more accurate feedback regarding product quality. In the
area of environmental health and safety, lowering the limits of detection while improving
its selectivity can improve the quality of life through better information regarding the

pollutants in soil, water and air.
The following summarizes the requirements and constraints of an ideal gas sensor [1]:
l. SenSitivity
2. Selectivity
3. Reversibility

4. Fastresponse time

5. Durability



6. Non-contaminating

7. Simple operation

8. Portability

9. Simple fabrication

10. Temperature insensitivity
11. Stability against drift

12. Low noise

13. Low manufacturing cost
14. Maintainability

Obviously, no sensor could be made to fulfill all of these features, so that, as any other
engineering problem, a trade off must be made among those factors which are more
important. HoWever, such detectors should allow continuous monitoring of particular
gases in the environment quantitatively and selectively.

Gas detectors operate by various fundamentally different mechanisms. The detection
method of gas sensors can be categorized into two main groups: (1) Calorimetric
detection, which measures gas concentration versus temperature rise produced by the heat
of reaction on a catalytic surface, and (2) Electrical detection, which measures the change
in electrical parameters, such as conductivity change caused by adsorption or reaction of
gases on the solid surfaces. Gentry and Jones [2], have extensively reviewed these two
mechanism.

The latter method has been of more interest due to its faster response time and better
reversibility; two major features of an ideal sensor device. Semiconducting metal oxides

are the most widely used catalytic materials in fabrication of electrically detecting gas



sensors. They contain lattice defects due to an oxygen excess or deficit. The association
of electrons with these defects, following adsorption, allows a certain change of the
clectrical conductivity of the oxide [2].

Recently, one-dimensional (1D) nanostructures made of metal-oxide semiconductors
have attracted considerable attention in fabrication of catalytic based gas detectors
because of their large surface-to-volume ratio [3-7]. Carbon nanotubes (CNTs), initially
discovered by Iijima [8], are also being considered as prime materials for gas adsorption
due to their large surface area and hollow geometry [9-12], and the significant influence
of the gases on their transport properties [13-16].

On the other hand, in metals, the most significant parameter which changes due to
adsorption of gas molecules at the surface, is the metal work function ¢ [2]. This change
happens because of altering the charge distribution on the metal surface following the
adsorption of certain gas molecules or atoms. Numerous devices can be made by which
monitoring the work-function can aware us of the ambient gas concentration. In addition
to work-function change, other phenomena taking place due to the gas adsorption are

used in sensing applications, some of which include [1]:

+ Changes in the optical parameters of materials such as reflectance, transmittance
and absorptance (optical spectroscopic sensors).

« Changes in the dielectric properties of materials, mainly piezoelectric crystals
(microbalance sensors).

« Changes in the wave propagation properties of surface acoustic wave devices

(SAW sensors)



« Detection of the gas adsorption heat using pyroelectric materials (Pyroelectric
sensors)

. Changeé in the Fermi level of semiconductors, caused by adsorption of oxidizing
or reducing gases (Resistive-film sensors, OGFETs, nanotube and metal oxide

nanowire ADFETS).

1.2. Why Gas Ionization Sensors?

The conventional catalyst based sensors, however, sufter from sensitivity and selectivity
issues, as their electrochemical cells cannot detect gases at low concentration [1]. In
addition, it is difficult to detect gases of low chemical adsorption energy such as inert
gases or thoserwith low electronegativity toward the active layer [17, 18]. Also, different
gases once were adsorbed may induce similar changes in the electrical properties of the
catalyst [17]. Adsorption and absorption of chemicals, not only affect the response time
of the sensor, but also limit its durability [19]. For the same reason, catalyst based sensors
are limited by reversibility considerations.

To overcome the selectivity issues, the ionization characteristics of gases can be used
to uniquely identify the gas type. Certain ionization sensors such as photo-ionization
detectors (PID) , flame-ionization detectors (FID) [20], or electron-capture detectors
(ECD) are not suitable for direct application to gas mixtures. These detectors should work
in conjunction with a gas-chromatography set-up or mass spectrometer that separate the
mixture into distinct bands that can then be qualitatively and quantitatively analyzed [21].
Furthermore, these instruments suffer by their huge, bulky structure, high power

consumption and difficult high-voltage operation.



1.2.1. Breakdown Ionization Sensors
As a solution for miniaturization, researchers have recently introduced and developed
gasecous breakdown ionization sensors [18, 19, 22-27]. These devices work by
fingerprinting the ionization breakdown voltage of the unknown gas. 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 [28-30].
However, in uniform fields, the voltages required to cause gaseous breakdown are in the
order of several hundred to thousand volts [29], therefore, either difficult or hazardous to
employ. Recently, breakdown ionization sensors were reported using a film of vertically-
aligned CNT arrays at one of the electrodes of a parallel-plate ionization cell to amplify
the applied electric field and reduce the operating voltage [18, 19, 22-27]. Individual
CNTs within fhe film, owing to their high aspect-ratio and sharp tips, provide very high
nonlinear fields near the tips. This hastens the breakdown process due to formation of a
corona or conducting filament of highly ionized gas that surrounds the CNT tips. This
corona promotes the formation of an electron avalanche or plasma streamer that bridges
the gap between the electrodes, and allows a self-sustaining interelectrode discharge to be
created at relatively low voltages [19]. Ionization sensors identify gases by measuring
these voltages, and if designed properly can determine the gas concentration by
measuring the discharge current after the occurrence of breakdown [18, 19].

Figure 1.1 shows a diagram of the component parts and the configuration of the
electrodes of the CNT-based breakdown ionization senor made by Modi et al. [19].
Multi-walled carbon nanotubes (MWCNTSs) were grown on an SiO,-covered Si substrate

(Figure 1.1c). Nanotubes are 25 — 30 nm in diameter, 30 pm long, with an average



separation of 50 nm. Variable DC voltage was applied between the MWCNT film and the
aluminum counter electrode, while the sensor was placed in a test chamber. The device
was first tested in air with an electrode spacing of d =150 pum and displayed a breakdown
voltage of 346 V. The experiment was repeated with metal electrodes (no CNTs) having

the same d. For this case, a breakdown voltage of 960 V was obtained [19].

MWHNT Him
anodc

(b)

Al electrode ‘ @

S| Substrate
Glass insulator MWCNTs

Figure 1.1 (after Modi et al. in [19]). The CNT-based breakdown ionization sensor.
a) Exploded view of the sensor showing the nanotubes as the anode electrode and
aluminum plate as cathode. b) Diagram of the test and measurement setup. c) SEM
micrograph of vertically aligned MWCNTSs on an SiO,/Si substrate as the anode.

With the CNTs at the anode, the sensor was used to detect the identity of several
gases, over a concentration range of 107 to 107 molliter’ at room temperature
(corresponding to a pressure range of 2x10™ to 2x10° torr) . Prior to each test, the

chamber was evacuated to establish a base pressure of 10 torr. Figure 1.2a shows the



breakdown voltages of several gases under atmospheric pressure (760 torr),
corresponding to a concentration Qf 0.04 mol-liter”". Note that for all the tests, the anode-
cathode separation was kept at 150 gm. It can be seen that each gas exhibited a distinct
breakdown behavior; helium displayed the lowest (164 V) and ammonia showed the
highest (430 V) breakdown voltage [19].

The effect ‘of gas concentration on the breakdown voltage was studied at reduced
pressures. Figure 1.2b shows the breakdown voltages as a function of gas concentration
(at room temperature). Note that according to the general law of gases, at a constant
temperature, the pressure is proportional to concentration for a fixed chamber volume.
Apparently, the breakdown voltages did not vary significantly with the gas pressure. It
was suggeste(i that the breakdown behavior in this case is governed by the highly
nonlinear electric fields near the nanotube tips, resulting a pre-breakdown plasma that
hastens formation of a streamer that bridges the electrode gap. The sensitivity of the

breakdown voltage to gas pressure is therefore, reduced.

600 500
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Figure 1.2 (after Modi et al. in [19]). Breakdown I — V curves for NH3, CO,, N, O,
He, Ar and air, showing distinct breakdown voltages at P = 760 torr; ammonia
displays the highest breakdown voltage; and helium the lowest. b) Breakdown
voltage as a function of concentration, showing only a weak dependence.



However, at very low concentrations (below 10% mol-liter! or 0.02 torr), the
breakdown voltage increased according to Paschen’s law for uniform fields [28-30]. It
was concluded that a certain concentration threshold is needed for the discharge to be

self-sustaining and therefore, lead to breakdown [19].

1.2.2. Field Ionization Sensors

The field-enhancement effect of sharp tips or protrusions can be also employed to field-
ionize the unknown gas. Field ionization is defined as the process of extracting the
valence electron(s) from the gas atom by tunneling through the metal/vacuum interface.
Instead of the breakdown field, the tunneling field-ionization characteristic can then be
used as a signature to fingerprint the unknown gas type and measure its concentration.
The theory of field ionization is discussed in detail in Chapter 2. This principle was
applied for the detection of gases at atmospheric pressure by Madou and Mossison [31].
Ghodsian et al. [32, 33] developed a standard silicon micromachining process that
enabled low cost fabrication of a single field ionization tip.

Field ionization of elemental gases requires very high field strengths in the order of
several V/A. Such high fields are achievable only at the vicinity of sharp tips, for
example, 10 kV must be applied to a metallic specimen, even with end radii of 50 — 100
nm to produce measurable field ionization [34]. As we will later discuss in the Chapter 2,
the occurrence of field ionization, and the amplitude of the resultant current, depend
strongly on the ionization potential of the gas particle. As a result, field ionization of
organic molecules with ionization energies of 9 — 12 eV, entail much lower fields than

elemental gas molecules having ionization energics above 12 eV.



Jiangbo et al. [35], applied an alternative method to detect gases, using field
ionization. In their approach, instead of sensing the gas directly, the gas molecules were
first ionized and then the ionized molecules were sensed by a single CNT-based ion
sensor. The gdsorption of ionized gas molecule on the carbon nanotube surface
introduces electrons into the material and consequently changes the current of the sensor,
much alike catalyst based sensors. They showed that the adsorption and desorption of an
ionized gas molecule are much faster than neutral molecules.

Figure 1.3 shows a schematic illustration of the single CNT, gas sensing system. The
MWCNT is aésembled onto the electrodes with an AFM nanomanipulation system, and

placed into the sensor chamber where the ionized gas is fed.

Carbon panotub@

Eloctrodes_ -

Figure 1.3 (after Jiangbo et al. in [35]). Schematic of the single carbon
nanotube gas sensing system.



The sensor was characterized particularly in ionized oxygen, where the current
through the CNT was measured under a constant bias. It was demonstrated that the ion
sensor exhibits a reversible response with a recovery time of a few seconds, whereas
traditional CNT-based sensors have recovery times of about several minutes. However,
such a sensor requires a companion bulky field-ionizer to supply the ionized gas.

Both the breakdown-ionization- and field-ionization- sensors are the subject of this

research and henceforth they will be referred to as Gas lonization Sensors (GISs).

1.3. Objective of the Research

The goal of this research is to introduce, fabricate and characterize a novel miniature GIS,
using vertically-aligned nanowire arrays. The proposed device is intended to offer
enhanced selectivity, sensitivity and speed of response and fast recovery time, over the
previous nanostructured catalyst based sensors. Depending on the composition and
geometry of the nanowires, our sensor can be operated in either breakdown-ionization or
field-ionization modes. In terms of the operation principle, our device differs from
conventional field-effect devices where electric fields modulate the conduction through
the channel. Instead, the electric field is used to initiate conductance through an
ionization process.

Even CNT-based ionization sensors may suffer from reversibility concerns.
Extremely dense CNTs make dispersion of the gas difficult, so the sensor cannot be
reused prior to some sort of cleaning treatment [22]. Single-walled carbon nanotubes
(SWCNTs) and MWCNTs are both known to absorb and react with certain gases, thus

making them a poor choice for a durable ionization sensor [13-16]. Additionally, the

10



generated heat in the CNT ionization sensors operating in the corona discharge region
may destroy sharp and slender CNTs. It is therefore, favorable to employ a chemically
inert and mechanically robust material instead of CNTs.

In this work we used electrochemically-grown freestanding arrays of gold nanowires
(AuNWs), as a replacement for CNTs. AuNWs, apart from being more robust and
chemically inert, are much easier to synthesis and their geometry could be tailored during
the electrochemical deposition. A modified version of the template-assisted
electrochemical nanowire synthesis technique was developed and employed in this work.
The original version of this method has been widely used in the fabrication of
nanostructures due to its low cost and simplicity [36-41]. In addition, it provides an
efficient control on the aspect ratio of the nanowires.

We fabricated several GISs by incorporating a variety of freestanding AuNW films
with different geometries and compositions at one of the electrodes of a standard
ionization cell, with constant electrode spacing. Devices containing regular AuUNWs were
tested in the ionization breakdown mode. The curves of breakdown voltage against gas
pressure were extracted and the effect of electrode polarity of the breakdown GISs on the
output characteristic was also studied. It was demonstrated that when the AuNWs are at
the cathode electrode, the sensor displays a superior performance than anode-AuNWs,

On the other hand, film of AuNWs terminated with gold nanoparticles at their tips,
and containing a thin layer of residual alumina were used in GISs that operate by field-
ionizing gaseous species. These devices provided very high electric fields capable of
ionizing gas molecules. The resultant field-ion / — ¥V was employed to identify the gas

type and determine its concentration.
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Note that the field strengths required for field ionization of typical gases are much
higher than their breakdown fields. However, contrary to breakdown, a high electric field
is required ‘locally’ at the specimen tip where tunneling ionization takes place. In other
words, in order that field ionization occur before breakdown, electron multiplication must
be insufficient to cause a self-sustaining discharge. The above conditions impose
geometrical constraints on the device. Particularly, the field ionization sites at the anode
(i.e. high aspect ratio protrusions) must have sharper tips, while they can be much shorter
with respect to the electrode separation. In addition, in this case, the electrode separation
itself must be as small as possible to reduce the amount of electron multiplication.

We believe that this work will open up a brand new class of electron devices that their
operation principle follows a combination of solid-state electronics and vacuum/gas
physics. In addition to successful fabrication and characterization of the sensors, we
carried out simulations and numerical analysis to predict the breakdown voltage of the
breakdown GIS and the overall field enhancement factor of AuNWs in both the

breakdown and field-ionization GISs.
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1.4. Organization of the Dissertation
There are six chapters in this dissertation and they are organized in the following topics:

— Chapter I provided an overview of regular gas sensors, gas ionization sensors,
motivation for the development of miniature gas ionization sensors based on
nanowires. The advantages and suitability of AuNWs and the template-assisted
growth technique were also explained.

— Chapter II presents the theoretical background of gas ionization, including the
electron-impact and tunneling-field ionization mechanisms. This chapter also
provides a review on the geometrical field enhancement phenomena of sharp
protrusions, and electron field emission.

— Chapter Il describes the nanowire synthesis process steps in detail, and the
characterization of the as-grown AuNW films.

— Chapter .1V explains the device fabrication process and characterization methods,
including low level measurement techniques.

— Chapter V presents the results, analysis and discussion of the experimental work.

— Chapter VI Concludes the achievements of the research.
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Chapter 2
Theoretical Background

2.1. Ionization and Breakdown

In this section, we treat the theory of the ionization of gases. In the beginning, an
overview of common ionization principles will be presented. Among these ionization
methods, we will focus on electron impact ionization mechanism that leads to the
breakdown of gas, because Gas Ionization Sensors (GISs) work by measuring the
breakdown voltage of the unknown gas. The discharge and breakdown characteristics
will therefore be given attention in the ensuing sections. In addition, tunneling field
ionization of gases as a separate approach will be covered at the last section. Our
theoretical reflections will then be implemented in the fabrication and characterization of

GISs that work by either mechanism.

2.1.1. Principles of Ionization

Under normal conditions, any sample of gas can be expected to contain a number of
electrons and ions. For instance, at ground level, the atmosphere contains an order of
1000 positive and negative ions per cm® generated due to cosmic and ultraviolet radiation
and radioactivity. The rate of ionization which maintains this number is in the range of 2
~ 10 cm™s™ [28]. The density of these ‘natural’ ions is therefore, negligible. Only when a
significant part of a gas is ionized we speak of plasma. To ionize a neutral particle, either

an clectron must be extracted from the electron cloud, or added to it. The former
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mechanism requires energy and the latter releases it. Note that, the ionization discharge
and breakdown processes are mainly governed by valence electrons, as the electrons at
higher states are tightly bonded to the nucleus and do not contribute.

Various mechanisms enable ionization of neutral gas particles. In the following we

briefly introduce each mechanism:

Field ionization: Consists of pulling electron(s) out of the atom’s electron cloud under
the action of very high electric fields (~10 V/A), thus creating positively charged ions.
The process is hastened at the vicinity of a positively biased metal by tunneling and is
described in detail in section 4 of this chapter.

Impact ionization: Collision with energetic electrons or particles can force electrons out
of the shell, excite the particle, or dissociate molecules. Excited (metastable) molecules
may pass their energy to others and ionize them.

Thermal ionization: In case sufficient energy is supplied to the gas by heating, the
binding energy of atoms and molecules are overcome and therefore they are ionized.
Flame Ionization Detectors (FIDs), for instance, use hydrogen-oxygen flames to pyrolyze
most organic compounds, producing ions and electrons [20].

Photoionization: Photoionization takes place upon the absorption of the incident photon
if its energy exceeds the ionization potential of the atom. If the later is in the ground state
and has ionization potential of U, the photon frequency v, must be such that:

WU, @2.1)
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Here the quantum can still be absorbed if its frequency is in excess of the threshold value;
the excess is imparted to the released electron as kinetic energy. The critical frequency
for most gases lies in the X-ray region and for metal vapors in the UV.
Radioactive ionization: Radioactive irradiation excites particles and ionizes neutrals.
Natural ionization by cosmic rays is an example.

Processes where ionized particles play an important role in gaseous electric
conduction are called discharges. Here we begin by introducing the different regions of a

discharge.

2.1.2. Different States of a Discharge
In a two electrode configuration, there are always a few electrons available due to the
above phenomena. The rate of gas ionization and emission from the electrodes can be
greatly increased by using external radiation sources of sufficient frequency [28].

In the equilibrium state, where there is no electric field, the rate of generation of
charged particles G,, is balanced by the rate of recombination R,, therefore the net rate of

charged particle production per unit volume is

_G R =0, 2.2)
dt

In small electric fields, current flows by the movement of already existing ions and
electrons, that may upset the equilibrium. In this case, the value of current is proportional
to the speed at which electrons and ions move toward the electrodes; as the mobilities are
almost constant, the current density J, is proportional to the field strength E. Therefore,

under these conditions, the gas is an ohmic conductor whose conductance depends upon
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the mobilities and number of charged particles (the electron and ion generation rate, and
the recombination):

J=(ne,ue+n,.,ui)'eE, (2.3)
where n, and n; are the number of electrons and ions, and g and g are their drift
mobilities respectively, assuming to be constant under these conditions.

At a highef E, the equilibrium is upset by the number of electrons and ions reaching
the electrodes and being neutralized. This increases the effective recombination
coefficient ¢, and therefore reduces total charge particles. Consequently, the rate of
increase of current with voltage decreases. If the generation rate remains constant, a
limiting condition is reached as E increases when all the electrons and ions reach the
electrodes before they have the time to recombine. The total number of charges arriving

at the electrodes is then equal to the number being produced, so that

Jod dn

e (2.4)

where dg, is the distance between the electrodes, e is the electron charge, and dn/dr the

total rate of production of charged particles per unit volume, assuming all to be singly
charged. The current density does not depend on E nor on the mobilities, and is called the
saturation current density. Between the stage where J o« £ and the saturation stage, the
dependence of J upon E can be determined by considering the combined effect of carrier
recombination and current to the electrodes on the rate of disappearance of charges, and
an equation can be obtained.

The current density is usually very small under these conditions, indeed less than 10®

A-cm’ [28]. The discharge is quite dark, since the rate of excitation is comparable with
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the low rate of ionization and the resultant emission too weak to be visible. This kind of
discharge is non-self-sustaining, as it depends on external radiation; it is the principle
cause of leakage from charged bodies and the starting point of various forms of
discharge. One can produce such a discharge by using a heated cathode to provide
electrons. The action when saturated resembles a temperature-limited thermionic diode.

If the field is increased further after the saturation has reached, there comes a state at
which the current again increases. The nature of the increase depends on the gas pressure
and type, and as far as a Jow-pressure case is considered (typically a few torr), there are
still many mean free paths between the electrodes. With increasing the voltage, the
current rises at an increasing rate until the breakdown voltage V3 is reached. Figure 2.1
shows the 7/ — V characteristic of the discharge up to this point. The characteristic between

the region of saturation and the point of breakdown represents the Townsend discharge.

| 1 |

@ ® © @

i

N

Figure 2.1. Volt-ampere gaseous discharge characteristic in uniform fields, up to the
breakdown point V. (a) Ohmic region, (b) transition to saturation, (c) saturation, (d)
pre-breakdown Townsend discharge.

Before breakdown, a number of factors contribute to the current between the

electrodes. These factors depend on the material, geometry and the ambient conditions

(gases/vapors, pressure and temperature) around the electrodes. Figure 2.2 illustrates
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different pre-breakdown conduction mechanisms, followed by definitions for each [42].
After breakdown, electron transport through the ionized gas between the electrodes is the
main contribution to the current that increases by orders of magnitude when breakdown

occurs.

Q
<
2
S
<
>

Figure 2.2 (adapted from Longwitz [42]). Variety of conduction mechanisms in a
double electrode gap prior to breakdown.

1. Radiation induced ionization (photons, cosmic rays) [28-30].

2. Charge transfer by particles. Strong fields may pull particles off an electrode surface.
Such particles may trigger a breakdown.

3. Electron field-, secondary electron- or photoelectron-emission [28-30, 43].

4. Field desorption, evaporation or ionization [34, 43-45].

5. Charge multiplication by electron impact [28-30].

6. Dissociation of neutral particles.

7. Conduction over adsorbed layers.

8. Insulator leakage current.
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2.1.3. Initiation of Electric Breakdown, the Townsend Mechanism

Suppose that in addition to sy electrons per second leaving the cathode (liberated by
photons, cosmic rays or field emission), there are »; ion-electron pairs produced per
second per unit length along the ficld direction. Then in a length dx, distant x from the
cathode, the increase dn in the electron flow per second is partly due to ionization by the
electrons enteﬁng the element (»n per second) and partly due to the ionization of the atoms
within the element (e.g. photoionization). Therefore

dn = amdyx +n,dx , 2.5)

where « is known as Townsend’s first ionization coefficient and represents the number of

ionizing collisions an electron makes by traveling the unit distance [28].
Integration from the cathode surface, where there are n electrons, toward anode at a

distance x, where there are n electrons yields:

g
ja“ni =0jdx, (2.6)

y

and from that, the number of electrons at x is given by

n=ne” + %(e“" - 1), 2.7

where n = n, and x = dg,, at the anode end. If we include emission of secondary electrons,

n., from the cathode as well, the above equation can be re-written as

n=(n, +n,)e= + %(e“" ~1), 2.8)

A steady state condition demands that the difference between the number of electrons
arriving at the anode and the number leaving the cathode shall equal the number of

generated electrons, or the total number of ions arriving at the cathode. Therefore:
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na—(no+n+)= " +nd, 2.9
w/a

where @/ a is known as Townsend’s secondary ionization coefficient representing the
number of secondary electrons produced per primary ionization (@). @/ a is actually the
sum of the individual coefficients representing various secondary ionization processes
which are in turn each related to emissive properties of the cathode for the various types
of interaction involved and can be written as:
ola=y+pBla+dla+ela+.., (2.10)
where yis the number of electrons ejected from the cathode per incident positive ion, fis
a coefficient representing ionization of gas atoms by collision with positive ions, and §/a
is the number of secondary photoelectrons produced per primary electrons [29]. Among
these processes, secondary electron emission by bombardment of cathode, the y process,
is usually the most predominant. Therefore, we may write:
wlaxy. (2.11)

By combini'ng (2.8) with (2.9), we get

ad

" ___(_mj_ @.12)
1=y (e -1) a a

and after some algebraic manipulations, (2.12) can be written in the following form:

(1+ y)(e"d —1) —ayde™ ne™
(o) d-p(e-1)

n = .

a

R |=

(2.13)

Equation (2.13) represents our version of the pre-breakdown current, which includes

the contribution of electron-ion pair generation by cosmic radiation (process #1 as
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illustrated in Figure 2.2) that is independent of the primary ionization process. Evidently,

for n; = 0, (2.13) reduces to the well-known Townsend’s formula [28-30],

ad
hy,e

a=————1_7(ead_l). (2.14)

n

The I — V curve of Figure 2.1 shows a sharp rise at the breakdown voltage V;. The
current may increase 10° folds if the circuit permits. Equation (2.14) shows that the
Townsend current becomes theoretically infinite if

y(e"" -1)=1. (2.15)

The characteristic may therefore, be interpreted by supposing the increasing voltage,
and thus field, in the Townsend region (region (d) in Figure 2.1 to affect ¢ and y in a
way that this unstable condition is reached and the current rises uncontrollably until some
other limitation sets in. The condition, therefore, forms a possible breakdown criterion,
known as the Townsend criterion, or the sparking criterion. The criterion defines the
onset of a kind of positive feedback when each primary electron produces at least one
secondary electron which can then carry on the process. Since the production of electrons
becomes independent of the external radiation, previously essential, we have a self-

sustaining discharge.
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2.1.4. Paschen’s Law
Experiments confirm that o and y are functions of a quantity known as the reduced field,
that is, £/P [28, 29], where P is the gas pressure. It is found that they are uniquely

determined by E/P within a wide though limited range, and are written as

o E
F“”(Fj’ 2.16)
and
E

A general form of (2.16) was derived approximately by Townsend, given by

a -
& _ 4o BPIE
P

, (2.18)
where A and B are constants that depend on the gas used [28]. There has been no
particular analytical expression for y reported in the literature, as it also depends on the

cathode material and microstructure. Since in uniform fields we have V;, = Fd, Townsend

criterion may be written as

y/(%)[em(”_;) —1} =1, 2.19)

Which is identical to the case where for a fixed P-d, the breakdown voltage V5, is also
fixed; hence ¥}, depends only on the product of gas pressure and electrode spacing and we
may write

V,=f(Pd), (2.20)

for uniform fields. Since the general law of gases requires that

23



_NK,T

o 2.21)

2

where N is the number of gas molecules, 7 is the thermodynamic temperature (in Kelvin)

and V is the volume, to avoid stipulation of constant temperature, (2.20) can be written as
V,= g(Nd). (2.22)

Equations (2.20) and (2.22) express the experimental relationship known as Paschen’s
law. 1t holds widely, although there are exceptions to it. For instance experiments show
that in micrometer separations due to electron field emission from the cathode, V,
depends on the field and is no longer a function of Pd [29, 46-49].

It is possible to obtain analytical forms for f(or g), based on expressions for & which
have limited validity but agree with experiment in one important respect: The curve of ¥,
versus Pd for any combination of gas and electrode has a unique minimum. The minimal
value of V} is called the minimum sparking, or breakdown potential, (V)min, and is in the
order of several hundred volts. For instance, Held et al. [S0] obtained the following

relationship for uniform fields:

V=8B (Pd) , (2.23)
1n(———ln(lfl/7)]+m(1>d)
and (V)min and its corresponding (Pd)min are given by:
| (¥s),,, =B-(Pd)__, (2.24)
and
(Pd),, = eln(—ljw—) : (2.25)
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Figure 2.3 shows some experimental curves [28]. The existence of V} is readily
explained qualitatively: for Pd > (Pd)min, the number of collisions made by an electron in
crossing the gap is higher than at the minimum but the energy gained between collisions,
and hence the possibility of ionization at a collision, is much lower unless the voltage is

increased; for Pd < (Pd)min, the reverse holds.

> 10,000

100 Ne + O-1% A
Ot -0
pd, torr. cm

m
TT\\N
1IN

Figure 2.3 (adapted from Howatson in [28]). Variation of breakdown voltage,
for uniform fields. The arrow shows the (¥)min of Ha.

In certain cases small admixtures of gases have drastic effects on the curves of V; for
example a small amount of Ar greatly lowers the breakdown voltage of Ne. This is due to

metastable Ne atoms causing ionization of the Ar by the Penning effect [29, 51].

2.1.5. Breakdown in Non-uniform Fields
The Townsend theory of discharge can be applied to non-uniform field conditions as

well, but the product ad must be replaced by its effective value:

(ad)= j a(x)dx . (2.26)
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Although this can be inserted in (2.15), calculations of ¥} from the resulting equation
would be difficult. For the simple case of parabolic point-to-plane geometry, Held et al.
[50] plugged the following expression for the electric field distribution in (2.18)

V

B G = mdin +1) @27)

where d is the point to plane distance and r, is the radius of the parabolic point, and found

Ve % [1—-6 V”'ngln(lﬂ/}/). (2.28)

). =B-(Pd)_, (2.29)
and from that
: 1
(Pd) =F(;;,d)—h—1(;—l/)/). (2.30)

where the geometrical factor F is given by

F(r,d)= i+1j1n 29 1 |exp| Zota| 24 41| @31)
2d v, 2d v

In the asymptotic limit is where #,/2d >> 1, equations (2.28), (2.29) and (2.30) reduce to

(2.23), (2.24) and (2.25) respectively. Paschen’s law may not apply for non-uniform
fields in more complex geometries [52]. The variation of y with the field at the cathode

means that ¥, depends on the polarity. For the common geometries that generate

nonuniform fields (e.g. coaxial, point-to-plane and etc.), where the field is greater at the
stressed electrode, the value of yis normally greater when this electrode is the cathode. V,

is therefore expected to be lower when the stressed electrode is negative than when it is
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positive [28]. This is confirmed by experiment, although not without exception [29]. The
curves of V, against pressure show minima corresponding to the Paschen curves for
uniform fields. The curvature of the V;, — Pd characteristic for Pd > (Pd)mi, however, is
less, compared to that of uniform fields [50]. Discharges in highly non-uniform fields are

generally known as corona, but this term is more often reserved for high pressures.

2.1.6. Corona
In non-uniform fields, breakdown at high pressures is, as at low pressures, markedly
dependent on the geometry of the electrodes and on their polarity. It is however,
distinguished from the low-pressure case by the appearance of corona [28, 30]. Corona,
while may not constitute the breakdown of the gas itself, can carry appreciable current (of
the order of 1 mA) and can be self-sustaining. It requires photoionization of neutrals in
the medium. The resulting electron creates further electron-ion pairs by collisions with
neutral atoms, which eventually form an avalanche. Coronas are named based on the
polarity of the stressed electrode. Both positive and negative coronas rely on electron
avalanches. In processes which differ between positive and negative coronas, the energy
of these plasma processes is converted into further initial electron dissociations to seed
further avalanches.

In a positive corona, electrons are attracted towards the stressed electrode. Secondary
electrons are generated predominantly by photoionization in the plasma. Negative

coronas on the other hand depend on secondary emission form cathode [28].
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2.2. Geometrical Field Enhancement

Similar to Field-Ion- and Field-Emission Microscopy (FIM and FEM), knowledge of the
distribution of the electric field and potential within the GIS is of fundamental
importance, since the field strength in the gap determines the overall breakdown
conditions. At the metal-vacuum (AuNW-vacuum) interface, it also dictates the rate of
electron field emission and ionization in the field limited regime. Regional differences
over the AuNW tip surface control the local gas supply function and affect the local rate
of field ionization and evaporation. However, unlike FIM applications, the trajectories of
the gas ions are not important in an ionization sensor. Therefore, atomic scale variations
of the field which determine the FIM image contrast can be neglected. It is instructive to
begin with theoretical expressions to estimate the field strength at the tip of a AUNW,

In geometrical configurations resembling a parallel-plate capacitor, the applied electric

field, often called the applied macroscopic field, is defined as
E,=V/d, (2.32)

where V' is the voltage applied across the electrodes and d is the gap spacing between
them. Obviously, E.,p, is uniform in the gap spacing, providing that the lateral dimension
of the capacitor be very much greater than d. Enhancement of the electric field takes
place at the vicinity of conductive sharp tips or protrusions on one of the flat planar
electrodes, which we term the emitter plane. Figure 2.4 shows a schematic illustration of
a sharp tip. The upper-limit of the local field amplitude Ej,. at the apex of a hemisphere is
basically reduced from the equivalent value at the surface of a free conducting sphere by

the presence of the shank by a factor of krand can be expressed as
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Figure 2.4. The shape of a typical field enhancing specimen. r; denotes the tip curvature.

E, =V/km, (2.33)

where r; is the apex radius, and &y is a numerical constant which depends on the taper
angle of the protrusion, with an average approximate value of 5 [43].

It is imperative to note that the E,. defined by (2.33), corresponds to the field strength
within 1 — 2 A of the surface atoms and can be applied in field ionization and field
emission processes, where the field at the interface determines the ionization rate and the
emission current respectively. For instance Sakurai and Miiller [53] studied the energy of
ions produced by free space field ionization and found &y to be in the range of 5 — 8 for
slender etched protrusions, depending on the cone angle. This value dropped to ~3 if the
specimen was annealed at high temperature, because of the bulb shape formed at the apex
by blunting effects.

The field-enhancement factor in general, is defined as the ratio between Ej,. to the

applied field Eqpp, or
B=E,[E,,, (2.34)

The question then arises of how the values of £ can be estimated. In fact, £ has been
the subject of analytical, computational and experimental investigations and several
formulas have been obtained to predict a value for it based on the geometrical model for

the microprotrusion or nanoprotrusion [54, 55]. These geometrical models include
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“hemisphere on a plane”, “hemisphere on a post” and “hemi-ellipsoid on plane”. In this
research we employed the “hemisphere on a post model” [54], because it suits the most to

our fibrillar AuNWs. This model is illustrated in Figure 2.5.

Figure 2.5. Geometrical model for a field-enhancing hemisphere-on-post. See text
for the exact definitions of symbols.

We need to note that the discussion assumes that the scale of the total length of the
protrusion (nanowire) /, to be much smaller that the plane-to-plane gap spacing d.
Otherwise, £ will be conversely affected. Miller [56] showed that the effective value of S
depends on d, according to

,B(d)zﬂld:m[l—l/d]. (2.35)

A suitable unifying expression of various results for £ was given by

B=2+1[r, =3+h/r, (2.36)

in which # =/ — r, stands for the length of the post [54]. This formula is in fact a special
case of the general ‘paraboloid on a plane’ model, given by

B=3+h/r,cosb, (2.37)
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where the polar angle 6 equals, for instance, 45° for a pyramid and 0° for a hemisphere.

In the limit that / >> r,, (2.36) is reduced to

=i, (2.38)

which is used often as a rough approximation. However, it has been discussed that (2.36)
or (2.38) significantly over-predict the value of apex enhancement factor f, at large
values of //r, [54].

For convenience of discussion hereafter, we introduce the symbol v to denote the ratio
of protrusion length to the post base (or hemisphere) radius, or v = //r,. In the range of

4 <v <3000, the factor S is adequately represented, to within + 3%, by [54]:

p=12(2.15+v)* (2.39)

A simpler formula, applicable within the range 30<v <2000, and valid to within
+25%,is

B=0.7v. (2.40)

The conventional formula (2.39) is a good approximation for smaller values of v. The

results of finite element analysis performed in [57) and presented in Figure 2.6, show the

extent of validity of the above formulas [54].
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Figure 2.6 (adapted from Forbes et al. in [54]). Calculated results for the field-
enhancement factor £ (here y,), for the ‘hemisphere on post’ model. The fitted curved

line corresponds to (2.39) and the fitted dashed straight line corresponds to (2.40).
'Calculated points' refer to the simulated results.

The nominal range of values predicted for high aspect ratio structures such as carbon
nanotubes lie within 20 < £ < 1650 [54, 55]. However, it is well-established that if the
protrusion is of atomic or sub-atomic scale, the abovementioned models are not correct,

and the distribution of electron charge needs to be calculated using quantum mechanics,

and the field distribution deduced from the atomic-level charge distribution [34, 44].

2.2.1. The Tw;)-Step Field Enhancement (TSFE) Model

This model is a modified version of the simple field enhancement model developed to
account for the complicated morphology of a nanowire tip [58]. The surface of a
nanowire tip may contain a number of small protrusions or whiskers that act as tiny tips.
The nanowire With a height of /; and tip curvature of radius 7, is assumed to consist of a

number of tiny tips with height /; and tip radius 7, as shown in Figure 2.7.

32



LT SR

Figure 2.7. Sél;ematic illusration of the two step field enhancement model
The electric field on the blunt tip is equal to

E =p (l,,r,,)Eapp, (2.41)

and the field at the end of the tiny protrusion is equal to
E,=B,(L,,1,) B, (l],r,,)Eapp , (2.42)

where either (i.39) or (2.40)can by used to as £; and .
The TSFE approach was used earlier to explain field emission from diamond coated
silicon field emitters [59, 60]. The model is useful in particular to justify the high

enhancement factor and the resultant low-voltage field ionization and field emission

observed form our AuNWs containing gold nanoparticles and whiskers at their tips.

2.3. Theory of Field Emission

Field emission of electrons from a surface of a condensed phase (usually a metal) into
a secondary phase (usually vacuum) takes place under high electrostatic fields (0.3 — 0.6

V/A). The phenomenon consists of the tunneling of electrons through a deformed
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potential barrier at the surface [43, 61]. It is fundamentally different from thermionic
emission or photoelectron emission, where only electrons with sufficient energy jump

over the barrier and are ejected. A detailed energy band diagram of a field emission

system is depicted in Figure 2.8.

E [eV] 1

CONTACT POTENTIAL

EFFECTIVE POTENTIAL
DUE TO POLARIZATION

T
5 / 10 15 x [AO]
EFFECTIVE POTENTIAL
CLEAN METAL

Figure 2.8 (adapted from Gomer in [43]). Potential-energy diagram for electrons at a
metal surface in the presence of an applied field, with image potential included;
dashed curves refer to the additional potential caused by gas adparticles.

In the above diagram, Er denotes the Fermi level of metal, ¢ is the metallic work
function, Ag is the change in ¢ due to absorption or adsorption and is ¢, is the effective
barrier height when the Schottky image force lowering is considered [62]. The emission
current highly depends on the local electric field at the interface as well as the surface
conditions which affect the potential barrier through which electrons tunnel. The
relationship between the emission current density J and the local electric field o is

given by the Fowler and Nordheim (F-N) equation [63] :
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_ Eloc2 _ f_/i
J—at(y)zqﬁexp{ b v(y)J, (2.43)

loc

where a and b are the universal F-N constants given by:

a = &/162%h = 1.541434x10° A-V-V?, and

b = (4/3)(2mo)"*/eh = 6.830888x10” eV>? -V-m™,

with & = h/2x, where h = 4.13566733x107"° eV's is the Plank’s constant, e is the
electronic charge, my is the mass of free electron, ¢ is the metal workfunction, and the

image force barrier lowering factor y is defined as

E
y =N e (2.44)

¢
- (3 12 _ -4 2, 172 . .
where ¢ = (e’ /4ney) “ = 3.794687x10™ eV-V"“:cm"“. The generalized correction factors

v(y) and #(y) are given by [63, 64]:

)
>§
—
bl
[N
N—

v(y)zizl:lwt(l—yz)%} : E(kz)—yz——] , (2.45)

and
t(y) =%(4s—v), (2.46)

where

k? =M, (2.47)
[H(l_yz)g}

and where E (kz) and K (kz) are the elliptic integrals given by [64]

7/2

E(k*)= j V1-k?sin® 046, (2.48)
]
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=/
K(k*)= f (1-k*sin?6) a8, (2.49)

0
and

s=v—l ﬂ (2.50)
27 dy

In experiméntal context, when the / — V curves are measured and studied, (2.43)

becomes

P (1 NN Y
I—Amat(y)2¢exp b—g;—V—v(y) , (2.51)

where Apy is the effective emission area, and { is the field factor. The correction factors

are also adjusted accordingly. Note that { could include the field enhancement factor g,
defined earlier, as follows:

E, =pE,,=¢V. (2.52)

To further simplify the study of the experimentally obtained / — ¥ curves, they are

usually drawn in so called F-N coordinates, where In(I/V?) is plotted against 1,/V:

In(1/V*)= By, —57*‘“, (2.53)

where the intersection with the In(I/V*) axis, B, is given by

2
By = ln{AFNa—;—Z], (2.54)
t(y) ¢
and the slope of the curves, Sgn, by
¢3/2

We neglect the small dependence of v on V.
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For metals, empirical F-N plots given by (2.53) are often straight lines, because the
dependence of By and Spy upon voltage, through the image force factor is minor.
However, to i)e precise, the parameters derived from an experimental F-N plot are
actually parameters associated with a tangent to the theoretical curve described by (2.51).
Consequently, the linear approximation of (2.53) can be only employed for a small range

of 1/V values.

2.3.1. Effect of Ambient Gas on the Field Emission Properties
a. Determination of the Changes in Workfunction
The metallic workfunction ¢ is known to be affected by the presence of gas. Upon
adsorption of gas particles on the metal surface due to polarization forces, double layers
are formed and change the charge distribution over the surface. A dipole moment P; (in
first approximation) can be associated with each adsorbed particle, henceforth referred to
as adparticle. As a result, the adsorbed layer will contribute a term A¢ to the
workfunction [43, 65] which may be written as:

Ap=-27PN G, (2.56)
where N; is the maximum number of adsorption sites per unit area, and 6 is the fraction
of filled ones, and P; is given by

P=aFE, 2.57)

p
where @, is the polarizability volume' with units of cm®. The polarity of P; is defined

positive (negative) if the dipole is pointing away from (toward) the surface. In practice,

: Polarizability has the SI units of C:m*V" = A%s*kg’ but is more often expressed as polarizability
volume with units of cm® or in A* = 10 cm’.
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the measured quantity of A¢ is often 1 — 2 eVs, even for physically adsorbed gases on
clean metals. As a result, the apparent workfunction due to monolayer adsorption would
be:

Boone =P +AP, (2.58)

If the workfunction of the clean metal is known, then the changes in on adsorption can
be determined by comparing the slopes of F-N curves. In these cases, the field factor ¢ (or
p) presumably remains constant and need not always be evaluated explicitly. According

to (2.55) comparison of the slopes for clean and adsorbate covered emitters yields:

23 23
boa = (SFN—ad /Sen-ar) (vcl [Vai)” & (2.59)
where ¢,s and ¢ are the average workfunctions with and without adsorbate and Sen_aa
and Sen.o are the corresponding slopes [43]. The factor (vc, [Voa )2/ * s usually so close to

unity that it can be neglected. As mentioned earlier, the use of equations (2.55) and (2.59)
is strictly correct if the slopes are considered invariant within the studied range of field
(applied voltage) and ¢ is assumed to be constant over the emitting region, which is
seldom the case.

There is however, an additional effect that must be considered in using (2.59) for
computing average workfunction changes upon adsorption. If such a calculation is to be
valid, the relative emission anisotropy of the emitter tip before and after adsorption must
remained unchanged, that is, the regions contributing most to emission of the clean tip
must be still the ones whose changed workfunction is measured after adsorption.

Fortunately, experiments have shown that this is generally the case, since contact-
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potential (see Figure 2.8) anisotropies are usually insufficient to alter the relative
positions of the various emission regions.

The errors inherent in the determination of average changes can be overcome by
measuring workfunctions of individual regions of the emitter tip by photoemission
spectroscopy. for instance Singh et al. [66] used the technique to characterize their -
phase W nanorods. In our particular case, because of the difficulties in measuring the
workfunction of each nanowire, we assumed a constant value of ¢, = 4.8 €V for
adsorbate-free samples.

For heavy coverage, the workfunction decreases for neon, increases for argon, and
remain constant for krypton and xenon, relative to the monolayer values as described by
(2.58). In all cases however, the total emission is decreased because of changes in the
pre-exponential term due to the reduction of the emission area and will be discussed in
the next section. In the following we explain the governing mechanisms that affect the
apparent work function due to multilayer adsorption.

The thickness of the adsorbed film is 20 — 30 A at maximum coverage and exceeds the
length of the potential barrier seen by the electrons near the Fermi level (Figure 2.8),
even if the reduction in field strength by 1/¢,, where ¢, is the dielectric constant of the
gas, is considered. Since electrons close to the Fermi level contribute most heavily to the
field emission current, the barrier region of interest can be considered to be filled with
gas atoms. It is known that only the first layer contains strong dipoles. As a result, the
emission occurs through a shell of nonpolar dielectric. In this case, to simplify the
problem, it can be assumed that emission occurs through a potential barrier modified in

accord to monolayer conditions, but with the following considerations:
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1. The field in the dielectric shell is reduced by a factor of 1/,.

2. In addition to the field strength itself, the image potential is reduced by 1 /¢, (see
the derivation method of y discussed in detail at [43, 62]).

3. The potential of electrons in the dielectric is reduced by the average polarization
energy.

4. Each gas atom represents a short range deep attractive potential for electrons
because at small distances the nucleus is not screened completely, so that the
barrier opacity is reduced by these potential ‘holes’.

From the four phenomena mentioned above, the first two raise the apparent
workfunction (A @y > 0) and last two reduce it (Admur < 0). In the case of neon which
has a low dielectric constant for instance, the hole effect is predominant, in argon the
opposite is the case and ¢ increases upon adsorption. In krypton and xenon, the effects
more or less balance each other. The raise in the apparent work function can be treated as
follows. In (2.43) instead of replacing Ejoc by Eioc/er , ¢ must be multiplied by &,*°. The

modified image potential term is also given by

= 2.60
y od (2.60)

where E,, is the field that would exist if there where no dielectric [67]. The correction
function v(y) should also be adjusted accordingly. The appropriate values of ¢ and v can
therefore be found by iteration.

The polarization energy Ad, usually imposes a small correction to the energy except

at very close atom-electron distances and can be calculated as a lattice sum over the terms
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%apE eﬁz where @, is the atomic polarizability, and Egy is the effective field at an atom

due to the polarizing electron.

It is assumed that the contact potential of the monolayer is not affected by subsequent
adsorption, the hole effect problem will consist of finding the effect of an array of small
potential wells on the expectation value of ¢. The arguments require detailed quantum
mechanical analysis and are outlined in [43] and [68]. A simplified general expression

obtained by treating the situation as scattering problem is

=2zn,a,h’ [m,, (2.61)

IA ¢hole

where ny, is the density of holes, ay, is the scattering length, and m, is the effective electron
mass. The workfunction change due to the hole effect can now be found by subtracting

the corrected multilayer workfunction from that of the monolayer;
A¢hole = ¢mono - ¢mulli _A¢pal ‘ (262)

Table 2.1 shows a summary of hole parameters for inert gases.

Table 2.1 (after Gomer in [43]). Summary of hole parameters for inert gases. Aghqlc is the
workfunction change due to the hole effect; a; is the scattering length and ry is the hole
radius.

Gas 1 () )
Neon 0.80 0.46 0.60
Argon 0.50 0.42 0.52
Krypton 0.89 1.23 1.00
Xenon 1.17 1.95 1.38
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b. Changes in the Effective Emission Area

In addition to the changes in workfunction, adsorption causes large changes in the
effective microscopic emitting area of a given region. In the case of electronegative
adparticles emission may occur only from between adparticles. For electropositive
adparticles, the opposite may be the case, that is, the particles act like windows in the
barrier. Either case results a reduction in the microscopic emission area. According to
(2.54), any change in the effective area Apy, would be reflected in the intersection of F-N
plots with the In(Z/ V%) axis (Bpn). In addition, the change in the workfunction due to

polarization and given by (2.56), may produce a change in Brx.

2.3.2. Schottky-Barrier Field-Enhanced Emission Mechanism
Theoretically, no measurable emission would occur from a perfectly smooth surface at
fields less than 0.1 V/A. Material and fabrication techniques have both been used to
increase the emission by enhancing the electric field and reducing the barrier over which
electrons can tunnel. There are two generally accepted mechanisms that enable achieving
the required field strengths for FN emission: The geometrical field enhancement
explained earlier and the Schottky barrier field enhancement created by a negative-
electron-affinity (NEA) semiconductor. In the former approach, the field strength can be
increased above 1000 times the average E,,,, making it possible to obtain emission with
an average E,,, of 10° V-.cm™.

The Schottky barrier field enhancement (SBFE) technique requires an n-fype NEA
semiconductor (usually diamond doped with an electron donor impurity such as nitrogen)

[58, 67, 69-72]. Figure 2.9 shows the energy band illustration of this mechanism. The
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semiconductor forms a Schottky barrier with the metal. Therefore, the magnitude of the
emission current density is limited by electrons tunneling through the metal-
semiconductor Schottky diode and not by emission from the metal to the vacuum. Since
in an NEA semiconductor the vacuum energy level lies below the minimum energy level
in the conduction band, the tunneling electrons from the Schottky barrier are liberated
into vacuum without any energy loss. However, because of the depletion region formed
at the metal-semiconductor junction, the electric field across the junction is higher than
that of a metal-vacuum interface, though reduced by a factor of ¢, (relative permittivity of
the NEA material). In addition, the Schottky barrier height gz, is usually smaller than the
metal work function. The emission current is therefore several orders of magnitude
higher than from regular metal-vacuum interface. SBFE has been discussed in more
details [69], and variations of this mechanism have been used to explain many

experimental results [58, 60, 72-77].

NEA semiconductor
l Vacuum

\ Ec |
A- -} -——> ballistic e

Anode

I\
Depletion |\
region /:{" |

Figure 2.9. Energy band diagram of the Schottky barrier field enhanced emission
mechanism. Ef is the Fermi level, ¢g, is the Schottky barrier height, and Ec and y are the
minimum conduction band energy level and the electron affinity of the NEA material
respectively. Note that the voltage drop across the depletion region is higher than that of
vacuum.
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A complex relationship that explains the emission current density based on
semiconductor doping density N, barrier height and the potential drop across the

semiconductor ¥, was derived using the WKB approximation and is given by [70]:

J =ﬂ 1 exp{—[ﬂ) M@} ~aV’ exp[——b‘—] for V>>d¢g,, (2.63)

nhgrs(,F h eN, N7z
where
1-D? - 3 3
®=D+( )ln (1-D) zzD +2D , (2.64)
2 (1+D) 3 15
_ 4
X =—pi| UZ2) | op2, 200 (2.65)
(1+D) 3
and
D’ =£§B—" 2.66
T (2.66)

and where ¢pis the vacuum permittivity, m, is the effective electron mass in the
semiconducto£ and 4 is planks constant. The electron emission increases as N, increases
and ¢,, m,, and ¢, decrease.

Although the functional form of (2.63) is substantially different from (2.43), both
functions will usually describe the data when the measured current from a cathode is
plotted in F-N coordinates. Thus, we cannot easily distinguish between the two
mechanisms on the basis of the emission parameters of the cathode. As with (2.43),
accurate emission-current calculations using (2.63) are almost impossible because not
enough of the parameters are known to sufficient accuracy [67]. Arrays of these cathodes

emit current densities above 10 A-m™ when potentials of 10 to 20 V are applied between
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the metal substrate contacting the semiconductor and a metal gate structure spaced about
1 gm away [69, 77]. It is expected, however, that adsorption would have less effect on
the SBFE emission current than that of the regular metal/vacuum interface, because the
barrier which limits the current is not exposed.

Apparently, the SBFE emission can be combined with geometric field enhancement
technique by sharpening the metal-semiconductor interface, to obtain further field
enhancement.

In this work, instead of using (2.63), we propose using the following model to explain
the SBFE emission mechanism from our AuNWs and estimate their geometrical field
enhancement factor. Schottky barrier emission can be conveniently cast in a form similar
to the conventional F-N equation of (2.51). This way of thinking was initially suggested
by Lemner et al. [67], however, they did not consider the variation of the correction factors
t(y) and v(y) and the ballistic (over-barrier) transport when y > 1.

In (2.43) both E\, and y are reduced by a factor of 1/¢,, to account for the reduction of

field strength in the semiconductor and b is replaced by

b, =b\m,[m, , (2.67)

where myg is the mass of free electron. The resulting expression for the SBFE current

density can be written as:

(Eloc /€, )2

32
SBFE — ( Ie )z¢eXp|:_b me/mO( ¢ )V(Y/gr) ’ (2.68)

Eloc /gr

where Ej, is the local field that would exist if there were no semiconductor (local field in

the vacuum), and the rest of parameters and functions retain their definition.
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Now, to compute the field enhancement factor of the emitting tips, for instance, the
slope of the corresponding empirical F-N plot given by

Sen =—a—ln(JSBFE /7). (2.69)

a(1/v)
can be solved self-consistently with (2.52) to find £ (or {') and the local field strength at

the tunneling barrier Eio/¢,.

2.4. Theory of Field Ionization

Field ionization (FI) occurs when a valance electron of a gas atom or molecule (hereafter
referred to as gas particle) having an ionization potential of Uj, tunnels through a
potential barrier into a vacant energy state of the conduction band of a metal with a work
function of ¢ [34, 43-45, 78, 79]. Figure 2.10 shows the energy band illustration of FI of
a hydrogen atom. FI of elements normally requires very high electric field strengths of
the order of E; ~ 2 — 6 V/A, depending on the U; of the residing gas particle [78, 80]. For
instance helium atoms with the highest ionization energy among substances (U; =
24.5874 eV) requires about 6 V/A, whereas organic molecules with low ionization
energies (9 — 12 eV) can be field ionized at considerably lower field strengths (0.1 V/A or

even less) [81].
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Figure 2.10 (adapted from Gomer in [43]). 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. Er is
the Fermi level; U, ionization potential, Py, atom potential, Py, superposition of applied
and pseudo image potential; x,, critical distance. Dashed lines show the potential in the
absence of an external field.

Such fields are achievable only at the vicinity of very sharp tips or protrusions. For
instance to produce ionization at an applied voltage of 10 kV, it is necessary to make tips
with end radii of 7, = 50 —- 100 nm.

The process of FI can be described to occur in three steps and is usually illustrated by
a potential diagram of the valance electrons. First, the gas atoms which are polarized near
the tip, are attracted and accelerated to the surface by the field gradient along the radial
direction. The second step is the energy loss and the resulting deceleration of atoms by
bouncing on the surface. In the third step, the gas atoms attached to the tip are field
ionized by quantum mechanical tunneling of electrons from the atoms through the narrow
potential barrier into the metal tip, when the potential energy of the electron approaches

the Fermi level of the metal. The resulting ions are then repelled from the surface.
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The first observations of field ionization were made by Miiller, when he admitted
hydrogen at low pressure (10 torr) to a field-emission tube and instead of a negative
bias, applied a high positive voltage to the tip. A highly resolved, though faint, image
appeared on the screen which he attributed to protons desorbed from the tip [43]. This
technique is known as Field Ion Microscopy (FIM), and if combined with a mass
spectrometer, provides the Atom probe analysis method. Atom probe FIM has the highest
analytical spatial resolution of any microscope that enables fundamental determination of
the chemistry of a nanoscale region by simply counting the number of atoms of each type
in a given volume. Figure 2.11 illustrates the principle of an atom probe field ion

microscope. For further details see [34].

Field Ion Microscope Time-of-Flight

Mass Spectrometer

Specimen Probe Aperture

+V Double Channel Plate
Phosphor Screen Single Atom Detector

Channel Plate /
Image Intensifier

Figure 2.11 (adapted from Miller et al. in [34]). Principle of the atom probe; the FIM is
shown on the left and the time-of-flight mass spectrometer on the right. The mass
spectrometer consists of a drift tube at the end of which is a detector that has single-atom
sensitivity. A small probe aperture in the microchannel plate and phosphor screen assembly
defines the area of the specimen surface that will be analyzed in the mass spectrometer.

As Uy is specific to any gas particle, the resulted tunneling current can be used in a
certain manner to fingerprint the unknown gas type. In addition to detecting the

ionization breakdown voltage of the gas to be identified, the GIS proposed in this
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research can be tailored to provide FI of gas species at sub-10 V applied biases (three
orders of magnitude smaller than typical voltages used in FIMs). In addition to
geometrical field enhancement, further lowering of the FI voltage is achievable by
coating the metallic tip with a thin layer of semiconductor. In the following we explain
the basic FI formalism on metals first and then discuss the required modifications for

semiconductors.

2.4.1. Basic Field Ionization Formalism

Even in the presence of a positive (ionization) field E;, FI cannot occur when the gas

particle is at a distance from the surface less than the critical distance given by
x,=(U,-¢)/E,, (2.70)

because the electron energy level in the particle would lie below the metallic Fermi level,

where there are no available states for tunneling to take place (see Figure 2.10).

Despite the relative simplicity of FI, the mechanism of current generation can be a
complex function of field and temperature, and is best discussed in limiting cases. Miiller
and Bahadur [82] have calculated tunneling probabilities assuming the gas atom velocity
to be directly related to the potential energy arising from polarization

U, = —%apEz. (2.71)

Also recently, Liu and Orloff [79] have proposed an analytical model of a gas phase field
ionization source. In practice it is found that ionization only occurs when the gas has
become thermally accommodated to the temperature of the tip, and it is therefore this
temperature that controls the gas atom velocity and not the polarization energy Up. A

characteristic time for ionization can be defined as
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r=(v,D)". (2.72)

where v, is the orbital frequency of the tunneling electron in the gas particle and D is the

tunneling probability given by
D= exp[—6.8x 107 (U, - 7.6x10™*E" )1/ ’ xC:|, 2.73)

where U; and E are given in eV and V-cm'™' respectively [43, 78].

Depending on the field strength, the field-ion / — V characteristic consists of three
distinctive regimes: In the field-limited regime where the field is relatively low, the total
rate of ionization is small compared to the rate of arrival. The current is proportional to
the equilibrium number of particles near the tip which exceeds the zero-field value due to
the polarization effect in the high-field region. The ion current in this case is
approximately given by

I, =2nr’excr”, (2.74)
where r; is the metal tip curvature, e is the electron charge, x. and 7 were defined

previously, and ¢, is the equilibrium gas concentration near the tip given by

¢, =c,\[T, /T, exp(|U,|/ksT, ), (2.75)

where cg is the concentration far from the ionization zone, 7, and T, are the gas and tip
temperatures respectively, kg is the Boltzmann constant, and Up is the polarization energy
defined previously. The ion current in the field-limited regime rises steeply with the

electric field [43, 79, 82, 83].
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At sufficiently high fields, nearly all particles approaching the tip become ionized
before reaching it. The current is therefore limited by the gas supply into the ionization
zone and rises mildly with the field [79, 83]. The supply-limited ionization current can be

written as:
I, ~4xr’eY, (2.76)
where Y is the supply function, or the number of particles impinging on a unit surface per

unit time [43, 78, 79, 82]. It also exceeds the gas kinetic value due to the attraction of

particles by polarization forces. After some algebraic simplification it is given by:

P ﬂlU,,l

Y =—ro
kyT, \| 27zm,

, (2.77)

in which P is the gas pressure and m, is the atomic (molecular) weight of the gas particle.
For example, Figure 2.12 shows a comparison of the calculated / — V characteristic for a
H; (gas) — Ir (tip) gas phase field ionization source at 7, = 300° K, P = 10> Torr, and r, =
0.1 zm with the experimental data by Orloff and Swanson [83]. The experimental data
have been recalibrated assuming that the total current is emitted within a half aperture
angle of 20° — 30°, corresponding to a solid angle ~0.5 sr. The experimental data were

taken using a detector with a 9 msr solid angle.
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Figure 2.12 (adapted from Liu and Orloff in [79]). Comparison of the
experimental and calculated I — V characteristic of H, — Ir gas phase field
ionization source at 300 °K. Experimental data were scaled to take into
account the small solid angle of the detector.

At intermediate fields between these extremes, the situation becomes more
complicated and the ion current must be calculated from detailed kinetic considerations
[43].

Obviously, the field-limited current depends strongly on U; through both the tunneling
probability D and the critical distance x., and also «, through Up. The supply limited
current on the other hand, does not depend on U; though it is proportional to (a,/ mg)]/z,

but such a linear dependency is weak compared to the strong exponential dependency of

the field-limited current upon U,

Therefore, ‘much alike the atom probe which detects the mass-to-charge ratio of the
ions, the abovementioned dependence of /s, on U; can be employed to fingerprint

different gas species, by comparing the field-ion currents of different gases at a particular
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voltage. However, note that we presume the particles are singly ionized, as the next

ionization levels usually require much higher energies.

2.4.2. Field Ionization Above Semiconductor Surfaces

In the case of semiconductors, the basic FI theory outlined above requires some
modification. Field penetration into the semiconductor, may cause significant upward
band bending and make the near surface region to become p-type degenerate [34, 84-87].

The characteristic length of the electric field screening is given by the Debye length as

S f‘;_fi‘;; (2.78)

where »; is the intrinsic carrier concentration in the semiconductor and the rest of the
parameters are already defined. Field penetration depth As, as well as band bending
potential g can be both calculated as a function of & [88]. Equation (2.78) though
adequate at low fields, gives incorrect value for the decay of high fields (~0.1 V/A) at a
semiconductor surface. The applied field causes significant band bending at the surface
of the semiconductor, as indicated by the surface potential in Figure 2.13 and results in a
high density of carriers in the near-surface regions. The semiconductor surface can hence
be regarded as semi-metallic in character and most of the applied field decays within 1

nm of the surface.
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Figure 2.13. Ficld ionization of an atom at the vicinity of a semiconductor under a
positive applied field. The semiconductor work function at the surface ¢, increases by the
amount of band bending ¢g. As is the field penetration depth and x. is the critical distance.

Band bending in the semiconductor can be computed using the Poisson equation as

4V __P (x) 2.79)
dx’ £&

where p.(x) is the charge density for band bending under a positive applied field and is

equal to the density of holes p:

pc(X)=P=NvJ2;ﬁ/2(EV]€_fFJ, (2.80)

where N, is the density of states in the valence band, Ey and Er are the maximum energy

level of the valence band and the Fermi level respectively (see ) and fi/; is the half-order

Fermi integral given by [62]:
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T ydy
S ()= Jm (2.81)

For simple hemispherical geometries similar to field ion tips, Tsong [84] showed that
in high fields (E,, ~ 1.5 V/A) band bending results are similar to planar cases, first
calculated by Seiwatz and Green [89] , as long as the radius of curvature r, is not much
less than 200 A. The field penetration depth As, under such high fields is also insensitive
to the doping of impurities within the limit that the semiconductor is nondegenerate. For
intrinsic silicon for instance, an internal field of Es = 0.1 V/A (vacuum field of E,,. = 1.2
V/A) gives a band bending of ¢s= 1.1 eV, that is, a heavily inverted surface.

In the presence of surface states, band bending occurs even if there is no applied field,
typically generating a p-fype surface [34]. With an applied field, space charge is formed
by charging of these states and reduces the band bending in the bulk, according to (2.79)
[85].

As shown in Figure 2.13, FI of a gas atom takes place by tunneling electron into the
empty states of the valence band. Due to the inversion of the surface, there are empty
valence states above Er into which tunneling may occur. Even if due to presence of
surface states, there is no inversion, tunneling may happen into the surface states above
Er. Also the effective work function at the surface increases by the amount of band

bending ¢. The critical distance is given by
x.=(U, ~(¢+6))/E (2.82)
where accordirlg to [87] the expression for upward electron energy band bending ds is

E vac
&

r

g5 = As, (2.83)
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Various authors have measured E; values considerably lower than the equivalent
values for metallic counterparts [86, 87, 90]. At a constant applied field, the resulting x, is
usually smaller compared to the case of metal anodes. This would imply a higher

tunneling probability and therefore a higher FI current.
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Chapter 3

Synthesis and Characterization of Nanowires

Nanowires and nanorods have gained considerable attention because of their potential
uses in both mesoscopic research and in the development of nanodevices [91]. In terms of
definition, nanowires have a higher aspect ratio compared to nanorods, for instance [92]
defines nanorods as nanostructures with aspect ratios of 2 — 20 and nanowires with aspect
ratios higher than 20. The devices fabricated in this research, involve arrays of vertically-
aligned, self-standing nanowires as the building blocks.

In terms of fabrication technology, nanowires can be divided into two main categories:
(1) nanowires of the first type are explicitly FETs (NWFETs), and they resemble the
group of narrow channel SOI MOSFETs [93]. Unlike planar SOI MOSFETs,
lithographically defined channel widths (e.g. Si body) are comparable to the active layer
thickness, so the gate could be wrapped around the channel to realize a gate-all-around
(GAA) structure. Multi-gate or gate-all-around FETs provide much better gate control
compared to planar MOSFETs [94]. Therefore at the ultimate scaling limits, where the
gate length could be shorter than 10 nm, the wire thickness has to be shrunk down to the
sub—10 nm regime in order to maintain good electrostatic integrity [95]. To achieve this,
very high resolution lithography is required. It should be noted that the minimum channel
length of the NWFETs defined by lithography is almost equal to the thickness of the
active overlay. Also the mentioned technique is only capable of fabricating NWFETSs of
standard semiconductors processes such as SOI, Ge or GaAs/AlGaAs. (2) In addition to

lithographic techniques which produce single wires, experimental groups have been
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trying to fabricate nanowires by chemical methods. Some of which include CVD [96],
sol-gel [97], and thermal decomposition [98]. These methods are capable of producing a
bunch of disordered nanowires. However in our work, a highly ordered self-standing
array of vertical nanowires is required. In this case we will use the general template based

method to force the nanowiers to grow vertically.

3.1. The General Template-Assisted Method

The template based method involves the synthesis of a desired material within the pores
of nanoporous template such as anodic alumina or track-etched polymer membranes [41].
Since the pores within these membranes are cylindrical and uniform in diameter,
monodisperse nanowires of the desired material can be obtained. The template based
process is a very general approach in the fabrication of nanotubes and fibrils composed of
a variety of materials including metals, semiconductors, etc. The usefulness of this
technique is three fold: First, it is extremely general in terms of the types of materials that
can be prepared. Second, depending on the pore wall and material, both tubular and
fibrillar nanostructures can be fabricated, and finally these nanostructures can be mounted
on various substrates for a variety of applications. To date, most of the work in template
synthesis has entailed the use of two types of nanoporous membranes, a) track-etched

polymeric membranes and b) porous alumina membranes:

a) Track-etched
Membranes prepared by this method have filtration applications. A non-porous sheet of

desired material such as polycarbonate with thicknesses ranging from 6 — 20 zm, are
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bombarded with neutrons to create damage tracks in the material and then chemically
etched the tracks into pores. The resulting membranes contain randomly distributed holes
uniform in diameter as small as 10 nm, with a density of 10° pores/cm® [99]. An SEM
micrograph of a porous polycarbonate membrane with pore diameter of 1 #m is presented
in Figure 3.1a, Due to the nature of the production process, the angle of the pores with
respect to surface normal can be as large as 34°. Therefore depending on the pore size
and density, not only the nanowires grown through these pores are not quite vertically

aligned, but also there might be intersections within the membrane.

Figure 3.1. a) SEM micrograph of the surface of a polycarbonate membrane, b) TEM
micrograph of a microtomed section of a PAA membrane [41].

b) Porous alumina

Porous alumina (Al,O3) membranes are made by anodization of aluminum in an acidic
solution. They are usually referred to as Porous Anodic Alumina (PAA) or Anodized
Aluminum Oxide (AAO) in the literature. The pores are uniform in diameter and
arranged in a hexagonal array. But unlike the track-etch membranes, the pores are almost
vertical and parallel and uniformly distributed at the surface. A TEM image of a thin

PAA is shown in Figure 3.1b. Commercial PAAs are available with pore diameters as
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small as 20nm. Usually the porosity is reported in licu of pore density, ranging from 20%
to 50% [100, 101]. Membranes with higher porosity would allow a greater number of
nanowires to be fabricated per unit area of the membrane.

There are there main concerns that need to be taken care of during any template based
growth process, (1) the precursor solution used to prepare the material must wet the pore
walls; (2) the deposition reaction must not take place too fast to cover the pores and avoid
tubule/fiber growth; and (3) the host membrane must be stable thermally and chemically.

There are a variety of chemical strategies that can be used to employ template based
nanowire synthesis using PAAs and polymeric membranes [41]. Among them, the
electrochemical deposition technique owing to its simplicity, low temperature deposition
process and low cost [36, 40, 41, 101-111], is the most suitable for our case. Besides, it
can be used to prepare both metallic (Au, Ag, Ni, Cu and Co) [109] and semiconducting
(TiOz, ZnO and WO;3) [41, 102, 107] nanowires. Electrochemical deposition of a material
within the nanopores is accomplished by coating one side of the membrane with a metal
film. The metal is either ion-sputtered or thermally evaporated on the membrane surface
and serves as the cathode in electroplating. The length or aspect ratio (length to diameter)
of the wires can be controlled by the amount of material electrochemically deposited into

the pores.
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3.2. Electrochemical Deposition

Electrochemical deposition of metals in general, entails the reduction of the metallic salt
on the cathode. A metallic salt, when dissolved in water, dissociates to form positive ions.
The solution tilat contains these charged ions is referred to as an electrolyte or a plating
solution. By passing a sufficient amount of current through this electrolyte, one can
reduce the metal ions to form the solid metal. The above process, which has been most
commonly used to deposit coatings, is referred to as electroplating or electrochemical
deposition. It can also be used to fabricate both metallic and semiconductor nanowires. In
this research however, electrodeposition is solely utilized to grow gold nanowires
(AuNWs) within the nanopores of PAA membranes as the templates.

Electrodeposition is usually carried out in a standard three electrode electrochemical
cell that contains a working electrode (the PAA template) where reduction takes place, a
reference electrode (saturated Ag/AgCl), and a counter- or auxiliary electrode (noble
metal such as platinum) [112, 113]. We employed the galvanostatic transient method
where the current between the working electrode and the counter electrode, 7, is held
constant with a current source (galvanostat) and the potential between the test electrode
and the reference electrode, ¥, is measured during the deposition process. The potential is
the dependent variable, which is recorded. Figure 3.2 shows an illustration of an

electrochemical cell configured for galvanostatic measurement.
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Figure 3.2. Schematic diagram of apparatus for galvanostatic measurement; / is the
constant current source and ¥ is the potential-time recording instrument.

According to the Helmhotlz model [17, 112], the interface of the metal electrode and
the electroplating solution consists of two equal and oppositely charged layers, one on the
metal (q)) and the other in the solution (gs). This pair of charged layers, called the
‘double layer", is equivalent to a parallel-plate capacitor with a potential independent
capacitance (Cy).

The input signal and the response to it are compared in Figure 3.3a and Figure 3.3b.
The response function V; = f{f) shows that a certain time is necessary to reach a potential
V; when the electrode reaction begins at the measurable rate. The duration of this time
can be estimated by considering a simplified equivalent circuit to the single-electrode
reaction (Figure 3.3c). When a constant current is applied to the system, the current is
used for a) charging the double-layer capacitance Cy up to the potential at which the
electrode reaction can proceed with a measurable rate, and b) electrode reaction (charge
transfer). The total galvanostatic current density J, is thus given by

J,=Jdg+J,, G.1)
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where Jy denotes the capacitive current and J,, denotes the Faradic (charge transfer)
current. The first process after applying current to the system, involves charging Cg, up
to V; when the electrode reaction begins at a measurable rate. In accord to the model of
Figure 3.3¢, the instantaneous capacitive charging current is given by

Jy=J,exp(-t/R,C,), (3.2)
where Jj is the input current density. Figure 3.3d shows the charging current versus time.
The time necessary to charge Cy to almost 99.0 % of the imposed voltage is therefore
given by:

Ly_ooov, = 4.6R,Cy. (3.3)

Note that in the galvanostatic transient method, the charging time (¢y-¢.991;), is of the
order of milliseconds. In addition, from a series of measurements of V; for a set of J (or
the deposition current /) values, one can construct the current-voltage relationship for an

electrochemical process.
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Figure 3.3. a) Input signal as applied to the
working electrode, ¢) Simplified equivalent
circuit for single-electrode reaction; Cy is
the double-layer capacitance at the working
electrode (Helmholtz bilayer model) and R
1s the charge-transfer resistance; c) Variation
of potential of the working electrode, V, with
time during galvanostatic deposition; E; is
potential of the working electrode at
beginning of electrolysis at constant current
density J, d) Capacitive charging current
versus time

In the template based technique particularly, the PAA which serves as the working

electrode must be conducting at the side where nanowires are supposed to nucleate and

grow. Therefore a thin (100 nm) layer of a noble metal such as gold or silver is sputtered

or thermally evaporated on to one side of the PAA. The PAA is then configured as the

cathode, where metallic ions are reduced by acquiring the supplied electrons. The

reaction is generally represented by
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M"™ +ne” - M, (3.9)
where M denotes some metal of » valency. For instance a gold cation (Au™) requires
three electrons to be reduced into its metallic form:

Au’t +3¢” — Au. (3.5)

In order to find out the quantity of the deposited metal, we start by calculating the total
cathodic charge Q consumed at the working electrode (cathode):

Q =emnN ,, (3.6)

where e is the electronic charge, m is the number of gram moles of the deposited metal, n

is the number of electrons taking part in the reduction, and Ny = 6.02x 10% mol” is

Avogadro’s constant. The number of mole grams of the metal reduced by a charge of Q is

therefore given by:

-2
m= g 3.7

where F is Faraday’s constant given by F = eN; = 96485 C-mol ™.
If the deposition is carried out for 4, seconds, the total charge used in the deposition
can be given by:
: )
0= j1dt, (3.8)
0
where 7 is the deposition current which varies in general. However, if the deposition is
done galvanostatically, with a constant / during the process, (3.8) is then reduced to the

product /2. The weight of the deposited metal can be calculated as

M, ITIdt , (3.9)

0

w=m-M =

w

nF
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where M, is the atomic weight of the metal in grams. Consequently, the thickness of the
deposit d, is given by:

Ldep
=2 M, rat, (3.10)

Adepp 14 nF Aa’epp vV o

dep

where A, is the deposit area in cm, and py is the density of the metal in gram-cm’.

The nanowires can be electrodeposited into the nanopores of the PAA starting from
the bottom of the pore where the metal coating exists, until the nanowires protrude up to
the surface, at maximum. The length of the nanowires / can be simply estimated if the

porosity of the PAA template ppy4 is known:
lzddep/pPAA’ (311)

Equation (3.11) is valid if it is assumed that the electrochemical growth process takes
place only within the pores. However, if the template is kept suspended inside the
electrolyte, the deposition normally takes place bilaterally, that is both through the pores
and at the bottom side.

In this work we used commercially available PAAs from Whatman Inc. known as
Anopore® (Anodisc) inorganic membranes [100]. Figure 3.4 shows a photograph of a
variety Anodisc PAAs and Table 3.1 lists the specifications of the particular type we
have used (Anodisc 25). These membranes have two well defined sides: the bottom side
is formed by interconnected pores with a nominal diameter of 20 nm, corresponding to
the pore size claimed by the company, and a thickness of approximately 2 zm. The top
side consists of an alumina support layer, formed by unconnected cylindrical pores of 180
nm mean diameter, with a pore density of 10° pores per cm’, and a thickness of about 58

pm. The bottom side is usually used as a filter, whereas the support layer is suitable as a
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template for nanowire growth [101]. The membranes are peripherally bonded to an

annular polypropylene ring for ease of handling.

Figure 3.4, Whatman PAA templates with the holding ring.

Table 3.1. Specifications of a Whatman PAA membrane (Anodisc 25)

Average membrane thickness 60 zm
Membrane Diameter 21 mm
Support Ring Material Polypropylene
Construction Process Thermal weld
Protein Adsorption Low

Burst Strength: 6 — 110 psi
Maximum Service Temperature 400°C
Porosity 25-50%
Refractive Index 1.6

The dissimilarity of pore structure at the top and the bottom sides of the membrane is
clear in the cross-sectional SEM micrograph of Figure 3.5. Because the pores are
perpendicular to the PAA surface, the embedded nanostructures will be highly ordered

and vertically aligned.
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Figure 3.5. SEM micrograph of the cross section of an Anodisc 25 PAA membrane
showing the different pore structure at the top and the bottom (branched) sides.

Depending on which side of the Anodisc PAA is sputter coated and used as the
working electrode in the electroplating process, nanostructures with deferent geometries
will be created. Later in sections 3.2.2 and 3.2.3 we will demonstrate a variety of

nanowires we have grown from both sides of Anodisc PAA templates.

3.2.1. General Synthesis Steps

The PAA was mounted on a custom designed fixture as shown in Figure 3.6. The fixture
covered the holding ring and one side of the PAA, while exposed the other face (a
diameter of 1.5 cm or deposition area of A, = 1.77 cmz). The fixture was then installed
in a DC magnetron sputtering machine, where the exposed face was sputter-coated with a
100 nm thick layer of Ag or Au. The other side was untouched so that it could be exposed
to the electroplating solution. Figure 3.7 shows an SEM micrograph of the coated side. It
is clear that the pores are not completely covered, as the sputtered metal tends to

accumulate on the pore edges.

Figure 3.6. Custom-made fixture used to sputter-coat one side of the PAA template.
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Figure 3.7. Bottom side of an Anodisc membrane sputter-coated with Ag (100 nm).

Electroplating of the AuNWs was performed in a custom-made cell based on earlier
works [36, 104]. Orotemp 24T cyanide based gold solution was used as the electrolyte. It
must be noted that the electrodeposition takes place bilaterally, that is both through the
pores and at the exterior of the PAA membrane. Hence, the backing metal film becomes
thicker during the process. Because the sputtered metal cannot seal the pores completely,
the conductive part exposed to the plating solution will be a circle-like shape. When the
electrochemical deposition is carried out under this condition, tubular structures will
grow inside the pores by the direction of the sputtered metal circle as shown at the left of
Figure 3.8. But as shown at the right of this figure, eventually the nanotubes will seal

themselves after several hours of deposition.

* s
\ Electrodeposited Au 7.
Sputter-coated Ag or Au

Figure 3.8. The process of electrochemical replication of the pores; left: Initial growth
stage when the nanostructures are tubular; right: the nanostructures eventually seal
themselves and form fibrillar wires.
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Figure 3.9 shows the variation of working electrode potential versus the reference
electrode (saturated Ag/AgCl) (V), with time (¢), during galvanostatic electrodeposition of
AuNWs, In the inset, the same curve is plotted in a semi-logarithmic scale (V vs. log(?)).
The deposition was carried out under a current of / = 1mA (J = 1/44,, = 0.3 mA-cm'z) for
t = 24 hours. By substituting the deposition parameters (Q = I't = 86.4 C, Ay = 1.77

cmz), and the atomic weight and density of gold (Ma, = 197 gr, Da, = 19.3 gr-cm'3) into
equ. we estimated the thickness of the deposited gold film as dy, ~17 zm. For the case of
deposition inside the PAA pores, if an average porosity of ppaa = 37.5% is assumed (see

Table 3.2), then according to eqn. the expected length of the AuNWs would be about

[aunw = 17/0.375 = 45.3 pm.
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Figure 3.9. Variation of potential of the working electrode (PAA) versus the
reference electrode (Ag/AgCl), V, with deposition time during galvanostatic
electrolysis. ¢ denotes the start of nucleation and #, denotes the time when the pores

are completely plugged and nanowires start to grow.
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As shown in Fig. for #; < ¢ < t,, the reaction potential V' (absolute value) decreases
with time. Apparently, 7, and ¢, are several orders of magnitude higher that the time
required for settling of the reaction voltage indicated by (3.3). Therefore, the variation of
|V| is explained based on the change in the concentration gradient of Au’" in the solution
due to diffusfon [114].]V] drops as the ion concentration increases near the working
electrode. After ;, |V] remains nearly stable through out the deposition. It slightly
increases because of the increase in R, due to consumption of Au’" cations.

The embedding PAA templates were removed from the electrochemical cell and
attached from the sputter-coated side on a silicon substrate using diluted conductive
paste. The silicon wafer was initially coated with a layer of Ti (5Snm) and Ag (100nm) to
provide an ohmic contact to the AUNW film. Note that the Ti coating acts as an adhesive
layer. Extreme care should be taken at the bonding stage to make sure there is no trapped
air bubbles between the silicon wafer and the AuNW film which cause the film to
wrinkle. The structure was then immersed into a 2M NaOH solution to selectively
dissolve the template, leaving the AuNWs. A snapshot of the AuNW film attached to the
silicon substrate is shown in Figure 3.10. SEM micrographs of the initial stages of
growth from the top and bottom sides are represented in Figure 3.11. The transformation
of nanostructures from tubular to fibrillar is clearly seen in Figure 3.11a. Nanowires
grown from the bottom side of the PAA, are formed with branched stems at their 1 — 2
L long roots. They follow the particular pore structure of the template as mentioned

carlier (Figure 3.11Db).
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Figure 3.11. Nucleation stage of AuNWs; a) grown from the top side; b) grown from
the branched side.

As AuNWs grow more than a few microns long, they tend to make bundles and
collapse into an entangled mess after the embedding PAA has been removed. As shown
in the SEM micrographs of Figure 3.12, this happens because of the surface tension
forces exerted on them during the evaporation of the solvent. In fact, the collapse issue
was the major obstacle that prevented synthesis of initially targeted, very high aspect
ratio (4.R. = 5'00), nanowires. Prior to selection of Anodisc membranes as templates, we
developed our own PAAs with pore diameters of 20 nm by anodizing aluminum sheets.
Figure 3.12a shows that the array of nanowires synthesized using these templates have
formed bundles and collapsed. Moving to Anodisc PAAs did not resolve the bundling
problem as the pores were still too close together (Figure 3.12b), therefore we employed

the following method to maintain self-standing AuNWs.
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Figure 3.12. Bundling and collapse of AuNWs after removal of the PAA; a) AuNWs
grown using custom made PAAs with pore diameter of 20 nm. b) AuNWs grown in
Whatman membranes.

3.2.2. Reducing the Compactness of the Array of AuNWs

Before the electrochemical growth, the density of the available pores can be reduced to
work around the collapse problem. Increasing the separation of the nanowires reduces the
surface tension forces between them and the likelihood of bundling. It is though very
difficult to control and reduce the pore density during the fabrication process of PAA
membranes, because the pore diameter and spacing both increase with the anodization
potential. Our.method, on the other hand, is based on modification of the as-fabricated
PAA templates. Polystyrene (PS) microspheres were introduced into the template in
order to reduce the density of the nanowire array by partially blocking the pores. The
membrane was immersed into a suspension of PS in water (0.05% w/v) and then dried in
air. Figure 3.13 shows the bottom side of an Anodisc PAA after treatment with the PS
suspension. The inset shows that some of the microspheres have penetrated inside the

pores.
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Figure 3.13. Partial blocking of the PAA pores with PS microspheres. Inset: Cross-
section of the pores showing the penetrated microspheres.

The bundling problem was resolved in the AuNW arrays grown using the modified
templates. SEM micrographs of freestanding AuNWs grown from the bottom and top
faces of the modified templates are shown in Figure 3.14a and Figure 3.14b
respectively. The insets show close-ups of the corresponding tips. For the wires grown
from the bottom face, the stems are shielded by alumina. Note that the substrates are
tilted 45° degrees to expose the length of the nanowires; therefore, the nanowires are
actually 2" times longer than they appear in the SEM image. In contradiction with the
value obtained using eqn. (/aunw = 45.3 um), the experimentally obtained nanowires had

shorter lengths, because as mentioned earlier, the gold film also grows at the other side of

the PAA.
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Figure 3.14. SEM images of freestanding AuNWs grown from a) the bottom and b)
the top sides of modified PAAs. The insets show the corresponding tips.
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3.2.3. Formation of Au Nanoparticles at the AuNW Tips by Impregnation of the
PAA

To promote the geometrical field enhancement of the AuNWs, we utilized the
impregnation technique to create gold nanoparticle aggregates and whiskers at their tip
tops. The structures are often referred to as ‘super-tips’ [58, 115]. The impregnation
technique employs the reduction effect of PAA pore walls and formation of gold
nanoparticles inside them, which is well-documented in the literature [116]. Preparation
of nanostructured gold within porous solids has been usually conducted at temperatures
lower than 250°C or under hydrogen atmosphere [117, 118]. At room temperature
however, it is done through a surface-mediated reduction process [116, 119]. A freshly
prepared 1% (w/w) HAuCls-aceton solution as a source of Au’" cations was dropped on
the PAA at ambient conditions. The HAuCl, is converted to gold at rather mild
conditions, when it is in contact with a substrate having surface hydroxyl groups like
alumina. An H"-Au®" ion exchange takes place at the pore walls that modifies the redox
potential and facilitates formation of gold atoms and clusters.

Prior to impregnation, the template was treated with PS microspheres.
Electrodeposition of AuNWs was conducted regularly. Gold nanoparticle aggregates with
a size of approximately 5 nm at the pore walls are discernable in the SEM image of
Figure 3.15a. The aggregates are randomly dispersed inside the pore channels and appear
to be anchored to the walls. Figure 3.15b shows a close-up of an AuNW tip growth using
the impregnated PAA template. Apparently, gold aggregates are separated from the pore

walls during the electrochemical deposition process and protruded from the AuNW tip.
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Au nanoparticles

Figure 3.15. Cross section of the pore channels showing the Au aggregates on the
walls; b) A single AuNW tip grown through an impregnated template, Au aggregates
are swept up while the nanowire is being formed and appear at the tip in form of
nanoparticles; c) Another tip containing PS microspheres.

PS microspheres introduced to partially block pores are occasionally trapped during
the initial nucleation stage. Figure 3.15¢ shows four of them at the tip top of an AuUNW.
The similarity in the image brightness and contrast of the microspheres with that of the

AuNW, substantiates that the microspheres are embedded in the electrodeposited gold.

3.3. Micro-Raman Measurements and Analysis

We performed Micro-Raman spectroscopy measurements to examine the surface
composition of the as-grown AuNW film. Note that gold does not have any Raman
modes. We were particularly interested to investigate traces of residual alumina (in form
of nanoscale scales) on the AuNWs, after incomplete removal of the PAA. Later we will
show that the Schottky-barrier field-enhanced electron emission and low-voltage field
ionization mechanisms observed in our AuNW array, can be described based on the
existence of residual semiconductive alumina layer.

The line profile of Raman spectra and white light optical microscopy image of a
selected area of the AuNW film grown in a regular Anodisc template are presented in
Figure 3.16a and Figure 3.16b respectively. The template was treated in the NaOH

solution at room temperature for 7 minutes.
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Figure 3.16. a) Raman spectra, and b) optical image of an AuNW film,
synthesized within a regular PAA template.

The spectra were recorded in the range of 190 to 1750 cm™. The peak positions
indicate that the sample is having Raman signals from various materials that are present.
In order to identify the materials corresponding to the Raman modes, a bi-dimensional
Raman mapping was carried out.

The Raman spectrum of the PAA does not have peaks corresponding to amorphous
alumina. It is known though alumina has peaks only after a heat treatment at about
1100°C [120], thus the origin of the modes at 292.5 and 785.8 cm’ are not clear. The
peaks observed at 381 and 987 cm™, correspond to the phosphate anions incorporated
into the structure of PAA membrane during anodization, suggesting that there is residual
alumina on the AuNWs [121, 122]. These peaks disappeared when the template was

dissolved in the NaOH solution for prolonged times.
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3.4. Optical Profilometry

As mentioned earlier, in addition to filling the pores, electrodeposition of gold takes
place at the sputter-coated face of the PAA and creates a backing gold film. In order to
characterize our sensor, it is crucial to ascertain how much the backing gold film and the
conductive paste used to bond the template to the substrate contribute the total thickness
of the AuNW film (zaynw), after the PAA has been removed. We employed confocal
optical proﬁlometry to scan the edge of the deposited film with respect to the substrate.
Figure 3.17 shows an illustration of the AuNW film bonded to the silicon substrate along
with the isometric optical topography of the film edge. The measurement was repeated

for each sample to find its taunw.

backing gold film \

and conductive paste silicon substrate

Figure 3.17. Left: Schematic illustration of the AuNW film thickness which includes
the backing gold film, the conductive paste and the nanowires. fa,nw and /a,nw denote
the total film thickness and the length of the AuNWs respectively. Right: Isometric
optical profile of the AuNW film edge, the z axis denotes the peak to valley points.
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Chapter 4

Device Fabrication and Characterization Techniques

We designed and fabricated a series of Gas lonization Sensors (GISs) with diverse
nanowire georhetries and gap distances. These sensors were operated in different modes,
namely breakdown discharge and pre-breakdown field-ionization and field-emission.
Various characteristics of the sensors were measured at different pressures with several
gases. Most of the experiments were carried out in a vacuum system, which we
specifically built for this purpose. It was demonstrated that self-sustaining discharges
from the nanowires occur at voltages particular to each gas and within a wide
concentration range. The breakdown voltages were considerably reduced compared to
uniform field conditions. We also obtained measurable field-ion and field-emission
currents at pressures up to 100 torr in various gases.

This chapter describes the fabrication process steps in detail with the AuNW film as
the starting material. It also explains our measurement methodology and equipment

setup.

4.1. Fabrication of the Gas Ionization Sensor

The proposed GIS is basically a double electrode cylindrical cell with the AuNW film
and its companion substrate as one of the electrodes. A secondary flat electrode (counter
electrode) is placed at a distance d (henceforth referred to as gap spacing or interelectrode
spacing), above the nanowire tips. We used a double side polished, p-type, 1-inch (same

diameter as the Anodisc PAA) silicon wafer as the counter electrode. The exterior side of
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the wafer was initially coated with a 1 gm thick layer of aluminum using PVD method
and then annealed in an N+H, atmosphere at 450°C for 30 min to form an ohmic
junction. The wafer was then mounted on the supporting polypropylene ring of the PAA,
which was engraved at three points to facilitate the flow of gas into the space between the
electrodes. Polypropylene is known to have a high volume resistivity (10— 10'® Q-cm)
[123, 124]. Hence, it can also serve as an excellent insulator between the electrodes. The
minimum resistance of the ring was calculated to be Ryin =1.5 X 10" Q-cm, using the

relation
Rmin = pmin g 2 (41)

where the pmin = 10'® Q-cm is the minimum volume resistivity, ling = 60 pm is the ring
thickness, and Aying = 3.9 cm’ is the ring area.

Ohmic connections were made to either electrode using a silver epoxy. Depending on
which side of the PAA was used for electrodeposition, and the amount of glue used in
bonding the wafer, d varied from 70 to 140 gm. Cross-sectional and 3D schematic
illustrations of the sensor with the AuNWs grown from the bottom side are presented in
Figure 4.1a and Figure 4.1b. Figure 4.1c shows a snapshot of the final device. Using
optical profilometry, the value of d was determined for each sample after mounting the
counter electrbde by subtracting the corresponding fay,ww and the counter electrode

thickness, f., from the total height (#a1):

d = ttatal _tAuNW - tce ’ (42)
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highly doped (a) ohmic contacts

p-type Si wafer  teflon glue = = A
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. AuNW array
supportring  template

(b)

supporting
ring

Si substrate

gas vents

Figure 4.1. a) Cross sectional- and b) 3-D schematic illustrations of the GIS (not to

scale); ¢) a photograph of the final device.

The fabrication process steps and final device structure were similar for all of the
nanowire based GISs fabricated and characterized in this research. However, to operate
the devices in-different modes and study the effect of the nanowire array geometry and
composition on the sensors characteristics, we used a variety of AuNW films. These
AuNW arrays were grown as explained in Chapter 3. Table 4.1 summarizes the
specifications of each sensor including the AuNW growth parameters, the PAA face

sputter-coated with Ag and the average length and the shape of the AuNWs,
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Table 4.1. Physical parameters of the sensors fabricated in this research: dg,, (d) = gap
distance, d,s = diameter of microspheres; Electrodeposition parameters: / = constant
galvanostatic current, ¢ = deposition duration, ¥; = working electrode vs. Ag/AgCl
potential; Geometrical parameters of the AuNWSs: /yunw = length of gold nanowires, b:
branched, f: fibrillar, g: guarded, s: super tips, t: top, var: variable, w: whiskers.

Sensor | dgp | s electrodeposition tech | PAA | launw AnNW
number | (zm) | (nm) p 7 v, (min) | face | (xm) | geometry
(ksec) | (mA) | (V

1 | 132 |NA| 84 | 10 [060] 15 | b | 45 f

2 121 50 85.6 1.0 |-059] 10 b 12.0 f

3 N/A| 50 | 85.6 1.0 | -0.59( 15 b 8.0 f

4 83 50 | 873 1.0 | -0.63 8 b 10.0 f,s

5 126 | 50 87.3 1.0 | -0.63 7 b 10.0 f,s

6 N/A | 100 | 86.7 1.0 | var 30 b ? f

7 N/A | 100 | 86.7 1.0 | var 8 b 3.0 f,s

8 N/A | 100 | 104.0 | 1.0 var 15 b ? f

9 N/A 100 { 932 | 09 | var 15 b ? f

10 N/A | 100 | 28.8 3.0 {-0.85 7 t 4.0 g f,w

11 N/A | 100 | 28.8 | 3.0 |-0.85 7 b 3.0 tubular

The reaction voltage (Vi) of galvanostatic electrodeposition remained constant for the

AuNW films of Sensors #1 — 5, 10 and 11, showing that the nanowires growth was

consistent. For Sensors #6 — 9, we reused the Orotemp gold solution from previous

electroplating processes, therefore V; was varying during the growth. In fact |Vj| increased

about 25% at max. However, we did not observe any direct relation between V; and the

characteristics of the corresponding sensor.
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The PAA templates used in Sensors #7, 10 and 11 were treated with the HAuCly
solution as explained in Chapter 3; as a result, their AuNWs contained gold nanoparticles
at their tips. Micro-Raman measurements on the AuNWs of Sensors #4, 5, 7, 10 and 11,
showed presence of residual alumina due to incomplete removal of the PAA after the
NaOH treatment. These sensors were operated in field-emission and field-ionization
modes. Rest of the sensors (#1, 2, 3, 6, 8 and 9), were tested in breakdown mode.

Breakdown experiments carried out with the GIS were repeated on a nanowireless
parallel-plate cell (PPC), consisted of the same configuration as the GIS, except without
the AuNW array. The PPC produces a uniform electric field between the electrodes and
allows comparison of the breakdown voltages obtain using the GIS with that of standard
flat-electrode ionization cell. As illustrated in Figure 4.2, the objective was to maintain
the same electrode spacing, d, for both configurations. However, due to the difficulties in
controlling the bonding process to the polypropylene ring, d turned out to be smaller for
the PPC (dppc = 84 pm). A denotes the effective electrode area. The bottom electrode of
the PPC presefved the Ag coating so that an ohmic contact identical to the GIS could be

made.
|< A are )'""'.‘

I N IR I~ F "
fow Ty fd F
taonw AN00QARRRARE =" "7 |

o _f I J 1 Taanw
AuNW fiim at one Parallel-plate cell
of the electrodes (PPC)
(GIS)

Figure 4.2. Conceptual illustration of the GIS and the PPC, showing the equivalent
dimensions.
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4.2. Measurement Methodology and Setup

The quantities of interest in characterization of the GIS can be divided in two major
categories: a) The pre-breakdown current-voltage (/ — V) characteristics of the device and
b) The gaseous breakdown voltages (V;), both measured in different gas types and
pressures. The former entails low-level measurement techniques and the latter requires
rapid detection of the occurrence of breakdown. Conducting such I — V characterization
may appear simple at first glance, but the major difficulty is to setup hardware/software

configurations that satisfy both requirements.

4.2.1. Low Current Measurement Considerations

The GIS normally exhibits a large resistance before the electric breakdown of the
residing gas. Depending on the mode of operation and electrode polarity in this case,
current flows due to electron field emission, field ionization of gas, or pre-breakdown
Townsend discharge, or a particular combination of these mechanisms. Therefore, in the
pre-breakdown regime we are dealing with currents in the range of 102 <1< 10* A
After the gaseous breakdown however, current rises sharply and can only be limited by
the external circuit.

Apparently, a number of error sources can have serious impacts on low-current
measurement accuracy. These sources include leakage currents from cables and fixtures,
as well as currents generated by triboelectric or piezoelectric effects [125]. In our
particular case, due to a finite capacitance of the GIS cells, an unwanted charging current
can be also added to the sensor current and explicitly affect the low level field ion and

field emission currents. Following addresses the methods we employed to minimize
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leakage from the connections and fixtures, as well as the capacitive charging current of
the sensor during the staircase voltage sweep. These are known to be the major error
sources in low level current measurement from an ultra high resistance source, namely

the GIS.

a. Leakage Currents and Guarding

Leakage currents are generated by stray resistance paths between the measurement circuit
and nearby voltage sources. The shunt capacitances through out the cables may also
contribute to the leakage current, because it draws a charging current at voltage steps.
These currents can degrade the accuracy of low current measurements considerably.
Guarding is a very effective way to reduce leakage currents. It will also reduce the effect
of shunt capacitance in the measurement circuit. A guard is a low impedance point in the
circuit that’s at nearly the same potential as the high impedance lead being guarded.
Since in this research we used precision source-measure units (SMUSs) to apply controlled
voltages and measure currents, the guarding technique can be best explained specifically
on SMUs.

The guard terminal of an SMU is usually the inside shield of the triax connector. This
guard is driven by a unity-gain, low impedance amplifier. By definition, the guard
terminal is nearly at the same potential as the high impedance terminal, so the guard
terminal will be at the same potential as the magnitude of the voltage source.

Figure 4.3 illustrates how a driven guard prevents the leakage resistance of a cable
from degrading the low current measurements. In the unguarded circuit of Figure 4.3a,

the leakage resistance of the coax cable is in parallel with the DUT (Rpyt), creating an
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unwanted leakage current (/r). This leakage current will add up with the current from the

DUT (Jput) and degrade very low current measurements. The current measured by the

SMU ammeter (/) is then given by:

L, =1, +1,.

a) Unguarded Circuit

Output HI

b DUT

Rpur

R, = Coax cable leakage resistance

I, = Leakage current
Rput = Resistance of Device Under Test
m=Ilpurt 1L

9 SMU

T Output LO

b) Guarded Circuit
Output HI

Q o

| > Guard

Output LO

Figure 4.3. Guarding the leakage resistance of a cable with an SMU

Ry, = Leakage resistance between shields
Rpur = Resistance of Device Under Test
Iv=Ipur

Ru = Triax cable inside shield leakage resistance

4.3)

In the guarded circuit shown in Figure 4.3b, the inside shield of the triax cable is

connected to the guard terminal of the SMU. Now this shield is driven by a unity-gain,
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low impedance amplifier (Guard). The difference in potential between the Output HI
terminal and the Guard terminal is nearly OV, so I is eliminated.

Figure 4.4 shows how the guard can eliminate the leakage current that may flow
through the stand-off insulators in a test fixture. In Figure 4.4a, I flows through the
stand-off insulators (Rp). This leakage current is added to the current from the DUT
(Ipur) and is measured by the SMU ammeter (/) adversely affecting the accuracy of the

low current measurement.

a) Unguarded Circuit

Shielded Test Fixture

Output HI

Standoff
Guar d insulators

gz -

T Output LO

'lI + J.HEI - WI

b) Guarded Circuit Shielded Test Fixture

Output HI

Guard

Wy

A

.LﬂG[ —

Meta] Mountmg Plat

SMU

=V |
T Output LO

Figure 4.4. Text fixture guarding with an SMU.
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In Figure 4.4b, the metal mounting plate is connected to the guard terminal of the
SMU. The voltages at the top and the bottom of the standoff insulator are nearly at the
same potential (OV drop), so no leakage current will flow through the standoffs and affect
the measurement accuracy. For safety purposes, the metal shield must be connected to

earth ground because the metal mounting plate will be at the guard potential.

b. The Effect of the Charging Current during the Staircase Voltage Sweep

A linear staircase sweep type was used as usual to perform the 7/ — V characterization.
As shown in Figure 4.5, this sweep steps from a start source value to an ending (stop)
source value. Programmable parameters are the start, stop, and step source levels and the
source delay. When this sweep is triggered to start, the output will go from a bias level to
the start source level. The output will then change in equal steps until the stop source
level is reached. With trigger delay set to zero, the time duration at cach step is
determined by the source delay (Figure 4.5) plus the extra time it takes to perform the
measurement or the integration period. This extra time is determined by Number of
Power Line Cycles (NPLC) which expresses the integration period by basing it on the
power line frequency [126]. For example, for a NPLC setting of 1, the integration period

would be 1/60 (for 60 Hz line power) which is 16.67 msec.
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Figure 4.5. Linear staircase voltage sweep and the corresponding parameters.

Obviously, when the staircase pattern is applied to a DUT with a finite capacitance
(C), a charging current (Ie.p) is drawn from the SMU at each voltage step (AV). The
charging current damping time is determined by the effective RC constant of the circuit.
In characterization of our GIS, I, is adversely added to the pre-breakdown discharge
currents. The capacitive current is given by

I, (t)=1,exp(-t/RC), 4.9

where ¢ is elapsed time, and Iy is the peak of charging current given by
I, =CAV/At, (4.5)
where C is the cell capacitance, and AV and At are the voltage step and the pulse rise time
respectively. Although At is relatively small compared to the source delay time, it is not
documented in the SMU datasheet [126-128]. Therefore, the delay time must be chosen
properly to ensure that I, becomes zero or negligible compared to the real pre-

breakdown currents, before the ‘measure’ cycle as indicated by crosses in Figure 4.5.
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4.2. Sensor Characterization Setup

We carried out our characterization experiments in the vacuum chamber of the DC
magnetron sputtering machine (MagSput-2G2) used in the thin film coating of PAA
templates. This chamber is equipped with a mass flow controller and a computer driven
vacuum gauge. The chamber was connected to earth ground to also serve as the shielded
test fixture. /-V and breakdown voltage measurements up to 200V were conducted using
two SMU chaﬁnels of an HP4155 semiconductor parameter with a current resolution of
10 fA [127]. To achieve higher voltages up to 420V, we used Keithley 2400
SourceMeters, with a current resolution of 10 pA [126]. Note that the individual SMU
channels of HP4155 and Keithley 2400 are capable of sourcing voltages up to 100V and
210V respectively. Consequently, to achieve even higher voltages necessary to generate
breakdown conditions, two SMUs were connected in series sharing the same ground. In
this configuration, one SMU sweeps in positive direction while the other sweeps in
negative direction. The result is a floating measurement with double the differential
voltage. In this fashion also the current to either electrode can be measured individually.
Two custom-made electrical feedthroughs were used to facilitate guarded triax
connections from the SMUs to the exterior of chamber, and coax connections from the
interior of chamber to a custom-made mounting plate. The mounting plate was insulated
from the chamber and connected to the guard terminal of SMU#1, and the sensor was
eventually connected to the output HI terminals. Figure 4.6 shows a schematic of the

characterization setup.
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Custom designed
electrical feedthrough
(Triax to Coax)

Vacuum Chamber /

¥ T
guard  guard
SMU#1 <L Sensor L smMu#

Figure 4.6. Schematic illustration of the measurement setup; The connections to the
sensor are made using triax cables from the output HI terminals of SMUs to the
chamber, and coax cables from the feedthroughs to the mounting plate.

A LabView code was developed to acquire the current and voltage readings from the
parameter analyzer, and the chamber pressure from the vacuum gauge simultaneously
into excel sheets.

The custor;l-made feedthroughs displayed a finite resistance (Rgr) that needed to be
considered as well. This resistance was mainly due to moderate quality insulation used at
their connectors (epoxy glue). As shown in Figure 4.7, Ry was measured to be about
2x10" Q by running a voltage sweep with no load, and finding the slope of the resulting
I -V curve. During I — V measurements, we made sure that the leakage current into the

feedthroughs is negligible compared the real pre-breakdown current.
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Figure 4.7. The no-load I — V characteristic of the measurement setup. The finite
resistance is mainly due to the electrical feedthroughs that interface the vacuum
chamber to the SMUs.

We showed that for a differential voltage step of AVgug= 1V, that is a step of AV =
AVgn/2 = 0.5 V for each of the SMUs, a sweep delay of 7, = 25 ms is sufficient to ensure

that /., dies off, hence any steady-state pre-breakdown current measurement is accurate.
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Chapter 5

Results and Discussions

5.1. Gaseous Breakdown Ionization Sensor

In order to achieve self-sustaining discharge at reduced voltages, one of the electrodes of
the ionization cell must be stressed to create locally nonuniform fields. The breakdown
process is hastened due to generation of corona at the stressed electrode, which promotes
the formation of an eclectron avalanche or plasma streamer. Eventually, the streamer
bridges the gap between the electrodes, and allows a self-sustaining interelectrode
discharge to be created at relatively low voltages.

In addition to having sharp field-intensifying features, the electrode at which corona is
generated must undergo an excessive heat and be chemically inert and endurable. We
have shown that the array of vertically-aligned freestanding AuNWs is a reliable and
efficient replacement for the CNT film used by Kim [18] and Modi et al. [19] in their
miniaturized GIS. Our device exhibited breakdown characteristics similar to that of [19],
and improved compared to that of [18]. The reusability of our device was enhanced
compared to both CNT-film counterparts. CNT-film GISs suffer from reusability
concerns, since extremely dense CNTs make dispersion of the gas difficult, so the sensor
cannot be reused prior to some sort of cleaning treatment [22]. The overall ficld
enhancement factor of the AuNWs was estimated by operating the sensor in the dark

current discharge mode and found to be proportional to their aspect ratio.
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5.1.1. Ohmic and Saturation Stages
Sensor #1 was developed to fingerprint the ionization breakdown voltage of a number of
gases. Prior to the breakdown tests, we operated the device at lower voltages in the pre-
breakdown regime to study the field enhancement effect of AuNWs on the pre-
breakdown (dark) current ([,r..»s). The effect of electrode polarity on I....s was also
studied and the results were compared to uniform field conditions. It is imperative to note
that the field enhancement factor of the AuNWs of Sensror #1, (Saunw), was not high
enough to generate any electron field-emission or field-ionization. Hence the dark current
consisted of already generated electron-ion pairs and the charges generated by electron
impact ionization.

The pre-breakdown discharge / — V characteristics of Sensor #1 (GIS) with the
AuNWs configured as the cathode, and the PPC in low pressure air are presented in

Figure 5.1 [129]. The pressure was kept constant during the sweep (P = 1.4x107 torr).

2.5 -
© sensor
20 4 O parallel-plate Sy
S
= 1.5 =
p QS
5 I
&) j2]
104 . ©
X
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(m]
0.5 4 Grpc = 8.3x10"% Q0!
1 .
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U
00 CJ T T T T T
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Applied voltage [V]

Figure 5.1 (after Banan-Sadeghian and Kahrizi in [129]). Dark discharge
current of the GIS and the PPC in low pressure air (P = 1.4x10™° torr) with the
AuNWs at the cathode.
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The ohmic region in both of the devices is evident in Figure 5.1 (indicated by dashed
trend lines). In this region, where there is hardly any ionization-induced current, the
effective conductances of the GIS (Ggis), and the PPC (Gppe) in an ideal gas (air in this
case), is equal to the slope of their / — V characteristics.

The supposed saturation pre-breakdown region for the NWGIS, however,
demonstrates 'a strong voltage dependence, including negative differential resistivity
(NDR) regions over certain voltage ranges. The first NDR effect is observed right after
leaving the ohmic region. This behavior can be attributed to a momentary increase in the
ion-electron recombination rate which takes place in highly non-uniform electric fields at
the nanowire tips, considering a constant generation rate in the chamber.

The NDR region is followed by a quasi-exponential current rise starting at V' = 12 V,
due to liberation of secondary electrons from the AuNWs. At this point the average
applied field in the gap is about E,p, = 10° V.em™ and the reduced field is E/P = 7x10’
V.emtorr! (or E/c, = 2x10° V.cm?). This value of E/cg i1s almost four orders of
magnitude larger than the maximum E/N employed to measure w/a of air in [130].
However, considering the monotonic growth of w/a above E/c, = 7x10"° V.cm® (where
@/a = 0.0015), remarkably large w/a values can be expected. Conversely, « shrinks to a
very small value, indeed below lem™, because A, becomes much longer than the gap
spacing d. At ¥ = 60V a second NDR state is observed because of a recombination
dominated regime. Apparently, the number and amplitude of current peaks depend on the
non-uniformity of AuNWs at the cathode. Consequently, in the GIS with cathode
AuNWs a non-self-sustaining Townsend discharge dominated by secondary electrons,

replaces the field independent saturation regime (Js,) as observed in the PPC.
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5.1.1.a. Field Enhancement Effect of the cathode AuNWs and their Aspect Ratio
Looking back to Figure 5.1, it is clear that Ggis is considerably higher than Gppc.
Considering constant mobilities within the studied electric field range, the increase in the
conductivity of the sensor can be related to the local enhancement of electric field at the
nanowire tips. A general expression that explains this relationship can be extracted as
follows:
In the PPC, the electric field is more or less uniform and is equal to the applied field

Egpp. According to (2.3), the current density can be obtained by
JPPC = o-Ga:Eapp (5 . 1)

In the GIS, however, the electric field is nonuniform, so E,,, should be replaced by

E.r, an effective enhanced value. From (2.34), E.¢ can be defined as
Eeff = ﬂGISEapp (5-2)

where fgis is assumed to be the average field enhancement factor through the gap spacing

of the sensor. The current density can then be expresses as
Jos = GGm,BGISEapp (5.3)

Since both of the devices were examined at the same time and in the same chamber,

gas conductivity would be the same, so the ratio of the current densities would be

JGIS /JPPC = ﬂGIS (5.4
and from that
Gas - Lois/ Vs - (JGISAGIS )/ (EaPPdGIS) =B Agisprc (5.5)
= Pars .
Gppe 1 PPC/ Verc (J pecAppc )/ (EapdePC) Appcdis
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where Agis, dais, Appc and dppc are the respective areas and electrode separations for the
GIS and the PPC. As a result Sgis can be found by substituting the values of Ggis and

Gppc from Figure 5.1, dgis = 132 gm (from Table 4.1), and dppc = 84 pm into

GGIS APPCdGlS

: (5.6)
GPPC AGISdPPC

:HGls =

For Agis = Appc, the above formula results fgis = 37.9. This is almost § times higher than
the enchantment factor of the CNT film sensor [22].

Lee and Huang [131] have shown that in an array of field-emitting sharp protrusions,
as the emitter tip-to-tip spacing (s) is narrowed, the field strength at the apex of the tips is
diminished due to the larger electrostatic interaction between them. We carried out finite
element analysis on a well-aligned metallic nanowire array model to demonstrate the
aforementione;i effect on the field enhancement factor of individual nanowires. The
parameters employed in the analysis are shown in Table 5.1. Provided that the condition:
I << dis met, £ was almost independent of / and d,,, [54]. A maximum value of B4 = 36
was obtained, which corresponds to the local field at the apex of the tips and is close to

the value estimated using (5.6).

Table 5.1. Parameters used in finite element simulation of the field enhancement effect.

Vapp I lAuNWI d | Yiip | s

IOOVI 1 pm ’IOO,um‘ 20 nm ‘50—350nm

Figure 5.2 shows the spatial distribution of electric field strength at the vicinity of two
nanowire tips, 50 nm apart. The normalized value of # with respect to its maximum, as a

function of s is shown in Figure 5.3a. Also Figure 5.3b and Figure 5.3c, show the
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contours of the field strength at the apex of nanowire tips for s = 50 nm and s = 350 nm
respectively. It can be seen that for s < 300 nm, /3 starts to drop and reaches to 90% of its
maximum value at s = 50 nm. At smaller distances, £ decreases drastically. For distances
above 300 nm, S is almost unaltered. As seen in the SEM micrographs of Figure 3.14, it
is clear that tﬁe average AuNWs separation is higher than 300 nm. Note that we have

addressed the worst case scenario, where the neighboring nanowires have the same

length. Therefore, the contraction of equipotential lines is at maximum.

10° V/ecm
3.5

3.0

Figure 5.2. Spatial distribution of the electric field at the vicinity of two nanowire tips.
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Figure 5.3. Normalized £ as a function of nanowire tip-to-tip spacing, and the
electric field distribution contours at the apex of four nanowires with separation of
b) 50 nm and c¢) 350 nm.

To further validate the value of /S obtained from conductance measurements, in
addition to finite element analysis, we employed the ‘hemisphere on a post’ model.

According to this model and (2.39), the nanowire aspect ratio (4.R.) can be explained by

AR=L-r.1L 0-9,0/@—2.15 (5.7)
20 2 2| V12

where 2p denotes the nanowire diameter.

By substituting fgis = 37.9 obtained from (5.6), and 2p = 180 nm into (5.7), and
assuming that the average AuNW diameter is equal to the average pore diameter of the
embedding Anodisc template, the average length of AuNWs was estimated to be

Linww =2pxAR.=0.18umx24.8=4.0um,

which is interestingly, in good agreement with our SEM observations (seec Figure 5.4).
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Figure 5.4. SEM microgrh ‘ AuNW film incorporated in Sensor #1.

In fact, the aspect ratio of AuNWs is less than that of CNTs, but unlike CNTs, AuNW
tips are far from each other so that the interactions between the tips do not reduce the
effective field enhancement factor. As a result, our nanowire based GIS and its CNT film
counterpart are expected to exhibit substantially similar device characteristics, as far as
the local field strength is concerned. For instance we demonstrated that the V, — P

characteristic of our GIS is similar to the MWCNT film sensor of Modi et al. [19]. The

breakdown characteristics of our GIS will be discussed in detail in section 5.1.2.

5.1.1.b Anode AuNWs

Unlike the former case, with the AuNW film configured as the anode, the enhanced
ionization at low voltages was not observed and both the PCC and the GIS displayed
similar /-V characteristics (Figure 5.5)

In this case, positive ions strike the polished counter electrode where the conditions to
provide sufficient secondary electrons are not met. The higher saturation current observed
in the GIS, however, can be attributed to higher number of carriers residing in the gap,
due to its larger effective volume compared to that of PPC. The ratio of the dark currents
in the saturation regime is Igis/Ippc = 1.48. According to (2.4), this value agrees well
with the ratio of interelectrode distances, dgis/dppc = 1.48, provided that the devices have

same electrode areas (Agis = Appc).
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Figure 5.5 (after Banan-Sadeghian and Kahrizi in [129]). Dark discharge current
of the GIS and the PPC in low pressure air, when the AuNWs are configured as
the anode (P = 1.0x107° torr).

5.1.2. Breakdown Voltage

Variation of the breakdown voltage V,, versus gas pressure P, in our GIS device was
studied and compared to the PPC. The general gas law states that P is proportional to c,,
provided that a constant temperature is stipulated. According to the Paschen law, V} is a
function of the product of gas pressure and the gap distance (P.d). Therefore, for a
specific value of d, the ¥, — P characteristic of the sensor can be used as a measure of its
sensitivity, in a sense that a more sensitive device detects lower gas concentrations
(pressures) with a smaller V4.

Figure 5.6 displays the ¥}, — P curves of the GIS (Sensor #1) and the PPC at sub-torr
pressures of Ar, where the Townsend theory of discharge applies. Note that V4 is the
minimum voltage measured that initiated a self-sustaining discharge. It is clear that the
GIS demonstrated a lower V, than the PPC. The reduction effect was even more

pronounced when the AuNW film was configured as the cathode, because in this case
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secondary electrons repelled away from the AuNW tips into the gap make more ionizing
collisions, causing the breakdown to happen at lower voltages.

Apparently, the reduction of ¥, in the GIS was not proportional to the field
enhancement factor (fgis = 37.9) obtained earlier. This is due to the fact that the
distribution of the intensified field is limited to a short distance within the gap spacing,
1.e. at the vicinity of AuNW tip tops.

Considering the gap spacing of the PPC, (dppc = 84 pm), the sub-torr pressure regime
corresponds to P+d values less than 8.4x107 torr.cm. Hassouba et al. reported earlier that
for P-d < 107 torr-cm, the minimum breakdown voltage of Ar in uniform fields is 360V,
for a polished Ag film cathode [132]. This is indicated by a dashed line in Figure 5.6 for
comparison. Our PPC on the other hand, showed a slightly lower V; . The lower V} of
PPC can be explained based on an increase in the value of y due to the rough

microstructure of the Ag-coated bottom electrode.

Concentration [mol/liter]
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Figure 5.6 (after Banan-Sadeghian and Kahrizi in [129]). V};, — P characteristics of
the GIS and PPC, in sub-torr Ar at 7= 22 °C. The NWGIS with cathode AuNWs
displays lowest breakdown voltages within the studied pressure (concentration)

range. Dashed line shows the uniform field minimum V), adapted from Hassouba
et al. in [132], within the same P.d range.
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Figure 5.7 shows the V,— P curves of a few gases measured using the GIS (Sensor #1)

with the AuNWs at the cathode. Each gas displayed a unique ¥, at room temperature

within the studied pressure range of 0.03 < P < 10 torr or 4x10™ < P-d < 0.132 torrcm

(corresponding to concentrations from 1.8x10°® to 1.8x10™* mol-liter™").

Breakdown voltage (V) [V]

Concentration [mol/liter]
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550 | 1 1 1 1 1 |‘
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350 N o o | o
RS o T
300 o
250 ‘\ A A
c e A A -
200 - ‘\ , |
0 2 4 6 8 10

Pressure (P) [torr]

Figure 5.7 (after Banan-Sadeghian and Kahrizi in [129]). V, — P curves of Sensor #1 for
Ar, Ny, Air and O, (AuNWs at the cathode). The minimum breakdown voltage (Vp)min,
observed here, occurred within a pressure range of 0.3 < P < 0.5 torr, which is far less
than the pressures at which ¥} is minimum in uniform fields.

Table 5.2 represents the mean V) values indicated by dashed lines in Figure 5.7. The

breakdown voltages measured here, were much less than the values reported in [18] using

CNTs as the cathode, and demonstrated very less dependence on gas concentration within

a wider range. For instance in the CNT-based GIS [18], ¥}, of Ar increased from 270V to

1000V, when the gas concentration decreased from 107 to 1.3x10°° mol-liter'l, yet in our

GIS the maximum span of ¥, was 214 — 366V that happened for Ar concentrations
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below 1.6x107 mol-liter’l, while for higher concentrations ¥, remained almost

unaffected.

Table 5.2. Room temperature V3 values of several gas types measured with our GIS
(AuNWs at the cathode).

Ar N;)_ Air 02

239V 321V 377V 495V

As shown in Figuer 5.7, the Paschen-like minima (i.e. (Vp)min , Pmin pair) of the
studied gases, occurred within the range of 0.3 < Py, < 0.5 torr (0.0396 < (P.d)min <
0.066 torr-cm). In fact, these values of (P.d)min measured by our GIS, are far less than the
typical (P.d)min values in uniform field conditions [30]. Table 5.3 illustrates a comparison
between the Py, values of the GIS obtained from the curves of Figure 5.7 and the typical

Pmin values obtained in uniform fields, considering the same gap distance of dgis = 132

ym (compare the 1% and the 3" rows).

Table 5.3. Comparison of the P values at which minimum ¥} is measured, between our
GIS and the standard Paschen curves obtained in uniform fields.

Puin of the GIS (P.Dmin Prin = (P.d)min /dcis  (torr)
(see Figure 5.7) uniform fields [30] 4
(torr) (torr.cm) uniform fields
Ar 0.30 0.90 68.2
N; 0.40 0.67 50.8
Air 0.40 0.57 43.2
0O, 0.47 0.70 53.0
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The irregular (¥, P) pair minima observed in the ¥, — P characteristics at certain low
concentrations, can also be ascribed based on the increase in w/a. Breakdown voltages
increased at very low pressures (below ~0.4 torr) because there were very few number of
gas molecules that could diffuse through the vents into the space between electrodes,
therefore higher voltages were required to trigger an avalanche breakdown.

In addition to Sensor #1, we tested 5 other GISs (#2, 3, 6, 8, and 9) in the breakdown
mode, among which only Sensor #2 displayed a breakdown characteristics superior to
Sensor #1. Moreover, Sensor #2 was successfully tested only in sub-torr argon. Figure
5.8 displays the resultant ¥, — P curves obtained with both polarities of the AuNW film
[133]. Similar to Sensor #1, the breakdown voltages were lower when the AuNWs were
at the cathode. ¥}, remained constant for P> 0.1 torr and increased at lower pressures. On
the other hand, Sensor #2 displayed a considerably lower V; for Ar in average, than

Sensor #1 (V2 =162 V vs. V3; =239 V).
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Figure 5.8 (after Banan-Sadeghian and Kahrizi in {133]). V), — P characteristic of
GIS (Sensor #2) in sub-torr argon, with both polarities of the AuNW film.
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The reason of such reduction can be described based on the different morphology of
the AuNW films incorporated in each of these sensors, noting that the gap distance is
almost identical for both GISs (see Table 4.1). SEM micrographs taken from the AuNWs
of Sensor #1 and Sensor #2 are presented in Figure 5.9. It can be seen that Sensor #2
contains longér AuNWs. The density of AuNW array is also less in Sensor #2, because

polystyrene microspheres where used to reduce the density of available pores.

Figure 5.9. SEM micrographs of the AuNW films incorporated in Sensors #1 and #2.
The substrate is tilted 45°. Note the difference in morphologies. Sensor #2 has longer
nanowires with larger separation and larger length distribution.

Knowing the length of AuNWs in these GISs (Table 4.1), we can calculate the ratio of

the field enhancement factors. From (2.39), we have

0.90 0.90
Bas: =[2.15+v,] :(2.15p+lAuNW|j 55)
Bos: \2.15+v, 2.15p +ljinwa

where foisi, Pois2 » launwi and ayww: are the corresponding field enhancement factors
and average nanowire lengths, and p is the average nanowire diameter, assumed to be the

same in both films (2p ~ 180 nm).
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By substituting the values /aynwi = 4.5 pm and /agnw2 = 12 gm from Table 4.1 into
(5.8), we find Bais2/ fois1 = 2.38 and from that, fgisa = 2.38%x37.9 = 90.2.

To compare with Sensor #1, we would expect a reduction in the breakdown voltages
measured by Sensor #2, proportional to the field enhancement factor ratios. In other
word, since the electric fields are 2.38 times higher at the AuNW tips of Sensor #2, Vp,
should be 2.38 times smaller than V;;. However, Vy;/ V2 =239/162 = 1.48.

Apparently, the reduction of the breakdown voltages (e.g. of argon in this case), could
not be quantified based on the ratio of field enhancement factors. In addition to the local
amplification of the electric field at the nanowire tips, the extent at which this field is
distributed should be taken into account. Figure 5.10 illustrates two different cases to
clarify the effect of extension of the enhanced electric field through the gap on the

breakdown behavior.
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Figure 5.10. Schematic illustration of the distribution of enhanced electric field in
the gap, where AuNWs have uniform lengths (at the left), and non-uniform lengths
(at the right).
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In general, oy denotes the Townsend’s first coefficient in the gap far from the AuNW
tips, where the field strength is the same as applied (Ej). At the vicinity of tips (shown by
halos), electric field is intensified (£;) and the primary electron generation rate takes a

different value (a;). Normally in the low field regime, « is an increasing function of

E/P. As a result, a; >> ay, and the electron multiplication factor, M =exp( _[ adx), is

determined by the greatest value (a;). When the nanowires have uniform lengths, as
shown at the left of Figure 5.10, £, is limited to Ax. In this case, the electron
multiplication factor can be roughly estimated as [adx = a;Ax. For the nonuniform
nanowires at the right of Figure 5.10, alternatively, we have [adx = Y. oyAx = 3y Ax.

We therefore conclude that if the nanowires have a wider distribution in their lengths,

electron impact ionization breakdown will require a lower applied field strength.
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5.1.3. PIC-MCC Simulations

We developed a Particle-in-Cell-Monte-Carlo-Collision (PIC-MCC) model to simulate
the discharge énd breakdown behavior in our GIS. Our model incorporated the OOPIC-
Pro computational tool, a widely used object oriented PIC code [134]. Since OOPIC-PIC
is essentially a 2-D simulator, the nanowire array was modeled by parallel rectangular
conductive sheets along the 3™ imaginary dimension (z) with unity length. The
contribution of primary electrons, secondary electrons, neutrals and ions to the discharge
was considered and the simulation was carried out in different pressures to obtain a
Paschen-like characteristic. At each pressure, the minimum voltage that led to formation
of a streamer from the nanowire tips was recorded as the corresponding V.

Figure 5.11 shows the 2-D phase space plots of electrons and Ar+ ions of the first
streamer at P = 5 torr. The nanowires were at a potential of V, = -350 V with respect to
the counter electrode. The streamer is formed at 7 = 42 nsec after the voltage was applied.
Table 5.4 represents the parameters used in simulation, where At is the time step, np2c is
the superparticle ratio, At;/At is the ion subcycle, v is the secondary electron factor per
incident positive ion to the cathode (a typical constant value), U, is the threshold ion
energy required for secondary electron emission (a typical value obtained from [135]),
Uy.max 15 the maximum allowed energy of the secondary electron, r, is the dielectric
reflection factor and & is the dielectric constant of the walls. For further explanation on

the PIC-MCC parameters, the reader may refer to [134].
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Figure 5.11. Phase space plots of electrons and argon ions of a streamer in our 2-D
model for the AuNW based GIS. The nanowires and the counter electrode are
separate equipotential boundaries, and the walls are dielectrics. y corresponds to the
gap spacing and x corresponds to the cell width, both are given in meters.

Table S.4. Parameters employed in our PIC-MCC model for the GIS.

Cell # of cells Launw
geometry %) (a2 (Ae=x/m ay=p/m) ) " Plom MG
Cartesien 1 mm, 100 gm,1m  m=300,n=100 25%5 (_0562,932;’5) 0.1-760 107
np2c At/ At ¥ U, Uy-max re &

for P < 10 torr: 107/760

for P> 10 torr:. Px107/760 10 12 12.5eV 20eV 0.5 1.0

Since the software does not include circuit implementation, when driving the model
with an ideal voltage source it can draw very large currents corresponding to increasing
power input. With that positive feedback (increasing current via increasing conductivity
of the plasma) it is very difficult to make a DC discharge with an ideal voltage source
[136].

Simulations were carried out for different pressures of argon. Figure 5.12 shows the

comparison between breakdown voltages of argon obtained in different devices with our
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PIC-MCC simulations. The ¥V, data of the Modi’s CNT based sensor was extracted from
the ¥, versus concentration curve of argon in Figure 3a of [19], and then mapped into

standard Paschen coordinates.
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Figure 5.12. Paschen curves of breakdown in Ar, obtained in different gas
ionization configurations, along with our PIC-MCC simulation results. The curve
for the parallel plate ionization cell was obtained from Petraconi et al. in [135].

Apparently, our AuNW-GIS exhibited a similar ¥}, vs. P-d characteristic as the CNT-
based sensor. The simulated breakdown voltages on the other hand, followed that of the
sensors for P-dy,, > 0.1 torrcm, but increased for the P-d,,, values below this range, as in
uniform field configurations (parallel-plate). We have included the results of a parallel-
plate ionization cell of Petraconi et al. [137] for comparison reasons. Such an
inconsistency is because our model lacks inclusion of secondary electron emission by
incident photons. Photo-ionization of the gas which occurs in conjunction with the other
secondary ionization processes is known to have a major impact on the breakdown

process in non-uniform fields [28, 29].
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5.2. Field Ionization Sensor

SEM studies showed abundance of nanoscale features on the AuNW tips of Sensors #4,
5,7, 10 and 11, originated from gold clusters that were formed during the impregnation
stage. The AuNW tips were also covered by a thin layer of alumina. In addition, the
AuNWs of Sensor #10 were terminated by sharp whiskers. All of these devises were
tested with the nanowires at the anode and exhibited exceptional low voltage field
ionization. The low voltage field ionization was explained based on a combination of
geometrical field enhancement and semiconductor-assisted field ionization effects and
the technique was employed to detect several gas types and measure their concentration.
In the following, we focus on the results obtained on Sensor #10, because of the highest
and most stable field-ion current obtained with this device. Any necessary comparisons
were made to Sensors #11 which had quite a different AuNW tip nanostructure.

Figure 5.13 represents the room temperature field-ion / — ¥ curves of helium at
different pressures. The measurements were carried out using Sensor #10, in a wide range
of pressure 0.01 < P < 100 torr (corresponding to concentrations of 5x107 < Cg < 5x107

mol-liter™").
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Figure 5.13. Room temperature field-ion / — V curves of helium, measured under
different pressures using Sensor #10. The curves identified by the corresponding
pressure (in torrs), are plotted in log-log coordinates to distinguish the four different
regimes: 1) Ohmic (pre-ionization), 2) Field-limited, 3) Intermediate and 4) Supply-
limited. As the field ion characteristic approaches the supply-limited regime, it
becomes ohmic and converges to the line with unity slope.

The curves exhibit four distinct zones as indicated by the block arrows. At zone 1,
where the field strength is less than the ionization threshold, current flows by the
movement of existing radiation-generated electron-ion pairs. The current density is
therefore determined by the speed at which carriers travel and corresponds to the ohmic
region of discharge explained by (2.3). In the ohmic region, og,s is almost independent of
the gas type and constant at similar ambient conditions (i.e. temperature, humidity and
amount of radiation). Note that the ohmic / — V characteristic always has a unity slope in

a full logarithmic scale, no matter how much the conductance is.
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When the voltage increases towards zone 2, the ionization is initiated in the field-
limited regime and the current increases sharply according to (2.74). As shown in Figure
5.14, field-limited current increases with gas pressure (or concentration, if a constant
temperature is stipulated). However, the increase is not quite proportional to P (or ¢,) as
predicted by (2.74), mainly because gas particle accommodation on the tip does not
follow the concentration far from it, and/or the effective ¢ increases upon the creation of
a multilayer of ad-particles [43, 138]. Note that (2.74) is valid only when the current

determined from it is much less than that given by (2.76).
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Figure 5.14. Helium ionization currents of Sensor #10 in the field-limited regime
at different pressures (in torr).

At intermediate fields (zone 3), the exact ionization mechanism is difficult to quantify.
A simplified case would be when the kinetic energy of gas particles rebounding to the tip
(3/2)kT, exceeds the polarization energy Vp. The particles will then escape the ionization

region and hoping trajectories from the AuNR shank can be neglected [43, 79]. In this
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case, particles approach to the ionization region only from the gas phase, where the
arrival rate is determined by the supply function of (2.77).

Zone 4 (V = 70V) corresponds to the supply-limited ionization regime. According to
(2.77), at a constant pressure, the supply function Y is proportional to E via Vp. Therefore,
the supply-limited characteristic given by (2.76) shows an ohmic behavior. In this
regime, as shown in Fig. 4, the log(J) vs. log (V) curves converged to the unity slope line
(dashed), which confirms the ohmic behavior similar to zone 1. Figure 5.15 shows the
supply-limited characteristics under different pressures. It seems that the supply-limited
current increases with gas concentration up to the point where it saturates due to

accumulation of space charge.
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Figure 5.15. Supply-limited ionization currents of helium at different pressures (in torr),
measured using Sensor #10.
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FI characteristics of Ar, He and N, were measured using Sensor #10. Figure 5.16
shows their 7 — ¥ curves at P = 0.01 torr. It is noticeable that these gases display quite
distinctive characteristics, particularly in the field-limited ionization regime. For instance
note the field-limited current values of these gases at V= 10 V shown at the table in inset
of Figure 5.16. According to (2.74), and consistent with its higher ionization potential
and low polarizability, helium displayed the highest threshold field as it entered the field-
limited regime at a higher voltage. The FI current was smaller for He as well, however,

the pre-ionization current was noticeably higher in He because of its higher mobility

compared to N and Ar.

1E-2 T
Field limited currents /r; [A] at V=10V
Ar N, He
6.4x10%  6.7x107  4.6x10%
1E-4
$ Ar
T
o 1E-6 -
Sove
— il
3 N2
O

1E-8 - ~ '\He
<X |
1E-10 . . .

0.1 1 10 100
Voltage [V]

Figure 5.16. Room temperature field ion / — ¥ curves of Ar, N,, and He, on a log-log
scale, measured at P = 0.01 torr using Sensor #10. The arrows indicate the

approximate ionization threshold points. The table at the inset shows the field-limited
ionization currents of the tested gases at V=10 V.
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As the voltage further increased, all of the three curves converged together in the
supply-limited regime, because in accord to (2.76), the current no longer depends on the
ionization energy Uj of the gases in this regime.”

The field-ion [ — V curves of Sensor #10 and 11, are presented in Figure 5.17 for
comparison. Both curves were obtained at similar conditions (helium, P = 0.01 torr, 7 =
22 °C). Two interesting observations were made: First, the currents at the pre-ionization,
field-limited and supply-limited regimes measured using Sensor #10, were about four
orders of magnitude higher than the corresponding currents of Sensor #11. The larger
current is attributed to a larger effective ionization area (~ /%) of the AuNW tips in
Sensor #10 and a greater number of ionization sites (whiskers). Second, both the field-
limited and supply-limited thresholds occurred at lower voltages in Sensor #11. This is
because the AuNWSs of Sensor #11 have sharper features at the edges of their tubular tips,
so that the value of f is higher compared to that of Sensor #10. Sharper edges can be
interpreted as smaller ionization areas which again reconfirms the first observation. The
sudden discharge observed in Sensor #11 at V' = 18V was due to creation of positive
corona or streamer that bridges the gap between the electrodes. As mentioned earlier, the
likelihood of avalanche discharge can be reduced by reducing the interelectrode spacing
d, because according to Townsend’s theory, the electron-impact multiplication factor

depends exponentially on d [28-30].

? The supply-limited current is however, proportional to (a,,/m)”z, but such a linear dependency is weak compared to
the strong exponential dependency of the field-limited current upon U,.

117



T —

1E-4 |
Field limited Supply limited

— 1E-6 - ' |
< \ ‘
E 1e-8 | Sensor #10
5 N
O breakdown

1E-10 - Field limited e

AN

1E-12 - Supply limited

Sensor #11 ‘
1E-14 . . '

0.1 100

1 10
Voltage [V]

Figure 5.17. Field-ion currents of 0.1 torr helium, measured by Sensors #10 and #11.The
threshold points of field-limited and supply-limited regimes are indicated by arrows.
Generation of positive corona led to an avalanche breakdown in Sensor #11 at V = 18V.
The SEMs show the corresponding AuNW tip nanostructure: Sensor #10 contains many
sharp whiskers and Sensor #11 contains tubular tips.

Literature reports a threshold field of E; = 6.33x10® V-cm™ for helium ionization using
a tungsten specimen [78]. In order to estimate the field enhancement factor of the
AuNWs in Sensor #10 and explain the enhanced ionization mechanism, we used the
threshold ionization voltage of helium taken from the first knee of the corresponding 7 —
V curve in Figure 5.16. (V; = 10V). At such a low threshold voltage, even if we assume
that the maximum possible local field is obtained at the ionization sites (i.e. whiskers at

the tips of AuNWs), that is the upper limit value given by

E=E,=V/[5, (5.9)
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an average value of , = 0.32 A is obtained for the radii of whiskers which is unrealistic
because it is even smaller than the atomic radius of gold (1.79 A) [139]. The conventional
field enhancement formalisms that incorporate the applied field in parallel-plate
structures such as the one given by (2.39), would predict astonishing geometries as well.
In the cylindrical configuration of Sensor #10 for instance, the applied field between the
electrodes is E,p, ~ 10V/100um = 1000 V-em'! (We assumed an average value of d =
100um for the gap distance of Sensor #10, as the exact value was not available (see
Table 4.1). This field strength must be amplified g = E,/E,,, = 6.33x10° times to
generate field ionization of helium. According to (5.7), a protrusion aspect ratio as high
as A.R. = 7.0x10% is required. This value appears to be far higher than the features
observed in the SEM micrographs at the insets of Figure 5.17. Therefore, the actual
fields at the ionization sites must be lower than expected. It is concluded that Sensor #10
and Sensor #11, field ionize gas particles at field strengths considerably lower than the
reported values on metal tips.

As discussed earlier, we suggest that the ionization is governed by tunneling into the
surface states of the residual anodic alumina scales, semiconductive in character, that
remain on the AuNW tips due to incomplete dissolution of PAA. Presence of the surface
states due to Al and Au contaminants [140], and band bending due to field penetration
[34], both inc;ease the effective work function at the surface of the semiconductor with
respect to the bulk value (Figure 2.13). As a result, field ionization in this case entails
lower fields than the values reported for field ionization on metal specimens, although the
penetrated field is reduced by a factor of 1/¢,. The exact values of @, ¢, Asand therefore,

E;, are difficult to quantify because there is no knowledge on the impurity concentration

119



of the amorphous alumina after dissolution in NaOH, nor on the nature and quantity of

the surface states.

5.3. Field Emission

In addition to the field ionization action, low-voltage electron field emission was
observed from the AuNWs of Sensors #4, 5, 7, 10 and 11, when they were negatively
biased. The resultant / — V characteristics were plotted in F-N coordinates and the effect
of ambient gas on the field emission current was studied. It was concluded that the
conduction mechanism is governed by SBFE emission.

Field emission currents of Sensor #10 were measured in helium atmosphere under
pressures of P = 0.01, 1, and 100 torr. Figure 5.18 displays the resultant / — V

characteristics in experimental F-N coordinates.

V-1 ' Onset of quasiballistic emission

In(I/V?) [In(AV?)]

1V [1V]
Figure 5.18. F-N plots of the emission currents of Sensor #10 obtained in helium under
different pressures: P = 0.01 torr (solid circle), P = 1 torr (triangle), and P = 100 torr
(square).
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According to (2.59), variations in the slope of an F-N plot Spx, reflect the changes in
the emission barrier height, which is the metallic workfunction ¢, in case of regular F-N
emission, or the effective Schottky barrier height ¢g,, in case of SBFE emission.

As seen in Figure 5.18 irrespective of the gas pressure, field emission is initiated at a
threshold voltgge of ¥; = 0.2 V. In addition, in the low field regime (V; < V 5 1 V) the
slopes did not vary with the gas pressure, suggesting that the height of the barrier through
which electrons tunnel is unaffected by gas ad-particles. The curves in the inset show a
magnified view of the F-N plots at the high field regime (¥ > 1 V). The turning points
indicate the onset of quasiballistic emission (at ¥ ~10 V) due to disappearance of the

Schottky barrier when the modified image force factor becomes greater than one [63, 67,

141]

Vepre =gl>1, (5.10)

where y is given by (2.44). The F-N equation no longer applies for over-barrier transport.

Both of the experimental observations — low threshold voltage and the fact that the
slopes are independent on the gas pressure — can be accounted for by SBFE emission
mechanism. Tunnelling experiments on thin alumina films have shown an asymmetric
potential barrier that can be interpreted in terms of the existence of an n-type
semiconductor phase with negative or close to zero electron affinity (y) [142-144].
Therefore, a Schottky barrier is created at the interface of gold and the residual alumina
on our nanowires. Upon applying a negative bias to the nanowires, a narrow depletion
region is formed at the junction, which in turn produces high local electric fields at the

interface. At the AUNW ends, because of the tip curvature, the SBFE is combined with
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the geometric field enhancement, causing electrons to tunnel the barrier, even under a
low bias 0f 0.2 V.

The nanoparticle aggregates at the tips act as so-called ‘supertips’ [115] and provide a
TSFE effect as discussed in section 2.2.1. We employed the formalism outlined in the last
paragraph of section 2.3.2 to estimate the overall value of g for the array of AuNWs. It is
imperative to note that in addition to the geometrical field enhancement, this value may
also include the enhancement effect of the applied field in the Schottky depletion region.
Using (2.38), (2.21), and the parameters shown in Table 5.5 (¢g, from [145] and m./mq
from [146]). we obtained an average field enhancement factor of g = 2.2x10% and a turn
on (threshold) applied field of E,,, = Vi/dgsp = 0.2V/100 pm = 2x10° V/um. To our
knowledge, th_is value of f is considerably higher than the highest values ever reported

earlier for structures pertinent to arrays of high aspect ratio nanowires or CNTs of

different kind [58, 60, 66, 73-75, 147-154].

Table 5.5. Parameters used in computing the 4 factor of AuNWs. Sgy is extracted from

the plots of Figure 5.18.
¢an (€V) me/my
Stw YV (V) Scig;‘l”s’ ()(ﬁln;#l)o gold-alumina interface alumina I g’i
[145] [146] alumina
=12 1-2 100 35 0.5 94

Apparently, as shown in the inset of Figure 5.18, the slope of the F-N plots, Sgn, in the
high field regime (particularly at V' 2 2), slightly increase prior to disappearance of the
barrier. According to (2.24), for an invariant ¢g,, Spy is inversely proportional to the field

factor ¢, and thus £. It is therefore concluded that the field enhancement effect decreases
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at high fields. Such a reduction, beyond any doubt, cannot be mainly due to accumulation
of space charge as predicted by Batrakov et al. [155] or the screening effect of positive
ions, because it is not a function of pressure. However, it can be attributed to the adverse

effect of gas eﬁcposure on the electron affinity of the semiconductor [156, 157]. As it can

be seen in the energy band diagram of Figure 2.6, if y, , becomes slightly positive,

electrons liberated from the Schottky barrier, cannot leave the semiconductor without
energy loss. The decrease in the apparent £, can therefore be accounted for by reduction
of the field emission current due to the increase in the electron affinity of the residual
alumina. Interestingly, field emission was not observed, when the template was immersed
into the NaOH solution for prolonged times, because the alumina was completely
dissolved (in Sensors #1, 2, 3, 6, 8, and 9). This experiment confirms the contribution of
the thin residual alumina scale, n-type in character, to the resultant / — V. We were not

equipped to directly measure ¥, . , by photoemission spectroscopy or any other similar

technique.

123



Chapter 6
Conclusions, Contributions and Future work

6.1. Conclusions and Contributions.

In this work, we fabricated and successfully tested a new generation of miniaturized
ficld-effect gas sensors that work by two different mechanisms: First, by fingerprinting
the ionization breakdown voltages, and second, by measuring the tunneling field-
ionization currents of the unknown gas species.

Freestanding arrays of gold nanowires were incorporated as field-amplifying elements
to reduce the gaseous breakdown voltages. Non-uniform electric fields generated at the
nanowire tips, not only hasten the breakdown process, but also decrease the dependence
of the breakdown voltage upon the gas concentration (pressure). As a result, the curves of
breakdown voltage against gas concentration were almost flat within a certain range.
Such a characteristic is desirable for an ionization gas sensor, in a sense that, the
discrimination of different gases can be performed irrespective of their pressure.

The effective field enhancement factor of the nanowires was estimated by operating
the sensor in the pre-breakdown dark discharge mode and comparing the currents with
that of a nanowireless parallel-plate cell. The aspect ratio of nanowires was computed and
the result showed good agreement with SEM observations. Because of the nature of the
field distribution in the gap, no quantitative relationship could be established between the

field enhancement factor of the nanowires and the breakdown voltage.
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We used a tailored version of the template-assisted electrochemical technique to
fabricate our freestanding gold nanowires. The technological hurdle of preventing the
nanowires from collapse was surmounted by reducing the number of template pores
available for electrochemical nucleation. Polystyrene microspheres were introduced into
the template pores in a controlled manner, thus blocking them partially.

To simulate the breakdown behavior in our sensor, a 2-D PIC-MCC model was
developed. The model successfully predicted breakdown voltages at pressures above a
certain value (Pdgyy 2 0.1 torrcm). The simulated breakdown voltages, increased at
lower pressures, as in uniform fields, because such a model does not take account of
secondary electron generation due to photoionization in the gap.

It was shown that a particular set of AUNW arrays were able to field-ionize several test
gases at exceptionally low voltages (sub-10V). In this case, the apparent field
enhancement factors were far higher that the values predicted from the nanowire
geometry. It was concluded that these AuNWs, while terminated with nanoscale features
at their tips, contained a residual amorphous alumina layer due to incomplete dissolution
of the template. Field penetration and band bending at the surface of this layer and the
existence of surface states, facilitate tunneling even if there is no inversion. The tunneling
probability in this case is increased compared to field ionization on metals, and the
threshold ionization voltage is considerably reduced. Presence of amorphous alumina was
confirmed by the surface Raman spectra.

The resulting distinct field-ion currents, at constant applied voltage, were used as

signatures to identify the unknown gas type. The 7 — V characteristic in the field-limited
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regime showed pressure dependence, though such dependence could not be precisely
quantified.

In addition, low-voltage electron field emission form the same set of AuNWs was
observed. The’ currents, gathered at different gas pressures, were plotted in Fowler-
Nordheim coordinates. The low tunneling threshold voltages, as well as the independence
of the current from gas pressure was described based on the Schottky barrier field
enhancement theory which confirms the presence of a semiconductive alumina layer on
the metallic tibs. An effective field enhancement factor for the AuNWs that includes the
contributions of both geometric and Schottky-barrier field enhancement effects, was
computed.

Upon successful fabrication, test and characterization of the proposed structure in
commercially available alumina templates, the first nanowire based gas ionization sensor
compatible with microelectronics is introduced. The contributions of this research are

summarized in the list below:

« Freestanding gold nanowires with aspect ratios as high as 180 were synthesized. In
order to avoid bundling and collapse of the nanowires, the density of the available
pores was reduced by partially blocking them, using polystyrene microspheres. We
also fabricated nanowires with nanoscale gold particles at their tips to boost the
electric field enhancement factor.

+ Gas ionization sensors were fabricated by incorporating the nanowire array films at

one of the electrodes of a parallel-plate ionization cell.
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Sensors containing regular gold nanowires were used to measure the breakdown
voltages of several gas species in a certain range of pressure. The breakdown
voltages obtained were reduced compared to uniform field conditions and did not
vary sig1;iﬁcantly with gas pressure.

The effect of electrode polarity on the pre-breakdown discharge current and the
breakdown voltage was studied. The breakdown voltages were smaller for the
cathode-AuNW device.

Sensors fabricated using nanowires with nanoscale features, displayed low-voltage
field-ionization. This phenomenon was employed as a second approach to identify
unknown gases.

The Schottky barrier field enhancement model was used in conjunction with
Fowler-Nordheim formalism to compute an effective value for the field

enhancement factor of the nanowires containing residual alumina scales.

6.2. Future Work

The concept of using arrays of micro- or nano-protrusions to detect gases based on their

ionization characteristics, can be explored further. Innovative devices can be developed,

that use advanced materials and modern nanolithography and nanopatterning techniques

to form more efficient field-intensifying elements. We suggest that the results of this

work be extended and investigated in following topics:

— Study the breakdown and ionization behavior of the GIS in gas mixtures.

— Towards detection of gas combinations, a number of GISs that contain nanowires

with different aspect ratios can be fabricated. These GIS, each sensitive to a
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particular gas type, can then be interconnected in an array to enable detection of gas
.mixtures.

— Deposit diamond as a robust NEA material on nanowire tips to develop Schottky
barrier emitter arrays, and study the effect of gas exposure on the field emission
current.

— Carefully investigate and quantify the semiconductor properties (e.g. electron
affinity) of the amorphous alumina remaining from PAA templates after treatment

with NaOH.
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