
   

A STUDY OF FIELD EMISSION BASED 

MICROFABRICATED DEVICES 

 
by 
 

Srividya Natarajan 
 

Department of Electrical and Computer Engineering 
Duke University 

 
Date: _______________________ 

Approved: 
 

___________________________ 
Professor Jeffrey T. Glass, Co-advisor 

 
___________________________ 

Professor Scott D. Wolter, Co-advisor 
 

___________________________ 
Dr. Brian R. Stoner 

 
___________________________ 

Professor April S. Brown 
 

___________________________ 
Professor Christopher B. Newgard 

 
Dissertation submitted in partial fulfillment of 

the requirements for the degree of Doctor 
of Philosophy in the Department of 

Electrical and Computer Engineering in the Graduate School 
of Duke University 

 
2008 



 

ABSTRACT 
 

A STUDY OF FIELD EMISSION BASED 

MICROFABRICATED DEVICES 

 
by 
 

Srividya Natarajan 
 

Department of Electrical and Computer Engineering 
Duke University 

 
Date: _______________________ 

Approved: 
 

___________________________ 
Professor Jeffrey T. Glass, Co-advisor 

 
___________________________ 

Professor Scott D. Wolter, Co-advisor 
 

___________________________ 
Dr. Brian R. Stoner 

 
___________________________ 

Professor April S. Brown 
 

___________________________ 
Professor Christopher B. Newgard 

 
An abstract of dissertation submitted in partial fulfillment of 

the requirements for the degree of Doctor 
of Philosophy in the Department of 

Electrical and Computer Engineering in the Graduate School 
of Duke University 

 
2008 

 
 
 
 
 
 
 



 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright by 
Srividya Natarajan 

2008 
 



 

iv 

Abstract 

The primary goals of this study were to demonstrate and fully characterize a microscale 

ionization source (i.e. micro-ion source) and to determine the validity of impact 

ionization theory for microscale devices and pressures up to 100 mTorr. The field 

emission properties of carbon nanotubes (CNTs) along with Micro-Electro-Mechanical 

Systems (MEMS) design processes were used to achieve these goals. Microwave Plasma-

enhanced CVD was used to grow vertically aligned Multi-Walled Carbon Nanotubes 

(MWNTs) on the microscale devices. A 4-dimensional parametric study focusing on 

CNT growth parameters confirmed that Fe catalyst thickness had a strong effect on 

MWNT diameter. The MWNT growth rate was seen to be a strong function of the 

methane-to-ammonia gas ratio during MWNT growth. A high methane-to-ammonia gas 

ratio was selected for MWNT growth on the MEMS devices in order to minimize growth 

time and ensure that the thermal budget of those devices was met.  

 

A CNT-enabled microtriode device was fabricated and characterized. A new aspect of 

this device was the inclusion of a 10 micron-thick silicon dioxide electrical isolation 

layer. This thick oxide layer enabled anode current saturation and performance 

improvements such as an increase in dc amplification factor from 27 to 600. The same 3-

panel device was also used as an ionization source.  Ion currents were measured in the 3-

panel micro-ion source for helium, argon, nitrogen and xenon in the 0.1 to 100 mTorr 

pressure range. A linear increase in ion current was observed for an increase in pressure. 

However, simulations indicated that the 3-panel design could be modified to improve 
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performance as well as better understand device behavior. Thus, simulations and 

literature reports on electron impact ionization sources were used to design a new 4-panel 

micro-ion source. The 4-panel micro-ion source showed an approximate 10-fold 

performance improvement compared to the 3-panel ion source device. The improvement 

was attributed to the increased electron current and improved ion collection efficiency of 

the 4-panel device. Further, the same device was also operated in a 3-panel mode and 

showed superior performance compared to the original 3-panel device, mainly because of 

increased ion collection efficiency.  

 

The effect of voltages applied to the different electrodes in the 4-panel micro-ion source 

on ion source performance was studied to better understand device behavior. The validity 

of the ion current equation (which was developed for macroscale ion sources operating at 

low pressures) in the 4-panel micro-ion source was studied. Experimental ion currents 

were measured for helium, argon and xenon in the 3 to 100 mTorr pressure range. For 

comparison, theoretical ion currents were calculated using the ion current equation for the 

4-panel micro-ion source utilizing values calculated from SIMION simulations and 

measured electron currents. The measured ion current values in the 3 to 20 mTorr 

pressure range followed the calculated ion currents quite closely. A significant deviation 

was observed in the 20-100 mTorr pressure range. The experimental ion current values 

were used to develop a corrected empirical model for the 4-panel micro-ion source in this 

high pressure range (i.e., 3 to 100 mTorr). The role of secondary electrons and electron 

path lengths at higher pressures is discussed.  
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1 .  I n t r o d u c t i o n  a n d  B a c k g r o u n d  

1.1 Goals 

The principal goal of this study was to demonstrate and fully characterize a miniature 

ionization source. The field emission properties of carbon nanotubes (CNTs) along with 

Micro-Electro-Mechanical Systems (MEMS) design processes were used to achieve this 

goal. The first step in achieving this goal was to optimize the CNT growth process within 

constraints imposed by the MEMS devices. The next step was the demonstration of an 

on-chip CNT-enabled ionization source. Once proof of concept was established, the 

design was improved upon to enable a better understanding of the device. The behavior 

of the ion source was analyzed in order to develop a conceptual model of ionization in the 

miniature ion source. Engineering issues were explored to provide the ion source with 

useful attributes for integration with a miniaturized mass spectrometer, which is one of 

the primary applications. 

 

1.2 Motivation 

Mass spectrometry is a technique that is widely used to determine the composition of gas 

and liquid samples and identify the compounds in such samples. Its applications range 

from medical and space research to forensics. Lack of portability combined with high 

cost and power consumption are the common limitations of conventional mass 

spectrometers.  The cost of conventional mass spectrometers generally starts at $150,000 

and can extend well beyond $1,000,000. Miniaturizing a mass spectrometer is expected 
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to reduce its size and cost by 100x, and power consumption by 10x, thus enabling the use 

of mass spectrometers in many new applications ranging from chemical warfare agent 

detection to biomedical diagnostics.  Microfabrication is a powerful and versatile 

processing approach which can be used to achieve significant miniaturization. One of the 

principal components of a mass spectrometer is the ionization source. The main goal of 

this study is to demonstrate and analyze the operation of a microfabricated ionization 

source. Further, the miniature ion source can also be used in applications such as 

miniature pressure gauges and x-ray sources.    

 

A fortuitous benefit of mass spectrometer miniaturization is its ability to operate at higher 

pressures.  This is a direct result of the reduced characteristic length of the miniature 

mass spectrometer. The characteristic length is the average distance traveled by an 

analyte before being detected and is on the order of a meter for a typical mass 

spectrometer. For effective detection, the mean-free path of the analyte in the instrument 

should be greater than the characteristic length. This requirement ensures that the ionized 

gas species follow the applied electric and magnetic fields, rather than being affected by 

collisions with other molecules. Since the mean free path of a gas is inversely 

proportional to the operating pressure, typical mass spectrometers operate in the high 

vacuum range to ensure that the mean free path of the analyte gas is larger than the 

characteristic length.  Miniaturizing a mass spectrometer would allow analyte detection in 

a smaller distance, which means that the mean free path can be much smaller compared 

to a conventional mass spectrometer. Thus, the miniature mass spectrometer can be 



 

3 

operated at higher pressures, for example, in the 1- 100 mTorr range. Another advantage 

of miniaturization is that higher pressure operation relaxes the pumping requirements of 

the instrument, thereby enhancing ease of use.  

 

 

1.3 Mass Spectrometry: Basic Concepts  

The three principal components of a mass spectrometer are the ionization source, mass 

separator and ion detector. As the name suggests, the ionization source is used to ionize 

the analyte gas. The mass sensor (also referred to as mass analyzer) can work in several 

ways to separate the ionized species. In a magnetic sector mass spectrometer, the analyte 

is first ionized by an ionization source, after which the ionized species are separated 

based on their mass-to-charge ratio, and then detected. Advantages of a magnetic sector 

mass sensor include high reproducibility, resolution, and sensitivity. Limitations include 

larger size and higher cost compared to other mass sensors. Nonetheless, they are a 

popular choice for many applications. Figure  1.1 shows a schematic of a magnetic sector 

mass spectrometer. The mass separation is achieved by accelerating the ions through a 

magnetic field. As shown in Figure  1.1, the ions follow different trajectories depending 

on their mass-to-charge ratios and strike the detector at different positions. Based on a 

count of different ions at different positions, a spectrum of the number of ions versus 

mass to charge ratio can be generated. The novel aspects of the device being discussed 

here are its size, low power consumption, lower cost and weight. 
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Figure  1.1: Schematic diagram of a magnetic sector mass spectrometer 
 

1.4 Carbon Nanotubes: Physical and Electrical Properties 

Carbon nanotubes were discovered by Sumio Iijima [1] in 1991 and have since then been 

the subject of intense investigation and have shown promise in many fields [2]. They can 

be thought of as rolled-up sheets of graphene, with diameters ranging from 1-100nm. 

They range from a few microns to a few mm in length. Thus, they have very high aspect 

ratios, leading to enhanced localized electric fields at the nanotube tips under an applied 

bias [3]. Field enhancements on the order of 100-1000 are expected [4]. Nanotubes are 

also mechanically robust and stable at high temperatures. For these reasons, carbon 

nanotubes are excellent field emission cathodes with turn-on fields as low as 1 V/µm [2]. 

Field emission current densities as high as 4 A/cm2 have been reported for CNTs [5]. 

These findings suggest that carbon nanotubes can be used in the construction of electron 

impact ionization sources. Carbon nanotubes can be semiconducting or metallic, 

depending on their diameter and structure. They can also be classified as single-walled or 

multi-walled depending upon the number of concentric cylinders in their structure [1]. 

Vertically aligned multi-walled nanotubes (MWNTs) were used in this study for reasons 
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that will become clear in the following sections. 

 

1.5 MEMS Platform 

In 2002, C. Bower and colleagues reported the design and performance of an on-chip 

microtriode using carbon nanotube field emitters [6, 7]. Micro-electro-mechanical 

systems (MEMS) design and fabrication principles were used to construct the 

microtriode. This allowed construction of a lateral electron source on a silicon surface via 

the use of “flip up panels”. All electrodes consisted of polysilicon panels which were 

initially buried under a sacrificial oxide layer. The oxide was etched away to “release” 

the panels. Details about MEMS device fabrication and assembly are provided in Section 

 3.2. Once the oxide is etched away, carbon nanotubes were selectively deposited onto the 

cathode. Subsequently, the electrode panels were rotated into vertical positions by the use 

of micro-scale hinges and locked in place. The MEMS platform provides a wide variety 

of possible designs for development of a highly versatile microfabricated ion source. The 

present study builds upon much of the work carried out on the microtriode device. The 

operation of the microtriode is discussed in detail in Chapter  3. 

 

1.6 Research Objectives and Dissertation Scope 

The main objectives of this study were: 

• Optimize CNT growth to enable the on-chip microtriode to achieve stable operation.  

• Generate ion currents in nA to µA range for pressures in the 0.1 to 100 mTorr range.  

• Predict/identify electron and ion trajectories in the device and determine their effect on 
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ion current.  

• Measure and analyze ion currents generated from various gases.  

• Compare ion currents obtained in the miniature ion source to ion current values 
predicted for macro-scale ionization sources.  

• Develop a model to explain the behavior of the miniaturized ionization source for a 
range of gases and pressures. 

 

The dissertation is organized as follows. Chapter  2 discusses the growth of carbon 

nanotubes by Microwave Plasma-enhanced Chemical Vapor Deposition (MPECVD). A 

brief history of the MPECVD process is provided first, followed by a discussion of the 

general operating procedure and physical processes operative for CNT growth by 

PECVD. A description of the MPECVD system and procedures used in this study are 

then given. The chapter then presents the details of a 4-dimensional parametric study of 

the various process factors that control CNT growth and the conclusions obtained from 

the parametric study.  

 

Chapter 3 focuses on the fabrication and characterization of the field emission-based 

vacuum microtriode. The chapter begins with an introduction to field emission and 

vacuum triodes. Background information on various microfabrication processes involved 

in the MEMS device is provided in this chapter. A description of the various steps 

involved in the assembly of the microtriode devices is presented next. The measurement 

system used to characterize the vacuum microtriode is then described. A discussion of the 

field emission properties and operating characteristics of the microtriode is then 

presented. One of the novel aspects of the microtriode device is the inclusion of a 10 
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micron-thick silicon dioxide electrical isolation layer which led to improved device 

performance, compared to an earlier device. 

 

Chapter 4 deals with the design and simulation of field emission-based micro-ionization 

sources. The chapter begins with a short introduction to common ionization methods and 

sources. The operation of the field emission-based microtriode (3-panel device) as an ion 

source is then presented. This is followed by a description of SIMION [8] simulations of 

electron and ion paths in the 3-panel micro-ion source. Electron impact ionization 

literature and SIMION simulation results led to improved designs for the micro-ion 

source and this discussion is presented next. Finally, simulations of electron and ion paths 

in the new and improved microscale 4-panel design are presented in the concluding 

section of Chapter 4. 

 

Chapter  5 deals with the characterization of field emission-based micro-ionization 

sources. The chapter begins with a description of the test and measurement system that 

was used to characterize the micro-ion sources. Results obtained in the original 3-panel 

micro-ion source and the new 4-panel micro-ion source are presented. These devices are 

believed to be the first on-chip, lateral, electron impact ion sources.  

 

Chapter  6 presents a detailed analysis of the operation of the 3-panel and 4-panel micro-

ion sources.  The various factors that affect ion currents in both designs are examined. 

The performances of the ion sources are analyzed and the factors affecting ion current, 
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such as ion collection efficiency and electron current are used to explain the superior 

performance of the 4-panel micro-ion source. A modified design for the 3-panel micro-

ion source was also tested and the reasons for its improved performance are explained. 

Further, the effects of the voltages applied to the electrodes of the 4-panel micro-ion 

source are analyzed in order to understand its behavior.  

 

In Chapter  7, the validity of the ion current equation (originally developed for macroscale 

ion sources) at the microscale is tested. Ion currents measured for helium, argon and 

xenon in the 0.1 to 100 mTorr pressure range are compared to values calculated using the 

ion current equation. While a small deviation from calculated values was observed at 

lower pressures, this deviation became significant for pressures greater than 20 mTorr. 

An empirical model for the ion currents measured in the 4-panel micro-ion source is 

presented.  

 

Chapter  8 presents the summary and main conclusions of this study. Future directions and 

work needed to further understand the behavior of ion sources at the microscale are 

identified. Suggestions to improve the efficiency of the micro-ion sources are also 

presented. 
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2 .  G r o w t h  o f  Ve r t i c a l l y  A l i g n e d  M u l t i -
Wa l l e d  C a r b o n  N a n o t u b e s  b y  M i c r o w a v e  
P l a s m a - E n h a n c e d  C h e m i c a l  Va p o r  
D e p o s i t i o n  

 

This chapter describes the growth of vertically aligned MWNTs by Microwave Plasma 

Enhanced CVD. It begins with a brief review of the physical properties of carbon 

nanotubes. This is followed by an introduction to Plasma-enhanced CVD (PECVD), the 

chosen method of CNT growth in this study. The general procedure and growth 

mechanism for CNT synthesis by PECVD are presented next. The experimental section 

focuses on the 915 MHz Microwave Plasma-enhanced CVD reactor used in this study. 

The results of the growth process are then presented. A 4-dimensional parametric study 

undertaken to explore and better understand the process factor space and resultant 

response data forms the next section. The chapter concludes with the results of the 

parametric study. 

 

2.1 Types of carbon nanotubes 

 
Diamond and graphite are two of the most well-known forms of carbon.  Graphene, 

sometimes referred to as the 2-d form of graphite [9], is defined as “a single layer of 

carbon atoms densely packed into a benzene-ring structure” [9]. Carbon nanotubes can be 

thought of as rolled up sheets of graphene with diameters in the 1-100 nm range. Single-

walled carbon nanotubes (SWNTs) are 1-2 nm in diameter and consist of a single 

cylinder of a rolled-up graphene layer, while multi-walled carbon nanotubes (MWNTs) 
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are 5-100 nm in diameter and are made up of multiple cylinders of rolled-up graphene 

sheets. MWNTs can have one of two different structures. The first one consists of 

concentric cylinders, where a smaller diameter cylinder is surrounded by a slightly larger 

cylinder and so on [1] as shown in Figure 2.1(a). In the second type, each MWNT is 

made up of many, conical sections and this structure is referred to as the bamboo 

structure [10]. Each conical section itself consists of tubes of carbon surrounded by larger 

cylinders as shown in Figure 2.1(b). 

 

2.2 Introduction to carbon nanotube growth by Plasma 
Enhanced Chemical Vapor Deposition  

2.2.1 Introduction to Plasma Enhanced Chemical Vapor Deposition 

Carbon nanotubes have been synthesized by a variety of methods over the years 

including arc discharge [11], laser ablation [12], thermal chemical vapor deposition 

(CVD) [13]  and plasma enhanced chemical vapor deposition (PECVD) [14].  

 

Chemical Vapor Deposition (CVD) is a process where two or more gases react to create a 

material generally in the form of a “thin film”. CVD processes can be classified 

depending on the source of energy that drives the reaction. For example, in thermal CVD, 

the chamber/substrate is heated to initiate the reaction. In contrast, Plasma Enhanced 

CVD (PECVD) uses a plasma, with or without substrate heating, to drive the reaction. 

This is advantageous in cases where high temperatures are not compatible with certain 

substrates/processes and was in fact the reason for the development of PECVD [15]. 
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(a) TEM image of concentric-type MWNTs 
with 5, 2 and 7 tubes, respectively [1] 

 

(b) TEM image of MWNTs with bamboo 
structure [4] 

Figure  2.1: TEM images of different types of MWNTs 
 

The electromagnetic radiation used to create the plasma excites and dissociates the source 

gases to create ions and electrons. This enhances the growth rate without increasing the 

growth temperature as would be required in thermal CVD. PECVD has become a 

versatile deposition technique used to deposit various conducting, semiconducting and 

dielectric films. 

 

Thermal CVD has been one of the popular methods for CNT growth in recent years. In 

thermal CVD, the reactant, for example methane, along with a transition metal catalyst, 

such as Fe, is heated to temperatures in the 800-1000 °C range to produce CNTs. 
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Thermal CVD is suitable for applications such as electronic devices, sensors and field 

emitters that require selective CNT growth on patterned surfaces [16-18].  

 

2.2.2 Growth of carbon nanotubes by Plasma Enhanced Chemical 
Vapor Deposition 

 
Advantages of PECVD for CNT growth 

PECVD is used to grow metallic, semiconducting and dielectric films by the 

microelectronics industry. Gas phase excitation and dissociation of the reactants, enabling 

growth at low temperatures is the main advantage of PECVD for these processes. In 

contrast, gas-phase dissociation of the reactants is not necessary for the growth of carbon 

nanotubes. In fact, high temperatures leading to pyrolysis of the reactants are avoided 

during the growth of CNTs by thermal CVD. This is because reactant dissociation occurs 

at the surface of the catalyst particle, where the carbon necessary for CNT growth is 

produced. The ability of the plasma to create many stable carbon-containing species is 

one of the main advantages of using PECVD for CNT growth. These stable species 

dissociate at lower temperatures on the catalyst surface than the original reactant [15]. 

Thus, PECVD enables lower growth temperatures than thermal CVD. In addition, 

vertical alignment of CNTs is associated with PECVD, and the electric field in the 

plasma is thought to be responsible for this alignment [19]. This may be the single most 

important reason for the extensive use of PECVD to grow CNTs. 
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Introduction to the PECVD Growth Process 

Reactors using microwave and RF sources as well as dc plasma reactors have been 

investigated for PECVD. The wafer with a catalyst film on its surface (hereafter referred 

to as the substrate) is heated by a thermal source usually placed below the substrate 

holder. The chamber is grounded for electrical safety and to avoid charging (which could 

impact the plasma characteristics). The substrate is placed in the reactor and the chamber 

is evacuated to ensure a contaminant-free growth environment. The substrate is then 

heated to the required temperature and the feedstock is introduced. The gas is allowed to 

build up to the required growth pressure and the plasma is ignited at this point. After the 

required period of growth, the reactor power, heater and gas flow are turned off, and the 

chamber is evacuated. The chamber is allowed to cool down to 300 °C, before exposing 

the CNTs to air to reduce the risk of contaminating them. 

 

Methane, ethane and acetylene are the most common hydrocarbon sources used in 

PECVD of CNTs [15]. The plasma is extremely efficient at producing reactive species of 

these hydrocarbons, and using undiluted forms of these sources can lead to the deposition 

of amorphous carbon on the substrate. This can be a major issue for many applications, 

such as those based on field emission from CNTs, since the presence of amorphous 

carbon can significantly change the properties of the CNT film. To avoid this, these gases 

are typically diluted with hydrogen or ammonia during growth. Transition metals such as 

Fe, Ni, Co and Mo have been used as catalysts for CNT growth [15]. These metals can be 

applied onto the substrate from solutions or deposited directly on the substrate by vapor 
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deposition techniques. Solution-based catalysts, while being popular in thermal CVD, are 

time-consuming to prepare and are not the best choice for patterned catalyst areas. On the 

other hand, deposition techniques such as sputtering, electron beam evaporation and 

thermal evaporation are fairly quick, ideally suited for small patterns, and lend a high 

degree of reproducibility to the process. Typically, 1-20 nm of the catalyst film is 

deposited on the substrate. The thickness of the film is found to dictate the diameter of 

the resulting CNTs [10, 14]. It has also been found that the catalyst must be in the form of 

nanoparticles at the time of growth, rather than a smooth continuous film. So, the 

substrate is subjected to a hydrogen plasma or an inert gas plasma and the resultant ion 

bombardment is believed to help break up the smooth film into discrete nanoparticles 

[15]. CNT growth rates for films deposited using PECVD techniquers range from 0.5 - 6 

µm/min during the initial 3-20 minutes. Typically, this period of fast growth is followed 

by a sudden drop in growth rate [15]. Catalyst poisoning where the catalyst particle is 

entirely covered by amorphous carbon is thought to be responsible for stopping or 

significantly slowing CNT growth. 

 

 

Growth mechanism 

The growth of CNTs on a catalyst surface by PECVD is similar to the deposition of a thin 

film on a substrate. The main steps involved in CNT growth by PECVD are as given 

below [15, 20]. Any of these steps may be the rate-limiting step in a particular system, 

depending upon the temperature, pressure, etc. of the reaction. 
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1. Diffusion of reactants through a boundary layer to the substrate 

2. Adsorption of reactants onto the growth surface 

3. Surface reactions leading to film growth and byproducts 

4. Desorption of product species 

5. Diffusion of product species through the boundary layer into the bulk stream 

 

The plasma may help increase the rate of reaction in step 2 by dissociating the reactant 

and lowering the activation energies of reactions in step 3. For CNT growth on catalyst 

particles, Step 3 can be broken down into three different parts: the diffusion of carbon 

into the catalyst particle, saturation of the catalyst particle with carbon and precipitation 

of carbon in the form of CNTs. Ion bombardment of the substrate surface may also help 

with the diffusion of carbon into the catalyst particle in step 3 and further with the 

desorption in step 4. While many studies have been done to determine the rate controlling 

steps in thin film growth of silicon, silicon nitride, diamond, etc, this has not been the 

case for CNT growth [15]. Studies on carbon filament growth in the 1970s discuss the 

steps mentioned above and have provided much of the understanding of growth 

mechanisms in CNT growth [21, 22]. Carbon filaments are quite similar in structure to 

CNTs although significantly larger.  Each filament consists of a cylinder whose diameter 

is on the order of a 100 nm [21, 22]. The size of the catalyst particle is believed to 

determine if a carbon filament is formed or a CNT  [21, 22]. 
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The reactant, for example, methane, dissociates on the surface of the catalyst and releases 

carbon, which diffuses into the catalyst particle. As this continues, the catalyst particle 

becomes supersaturated with carbon and the carbon precipitates out in a crystalline, 

tubular form. Depending upon the adhesion of the catalyst particle to the substrate, two 

different scenarios are possible. If the catalyst particle is well-bonded to the surface, the 

carbon precipitates out from the top of the catalyst particle and the growth continues with 

the catalyst firmly bonded to the substrate. This is called the base growth model, because 

the catalyst particle is found at the base of the tubular structure [21, 22]. If the catalyst 

particle is not firmly attached to the substrate, the carbon precipitates out from the bottom 

of the particle, and lifts the particle off the substrate. As the filament grows it carries the 

particle higher and higher. This model is the tip growth model, since the catalyst particle 

rests on the tip of the filament. Catalyst particles have been observed at the tips and bases 

of CNTs and it is believed that these two models apply,as an extension of the carbon 

filament growth model, to CNT growth [17, 23]. 

 

C. Bower and colleagues reported the nucleation and growth of MWNTs using MPECVD 

in 2000 [14]. A silicon wafer was used as the substrate with a sputtered cobalt layer 

functioning as the catalyst for nanotube synthesis. The substrate was heated in a hydrogen 

atmosphere to 825 °C and a plasma was ignited. At this point NH3 was introduced 

followed in a few minutes by C2H2. The authors noted that the cobalt film broke up into 

small nm-sized islands prior to nanotube growth. They reported a direct correlation 

amongst the cobalt film thickness, the size of the cobalt islands and the nanotube 
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diameters. The thicker films resulted in bigger islands, and hence, larger nanotube 

diameters. The authors also proposed a constant mass deposition rate of carbon for each 

nanotube. They used it to explain why smaller diameter nanotubes have a higher growth 

rate compared to larger diameter nanotubes. They also reported that the growth rate was 

nominally 100 nm/s during the initial 2-3 minutes, but rapidly decreased thereafter. The 

authors hypothesize that this was a result of the catalyst particles being gradually 

encapsulated by carbon layers, thereby poisoning them. This would mean that no more 

catalyst sites would be available for carbon species to diffuse into. These findings have 

been reported by other groups using MPECVD [15]. 

 

The role of the plasma in the alignment of MWNTs was investigated in an earlier 

publication by the same group of authors [19]. They found that the MWNTs were aligned 

perpendicular to the growth surface during MPECVD, as seen in Figure  2.2, irrespective 

of the shape and placement of the growth surface. Thermal CVD yielded randomly 

oriented MWNTs under similar conditions. Hence, they conclude that the plasma 

environment is responsible for the alignment of the MWNTs. They proposed that the self-

bias potential of the high frequency plasma creates an electric field, with the field lines 

terminating normal to the substrate surface. The nanotubes grow and align themselves 

parallel to the field lines, since that would be the energetically favorable orientation. 

Similar behavior was observed by Poncharal et al. in their studies on electrostatic 

deflections of CNTs [24]. The authors estimate the self-bias potential for this process to 

be around 10 V and an electric field of about 0.10 V/µm, normal to the substrate surface. 
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Figure  2.2: SEM image showing the growth of MWNTs perpendicular to the substrate [19] 
 

The self-bias potential is proportional to the mass of the ions in the plasma [20]. Thus, the 

use of a heavier reactant such as ammonia results in a greater self-bias potential and a 

stronger electric field compared to systems that use a lighter reactant such as hydrogen in 

the plasma. This makes MPECVD and the use of ammonia, as a process gas, excellent 

choices for the synthesis of vertically aligned nanotubes. 

 

B. Stoner and colleagues reported the growth of aligned MWNTs by MPECVD and 

proposed a growth model for their process in 2000 [10]. The substrate used in that study 

was silicon with a 100 nm-thick oxide layer functioning as a diffusion barrier on top of 

which the catalyst was sputter-deposited. The growth process itself was similar to that 

described earlier [7] though the carbon source used in the study by Stoner et al. was 

methane.  
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Figure  2.3: TEM image showing the tip of one MWNT and bamboo structure [10] 
 

 

Transmission electron microscopy (TEM) studies of the MWNTs revealed a periodic 

bamboo-like arrangement with a succession of hollow conical structures, as shown in 

Figure 2.3. Based on this periodicity, the authors hypothesized a continuous growth and 

re-nucleation process. They further suggested a correlation between the length of the 

conical sections and the time between re-nucleation events. The authors also found that 

the length of the conical sections increased as they increased the partial pressure of 

methane in the growth process. 
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2.3 Experimental Procedures 

2.3.1 Growth system description 
 
A 915 MHz microwave plasma enhanced chemical vapor deposition reactor with a 10 

kW power supply was used in this study. A schematic representation of the system is 

given in Figure  2.4. The microwaves generated at the magnetron were transmitted 

through a waveguide into the deposition chamber. Attached to the opposite wall of the 

chamber was a sliding short that reflected the transmitted microwaves back into the 

chamber. A standing wave was created as a result of the interaction between the incident 

and reflected waves, resulting in an electric field across the top and bottom walls of the 

chamber. This electric field ionizes the gas in the chamber, resulting in the formation of a 

plasma. Any energy that was not absorbed by the plasma propagated to a dummy load 

which was continuously cooled by water. The external load was matched to the internal 

resistance of the power supply with the aid of four tuning stubs. The substrate holder was 

a fused quartz plate approximately 2.4 inches in diameter. A graphite coil placed just 

below the quartz plate was used to radiatively heat the substrate. A thermocouple that 

was in contact with the heater enclosure was used to monitor the temperature. Cold water 

was used to continuously cool the chamber during growth and cool-down periods. A 

multi-channel gas flow and pressure controller was used to regulate the flow of process 

gases and monitor pressure during growth. A silicon wafer coated with a 5 nm thick iron 

catalyst film was used as the substrate. An electron-beam deposition system 

(manufacturer-Angstrom Engineering, Ontario, Canada) was used to deposit the iron film 

onto the Si substrate. The chamber was pumped down to 10-6 Torr before iron deposition. 
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The iron layer was deposited at a rate of 2A/second and the deposition took 

approximately 25 s.   

2.3.2 Growth process description 
 
Once the substrate was placed on the substrate holder, the system was evacuated to 

approximately 10 mTorr. A recipe similar to the one reported by Stoner and colleagues  

 

Figure  2.4: A schematic diagram of the 915 MHz MPECVD system used in this study for 
the growth of vertically aligned MWNTs 

 

was used [10]. The chamber was heated to about 850 °C in 100 sccm of ammonia. When 

the temperature reached 850 °C, the plasma was ignited and the pressure of the 

deposition chamber was gradually allowed to reach 21 Torr, which was the operating 

pressure for a plasma power of 2.1 kW. This was the pretreatment step and lasted 1-5 
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minutes. The purpose of this step was to transform the smooth iron catalyst film into 

discrete islands to serve as nucleation sites for the nanotubes. After pretreatment, 

methane (the hydrocarbon source) was introduced. Typically, CNT growth began within 

5-10 seconds after the introduction of methane and the growth of a thin black film on the 

substrate could be observed with the naked eye through the chamber window. After the 

required growth period, the microwave power, pressure and gas flow were all turned off, 

and the chamber was evacuated. The substrate was then allowed to cool down to about 

200 °C. The chamber was then purged using argon/nitrogen and brought to atmospheric 

pressure. The purge cycle as well as the exposure of the MWNTs to the atmosphere could 

not be done any earlier (at a higher temperature) since that would introduce the risk of 

contaminating the MWNTs. The MWNTs were characterized by Scanning Electron 

Microscopy (SEM) and Transmission Electron Microscopy (TEM). 

 

2.3.3 CNT growth characterization and results 
 
The smooth Fe catalyst film on the substrate was transformed into nanoparticles after 

pretreatment as shown in Figure 2.5(a). The nanoparticles ranged in size from 25 to 90 

nm for a catalyst thickness of 50 ºA. Figure 2.5(b) shows a cross-sectional view of the 

substrate after just a few seconds of growth. It can be seen that a few MWNTs have just 

nucleated and started to grow. Vertically aligned MWNTs approximately 10μm in length 

were grown in a typical 1-minute long growth run, as shown in Figure 2.5(c). The 

diameters of the MWNTs ranged from 30 to 100 nm. The density of the MWNTs was 

found to be in the 1010 cm-2 to 1011 cm-2 range. Fe catalyst nanoparticles can be observed 
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inside the MWNTs near the substrate in Figure 2.5(d). Thus, the growth mechanism for 

this process appears to be base growth, where the catalyst particle stays attached to the  

(a) Fe catalyst nanoparticles after pretreatment 

 

(a) Cross-sectional view of catalyst 
nanoparticles and a few MWNTs just beginning 

to grow 

(c) Vertically aligned MWNT film after a 1 
min. growth run 

(d) High-resolution of SEM image of MWNT 
film 

Figure  2.5 : SEM images showing various stages of MWNT growth 

 

base of the MWNT as well as the substrate. A TEM image of the MWNTs is shown in 

Figure 2.6. The periodic bamboo structure reported by Stoner and colleagues [10] was 

seen. 
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Figure  2.6: TEM image of MWNTs showing bamboo structure. Also seen is the tip of one 
MWNT. 

 

2.4 Four-dimensional parametric study of MWNT growth by 
MPECVD 

 
Various growth process parameters such as temperature, pressure, process gas flow, etc. 

can be used to tune the physical and electrical properties of MWNTs. This 4-dimensional 

study focuses on growth temperature, the ratio of methane to ammonia during growth, 

pretreatment time and catalyst thickness. The effect of these parameters on MWNT 

growth was studied by measuring MWNT diameter and growth rate. 
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2.4.1 Design of Experiments 
 

Design of Experiments (DOE) provides a powerful method to study the effect of various 

process parameters on response variables using strategically chosen experiments [25]. It 

is a tool that is frequently used in the industry to efficiently gauge the effect of multiple 

parameters on the growth process responses. First, the parameter space is defined using 

values available in the literature, or ideally, the history of the system being studied.  The 

process parameters are the independent variables and are referred to as factors.  The 

dependent variables, measured after the completion of each experiment, are referred to as 

the responses. Commercially available DOE software such as DOE PRO XL or data 

analysis software like JMP can be used to pick strategic experiments to be performed. 

Once the experiments are completed, and the responses have been measured, they are fed 

into the DOE software. The software then computes a mathematical model based on the 

process parameters that accounts for the measured responses. The resulting model can 

then be used to predict the results of future experiments based on previous history. Of 

course, there are certain assumptions that are made when conducting a DOE and using 

the obtained results. The system is assumed to be stable and in the same condition at the 

beginning of every run. Two or more replicates of a chosen experiment are performed at 

various stages of the DOE, and response variables obtained for that experiment are 

compared to ensure the stability of the system. If the response variable is continuous (it is 

in most cases), then the response model will be a continuous function of the factors [25]. 

The validity of these assumptions can dictate the accuracy of the DOE results. Regardless 
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of the assumptions and the precision of response values measured, DOE provides a smart 

tool to identify trends in response values when process parameters are varied. 

 

A seasoning or preparatory step was performed prior to every growth run. The purpose of 

this step was to provide the same chamber condition at the start of every growth run. The 

preparatory step consisted of a hydrogen plasma for 4 min. followed by a methane and 

ammonia plasma for 2 min. The hydrogen plasma was designed to clean the chamber by 

removing any carbon deposits from chamber surfaces that may have been deposited 

during the previous run. The subsequent methane and ammonia plasma was designed to 

deposit a controlled amount of carbon on the chamber surfaces prior to every growth run.  

 

Based on the previous history of the process, the process variables/factors chosen for this 

experimental design were: Fe catalyst thickness, pretreatment time, methane to ammonia 

ratio and growth temperature. Three thicknesses of the Fe catalyst layer, 15, 30 and 50 Å 

were chosen. The total gas flow during growth was fixed at 200 sccm and the methane to 

ammonia ratios were 1:1, 3:1 and 5:1. Pretreatment times of 3, 4 and 5 min. were chosen. 

Two growth temperatures of 850 and 950 °C were chosen. The process spaces at the two 

temperatures are depicted in the data cubes shown in Figure 2.7. The process pressure 

was maintained at 21 Torr for all experiments. Similarly, the plasma power was held at  
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(a) Process space at 850 °C 

 

(a) Process space at 950 °C 

Figure  2.7 : Process space for 4-dimensional parametric study of MWNT growth at 850 and 
950 °C 
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2.1 kW during pretreatment and 2.4 kW during growth for all experiments. The growth 

time was fixed at 120s for all runs. 

 

To better understand the results of this study, a smaller set of experiments was conducted 

to observe the effect of various pretreatment parameters on the formation of the Fe 

nanoparticles. The pretreatment time, pretreatment temperature and catalyst thickness 

were varied during these runs. 

2.4.2 Results 
 
Response variable analysis 

Vertically aligned MWNTs with similar morphology were achieved throughout the 

parametric space in this experimental design. Average MWNT diameter and growth rate 

were used as the response variables. Each of the MWNT samples was characterized by 

SEM and these response variables were measured using ImageJ software. The DOE PRO 

XL software was then used to perform a regression analysis on the process parameters 

and the measured response variables.  Initially, regression was computed among all 

factors. Once the significant factors (i.e. factors which had a statistically significant effect 

on the response variables) were identified, regression was computed again [25, 26]. 

Contour plots in DOE PRO XL were used to understand how Fe thickness, pretreatment 

time, methane to ammonia ratio and temperature affect MWNT diameter and growth rate.  

 

Figures 2.8 and 2.9 show the contour plots for MWNT diameter and growth rate at the 

two different growth temperatures, 850 °C  and 950 °C. The contour plots display 
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MWNT diameter as a function of catalyst thickness and methane to ammonia ratio. 

Figure 2.8 shows the contour plots for different pretreatment times at 850 °C. MWNT 

diameter was seen to increase with catalyst thickness as expected [4, 14]. It has been 

well-documented that an increase in catalyst thickness results in the formation of bigger 

catalyst nanoparticles leading to larger nanotube diameters. Each colored band/region in 

the contour plots represents a 5 nm diameter range. The distribution of MWNT diameters 

was smallest for the 3 min. pretreatment time and largest for the 5 min. pretreatment time. 

This is shown by the narrowing of the bands/regions with increasing pretreatment time. 

With an increase in pretreatment time, the analysis also indicates that the lower catalyst 

thicknesses result in smaller MWNTs. The MWNT diameter was seen to increase as the 

methane to ammonia gas ratio was increased. This is also in accordance with reports in 

the literature [4]. 

 

Figures 2.10 and 2.11 show the contour plots for MWNT growth rate as a function of 

catalyst thickness and methane to ammonia ratio at different pretreatment times. The 

growth rate was seen to decrease with increased pretreatment time. The distribution of 

growth rate was largest at 3 min. pretreatment and smallest for the 5 min. pretreatment. 

The growth rate was also seen to increase with increased methane to ammonia ratio, as 

expected from literature reports [4]. It was also observed that the growth rate was highest 

at the largest catalyst thickness. 
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(a) 3 min. pretreatment 

 
(a) 4 min. pretreatment 

 
(a) 5 min. pretreatment 

Figure  2.8: Contour plots of MWNT diameter for various pretreatment times at 850 °C 
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(a) 3 min. pretreatment 

 
(a) 4 min. pretreatment 

 
(a) 5 min. pretreatment 

 

Figure  2.9: Contour plots of MWNT diameter for various pretreatment times at 950 °C 
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(a) 3 min. pretreatment 

 
(a) 4 min. pretreatment 

 
(a) 5 min. pretreatment 

 

Figure  2.10: Contour plots of MWNT growth rate for various pretreatment times at 850 °C 
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(a) 3 min. pretreatment 

 
(a) 4 min. pretreatment 

 
(a) 5 min. pretreatment 

Figure  2.11: Contour plots of MWNT growth rate for various pretreatment times at 950 °C 
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2.4.3 Discussion 
 
2.4.3.1 MWNT Diameter 

Figure 2.12(a) shows the variation of MWNT diameter vs. catalyst thickness at different 

pretreatment times. It was seen that the catalyst thickness had a strong effect on MWNT 

diameter. The larger nanoparticles by virtue of their increased size offer more area from 

which the carbon can precipitate out and form larger diameter MWNTs. Figure 2.12(b) 

shows the variation of Fe nanoparticle diameter with catalyst thickness at different 

pretreatment times. It was seen that catalyst thickness had a strong effect on the 

nanoparticle diameter. However, pretreatment time was also seen to have an influence. It 

was observed that the nanoparticles grew in size as the pretreatment time was increased 

and the average nanoparticle diameter was largest at the longest pretreatment time. As 

pretreatment time is increased, the smaller nanoparticles acquire sufficient energy to 

become mobile on the surface and decrease their surface to volume ratio, and thus total 

energy, by coalescing to form larger particles. This phenomenon is referred to as Oswald 

ripening [27]. Figure 2.13 show SEM images of the catalyst surface after 4 and 5 min. of 

pretreatment respectively and it is clearly seen that the nanoparticles are larger for the 5 

min. pretreatment time. Thus, the smallest nanoparticles were typically found at the 

lowest catalyst thickness and shortest pretreatment time. 

 

Figure 2.14 shows the variation of MWNT diameter with catalyst thickness at different 

methane to ammonia ratios. The MWNT diameter was seen to increase with the methane 

to ammonia ratio. An increase in the methane to ammonia ratio leads to an increase in the  
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(a) Average MWNT diameter as a function of catalyst thickness for pretreatment times of 3, 4 
and 5 min. at 850 °C 

 

(a) Average Fe nanoparticle diameter as a function of catalyst thickness for pretreatment times of 
3, 4 and 5 min. at 850 °C 

Figure  2.12 : Average MWNT and Fe nanoparticle diameter vs. catalyst thickness for 
different pretreatment times at 850 °C 
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amount of carbon available to diffuse into the Fe nanoparticles and precipitate, resulting 

in larger MWNTs.  Thus, by controlling the amount of carbon available for diffusion, the 

CNT growth process can be controlled. This supports the conclusion that CNT growth in 

this regime is limited by the amount of carbon available at the catalyst surface. However, 

if the methane to ammonia ratio is increased indefinitely, it will result in the deposition of 

amorphous carbon on the substrate, as discussed earlier. A more detailed study on the 

MWNT diameter, number of walls in the structure and length of each conical section is 

needed to fully explain the observations. 

 

Figure 2.15(a) a shows the effect of temperature on MWNT diameter. It was seen that the 

MWNT diameter was larger at higher temperatures. At higher temperatures, the 

nanoparticles acquire more energy and tend to minimize their surface to volume ratio by 

coalescing to form larger nanoparticles.  This is similar to the effect of increased 

pretreatment time on MWNT diameter, which was explained by Oswald ripening. This 

behavior is seen in 2.15(b), which shows the effect of pretreatment temperature on 

nanoparticle diameter. 
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(a) Fe nanoparticles after a 4 min. pretreatment 

 

(a) Fe nanoparticles after a 4 min. pretreatment 

Figure  2.13 :SEM images of Fe nanoparticles for a 50 thick Fe catalyst layer for different 
pretreatment times at 850 °C 
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Figure  2.14 : Average MWNT diameter as a function of catalyst thickness for different 
methane to ammonia ratios 

 

2.4.3.2 MWNT Growth rate 
 
Figure 2.16 shows the variation of MWNT growth rate as a function of catalyst thickness 

for different pretreatment times. It was seen that the growth rate increased with an 

increase in catalyst thickness. This observation is contrary to reports in the literature that 

smaller diameter CNTs grow at a faster rate than larger diameter CNTs [14]. However, 

the growth rate depends not only on the nanoparticle diameter, but also on the density of 

nanoparticles. Fig.2.17 shows SEM images of Fe nanoparticles for different catalyst 

thicknesses for the same pretreatment conditions. It is clear that the density of 

nanoparticles is much higher for the sample with the thinner catalyst. If we assume that 

the amount of carbon available for MWNT growth is constant, growth rate and density 

will be inversely proportional. 
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(a) Average MWNT diameter as a function of catalyst thickness for different growth temperatures 

 

(b) Average Fe nanoparticles diameter as a function of catalyst thickness for pretreatment 
temperatures 

Figure  2.15 : Average MWNT and Fe nanoparticle diameter vs. catalyst thickness for 
different pretreatment times at 850 °C 
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Thus, while the thicker catalyst sample consumes more carbon per MWNT, because their 

density is lower, they grow at a faster rate. There does not appear to be a clear effect of 

the pretreatment time on the MWNT growth rate. For the thinner catalyst of 15 Å and 30 

Å, the 3and 5 min. pretreatment times yielded the lower growth rates. For these 

thicknesses, as the pretreatment time is increased from 3 to 4 min., the average size of the 

Fe nanoparticles increases, while their density decreases. The MWNTs after 4min. of 

pretreatment grow at a faster rate because of their lower density. However, for 5 min. of 

pretreatment time, much of the catalyst is consumed by, or reacts with, the Si wafer 

during pretreatment (this is due to the absence of a diffusion barrier between the Fe layer 

and the Si). This also leads to faster catalyst poisoning during growth, leading to shorter 

MWNTs.  

 

Figure  2.16: Average MWNT growth rate as a function of catalyst thickness for different 
pretreatment times 
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Figure 2.18 shows the variation of MWNT growth rate as a function of catalyst thickness 

at different gas ratios. The growth rate generally appeared to increase with the methane to 

ammonia ratio. This implies an increased availability of carbon-containing species for 

diffusion into the Fe nanoparticle and precipitation to form the MWNT structure. In some 

cases though, this trend is not supported. In those cases, the presence of amorphous 

carbon on the MWNTs, typically at the tips, was shown by SEM. Other authors have also 

noted the presence of amorphous carbon at high carbon contents [4]. The presence of 

amorphous carbon can be explained as follows. As the MWNT film grows, the diffusion 

path of carbon-containing species to the catalyst surface keeps getting narrower.  After 

the MWNT film reaches a certain length, the density and length of the MWNTs could be 

so large that the diffusion path of carbon-containing species to the catalyst surface is 

effectively blocked. Thus, the carbon is deposited as amorphous carbon on the tips of the 

MWNTs. 

 

Figure 2.19 shows the effect of growth temperature on MWNT growth rate. The growth 

rate was seen to decrease when the temperature was increased from 850 °C to 950 °C. It 

was noted earlier that the MWNT diameter was seen to increase at higher temperatures.  

Further, SEM images revealed that the density of the nanoparticles decreased with 

temperature. Assuming that a constant amount of carbon is available, the larger diameter 

MWNTs would consume more carbon/MWNT, but their density is lower.  If the growth 

rates at 850 °C  and 950 °C were equal, it would seem that any increase in diameter  
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(a) Fe nanoparticles for a 30 Å thick catalyst layer 

 

(b) Fe nanoparticles for a 50 Å thick catalyst layer 

Figure  2.17 :SEM images of Fe nanoparticles for 30 Å and 50 Å thick Fe catalyst layers 
after 5 min. of  pretreatment at 850 °C 
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Figure  2.18: Average MWNT growth rate as a function of catalyst thickness for different 
methane to ammonia ratios 

 

 

Figure  2.19: Average MWNT growth rate as a function of catalyst thickness for different 
growth temperatures 
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would be offset by a decrease in density.  The lower growth rate at 950 °C suggests that 

the effect of higher temperature on diameter is stronger than that on density (the larger 

MWNTs grow slower). An increase in MWNT diameter with temperature has been 

observed by other authors [4], but it appears as though a thorough study across a wide 

temperature range is needed to explain this behavior. 

 

2.5 Summary 
 
In summary, a 915 MHz plasma CVD reactor was utilized to grow vertically aligned 

MWNTs using methane-ammonia chemistry and Fe catalyst. The MWNTs were 

characterized by SEM and TEM. A 4-dimensional parametric study was conducted to 

understand the process variables affecting MWNT growth. Fe catalyst thickness was 

found to have the strongest influence on MWNT diameter. The MWNT diameter was 

seen to increase with an increase in catalyst thickness.  The methane to ammonia ratio 

was found to be critical in controlling growth rate. In general, a higher methane to 

ammonia ratio resulted in a higher growth rate. However, at certain process conditions, 

high methane to ammonia ratios resulted in the formation of amorphous carbon. The 

diameter and purity of the MWNTs are important considerations for field emission 

applications. The findings from the experimental design were used to grow clean (i.e., 

free of amorphous carbon) MWNTs of requisite diameters in a controllable manner. 
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3 .  F a b r i c a t i o n  a n d  C h a r a c t e r i z a t i o n  o f  t h e  
F i e l d  e m i s s i o n - b a s e d  M i c r o t r i o d e  

 
This chapter describes the fabrication and characterization of a field emission-based 

microtriode. It begins with a brief introduction to field emission and a review of field 

emission from CNTs. The important characteristics of vacuum triodes and recent 

developments related to field emission-based vacuum triodes are reviewed next. This is 

followed by a short introduction to the MEMS processing techniques used to fabricate the 

field emission-based microtriodes described in this chapter. The next section describes 

the assembly of the microtriode devices and the experimental setup used to test these 

devices.  The results obtained from the field emission-based microtriode are then 

presented and discussed.  

 
3.1 Introduction  

3.1.1 Field emission 

Field emission is defined as the emission of electrons from the surface of a condensed 

phase under the action of high electric fields [3]. Generally, as in the present research, the 

electrons are emitted into vacuum. The phenomenon consists of the tunneling of electrons 

though a deformed potential barrier of suitable height and thickness at the surface of a 

metal or semiconductor. Thus, it differs fundamentally from thermionic emission or 

photoemission, where only electrons with sufficient energy above the potential barrier are 

ejected. Tunneling, and hence field emission, is thus a quantum mechanical phenomenon. 
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The probability of tunneling depends on the work function of the emitter, and the applied 

electric field, among other factors. Electric fields on the order of 3 x 107 to 7 x 107 V/cm 

are necessary for field emission from metals.  Surface fields at regions of high curvature 

are much higher than the applied macroscopic fields.  Thus, ideal emitters are fine wires 

etched to a sharp tip or whiskers of suitable radius. The field F at the surface of a free 

sphere of radius r and potential V is E �  V/r.  At the surface of the tip, the field is 

reduced somewhat by the presence of the cylindrical shank. Thus, we see that the emitter 

radius should be as small as possible for the highest electrical field. Other factors that 

influence emission include surface roughness and adsorbates.  Any surface irregularities 

show up as areas of intensified emission densities.  Emission current is also very sensitive 

to the work function of the emitter [3]. 

 

3.1.1.1 Field emission from CNTs 

Field emission from carbon nanotubes is being studied actively since the report of the 

first emitters nearly twelve years ago [28].  The basic technique is to apply a high voltage 

(usually a few kV) between the anode, typically a metal tip, and the CNT(s), which is 

(are) the cathode. Many different systems are discussed in the literature [28] to realize 

field emission from carbon nanotubes. These variations arise from the use of a single 

CNT versus a film or mat of CNTs and also the geometry of the anode. Additional factors 

are the use of SWNTs as opposed to MWNTs and the method of synthesis and whether 

purification methods are implemented.   
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O. Gröning and colleagues studied the field emission properties of randomly aligned 

MWNTs [29].  Plasma enhanced CVD was used to deposit thin films of MWNTs on 

Nickel (catalyst)-deposited silicon substrates.  The turn-on field for an emission current 

value of 1 nA was found to be 1.75 V/µm at a pressure of 10-8 mbar.  This value of the 

turn-on field was calculated by plotting voltage vs. distance for a constant current of 1 nA 

and calculating the slope of this curve.  For a triangular surface potential barrier, the 

authors used a simplified version of the Fowler-Nordheim law for the current density 

from a free electron gas.  Under these conditions, the current density, j, is given by  

(1) ⎥
⎦

⎤
⎢
⎣

⎡ ×
−

×
=

−

F
Fj

5.1726 1083.6exp1056.1 φ
φ

  

 where φ  is the work function of the emitter and F is the applied electric field.  Thus a 

plot of ln (I/F2) vs. (1/F), where I is the current, is linear for an emission that follows this 

law.  This was seen to be the case for the MWNTs in the Groning study (this plot is 

reproduced in Figure  3.1).  The authors also noted that any deviation from this behavior 

at low electric fields might be explained by the detection limits of their system. 

 

Field emission from various emitter configurations using SWNTs and MWNTs has been 

extensively studied [30]. Figure  3.2 shows field emission current densities for various 

types of CNTs and nanodiamond [5].  The CNTs were grown by various methods such as 

Plasma CVD, arc discharge, laser ablation and thermal CVD.  
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Figure  3.1: Fowler-Nordheim plot of an I-V characteristic of a MWNT film showing 
Fowler-Nordheim like emission.  The solid line indicates F-N emission [30]. The inset shows 

field emission current as a function of applied electric field. 
 
 
The emission threshold/turn-on fields of all the emitters were seen to differ from each 

other only by a factor of 2-3.  All the emitters display lower threshold fields compared to 

reported values for other conventional field emitters [31]. Bower and co-workers studied 

the stability of emission from CNTs [5]. They found that a field emission current of 20 

mA/cm2 from SWNT films was stable for over 75 hours. CNTs are capable of current 

densities as high as 4 A/cm2 [5]. Bower and colleagues reported that the structure of the 

SWNT cathode remained intact after carrying high current densities, as confirmed by 

SEM images. They also studied the emission pattern of the SWNTs using a phosphor 



 

49 

screen and concluded that the emission originates from the ends of the tubes rather than 

the sides.  

 

 

Figure  3.2: Emission current density as a function of electric field for various CNT emitters 
and nanodiamond [30].  

 

3.1.2 Vacuum triodes 

Vacuum tubes have been used for many decades in electronic circuits. Diodes are the 

simplest type of vacuum tube, and consist of two elements, a cathode and a plate  

[32]. The cathode is the element which emits electrons and the plate collects them. The 

plate is usually kept at a positive potential with respect to the cathode. A triode, as the 

name suggests, consists of three elements; a cathode, a grid and a plate. The grid is used 

to control the flow of electrons from the cathode to the plate.  Electron emission from the 

cathode can be induced in many ways. In thermionic emission, the cathode is heated, so 

that electrons inside the cathode gain energy to escape the surface.  In field emission, a 
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high electric field is applied to enable the electrons to escape the cathode surface. In such 

cases, the cathode is referred to as a cold cathode, since it is not heated. Secondary 

electron emission occurs when ions with high energy levels strike the surface of the 

cathode, liberating electrons.  Photoelectron emission occurs when electrons gain energy 

on being exposed to light and escape the surface of the cathode. The first vacuum tubes 

used thermionic emission to generate electrons [32]. When the cathode was operated in 

air, it was seen that the presence of oxygen in air caused the cathode to decompose. 

Hence, the cathode was placed in an evacuated tube. 

 

The grid electrode in a triode typically has a mesh structure.  The primary function of the 

grid is to control the amount of current flowing to the plate independent of the plate 

voltage or plate temperature [32]. Hence, it is often referred to as the control grid. 

Typically, the grid is placed between the cathode and the plate, and is much closer to the 

cathode than the plate. As a result, a large change in plate current can be achieved by a 

small change in grid voltage. The triode can be used as an amplifying device since a 

small change in grid voltage results in a large change in plate current. The main 

parameters used to characterize a triode are discussed next.  

 

Amplification factor: The amplification factor, μ, is a measure of the effectiveness of the 

grid voltage relative to the plate voltage in controlling the plate current. The amplification 

factor can be controlled by the size, structure and position of the grid.  Larger grid wires, 

a finer mesh structure, and placement of the grid closer to the cathode (than the plate) can 
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increase the amplification factor. The amplification factor can be calculated by 

determining the incremental change in grid voltage that is necessary to counteract an 

incremental change in plate voltage in order to maintain a constant plate current [32]. 

(2) 
grid

plate

V
V
Δ

Δ
=μ   

where μ is the amplification factor, �Vplate is an incremental change in plate voltage and  

�Vplate is an incremental change in grid voltage. 

 

Plate resistance: The plate resistance, rplate, is the internal resistance of a triode and limits 

the plate current at a given plate voltage.  It is given by  

(3) 
plate

plate
plate I

V
r

Δ

Δ
=  

where rplate is the plate resistance, �Vplate is an incremental change in plate voltage and  

�Iplate is the corresponding change in plate current. The grid voltage should be held 

constant when calculating plate resistance to eliminate the effect of any change in grid 

voltage on the plate current. The plate resistance depends on the grid and plate voltages 
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and varies accordingly.  Alternatively, the plate conductance, which is the reciprocal of 

plate resistance, is also used to characterize a triode. 

 
Transconductance: Transconductance, also known as mutual conductance, is used to 

characterize the effect of the grid voltage on the plate current, for a constant plate 

voltage.  It is defined by  

(4) 
grid

plate
m V

I
g

Δ

Δ
=  

where gm is the transconductance, �Vgrid is an incremental change in grid voltage and  

�Iplate is the corresponding change in plate current. In practical circuits, losses due to the 

plate resistance limit the triode from achieving its full amplification. To attain maximum 

gain, a triode must have a high amplification factor and a low plate resistance. This 

means that the ratio of amplification factor to plate resistance should be maximized. This 

ratio is the transconductance and is given by    
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Thus, the transconductance of a triode should be as high as possible for good triode 

performance.  
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3.1.2.1 Field emission-based vacuum triodes 

In 2002, Bower et al. [7] reported an on-chip vacuum microtriode using CNT field 

emitters.  The technique combined the unique properties of CNTs with silicon 

microfabrication technology to create miniaturized power amplifying vacuum devices. A 

brief introduction to the MEMS processing techniques used to fabricate these devices is 

given in Section  3.1.3 . Conventional vacuum devices that use thermionic emission to 

generate electrons are limited by high power consumption and performance degradation 

due to high operating temperatures. These temperatures also require avenues for thermal 

dissipation and thus prevent the use of thermionic technology in micro-devices. On the 

other hand, field emission devices require microscale geometries to create the field 

enhancements which generate the emission and are thus naturally compatible with 

microscale geometries. Furthermore, they have the potential to generate larger emitted 

current densities than thermionic devices. CNTs lend themselves to this application 

perfectly because of their size and field emission properties [5]. Further, the device used a 

three-layer polycrystalline silicon (poly-Si) MEMS process that enables complex 

structures to be built with relatively easy and reliable fabrication processes [33].  A low 

stress silicon nitride insulating layer that is standard to the 3-layer poly-Si MEMS process 

was used in the device, which is henceforth referred to as the silicon nitride device.  Later 

on in this chapter, we discuss the high voltage performance of an on-chip microtriode 

built using a similar MEMS process, with the addition of an insulating, 10 µm-thick 

silicon dioxide (SiO2) layer. 
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There has been a renewed interest in microtriodes based on the field emission properties 

of CNTs [34-38]. In 2001, Hong et al. reported a CNT-based triode that utilized a 

phosphor and indium-tin-oxide (ITO) coated glass plate as the anode [34]. They used a 

metal mesh as the gate, and the triode design resulted in most of the field emission 

current being captured by the gate. As a result, even though the CNTs generated up to 

250 µA of current, only 10 µA was captured by the anode, at an anode voltage of 600 V. 

Kim and co-workers reported a similar triode that employed a glass anode [35]. They 

achieved an anode current of 28.5 µA but only at an extremely high anode voltage of 

1900 V. Wong and co-workers [36] reported a microtriode array using aligned CNTs in 

2005.  They obtained a dc gain or amplification factor of 350 and transconductance of 2 

μS.  The highest anode current obtained was 3.5 µA, corresponding to a current density 

of 1.2 mA/cm2 at an anode voltage of 300 V. However, the CNTs used in the study by 

Wong et al.  had a high turn-on field of 16.5 V/µm.   

3.1.3 Brief background on MEMS processing 

The microtriode devices which are the focus of this chapter were fabricated using the 

PolyMUMPs process provided by MEMSCAP [33]. MUMPs® stands for Multi-User-

MEMS-Processes. PolyMUMPS is one of the three standard processes offered by 

MEMSCAP and is a three-layer polysilicon surface micromachining process. It uses 

polysilicon as the structural material, deposited oxide as the sacrificial layer and silicon 

nitride as the electrical isolation between the polysilicon and the substrate. The 

PolyMUMPs process is derived from work conducted at the Berkeley Sensors and 
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Actuators Center at the University of California in the late 1980’s and early 1990’s [33]. 

The process was designed to be as general as possible to accommodate different user 

specifications and supports many different designs on a single silicon wafer. MEMSCAP 

provides a set of design guidelines and rules for the PolyMUMPs process. According to 

the PolyMUMPS Design handbook [33], the rules have evolved through process 

development, the experience of the MEMSCAP staff, and most importantly, experience 

from previous PolyMUMPs runs. The limits of each individual process step dictate a set 

of requirements which define the design rules. Generally, the resolution and alignment 

capabilities of the lithography system set the design rules.  

 

3.2 Experimental approach 
 
The microtriode devices were built using the general design rules for the three-layer poly-

Si micromachining process as described in the PolyMUMPS handbook. A significant 

enhancement in these devices was the inclusion of an insulating SiO2 layer to minimize 

leakage currents and thus maximize performance. A 10 µm layer of high quality SiO2 

was grown using high pressure thermal oxidation (HiPOx) on the wafers prior to the 

standard MEMS process. These devices are henceforth referred to as the thick oxide 

devices. The microtriode consists of micro-scale poly-Si panels as the cathode, grid and 

anode. The process flow for the device is shown in Figure  3.3. The main steps involved 

in the process flow are explained in detail below. 
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Figure  3.3: Process flow for MEMS device fabrication. The blue rectangle represents the 
thick oxide layer, which is situated below the silicon nitride layer (in pink) and the bulk 

silicon (in gray). 
 

3.2.1 Release of MEMS devices 

Once the MEMS parts were diced, they were soaked in acetone for 3-5 min.  This step 

stripped the photoresist covering the parts. The parts were then removed and soaked in 

isopropyl alcohol for 2 min. Each part was dried individually with ultra high purity 

nitrogen. The parts were then placed in a small Teflon dish, and covered with 49 % 

hydrofluoric acid to etch the sacrificial oxide and release the moveable mechanical 

panels. This took approximately 8 min. for the thick oxide parts and 2 min. for the 

standard silicon nitride parts. DI water was then continuously run through the dish, 

constantly diluting the HF, until the solution was finally free of HF. This process took 

approximately 20 min. The parts were carefully removed and soaked in isopropyl alcohol 
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for 10 min. The parts were then soaked in methanol for 10 min. and transported in 

methanol to a critical point CO2 dryer. The CO2 dryer was used to completely dry the 

parts to ensure a stiction-free surface. Methanol was used because it is completely 

miscible in the liquid CO2 used in the dryer. This completed the release process. 

3.2.2 Fe mask and Fe deposition process 

3.2.2.1 Shadow mask 

The next step was the selective deposition of Fe catalyst on the cathode for MWNT 

growth.  During device design, the cathode in each microtriode device was provided with 

one of several different patterns for MWNT growth. For example, for a cathode of 70 µm 

x 70 µm area, the MWNT pattern could be a blanket 70 µm x 70 µm pattern, a 3 x 3 

pattern of 20 µm x 20 µm squares or a 10 x 10 pattern of 5 µm x 5 µm squares. To 

achieve the required MWNT pattern, the Fe catalyst was first deposited in the same 

pattern. For this purpose, each MEMS device was provided with its own corresponding 

shadow mask for Fe catalyst deposition. The shadow mask was basically a stencil that 

was used to transfer the required pattern onto the cathode. A probe station with 

micromanipulators, which allowed motion in the xyz directions, was used to position the 

shadow mask on top of the cathode area of the device. The shadow mask was quite 

delicate since its thickness was only on the order of 10 µm. An optical adhesive/epoxy 

was used to keep the shadow mask in place to ensure its integrity during later steps. The 

parts were then placed under a UV lamp to cure the epoxy for approximately 2hrs.  
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3.2.2.2 Fe Metal mask and Fe deposition 

After the epoxy cured, the parts were ready for Fe catalyst deposition. A metal mask was 

utilized over the shadow mask for the cathode pattern to ensure only the required areas of 

the cathode were open for Fe deposition, while the rest of the device area (for example, 

the grid and anode electrodes) was covered. The metal mask was made of stainless steel 

and its thickness was on the order of 1 mm. Each MEMS part was mounted on a 4" 

stainless steel disc. It was critical to ensure that each part was sitting flat on the disc so 

that the metal mask (placed on top of the shadow mask) would not destroy the delicate 

shadow mask.  The metal mask was carefully placed on top of the MEMS part so that the 

holes in the metal mask were aligned with the holes in the shadow mask. Magnets were 

then placed carefully on opposite ends of the metal mask to hold it in place. The parts 

were then ready for Fe deposition. Electron-beam deposition was used to deposit 50 Å of 

Fe on the devices.   

3.2.3 Growth of vertically aligned MWNTs on microtriodes 

Vertically aligned MWNTS were deposited using the growth process described in 

Chapter 2. The thermal budget of the MEMS devices was a serious constraint imposed on 

the MWNT growth process.  Deposition was performed at substrate temperatures of 750 

°C, 850 °C and 950 °C. It was found that 850 °C was the maximum temperature that the 

MEMS devices could tolerate. Further, the growth rate was also optimized to limit the 

amount of time the device was exposed to high temperature. This was achieved by 

utilizing a high methane to ammonia ratio to achieve a high growth rate while also taking 
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care to ensure clean, amorphous carbon-free MWNTs. The growth process and Plasma 

CVD system were described in Chapter 2. The growth was performed at 850 °C. The 

pretreatment time was 3 min. followed by a growth time of 2 min. at a methane to 

ammonia ratio of 4:1. The plasma power was maintained at 2.1 kW throughout the 

process and the process pressure was 21 Torr. 

3.2.4 Gold mask and gold deposition process 

In order to provide electrical connections to the electrodes in each device, gold bond pads 

had to be deposited on the devices.  In order to do this, the devices had to be masked to 

leave selected areas open for the deposition of gold. This step was similar to masking the 

devices for Fe deposition. Electron-beam deposition was used to deposit the gold. 

3.2.5 Assembling the devices 

Once the gold bond pads were deposited, the devices were ready to be assembled. Each 

of the electrodes, which were lying flat on the substrate, had to be rotated into a vertical, 

upright position. This process was carried out at a probe station equipped with 

micromanipulators. Micropipettes were used to rotate the electrode panels into position. 

During the micromachining process, each electrode was provided with its own latch and 

arms (cantilever) connecting the latch to the substrate.  Each electrode was also equipped 

with hinges (as shown in Figure  3.4), attached to the substrate for additional support in 

the vertical position. First, a micropipette was used to gently lift up the latch, which 

typically lay flat on top of the corresponding electrode panel.  Another micropipette was 

used to get under the electrode panel and slowly rotate the panel into a vertical position. 
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The latch was then lowered onto the notches provided in the electrode panel to hold the 

latch in place. This process was repeated for the remaining electrode panels. 

3.2.6 Providing electrical connections to the devices 

The next step was to provide electrical connections from the 200 µm x 200 µm gold bond 

pads corresponding to each electrode to larger bond pads which could be connected to the 

Keithley test and measurement unit. The device was first mounted on a ceramic board 

using a mixture of glue and epoxy. The device was then placed in an oven at 

approximately 200 °C for a few hours to allow the glue and epoxy to harden. The next 

step was to use wire-bonding1 to connect the bond pad for each electrode to a larger bond 

pad on the ceramic board. The characterization of the microtriode device was carried out 

at room temperature in a stainless steel vacuum chamber with a base pressure of 1 x 10-8 

Torr.  The chamber pressure was measured using a cold cathode ion gauge.   

3.2.7 Measurement equipment 

A Keithley 4200 Semiconductor Characterization System was used to electrically 

characterize the performance of the field emission-based microtriode.  The Keithley 4200 

has six Source-Measure Units (SMUs), each capable of sourcing voltages up to ±210 V 

and measuring currents as low as fA. One of the six SMUs was specifically built for low-

current applications and was equipped with a pre-amplifier. The accuracy of the current 

measurement depended on the range of currents being measured and was 10-5 x current 

range. For example, if the current measurement range was 10 µA, then the accuracy of 

                                                 
1 The author thanks Dr. Jeffrey Piascik for the wire bonding of these devices. 
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the measurement was 10-5 x 10 µA = 0.1 nA.  For high-voltage measurements, a Keithley 

2410 High-Voltage SourceMeter was used. It was capable of sourcing voltages up to 

±1100 V and measuring currents as low as 10 pA. The characterization measurements 

were carried out in a stainless steel chamber with a base pressure of 10-8 Torr.  A 

roughing pump and turbo pump were used to achieve the required vacuum levels.  

 

3.3 Results and discussion 

A scanning electron micrograph of an assembled microtriode device is shown in Figure 

 3.4.  For this device, the MWNT patterns were squares with 4 µm sides and a 10 x 10 

grid of such patterns comprised the cathode.  The cathode-to-grid spacing of this 

particular device was 40 µm before MWNT growth, and was reduced to 20 µm after 20 

µm vertically aligned MWNT’s were deposited on the cathode.  The MWNTs had an 

average diameter of 30-50 nm. The grid was a 3 x 3 array of 20 µm x 20 µm openings 

with 2.5 µm grid wire.  The grid-to-anode spacing was 285 µm and the anode dimensions 

were 150 µm x 150 µm.   

 

The standard silicon nitride insulating layer used in the previous work resulted in 

significant leakage current at 100 V and complete breakdown at 200 V [7].  Therefore, an 

external anode was required for measurements beyond 200 V [6]. The thick oxide devices 

showed a marked improvement in leakage and breakdown voltage characteristics. For the 

leakage current measurement, a device on which MWNTs were not deposited was 

chosen. This was because the presence of MWNTs would result in field emission currents 
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in the µA range which would make it impossible to detect the leakage currents which 

were typically in the pA range. Voltage was applied between the cathode and grid 

electrodes on the device and the resulting current was measured. The leakage current-

voltage characteristics are shown in Figure  3.5. Similar leakage currents were observed 

with voltages applied between any combination of electrodes.  

 

 

Figure  3.4: SEM image of a microtriode device showing cathode, grid and electrode panels. 
The inset shows a higher magnification image of the MWNTs and the grid. 

 
 
The leakage currents for the thick oxide devices were typically in the 10-100 pA range 

for voltages up to 500 V (Note: leakage currents appear to be higher in Figure  3.5 

because of the reduced measurement accuracy/higher noise floor of the Keithley 4200 

which resulted from the 1 µA current measurement range). Breakdown was observed at 

approximately 850 V for the thick oxide devices, suggesting that these devices could be 

operated at voltages up to 800 V. 
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Figure  3.5: Leakage current as a function of applied voltage for a thick oxide device. The 
sudden increase in leakage current around 850 V indicates breakdown of the thick oxide 

isolation layer 
 

3.3.1 Field emission from MWNTs  

The microtriodes were characterized in a vacuum chamber with a base pressure of 10-8 

Torr.  A positive voltage was applied to the grid, while the cathode was kept at ground 

and the resulting field emission current was recorded at the grid. The electric field was 

calculated as the ratio of the applied voltage to the distance between the top of the 

MWNT film and the grid. Figure  3.6 shows the field emission current as a function of the 

applied electric field. The turn-on field was defined to be the electric field at which 1 nA 

of field emission current was recorded [39]. The turn-on field for the devices with (as-

grown) MWNTs was typically in the 15-17 V/µm range, as shown in Figure  3.6. 

Hydrogen plasma treatment of CNT films has been reported to improve their field 
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emission behavior [40]. In an effort to improve field emission from the MWNTs, the 

devices were subjected to a hydrogen plasma at a pressure of approximately 1 mTorr for 

2 min. at a plasma power of 1 kW. The hydrogen plasma treatment of the MWNT films 

was found to lower the turn-on field to ~5 V/µm.  A lower turn-on field is beneficial, 

especially for the microtriode devices, since higher currents can be achieved at lower 

voltages, thus improving the performance of the device. 

 

Figure  3.6: Field emission current as a function of applied electric field for devices with as-
grown MWNTs and hydrogen plasma-treated MWNTs 

 
 

The hydrogen plasma could be affecting the MWNTs in many ways [40]. The plasma 

could be etching the MWNT surface and changing the defect density, thus affecting field 

emission [40].  Further, any amorphous carbon on the MWNT surface could be etched 

away by the plasma [40].  Any of these factors could be responsible for the decrease in 
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turn-on field. All of the field emission data presented from this point on in the thesis was 

recorded for hydrogen-plasma treated MWNTs.  

3.3.2 Performance of the field emission-based microtriode 

The field emission current-voltage characteristics of the microtriode are shown in Figure 

 3.7.  The voltage on the grid was varied while the anode was held at 350 V. The turn-on 

field (for a current of 1 nA) for this device was 6 V/µm. The anode current followed the 

grid current and the ratio of anode current to grid current, (Ia/Ig), ranged from 3 to 5.  The 

inset shows the Fowler-Nordheim behavior of the cathode current, confirming field 

emission from the MWNTs. The highest total emission current, (Ia+Ig), measured for this 

device was 40 µA.  For a cathode of area 1.6x10-5 cm2, this corresponds to a current 

density of 2.5 A/cm2.  The transconductance, gm = δIa/δVg, a measure of the change in 

anode current for a small change in grid voltage, was calculated to be 2 μS at 29 µA of 

anode current.   
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Figure  3.7: Field emission currents measured at grid and anode as a function of grid 
voltage. Inset shows Fowler-Nordheim plot of anode current vs. grid voltage. 

 

The anode current-voltage characteristics at various grid voltages are shown in Figure 

 3.8. The microtriode clearly exhibited cut-off, linear and saturation regions of operation.  

In the silicon nitride devices, an external anode was required to achieve current saturation 

because the devices were not capable of handling the voltages necessary for saturation.  

The maximum output power measured at the anode was Pa = IaVa = (350 V)(29 µA) = 

10.2 mW, which corresponds to an output power density of 45.1 W/ cm2.  This is almost 

5 times the maximum output power measured with the silicon nitride devices, and is 

expected to be a significant advantage in amplifier and general triode device applications.  

The internal anode resistance, Ra = δVa/δIa, was calculated to be 100 MΩ in the 

saturation region of the triode.  The dc amplification factor, μpower, which is the ratio of 

the power delivered at the anode to the power lost at the grid, was calculated using μpower 



 

67 

= Pa/Pg = (Ia
2Ra)/ (IgVg) = (Ia/Ig)gmRa.  Using (Ia/Ig) = 3, gm = 2 μS and Ra = 100 MΩ, we 

obtained μpower = 600. To the best of our knowledge, this is the highest value reported in 

literature for CNT-enabled microtriode devices. In comparison, a dc amplification factor 

of μpower = 27 was obtained with the silicon nitride device [7]. 

 

 

Figure  3.8: Anode current as a function of anode voltage at different grid voltages 
 
It should be noted that the internal anode resistance for the silicon nitride devices [7] was 

10 MΩ, and they were not able to achieve saturation. The improvements in dc 

amplification factor and output power are attributed primarily to the presence of the SiO2 

insulating layer.  
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3.4 Conclusions 

Field emission based-microtriodes were fabricated using MEMS processing techniques 

and MWNT growth by Plasma-enhanced CVD. One of the main advantages of these 

devices was their ability to operate at high voltages, up to 800 V, due to the inclusion of a 

10 µm-thick high-quality SiO2 layer. The microtriodes exhibited clear cutoff, linear and 

saturation regions of operation. A transconductance of 2μS and internal resistance of 100 

MΩ was measured. A d.c. amplification factor of 600, which is believed to be the highest 

value obtained for a CNT-enabled microtriode, was obtained.  
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4 .  S i m u l a t i o n  o f  C N T- b a s e d  M i c r o - i o n  
S o u r c e s  

 
This chapter describes the simulation of CNT-based miniature ionization sources. It 

begins with a brief introduction to ion sources and typical ionization methods. The 

operation of the microtriode device (described in Chapter  3) as an ion source is then 

described. For details about the microfabrication process the reader is referred to Section 

 3.2. SIMION [8], a commercial electron and ion optics software was used to simulate 

electron and ion paths in the 3-panel micro-ion source. Simulation results for the 3-panel 

micro-ion source are presented and discussed. Motivation for an optimized ion source 

design is presented next. Simulation results for the new 4-panel micro-ion source are then 

presented and discussed. 

 
4.1 Introduction to ionization sources 

Ion sources are important scientific devices that find application in a variety of areas. 

They are used in particle accelerators, ion implantation systems for the semiconductor 

industry, giant neutral beam injectors in experimental fusion reactor devices, and in 

analytical instruments like mass spectrometers [41].   

4.1.1 Types of ionization  

Ions are created from neutrals by many different ionization methods such as electron 

impact ionization, field ionization, ion impact ionization, photo ionization, chemical 

ionization and surface ionization [41].  The ionization methods most commonly used in 

ion sources are summarized below. 
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4.1.1.1 Electron impact ionization 

Electron impact ionization or electron bombardment ionization is the process in which an 

electron with suitable energy collides with a neutral atom/molecule resulting in the 

formation of an ion and an electron. The colliding electron is known as the primary 

electron, while the electron liberated from the gas atom is known as the secondary 

electron. The primary electron needs a minimum amount of energy, called the ionization 

potential, to liberate the outermost electron from the gas atom. To achieve this energy, 

free electrons are accelerated through an appropriate voltage gradient. The electron 

impact ionization cross-section is a measure of the probability that an electron collides 

with a neutral and produces an ion and is a function of electron energy and the properties 

of the neutral atom [41]. The cross-section generally increases with electron energy at 

low energies, reaches a maximum around 70-200 eV for most gases, and drops rapidly 

for higher electron energies [42].  

 

4.1.1.2 Field ionization 

Field ionization is the ionization of neutral species at very high electric fields [3].  The 

applied electric fields are enhanced at sharp tips and electrons from the neutral species 

tunnel across the energy barrier into the conducting tip.  The enhancement of the electric 

field at the tip is given by E�  (V/R), where V is the applied voltage and R is the radius 

of the tip [3].  Thus, one of the important requirements for field ionization is a sharp tip 
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and it is usually obtained by employing micro-machining techniques or by growing nano-

scale materials with naturally sharp tips. 

 
4.1.1.3 Photo ionization 

When an intense beam of high energy electrons passes through a gas, the gas atoms can 

absorb photons [41]. If the energy of the photon is greater than the ionization potential of 

the gas, the atom is ionized. The photo ionization cross-section of an atom is largest at 

photon energies equal to the ionization potential of the atom and falls off rapidly at 

increasing photon energies.  

 
4.1.1.4 Ion impact ionization 

Ion impact ionization is similar to electron impact ionization, except that in this case, the 

collision occurs between an ion and a neutral, resulting in the formation of a second ion. 

However, the ionization cross-section for this process is lower than that for electron 

impact ionization [41]. This is because the ion is much heavier than the electron and 

requires much more energy to reach speeds similar to the electron. The ionization cross-

section is maximized when the speed of the fast particle (i.e., the incoming electron or 

ion) is similar to that of the orbital electron which is removed. As a result, the ionization 

cross-section for the ion impact ionization process is lower than the electron impact 

ionization process. 
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4.1.2 Electron impact ion sources 

Electron impact ionization is one of the most popular methods of ionization and is the 

method used in the miniature CNT-based ionization sources in this study. Advantages of 

electron impact ionization include a low energy spread for the resulting ions and easy 

design of the ion source [41]. Disadvantages include low ion current and problems 

resulting from oxygen exposure and corrosion of the filament. Electron impact ion 

sources are typically used in applications such as mass spectrometry which require a 

well-defined electron beam and moderate ion currents [41]. They typically operate at 

pressures ranging from 10-6 Torr to 10-2 Torr, though some ion sources can operate at 

pressures as high as 0.75 Torr [41]. They can generate ion currents ranging from μA to 

mA at these pressures. The dimensions of electron impact ion sources (the electron path 

length) are typically on the order of a meter. This subsection focuses on the details of 

electron impact ion sources.  

 

Many electron impact ion sources use a cathode to emit electrons and subsequently 

generate ions. The different types of cathodes typically used in electron impact ion 

sources are thermionic or hot cathodes, hollow cathodes, discharge cathodes, microwave 

cathodes, etc [41]. Cathodes that are not heated are referred to as cold cathodes to 

distinguish them from thermionic cathodes. A brief discussion on thermionic cathodes 

and cold cathodes is presented next.  
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Thermionic cathodes: Thermionic cathodes usually consist of a metal filament which 

emits electrons when heated to a sufficiently high temperature [41]. The maximum 

current density emitted by the cathode, jeS (in A/cm2) for a specific temperature is given 

by 

(6) 
2

2 exp ⎟
⎠
⎞

⎜
⎝
⎛−=

kT
eAbTjeS
φ  

where φ is the work function of the material in volts, T is the temperature in Kelvin, A is 

a universal constant = 4πmek2/h3 or 120 A/K2cm2, and b is a material-dependent factor.   

The simplest and most common thermionic cathode is a metal with a high melting point, 

which is bent into a hairpin or spring shape [41]. Typical metals include tungsten, 

molybdenum, tantalum, lanthanum, and nickel. Alkaline metal oxides also show high 

electron emission at moderate temperatures and are used as thermionic cathodes [41]. 

Metal and oxide cathodes used in ion sources based on thermionic emission often suffer 

from lifetime issues due to sputtering, especially in ion sources that generate heavy ions 

or high ion currents.  

 

Cold cathodes: In contrast to thermionic cathodes, cold cathodes are not heated. In field 

emission-based cathodes, a suitably high electric field is applied to the cathode to induce 

electron emission. Field emission-based cathodes are central to this study and are 
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discussed in detail in Section  3.1. Details of other types of cold cathodes used in electron 

impact ion sources can be found in [41].  

 

Ionization efficiency: In an electron impact ion source, the electrons generated by the 

cathode are typically accelerated towards an anode. The energetic electrons collide with 

neutral gas species and create ions and secondary electrons along their path. The 

secondary electrons can also contribute to ionization. At higher pressures, an avalanche 

of secondary electrons can lead to the formation of a discharge [41]. Many electron 

impact ion sources use a confining magnetic field to increase the efficiency of the source 

by causing the electrons to spiral along the magnetic field lines [41]. This increases the 

path length of the electrons giving them more time to interact with the neutrals and create 

ions.  A reflector electrode can also be connected to the cathode to increase the electron 

path.  

 
The dimensions of the ion sources (the electron path length) described in this study are on 

the order of a fraction of a mm. Thus, these ion sources are microscale versions of typical 

macroscale electron impact ion sources. The behavior of ion currents at such small 

dimensions and the effect of pressure on this behavior are the main topics of research in 

this study. 
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4.2 Ionization utilizing a microtriode geometry 

The triode characteristics of the CNT-based microtriode were described in detail in 

Section  3.3.2. The behavior of the microtriode is dictated by the voltages applied to the 

electrodes. The microtriode typically generates electrons with energies in the 0 to 400 eV 

range when operated in the saturation region. (The saturation region refers to the 

operation of the triode in a region where an increase in anode voltage does not result in a 

significant increase in anode current. The anode current has reached its saturation value 

in this region). When the triode operates in this region, most of the field emission 

electron current is captured by the anode. A small portion is intercepted by the grid. A 

schematic diagram illustrating the operation of the triode in this region is shown in Figure 

 4.1 

  

 
 

Figure  4.1: Schematic diagram illustrating electron paths in the microtriode when operated 
as a conventional vacuum microelectronic three terminal device 
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The electrons generated by the cathode can be used to create ions via electron impact or 

electron bombardment ionization. This was achieved as follows in the microtriode. The 

anode was made negative with respect to the grid electrode. This meant that most of the 

field emission electron current was captured at the grid electrode. However, a small 

portion of the electron current (discussed in greater detail in Section  6.1.1 and 

Appendices) initially passes through the openings in the grid, and continues towards the 

ion collector. As the electrons approach the ion collector, the negative potential applied to 

the ion collector slows them down and forces them to move towards the grid. A 

schematic diagram illustrating the predicted electron paths when the microtriode is 

operated as an ion source is shown in Figure  4.2. In order for the microtriode to generate 

ions, the grid and anode should be biased such that the electrons in the region between 

the grid and the anode are in the 0 to 200 eV energy range. This energy range is suitable 

for ion generation via electron impact since electron impact ionization cross-sections for 

most gases are highest in the 70-200 eV electron energy range [42]. By biasing the 

electrodes appropriately, electron energies can be manipulated to be in this range so that 

ions are created between the grid and the ion collector. A schematic diagram illustrating 

the predicted electron and ion paths in the 3-panel micro-ion source is shown in Figure 

 4.2. 
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Figure  4.2: Schematic diagram illustrating electron and ion paths in the 3-panel micro-ion 
source. The black arrows indicate electron paths and the red arrows indicate ion paths. 

 
 
 
4.3 Results and discussion 

SIMION2, an electron and ion optics software program, was used to simulate electron and 

ion paths in the 3-panel micro-ion source [8, 43]. SIMION makes use of electric potential 

arrays that define the geometry and potentials of electrodes. The potentials at points in 

space between the electrodes are calculated by solving the Laplace equation by finite 

difference methods  [44]. The electrodes are used as boundary conditions to solve the 

Laplace equation. Once this is done, the potential arrays are projected as 3D virtual 

images into an ion optics volume/workspace. Ions can be flown within the volume and 

their trajectories can be changed by changing the potentials applied to the electrodes. The 

Laplace equation assumes that there are no space charge effects. However, SIMION 

employs charge repulsion methods that can estimate certain types of space charge and 

particle repulsion effects [44].  SIMION was used in this study to gain a better 

                                                 
2 The SIMION 3D Version 7.0 software was used. 
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understanding of electron and ion paths and their dependence on device geometry and 

applied potentials. As with any simulation program, the results obtained from SIMION 

may not accurately represent the behavior of the miniature ion source devices. However, 

SIMION was a valuable tool to aid in understanding the general behavior of the ion 

source devices, and optimizing their design for better performance. In addition, trends 

observed experimentally were found to correlate well with SIMION simulations. 

4.3.1 Simulation of electron and ion paths in the 3-panel micro-ion 
source  

 
A 3-dimensional (3D) drawing of the 3-panel micro-ion source device to be simulated 

was made using SolidWorks, a 3D mechanical design and CAD software [45]3. The 

drawings were then imported into SIMION. The voltage on each electrode could be 

varied to simulate different operating conditions for the 3-panel micro-ion source.  An 

SEM image of the 3-panel micro-ion source which was simulated is shown in Figure  4.3.  

 

The electron path length is one of the main factors which determines ion current and is a 

critical parameter for an ion source. It is defined as the length of the electron path which 

contributes to creating ions. In the 3-panel micro-ion source, a negative voltage was 

applied to the ion collector electrode to repel the electrons. The magnitude of the 

retarding potential determined the distance traveled by the electrons beyond the grid 

electrode. Based on the triode characteristics of this particular device, the potentials 

applied to the various electrode were Vcathode = 0 V, Vgrid = 210 V and Vion collector = -

                                                 
3 The drawings were prepared by Dr. Kristin Gilchrist of RTI International. 
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210 V. Unless otherwise mentioned, these were the voltages applied to the electrodes for 

all the simulations which were performed on the 3-panel micro-ion source devices 

discussed in the following text. 

 

SIMION simulations indicated that the path length of any electron depended strongly on 

the specific area of the cathode from which the electron was emitted, as shown in Figure 

 4.4. To simulate the electron emission as accurately as possible, electrons in the SIMION 

calculations were generated at points on the surface of the cathode that reflected the 

actual MWNT pattern as shown in Figure  4.3. In addition, the electrons were provided 

with 5 eV of initial kinetic energy. The electrons were accelerated towards the grid by the 

positive potential applied to the grid. Some of the electrons were captured at the grid  

 

Figure  4.3: SEM image of the 3-panel micro-ion source which was used for SIMION 
simulations 
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electrode. The rest of the electrons passed through the openings in the grid electrode and  

traveled towards the ion collector electrode. These electrons lose their kinetic energy 

as they travel towards the ion collector and eventually, reverse their direction of motion 

and travel back towards the grid. As they approach the grid, they gain their lost kinetic 

energy until they are finally captured at the gird. As shown in Figure  4.4, the retarding 

potential applied to the ion collector causes the electron paths to widen and bend 

considerably while reversing direction. For example, the width of the electron paths 

where the electrons are emitted from the cathode was approximately 60 µm, while the 

width of the electron beam when captured at the far end of the grid was approximately 

111 µm. Thus, the electrons undergo more/less bending, depending on their point of 

origin, as shown in Figure  4.4.  

 

The electron kinetic energy is another important factor in determining the ion current 

generated for a given electron current. The ionization cross-section of a gas is a function 

of the energy of the colliding electron. Ionization cross-sections for most gases increase 

with electron kinetic energy, peak around 70-200 eV and fall rapidly thereafter. This 

behavior is seen in Figure  4.5 which displays the total electron impact ionization cross-

section of helium as a function of electron kinetic energy. The electron path length and 

the amount of time spent by the electron in motion directly affect the kinetic energy of 

the electron. Since the electron path length in the 3-panel micro-ion source is not the 

same for all electrons, the electron energy also depends on the point of origin of the 

electron and is not constant for a given device geometry.   



 

81 

 

Figure  4.4: SIMION simulation showing dependence of electron paths on the point of origin 
of each electron. 

 

 

Figure  4.5: Total electron-impact cross-section for He as a function of the colliding 
electron’s kinetic energy [42] 

 

Figure  4.6 (a) is a SIMION simulation showing the paths of three electrons that 

originated at different points near the cathode. The electrons pass through the openings in 
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the grid and move towards the ion collector. Due to the retarding potential applied to the 

ion collector they slow down and eventually turn back towards the grid, where they are 

finally captured. The kinetic energy of the electrons changes as a function of their 

position in the ion source. The electron kinetic energy is plotted as a function of electron 

position along the y-direction in Figure  4.6 (b). The y-direction is perpendicular to the 

plane of the electrodes and the cathode was defined to be y = 0 µm while the grid was at 

y = 40 µm and the ion collector was at y = 320 µm for this device. The kinetic energy 

plot for each electron is color-coded to match its electron path in Figure  4.6 (a). The 

electrons travel different distances in the y-direction before turning back, depending on 

their point of origin.  The electron represented by the green path (egreen) was seen to travel 

the least distance before turning back, while the electron represented by the blue path 

(eblue) was seen to travel the greatest distance before turning back. The proximity of the 

ion collector electrode to the point of origin of each electron determines this distance. 

The point of origin of egreen is closest to the ion collector electrode and hence, the electric 

field due to the ion collector has the greatest effect on it.     

 

Figure  4.6 (b) shows that the electron energies in the region between the grid and ion 

collector vary between 20 and 210 eV. These energies are well-suited for electron impact 

ionization since the ionization cross-section for most gases peaks in the 70-200 eV 

electron kinetic energy range.  
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The ability of the ion collector to capture the ions created by impact ionization events is 

another critical factor which affects the total ion current generated by the 3-panel micro-

ion source. As shown in 

Figure  4.7, approximately 50% of the ions created are captured by the ion collector. The 

retarding potential applied to the ion collector bends the electron beam such that the 

electrons are repelled from the ion collector and towards the far end of the grid electrode. 

The ions generated during the “return segment” of the electron path (i.e., as the electrons 

are traveling back towards the grid) are not captured by the ion collector.  Although these 

ions bend towards the ion collector due to its negative bias, the positive bias on the grid 

that repels the ions pushes the ions that are created in this region past the ion collector.  

These simulations clearly indicate that increases in ion current are possible with 

improved micro-ion source designs.  
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(a) SIMION siumulation showing electron paths of three electrons. The path followed by each 
electron is denoted by a different color, the arrows denote direction of motion. 

 

(b) Electron kinetic energy as a function of position (y) for the three electrons shown in (a). Each 
color represents the energy of that particular electron. For example, the blue dots represent the 

kinetic energy plot of the electron whose path is shown in blue in (a).  
Figure  4.6 : Electron paths and electron energies in the 3-panel micro-ion source 
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Figure  4.7:  SIMION simulation showing collector efficiency of 3-panel micro-ion source. 
The black lines indicate electron paths and the red lines indicate ion paths.  

 

4.3.2 Motivation for new design  

The complex electron path lengths, electron energies and shapes of the electric field lines 

for the 3-panel micro-ion source make it difficult to thoroughly understand the behavior 

of the ions in this geometry. Further, there are no studies in the literature that discuss ion 

currents in microtriode geometries. Thus, there is a need for a simpler device geometry 

that will enable a better understanding of the ion currents in the microscale devices 

studied here. The relationship between electron current and ion current in a macroscale 

electron impact ion source has been studied extensively by Tate and Smith [46, 47]. They 

carried out pioneering work on the experimental determination of the electron impact 

ionization cross-sections of various gases in the 1930’s.  They used known or measured 

values of electron current, electron beam kinetic energy, electron path length, gas 
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pressure and ion current to determine the ionization cross-section.  The relationship 

between electron current and resultant ion current was studied to determine the ionization 

cross-sections for various gases such as helium, neon and argon.   

 

The electrode design used by Smith and Tate was a multi-electrode device with three of 

the electrodes in a standard triode configuration and an ion collector electrode placed 

perpendicular to the other electrodes as shown in Figure  4.8. Electrons were emitted from 

a filament, F, and focused by a magnetic field.  The magnetic beam also helped separate 

the positive ions from the electron beam.   The slits S prevented any secondary electrons 

emitted from the metal parts from contaminating the primary electron beam.   The 

electron beam traveled along and was collected at plate P1.  Along their paths, the 

electrons interact with neutral species resulting in the formation of ions.  These ions were 

collected at plate P2 which was negatively biased.  The authors stressed the importance of 

ensuring complete collection of the electron current at P1. Plate P1 was maintained at a 

positive potential and connected to the grounded box T.  This ensured that any electron 

leaving plate P1 experienced an acceleration perpendicular to the axis of the tube and was 

finally trapped in the box.  Also, plate P1 was coated with soot to prevent any secondary 

electron emission.   
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Figure  4.8: Schematic diagram of the apparatus used by Tate and Smith 
 
The relation between electron current and ion current in such a setup can be stated as 

(7) )(
)(
)(

EL
EI
EI

e

i σρ=  

where Ii(E) is the measured ion current, Ie(E) is the measured electron current, E is the 

kinetic energy of the electron beam, ρ is the number density (function of pressure) of the 

target gas,  L is the (electron) collision path length over which the ions are collected and 

σ(E) is the total electron impact ionization cross-section of the gas [42]. 

 

Equation (6) which was used in the Smith and Tate study can be applied to the CNT-

based 3-panel micro-ion source. However, the placement of the three electrode panels in 

the 3-panel micro-ion source does not allow a simple mathematical relationship between 

ion current and electron path length. This made it difficult to model the ion currents 

generated by the 3-panel micro-ion source. Thus, there was a need to optimize the micro-

ion source design in order to facilitate a better understanding of micro-ion source 
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behavior. The Smith and Tate study suggested that placing a 4th electrode perpendicular 

to the other three electrodes of the triode would be beneficial. A schematic of such a 4-

panel device showing idealized electron and ion paths is shown in Figure  4.9. The Smith 

and Tate studies also suggest that the electron paths in such a structure would be simpler 

to model than those in the 3-panel micro-ion source.  This was shown to be true using 

SIMION simulations as discussed in the following section. Further, SIMION simulations 

also showed improved ion collection efficiencies in the new 4-panel device. The new 4-

panel device and simulations of its behavior will enable comparison of the microscale ion 

sources to macroscale ion sources and thus allow development of a model that accounts 

for ion current behavior at the microscale.    

 

 
 

Figure  4.9: Schematic diagram illustrating predicted electron and ion paths in new4-panel 
micro-ion source device. The black lines represent electron paths and the red lines represent 

ion paths. 
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4.3.3 Simulation of electron and ion paths in the 4-panel micro-ion 
source 

 
This subsection discusses the simulation results obtained for the 4-panel micro-ion source 

device4. As with the 3-panel micro-ion source, 3D drawing were prepared in SolidWorks 

and imported into SIMION to simulate the chosen 4-panel device. SIMION was also used 

to study the effect of device geometry on electron and ion paths, and ion collection 

efficiencies. Various configurations of the 4 electrodes were tested in SIMION and three 

different designs were chosen for fabrication. For each design, the relative placement of 

the electrodes was varied to create five to six variations (of each design). An SEM image 

of the 4-panel micro-ion source which was simulated is shown in Figure  4.10. The 

voltages applied to each electrode were chosen so that the triode which was part of the 4-

panel device would operate in saturation. This was important because it ensured that most 

of the field emission current was captured at the anode, rather than the grid electrode. As 

a result, an increased number of electrons would be available in the region between the 

grid and the anode and contribute to electron impact ionization. The voltages applied to 

the electrodes were Vcathode = -200 V, Vgrid = 0 V, Vanode = 200 V and Vion collector = -210 V. 

 

Figure  4.11 shows a SIMION screenshot illustrating electron paths in the 4-panel micro-

ion source. The electron paths were found to be simpler in the 4-panel micro-ion source, 

compared to the microtriode. In most cases, the electron path length was approximately  

                                                 
4 The new 4-panel ion source devices were fabricated using the techniques described in Chapter 3. 
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Figure  4.10: SEM image of4-panel micro-ion source device which was used for SIMION 
simulations 

 

equal to the distance between the grid and anode and the electrons followed a relatively 

straight path from the grid to the anode. This not only makes the total electron path length 

easy to calculate, it also makes the modeling of electron energies easier. Thus, the 4-

panel micro-ion source device lends itself to a better understanding of ion currents. 

Further, the ion collector electrode was parallel to the electron path and had little effect 

on the electron paths. In comparison, the ion collector voltage in the microtriode source 

had a dramatic impact on electron path length, and hence total ion current.  

 

Figure  4.12 (a) is a SIMION screenshot showing the paths of three electrons that 

originate at different points near the cathode. The electrons pass through the slits in the 

grid and move towards the anode. Due to the negative potential applied to the ion 

collector electrons bend away (slightly) from the ion collector. The kinetic energy 
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Figure  4.11: SIMION screenshot showing electron paths in the4-panel micro-ion source 

of the three electrons during their motion changes as a function of their position in the ion 

source. The electron kinetic energy is plotted as a function of electron position along the 

y-direction in Figure  4.12 (b). The kinetic energy plot for each electron is color-coded to 

match its electron path in Figure  4.12 (a). All three electrons follow similar paths to the 

anode.  

 

Figure  4.12 (b) shows that the electron energies in the region between the grid and ion 

collector vary between 200 and 400 eV. These energies, though not ideal for electron 

impact ionization, are still feasible (for ion creation), since the ionization cross-sections 

for most gases are significant in the 200-400 eV electron kinetic energy range.  
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(a) SIMION simulation showing electron paths of three electrons. The path followed by each 
electron is denoted by a different color, the arrows denote direction of motion. 

 

(b) Electron kinetic energy as a function of position(y) for the three electrons shown in (a). Each 
color represents the kinetic energy of that particular electron. For example, the blue dots represent 

the kinetic energy of the electron whose path is shown in blue in (a).  

Figure  4.12 : Electron paths and electron energies in the 4-panel micro-ion source 
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Figure  4.13 shows a SIMION simulation illustrating the ability of the ion collector to 

capture the ions created in the 4-panel micro-ion source. Approximately 80% of the ions 

created in the region between the grid and anode were captured by the ion collector. (In 

contrast, approximately 50% of the ions created were captured by the ion collector in the 

3-panel micro-ion source). The ions which were created close to the anode were not 

captured at the ion collector. This is because the resultant electric field lines were not in a 

suitable direction for those ions to travel to the ion collector. The ions, while being 

attracted to the ion collector, were also repelled by the positive potentials applied to the 

anode and the grid. Those ions moved towards the gap between the ion collector and the 

grid and ultimately, were not captured by the ion collector.  

 

 

Figure  4.13: SIMION simulation illustrating ion collector efficiency in the 4-panel micro-ion 
source 
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4.4 Summary 

This chapter discussed the simulation results of the CNT-based micro-ion sources. The 

electron path length and electron kinetic energy in the 3-panel micro-ion source were 

quite difficult to model mainly due to device geometry. Based on SIMION simulations 

and electron impact ionization literature a new 4-panel device was designed. The new 

device will be easier to model and is also expected to exhibit better performance.  

Simulations on the new 4-panel device predict an improvement in performance due to 

higher primary electron currents and higher ion collection efficiency.  
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5 .  FA B R I C A T I O N  A N D  C H A R A C T E R I Z A T I O N  O F  
C N T- B A S E D  M I C R O - I O N I Z A T I O N  S O U R C E S  

 
This chapter describes the experimental research on the CNT-based micro-ionization 

sources. The experimental results obtained by operating the microtriode device 

(discussed in Chapter  3) as an ion source are discussed. Experimental results for the4-

panel micro-ion source devices are then presented and discussed.  

 

5.1 Experimental setup 
 
The characterization of the electron impact ion source was carried out at room 

temperature in a vacuum chamber with a base pressure of 1 x 10-6 Torr.  A gas manifold 

with an adjustable leak valve (Granville Phillips 203) was used to control the chamber 

environment and pressure.  The chamber pressure was measured using a cold cathode ion 

gauge below 10-4 Torr and a calibrated capacitance manometer above 10-4 Torr.  Unlike 

the ion gauge, the capacitance manometer does not exhibit a strong dependence on the 

type of gas. A semiconductor characterization system (Keithley 4200-SCS) was used to 

apply voltages and measure currents. The reader is referred to Section  3.2.7 for a 

discussion on the source and detection limits of the Keithley 4200 instrument. 

 

5.2 Microfabrication and characterization of the 3-panel micro-
ion source  

 
This section discusses the results obtained from the 3-panel micro-ion source. Figure  4.2 

shows a schematic diagram illustrating the operation of the microtriode as an ion source. 
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The positively biased grid controls the field emission of electrons from the cathode.  

Some percentage of the emitted electrons passes through the grid apertures into the 

region between the grid and the negatively biased ion collector.  The electrons are 

decelerated by the ion collector bias and ultimately deflected back towards the grid if the 

collector voltage is large enough.  If a neutral gas species is ionized in an electron impact 

ionization event in the region between the grid and the collector (hereafter referred to as 

the “ionization volume”), the positively charged ion will be accelerated towards the 

collector electrode.  If an electron impact ionization event occurs in the region between 

the cathode and grid, the generated ion will be accelerated into the cathode.  Such an ion 

will not be counted as ion current at the collector electrode and can possibly damage the 

electron emitters. 

 

 
Electron impact ionization theory has established the following relationship for the 

generated ion current, (Ii) [2]:  

(8) )(ELkII ei σρ=  

where k is a device specific geometrical constant, Ie is the electron current, L is the 

electron path length, ρ is the neutral gas density and σ(E) is the ionization cross section 

which depends on gas type and electron energy (E). Electron impact ionization cross-

sections for most atoms and molecules [12] indicate that most gases display broad 
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maxima of impact ionization probability with electrons in the energy range of 70 to 150 

eV.  As discussed previously in Section  4.3.1, a field emitted electron has some initial 

energy and then rapidly accelerates in the electric field between the grid and the cathode.  

Some of the emitted electron current passes through the grid apertures into the ionization 

volume between the positively biased grid and the negatively biased collector.  The 

collector bias will influence the total path length (l) of the electron.  For a grid voltage of 

250 V, the electron will have an energy of approximately 250 eV as it passes through the 

grid aperture into the ionization volume.  The electron will be decelerated by the 

negatively biased ion collector and at two segments along the electron path length (l) the 

electron will have the 70 – 150 eV energy for maximum ionization probability. Ions 

generated in the ionization region will be accelerated to the ion collector and be measured 

as ion current (Ii).  

 

The devices were fabricated using a well-known polycrystalline silicon Micro-Electro-

Mechanical Systems (MEMS) process that was described in detail in Section  3.1.3.  As 

discussed in Section  4.3.1, the non-stoichiometric silicon nitride layer provided by the 

MEMS foundry does not yield adequate electrical insulation for the micro-ionization 

source applications studied herein. Thus, the devices described here were fabricated on 

modified substrates with a 10 µm thermal silicon dioxide layer.  Scanning electron 

microscope (SEM) micrographs of a representative device, 68_16, are shown in Figure 

 4.3.  The details of the device assembly and cathode fabrication were described in Section 

 3.2.  Briefly, the polycrystalline structures that form the device electrodes were initially 
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parallel to the substrate surface, and embedded in silicon dioxide.  After the MEMS 

fabrication, the sacrificial silicon dioxide was etched in hydrofluoric acid to release the 

electrode panels.  The catalyst for CNT growth, in this case 50 Å of iron, was selectively 

evaporated onto the cathode using an integrated shadow mask.  The CNTs were grown 

using microwave plasma chemical vapor deposition [10, 14] with ammonia/methane gas 

chemistry, as described in Section  2.2.2.  Electron microscopy revealed multi-walled 

CNTs with an average diameter of approximately 30 to 50 nm.  The CNT length was 

controlled by varying the growth time.  After CNT deposition, the panels were manually 

rotated and locked in place normal to the substrate using a tongue-in-groove MEMS 

technique.  The device was mounted and wire-bonded to a ceramic board for testing.  The 

specific device characterized here had a cathode-to-grid spacing of 50 µm before CNT 

deposition, a cathode-to-grid spacing of 30 µm after CNT deposition, and a grid-to-

collector spacing of 280 µm.  The cathode is a 70 µm x 70 µm panel and the grid is a 3 x 

3 array of 20 µm x 20 µm apertures, with a 2.5 µm grid wire. 

5.2.1 Ion current vs. grid voltage 

The electron field emission properties of the integrated CNT cathodes were characterized 

prior to ionization experiments.  During ionization experiments, field emission data was 

obtained by recording both the cathode and grid currents. Figure  5.1 (a) is a plot of the 

measured grid current (Ig) versus grid voltage (Vg) with the ion collector voltage (Vc) 

biased to -210 V so that the field emitted electrons from the cathode were captured by the 

grid.  The electric fields required to generate 1 nA and 1 µA of electron current were 5 
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V/µm and 6 V/µm respectively.  These devices were routinely capable of generating in 

excess of 50 µA of field emitted electron current.  Characterizing the device as an 

electron triode, where some percentage of electrons pass through the grid apertures to the 

positively biased anode, allowed for the determination of the ratio of anode current to 

grid current (Ia/Ig).  This ratio varied across devices, but typically ranged from 2 – 4.   

 

During ionization experiments, a quantitative measure of the electron current (Ie) that 

passes into the ionization volume is unavailable because all of the emitted electrons are 

eventually captured by the grid, as shown in Figure  5.1 (b).  However, the measured grid 

current (Ig) should be proportional to the electron current (Ie) during electron impact 

ionization (Ig α Ie).  Furthermore, it was seen that in a He atmosphere, the emitted 

electron current did not exhibit a strong dependence on gas pressure.  This is seen in 

Figure  5.1 (a) which shows the grid current (Ig) measured at both 10-2 mTorr and 50 

mTorr of helium. Thus, the change in ion current as the pressure increases can be 

attributed to changes in the available concentration of neutral species in the ionization 

volume rather than changes in electron emission.   

 

Figure  5.1 (b) shows the measured ion current (Ii), in this case He ions, versus applied 

grid voltage. The ion current increases as He chamber pressure increases, as expected 

from electron impact ionization theory.  At the chamber base pressure of 10-3 mTorr, the 

measured ion collector current is less than 10 pA, while at a pressure of 50 mTorr the ion 

current approaches 100 nA, representing four orders of magnitude change.  The ion 
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current begins to saturate as the grid voltage is increased, which corresponds to the 

saturation in the emitted electron current shown in Figure  5.1(a).  Figure  5.1(c) is a plot 

of the ion current (Ii) versus grid current (Ig), which follows a linear relationship as 

expected from the electron impact model.  Linear fits were performed on the data in the 

higher grid current regime (Ig > 1 µA) and the measured slopes correspond to the number 

of ions created per electron.  For He, the values are 1.2 x 10-4 at 10 mTorr and 3.8 x 10-3 

at 50 mTorr, which are comparable to the familiar 1000 to 1 rule associated with electron 

impact efficiencies [1].   

5.2.2 Ion current vs. pressure 

Figure  5.2 shows the measured normalized ion current (Ii/Ig) versus pressure for three 

inert gases (He, Ar, Xe) obtained in the microtriode device 68_19.  The grid voltage (Vg) 

was set to establish 1 µA of measured grid current (Ig), and the ion collector voltage (Vc) 

was biased to -210 V.  The grid and ion currents were recorded along with the pressure 

(P) from the capacitance manometer while gas was slowly introduced into the chamber 

with the leak valve.  The ion current recorded at the collector increased linearly with gas 

pressure, as expected from electron impact theory. 
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Figure  5.1: (a) Grid current (Ig) versus grid voltage (Vg), (b) ion current (Ii) versus grid 
voltage and (c) ion current versus measured grid current. The legend indicates the He 

chamber pressure for each data set. The ion collector voltage (Vc) was held at -210 V during 
these measurements. 
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The qualitative trends across gases in Figure  5.2 follow expectations based on the high 

ionization probability of Xe and the low ionization probability of He. With Ig set to 10 

µA, the device was capable of generating Xe ion currents in excess of 2.5 µA at 0.1 Torr, 

corresponding to an ion current density of approximately 50 mA/cm2. A preliminary test 

of the robustness of the CNT cathode under electron impact ionization conditions was 

performed in a 1 mTorr He environment.  There was no noticeable degradation of the 

electron or ion currents after one hour of continuous operation in a 1 mTorr He 

environment. 

 

 

Figure  5.2: The measured ion collector current normalized by the measured electron grid 
current (Ii/Ig) versus the measured chamber pressure. The pressure measurement was made 

using a calibrated capacitance manometer to minimize gas-dependent effects. The 
capacitance manometer was designed for operation in the range 10-4 to 1 Torr. 
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The linear dependence of normalized ion current on gas pressure shown in Figure  5.2 

indicates that the device can be used as a pressure gauge. Vacuum ion gauges typically 

operate in the range where the ratio of ion current to electron current (Ii/Ie) is linear with 

respect to gas pressure. The sensitivity factor (S) of an ion gauge is defined by the 

relation Ii /Ie= SP, where P is the gas pressure [48].  Typical ion gauges can have 

sensitivity factors in excess of 1000 Torr-1 because long electron paths allow for many 

ionization events.  However, these long paths also limit the maximum pressure at which 

the gage can operate.  Schulz designed an ion gauge that could be used at pressures up to 

1 Torr by decreasing the electron path length to approximately 2500 µm to minimize 

scattering and maximize the collector efficiency [49].  In our device, the electron path 

length is a function of the collector bias, but is expected to be less than 600 µm.  

Therefore, as observed in Figure  5.2, the gauge can operate at relatively high pressures.  

The slopes of the data in Figure  5.2 correspond to the gauge sensitivity (1.1 Torr-1 for He, 

1.2 Torr-1 for Ar and 1.0 Torr-1 for Xe). For these short electron path lengths that enable 

higher pressure operation, a small sensitivity compared to more traditional ion gauges is 

expected.  

 
In summary, an on-chip electron impact micro-ionization source was fabricated and 

characterized.  This source utilized a microtriode configuration and was built using 

MEMS fabrication techniques. A CNT field emission electron source was utilized for the 

electron impact ionization process.  Ionization data for He, Ar and Xe as a function of the 

electron emission current and chamber pressure was presented.  Operation as a miniature 

vacuum ion gauge at higher pressures than traditional ion gauges was demonstrated.  If 
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such ion sources can be proven robust, they will be useful in numerous applications 

requiring small size and low power consumption compared to thermionic ion sources. 

 
 
5.3 Microfabrication and characterization of the 4-panel micro-

ion source  
 
The operation of the microtriode electron impact ionization source was discussed in the 

previous section. In this section, the microfabrication and characterization of the unique 4 

panel geometry discussed in the Chapter 4 simulations will be examined    The design of 

the new ion source, as shown in Figure  4.2, was based on the work of Tate and Smith [46, 

47], who carried out pioneering work on the experimental determination of the ionization 

cross-sections of various gases in macroscopic ionization sources.  They used known or 

measured values of electron current, electron beam energy, electron path length, gas 

pressure and ion current to determine the ionization cross-section of a gas. The electrode 

design used by Smith and Tate was a multi-electrode device with three of the electrodes 

in a standard triode configuration and an ion collector electrode placed perpendicular to 

the other electrodes as shown in Figure  4.9. The new 4-panel micro-ion sources were 

designed with the electrodes in a similar configuration so that the relationships developed 

in [46, 47] could be utilized to understand device performance and to optimize device 

structure.  SIMION was used to model the electron and ion trajectories in the device and 

determine various configurations of the four electrodes that would enable optimal ion 

current generation and collection.  
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The devices were fabricated using a 3-layer polysilicon micromachining process as 

described earlier.  Following MWNT growth, the electrodes were rotated into vertical 

positions using micromanipulators and locked in place with integrated latches. The 

device was then mounted and wire bonded to a ceramic substrate for testing. A scanning 

electron micrograph of the assembled device, 4panel_1B, is shown in Figure  4.10.  The 

MWNT patterns were squares with 10 µm sides and a 3 x 3 grid of such patterns 

comprised the cathode.  The cathode-to-grid spacing of this particular device was 50 µm 

before MWNT growth, and was reduced to 35 µm after 15 µm-long aligned MWNTs 

were deposited on the cathode.  The MWNTs had an average diameter of 30-50 nm. The 

grid was a 3 X 3 array of 20 µm X 20 µm apertures with 2.5 µm grid wire.  The grid-to-

anode spacing was 250 µm and the anode had an area of 150 µm X 150 µm.  The ion 

collector panel had an area of 215 µm X 150 µm and stood 50 µm away from the edges 

of the other 3 panels. 

5.3.1 Ion current vs. grid voltage 

A positive voltage was applied at the grid and anode electrodes to attract electrons to the 

anode. A small negative voltage was applied to the ion collector electrode to ensure 

collection of the (positively charged) ions. Figure  5.3 shows ion current for helium 

plotted as a function of grid voltage at different pressures. As the grid voltage increases, 

electron current increases, and hence, ion current increases. A rise in ion current with 

pressure was observed, as expected from electron impact ionization theory.  
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5.3.2 Ion current vs. pressure 

Figure  5.4 shows a plot of the ratio of ion current to cathode current, Ii/Ic, for helium, as a 

function of pressure for the 4-panel micro-ion source (black squares) and the 3-panel 

micro-ion source (red circles). The ion currents have been normalized by Ic because Ii �  

Ic in both cases, as is explained shortly. Ii/Ic was observed to increase linearly with 

pressure. The 4-panel micro-ion source shows (at least) a 10x improvement in Ii/Ic, 

compared to the 3-panel micro-ion source at similar pressures. This improved 

performance can be attributed to two factors. In the 3-panel micro-ion source, the 

electron current contributing to ionization, Ie, is the electron current between the grid and 

ion collector electrodes. In the 4-panel micro-ion source, Ie is the current between the grid 

and the anode.  Ie is much higher in the 4-panel device, because the triode (part of the 4-

panel device) operates in the saturation region. This means that most of the electrons 

emitted by the cathode are captured by the anode, and not the grid. This further implies 

that a large fraction of the cathode current is available as Ie. In comparison, the ion 

collector electrode is negatively biased in the 3-panel micro-ion source and hence the grid 

is expected to capture most of the electron current before it passes into the ionization 

region. Hence Ie is expected to be a small fraction of the cathode current, Ic. In both cases 

an experimental measurement of Ie is almost impossible and hence, Ic was used to 

normalize the ion currents. 
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Figure  5.3: Ion current for helium vs. grid voltage in the 4-panel micro-ion source 
 
SIMION simulations of both the 3-panel and 4-panel devices reveal further differences 

that explain the performance advantage of the four-panel structure. The ion collection 

efficiency (ratio of number of ions collected to number of ions generated) of the 3-panel 

device was less than 50%, while the 4-panel device showed almost 90% collection 

efficiency. A detailed analysis of the various factors affecting ion currents in the 3-panel 

and 4-panel micro-ion sources is presented in Section  6.1. It should be noted that 

SIMION was not used to model the field emission of the CNTs.  Therefore, device 

configurations predicted by SIMION to be optimal for ion collection are not always 

realistic for electron emission and subsequent ion generation.  Thus, an iterative 

combination of experimental results and theoretical modeling must be used to fully 

predict device performance. 
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Figure  5.4: Ion current/cathode current for the 3 and 4-panel micro-ion source devices as a 
function of pressure for helium 

 
5.4 Summary 

The experimental tests and results obtained for CNT-based miniature ionization sources 

were presented. Ion currents were generated in the 3-panel micro-ion source and 4-panel 

micro-ion source for helium, nitrogen, argon and xenon, at pressures ranging from 0.1 to 

100 mTorr. The ion currents obtained in both ion source designs showed a linear rise of 

ion current with pressure as expected from electron impact ionization theory. 
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6 .  D a t a  A n a l y s i s  a n d  E m p i r i c a l  M o d e l  f o r  
C N T- b a s e d  M i c r o - i o n i z a t i o n  S o u r c e  

 
Detailed analyses of the performance of the 3-panel and 4-panel micro-ion sources are 

presented in this chapter. The various factors that affect the total ion current in both 

devices are discussed in detail. These factors include; the electron current that contributes 

to ionization, the primary electron path length, the energy of the primary electrons, the 

type of test gas and the gas pressure. Further, the efficiency of the ion collector electrode 

also plays a critical role in determining the measured ion current. The device design (i.e., 

the configuration of the electrodes in the device) and the voltages applied to the 

electrodes directly affect all of these factors. The SIMION simulations presented in 

Chapter 4 were augmented and utilized to understand the behavior of the devices.  

 

 

6.1 Comparison of performance of the 4-panel micro-ion source 
vs. the 3-panel micro-ion source  

 
This section focuses on a comparison of the electron currents, electron energies, electron 

path lengths and collector efficiencies of the 4-panel and 3-panel micro-ion source 

devices. Following this comparison, the ion currents obtained from the 4-panel and 3-

panel ion sources are analyzed. For the purposes of comparison, 4-panel_1B and 3-panel 

68_16 were chosen. These devices were representative of the 3-panel and 4-panel micro-

ion sources, respectively. In Section  6.1, they are simply referred to as the 3-panel and 4-

panel micro-ion sources, respectively. For the 4-panel device, the potentials applied to the 
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various electrodes were Vcathode = -200 V, Vgrid = -3 V, Vanode = 210 V and Vion collector = -

210 V. For the 3-panel device, the potentials applied to the various electrodes were 

Vcathode = -100 V, Vgrid = 210 V and Vion collector = -210 V. 

6.1.1 Electron current contributing to ionization  

The only way to generate and collect (positively charged) ions in a triode setup is to 

operate the triode with the ion collector electrode at a negative bias, while the grid is 

maintained at a positive bias with respect to the cathode. Most of the electron current 

emitted from the cathode is captured at the grid, while the remainder passes through the 

openings in the grid.  As previously described in Section  4.3.1, depending on the applied 

voltages, the electrons which pass through the grid travel some fraction of the distance 

towards the ion collector electrode before turning back towards the grid as a result of the 

negative bias applied to the ion collector. During their motion in the region between the 

grid and the ion collector, these electrons generate ions via electron impact ionization. 

Thus, the electron current contributing to ionization, Ie, in the microtriode is the current in 

the region between the grid and the ion collector. This is the fraction of the current from 

the cathode that passes through the openings in the grid, while the rest of the current is 

captured by the grid.  SIMION simulations shown in Figure  4.6 predict that these 

electrons initially travel towards the ion collector, but they lose their energy as they do 

so, and when their energies approach 0 eV, they turn back and travel towards the grid, 

where they are finally captured. Therefore, typically, the entire cathode current was 

eventually captured at the grid. Thus, there was no way to experimentally measure Ie. 
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However, based on the performance of the device, Ie is expected to be less than 10% of Ic, 

as explained in Appendix C.   

 

In contrast, the triode portion of the 4-panel device is typically operated in the saturation 

region. Operating the device in the saturation region ensures that a known value of anode 

current is obtained for anode voltages beyond a certain threshold. In the saturation region, 

some of the electron current emitted by the cathode is captured at the grid. The remainder 

of the electron current passes through the openings in the grid and is captured by the 

anode. The electrons contributing to ionization, Ie, were those traveling between the grid 

and the anode. Under vacuum and assuming ideal conditions, the electron current 

contributing to ionization, Ie is given by (Ic - Ig) = Ia, which is the anode current. In 

practice, at higher pressures, Ia < (Ic - Ig) because of imperfect collection of electrons at 

the anode, which may be the result of electron scattering. Secondary electrons generated 

during ionization can also artificially increase Ia. The value (Ic - Ig) can be used as an 

approximation of Ie; however, Ic and Ig are also affected to some extent by secondary 

electrons generated during ionization. The change in Ic and Ig due to the inadvertent 

collection of secondary electrons can also be significant at higher pressures. However, Ic 

is unaffected by electron scattering and changes in Ig due to electron scattering are 

expected to be only 10% of the changes in Ia. This is because the electrons travel 25-45 

μm between the cathode and grid, whereas, they travel 250-350 µm between the grid and 

anode. Since the number of collisions is directly proportional to the distance traveled by 

the electrons, there is expected to be less scattering in the cathode-grid region, compared 
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to the grid-anode region. Ie, is typically between 50 and 90% of Ic, depending on device 

design.  The electron current contributing to ionization, Ie, is expected to be much larger 

in the 4-panel device compared to the microtriode because the anode was positively 

biased in the 4-panel device, thereby collecting a large portion of the cathode current. In 

comparison, the ion collector is negatively biased in the 3-panel device, therefore the 

electron current is expected to be less than 10% of Ic. Ie was approximately 0.6 Ic in the 

4panel device.  

6.1.2 Electron energies and ionization cross-sections 

The electron energies in the ion source devices are critical in determining the measured 

ion currents because the ionization cross-section of each gas is a function of electron 

energy. Experimental measurement of electron energies is a difficult and instrument 

intensive activity that was beyond the scope of this research, thus, these energies were 

simulated using SIMION software, as described in Sections  4.3.1 and  4.3.3.  SIMION has 

been shown to provide a good approximation of electron energies [8, 43]. The electron 

energies at ten locations along the path of a typical electron originating from the field 

emission cathode were obtained from SIMION simulations. The ionization cross-sections 

for the gas of interest and those primary electron energies were then obtained from 

literature [50]. For the purposes of this analysis, helium was used as the test gas. The 

electron impact ionization cross-sections for helium at those ten electron energies were 

recorded. An average value for the ionization cross-section of helium in the microtriode 

and 4-panel devices was then obtained by computing the average of the ionization cross-
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sections obtained at the ten locations. An average value for the electron energy was 

similarly obtained by computing the average of the electron energies at the ten locations. 

 

As discussed previously in section  4.3.1 and reproduced here for the convenience of the 

reader, Figure  6.1 (a) shows a SIMION simulation illustrating the path of three electrons 

emitted from three different regions of the cathode in the 3-panel micro-ion source. The 

voltages applied to the electrodes were the same values used in the experimental tests 

conducted on the standard microtriode, 3-panel micro-ion source. The figure shows the 

electrons that pass through the grid and travel towards the ion collector. Once the 

electrons turn back after reaching their minimum energy, their paths are bent such that 

they leave the device as defined by the three electrodes. However, for simplicity, the 3-D 

CAD model of the micro-ion source device that was utilized in SIMION did not include 

ancillary parts of the grid electrode, such as the spring wires and the bond pad, which are 

also at the same potential as the grid electrode active area. Thus, the electrons impinging 

on these ancillary parts would also be part of the grid current. The experimental data 

revealed that Ig ≈ Ic, which supports the argument that all of the electrons emitted from 

the cathode are eventually collected at the grid electrode and its ancillary parts. Figure 

 6.1(b) plots the electron energies in the 3-panel micro-ion source as a function of their 

position along the y-axis. The electron energies in the 3-panel device ranged from 50 to 

300 eV. (The highest value of the ionization cross-section for helium is 0.374 x 10-16 cm2 

and occurs in the 125-130 eV range.) The average electron energy within the device area 

was calculated to be approximately 159 eV. Thus, the average ionization cross-section for 
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helium in the standard microtriode device was 0.348 x 10-16 cm2, which is 92.2% of the 

peak value. This value was calculated as previously described in Section  6.1.2.  

 

Figure  6.2 (a) shows a SIMION simulation illustrating the path of three electrons in the 4-

panel micro-ion source. The electrons follow almost a straight path from the grid to the 

anode. Figure  6.2 (b) plots the electron energies in the 4-panel micro-ion source as a 

function of their position along the y-axis. The electron energies in the device ranged 

from 175 to 300 eV. The average energy of electrons in the device was calculated to be 

approximately 261 eV. The average ionization cross-section for helium in the 4panel 

device was calculated to be 0.31 x 10-16 cm2, which is 82.8% of the peak value. Thus, the 

ionization average cross-section for helium was approximately 12% higher in the 3-panel 

micro-ion source, compared to the 4-panel micro-ion source. This is because the range of 

electron energies in the microtriode includes 125 to 130 eV (where the ionization cross-

section peaks) in two sections along the path of each electron. The ionization cross-

sections for most gases peak in the 70 - 150 eV range, and the average ionization cross-

section for most gases was seen to be higher in the 3-panel micro-ion source than the 4-

panel micro-ion source. In the 4-panel micro-ion source, the electron energies range from 

170 to 380 eV because the grid was held at 170 V while the anode was held at 380 V. 

The grid was held at 170 V in order to achieve a few μA of electron current, which was 

necessary to achieve measurable ion currents. The anode was held at 380 V in order to 

ensure that the anode current captured a significant portion of the electron current emitted  
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(a) SIMION simulation showing electron paths of three electrons. The path followed by each 
electron is denoted by a different color, the arrows denote direction of motion. 

 

(b) Electron energy as a function of position (y) for the three electrons shown in (a). Each color 
represents the energy of that particular electron. For example, the blue curve represents the 

energy of the electron whose path is shown in blue in (a). The arrows denote direction of motion  

Figure  6.1 : Electron paths and electron energies in the 3-panel micro-ion source 
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(a) SIMION simulation showing electron paths of three electrons. The path followed by each 
electron is denoted by a different color, the arrows denote direction of motion. 

 
(b) Electron energy as a function of position (y) for the three electrons shown in (a). Each color 

represents the energy of that particular electron. For example, the blue curve represents the 
energy of the electron whose path is shown in blue in (a). The arrows denote direction of motion. 

Figure  6.2 : Electron paths and electron energies in the 4-panel micro-ion source 
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from the cathode, thus increasing the electron current in the ionization region (between 

the grid and the anode). 

6.1.3 Electron path length 

The electron path length is defined to be the length of the electron path along which ions 

are collected [42]. The electron path length for the 3-panel micro-ion source is defined to 

be the distance traveled by the electron beam after passing through the openings in the 

grid and before leaving the device area. The electron path length in the microtriode 

devices was calculated to be approximately 500 µm from SIMION simulations. Such a 

large electron path was obtained mainly because the electrons initially travel towards the 

ion collector and the electron beam is then bent by the retarding potential applied to the 

ion collector, as shown in Figure  6.1.  The electron path length in the 4-panel device was 

calculated to be 260 μm. This was approximately equal to the distance between the grid 

and anode electrodes, because the electron beam almost follows a straight path from the 

grid to the anode, as seen in Figure  6.2. Thus, the electron path length in the microtriode 

was almost twice that in the 4-panel device.  

6.1.4 Ion collection efficiency 

All the factors which have been discussed thus far affect the number of ions generated in 

the ion source devices. However, the collection of the ions created in the device is also a 

significant factor in determining the amount of ion current that is finally obtained in a 

device. The ion collection efficiency can be defined as the ratio of the number of ions 

created to the number of ions collected. The placement of the ion collector electrode 
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relative to the other electrodes and the voltages applied to the electrodes determine the 

collection efficiency.  

 

Figure  6.3(a) shows a SIMION simulation illustrating electron and ion paths in the 3-

panel micro-ion source.  The ion collection efficiency was calculated to be approximately 

45.4% from SIMION. The main reason for the low ion collection efficiency is the poor 

alignment of the grid and ion collector electrode panels. Due to this arrangement of 

electrodes, the electron beam was bent such that it traveled past the ion collector panel. 

Most of the ions created by the electrons during their flight from the grid to the anode 

were captured at the ion collector. But the ions created by the electrons after their paths 

were bent could not be captured at the ion collector, as shown in Figure  6.3 (a). The 

electric field lines in this region were such that those ions traveled past the ion collector 

panel and away from the device.  

 

Figure  6.3 (b) shows a SIMION simulation illustrating electron and ion paths in the 4-

panel micro-ion source.  The ion collection efficiency was calculated to be approximately 

90% from SIMION. The main reason for the high ion collection efficiency is the shape of 

the electron beam and the placement of the ion collector almost parallel to the electron 

beam. This ensures that ions created almost everywhere along the electron path are 

collected at the ion collector electrode. Also, the ion collector electrode was situated only 

50 μm away from the edges of the grid and anode electrodes, which reduced the distance 

the ions traveled before being captured at the collector. This ensured that only a small 
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(a) SIMION simulation illustrating ion collector efficiency in the 3-panel micro-ion source. The 
black lines indicate electron paths and the red lines indicate ion paths. 

 

(b) SIMION simulation illustrating ion collector efficiency in the 4-panel micro-ion source 
device. The black lines indicate electron paths and the red lines indicate ion paths.  

Figure  6.3 : SIMION simulations illustrating ion collector efficiencies. 
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percentage of ions escaped through the space between the ion collector and cathode 

electrodes, as shown in Figure  6.3 (b). The ions that escaped were mostly created in that 

part of the ionization volume which was closest to the anode, where the electrons 

typically had high energies of 350 to 400 eV. It should be noted that ionization cross-

section decreases with electron energy for high electron energies (i.e. greater than 150 

eV) for most gases. Thus, it is believed that the ion collection efficiency is even greater 

than the 90% value calculated herein for the 4-panel micro-ion sources.  

 

Thus far, the different factors that affect the measured ion current in the 3-panel and 4-

panel micro-ion source devices have been compared and analyzed. Comparison of the 

measured ion currents for these ion sources is discussed next. The ratio of ion current to 

cathode current, (Ii/Ic), was chosen as a measure of performance because the actual values 

of electron current contributing to ionization, Ie, could not be measured for the 3-panel 

ion source. In both ion sources, Ie �  Ic as was discussed in Section  6.1.1. Thus, the 

cathode current was used to normalize the measured ion current and enable comparisons 

of ion source performance for the different micro-ion source geometries.  

 

Figure  6.4 shows the normalized ion current, Ii/Ic, as a function of pressure for the 4-panel 

and 3-panel micro-ion source devices. A rise in Ii/Ic with pressure was seen for both 

devices. Ii/Ic for 4-panel device was generally higher than Ii/Ic for the 3-panel device at 

similar pressures.  The main factors believed to be responsible for this are the increased 

electron current contributing to ionization and the higher collection efficiency in the 4-
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panel device as discussed earlier. The main factors affecting ion currents in both devices 

are listed in Table 1.  

 

Figure  6.4: Ion current/Cathode current as a function of pressure for the 3-panel and 4-
panel micro-ion source devices for helium 

 
The electron path length and average ionization cross-section are higher in the 3-panel 

device, but their combined effect on (Ii/Ic) still falls short of the combined effect of the 

larger Ie and higher collection efficiency of the 4-panel device. 
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Table 1: Comparison of important factors that affect ion current in the 3-panel and 4-panel  
micro-ion sources 

 
Device Electron 

energies 

(eV) 

Avg. Ionization 

cross-section 

(10-16 cm2) for 

He 

Ion 

Collection 

Efficiency 

Electron 

path length 

(µm) 

Normalized 

Ie 

3-panel 50 to 300  0.35 45.4% 500  NA 

4-panel 175 to 300  0.31 90% 250  0.6 

 
 
 
6.2 An improved 3-panel micro-ion source design  

The preceding analysis indicated the geometry of the 3-panel micro-ion source was 

problematic due to the complex electron paths as well as low ion collection efficiencies. 

However, it also indicated that the advantages of the 3-panel design were the high levels 

of normalized ion currents. This led to the realization that an improved 3-panel design 

with aligned electrodes should offer the best performance. This design is similar to the 

design of the cathode-grid-anode arrangement in the 4-panel micro-ion source5. The 

various factors that affect ion current in the improved 3-panel micro-ion source are 

discussed below. Experimental results are then presented and analyzed. For the 3-panel 

device, the potentials applied to the various electrodes were Vcathode = -170 V, Vgrid = 5 V 

and Vion collector = -210 V. 

                                                 
5 A device with a configuration similar to 4panel_1B was used for this test.  
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6.2.1 Electron current contributing to ionization  

The electron currents contributing to ionization in the 3-panel and 4-panel ion sources, Ie, 

were discussed in Section  6.1.1. The same arguments are also applicable to this 

discussion. In the modified 3-panel device, the ion collector was kept at a negative bias, 

only a very small fraction of cathode current (less than 0.1(Ic)) was expected to pass 

through the grid openings into the region between the grid and ion collector. As discussed 

in Section  6.1.1, Ie typically ranged from 0.5(Ic) to 0.95(Ic) in the 4-panel micro-ion 

source. Thus, Ie is expected to be significantly higher in the 4-panel device compared to 

the modified 3-panel device.  

 

6.2.2 Electron energies and ionization cross-sections 

The reader is referred to Section  6.1.2 for background on electron energies and ionization 

cross-sections. Figure  6.5 (a) shows a SIMION simulation illustrating the paths of three 

electrons for the modified 3-panel device. Figure  6.5(b) shows the electron energies as a 

function of position along the y-axis. The electron energies varied from 0 to 175 eV and 

the average electron energy was calculated to be 55.2 eV. The average ionization cross-

section for helium in for the modified 3-panel device was calculated to be 0.26 x 10-16 

cm2, which is 68.9% of the peak value. This value is not very high because the electron 

energies are in the 0 to 175 eV range, and the ionization cross-sections are typically quite 

low for the 0 to 70 eV range. They can be improved by holding the ion collector at a 

slightly positive voltage of 15 V to increase the minimum electron energy to 15 eV but 

increasing this further might negatively affect ion collection efficiencies. Further, the grid 
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can be biased at a voltage of 150 V to decrease the maximum electron energy and thus 

improve ionization cross-sections. Thus, in this case the average electron energy would 

be in the 70-150 eV energy range where ionization cross-section peaks, thereby yielding 

a higher average ionization cross-section. 

 

6.2.3 Electron path length 

The reader is referred to the discussion on electron path length in Section  6.1.3 for 

background. The average electron path length in the modified 3-panel device was 

calculated to be 400 µm as compared to the electron path length of 250 µm in the 4-panel 

device (see Section  6.1.3). Despite the similar electrode configurations, the electron path 

length was significantly longer in the 3-panel device because the electrons traverse the 

grid-anode distance almost twice, as shown in Figure  6.5.  

 

6.2.4 Ion Collection efficiency 

The reader is referred to the discussion on collector efficiency in Section  6.1.4 for 

background information. Figure  6.6 (a) shows a SIMION simulation illustrating electron 

and ion paths for the modified 3-panel device (i.e., the 4-panel device operating in the 3-

panel mode).  The ion collection efficiency was calculated to be approximately 88.6% 

from SIMION. The ion collection efficiency was high relative to the original 3-panel 

micro-ion source device discussed in Section  6.1.4 because the grid and ion collector 

electrodes are perfectly aligned with each other. Thus, the electric field created by the  
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(a) SIMION simulation showing electron paths of three electrons in the modified 3-panel device 
when operated in the 3-panel mode. The path followed by each electron is denoted by a different 

color, the arrows denote direction of motion. 

 
(b) Electron energy as a function of position (y) for the three electrons shown in (a). Each color 

represents the energy of that particular electron. For example, the blue curve represents the 
energy of the electron whose path is shown in blue in (a). 

Figure  6.5 : Electron paths and electron energies in the modified 3-panel device. 
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Figure  6.6 : SIMION simulation illustrating ion collector efficiencies in the modified 3-panel 

micro-ion source. The black lines indicate electron paths and the red lines indicate ion 
paths. 

 

 

Figure  6.7: Ion current/Cathode current vs. pressure for the 4-panel micro-ion source, 
modified 3-panel micro-ion source and the original 3-panel micro-ion source. 
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potentials applied to the grid and ion collector electrodes attracts almost all the ions 

created in the space between the grid and ion collector.  

 
 
Figure  6.7 shows the normalized ion current, Ii/Ic, plotted as a function of pressure, for 

the 4-panel device, the modified 3-panel device and the original 3-panel device. A rise in 

Ii/Ic with pressure was observed for all three devices. The main factors affecting ion 

currents in both devices are listed in Table 2. The performance of the 4-panel device in 

the 4-panel mode was superior to the performance of the modified 3-panel device.  The 

main factors believed to be responsible for this are the increased electron current and the 

higher average ionization cross-section in the 4-panel device. Even though the electron 

path length was greater in the modified 3-panel device, since the ionization cross-section 

was smaller, the total number of ions created per electron was lower compared to the 4-

panel device.  Thus, although the modified 3-panel device would minimize 

microfabrication requirements and increase the simplicity (and presumably robustness) 

when compared to the 4-panel device, it does not match the performance of the 4 panel 

device despite the improvement over the original 3-panel design. 
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Table 2: Comparison of important factors that affect ion currents in the modified 3-panel 
device and the 4-panel device. 

 
Device Electron 

energies 

(eV) 

Avg. Ionization 

cross-section (10-16 

cm2) for He 

Ion 

Collection 

Efficiency 

Electron 

path length 

(µm) 

Normaliz

ed Ie 

Modified 

3-panel 

0 to 175  0.26 88% 400  N.A. 

4-panel 175 to 300  0.31 90% 250 0.6 

 
 
6.3 Four-panel device operation as a function of electrode 

voltages  
 
This section provides a more complete understanding of the 4-panel device operation by 

examining the effect of the voltages applied to all of the various electrodes in a 4-panel 

micro-ion source device on ion currents. This section focuses on the 4-panel device 

operated in a 4-panel mode. The voltages applied to the electrodes affect different factors 

in the ion source such as electron path length, electron energy and ionization cross-

section. All of these factors ultimately affect the ion currents generated and measured in 

the ion source. Hence, it is important to understand the effect of these voltages on ion 

source performance.  The voltages applied to the grid, anode and ion collector were 

varied independently and the ion currents and cathode currents were measured during 

these tests. The ion current normalized by the cathode current, (i.e., Ii/Ic), was calculated 

as a function of voltages applied to the grid, anode and ion collector electrodes. These 

tests were conducted on device 4-panel_3B, an SEM of which is shown in Figure  6.8. 
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6.3.1 Effect of grid voltage 

Figure  6.9 shows a plot of normalized ion current, (Ii/Ic), as a function of grid voltage 

with the anode voltage held constant at 410 V and the ion collector voltage held constant 

at 0 V. The normalized ion current decreased as grid voltage was increased. The electron 

energy is determined by the voltages applied to the grid and anode electrode. If the grid is  

 
Figure  6.8: SEM image of device 4-panel_3B (for ease of understanding, this image has been 

flipped vertically to provide a similar orientation for the schematic, the previous SIMION 
simulations and the SEM views). 

 
 
held at A volts and the anode is held at B volts, then the electron energy is given by A eV 

at the grid and B eV at the anode. So, the electron gains (B-A) eV of kinetic energy 

during its flight from the grid to the anode. Therefore, as the grid voltage is increased, the 

minimum energy of the electrons increases. Furthermore, the grid voltage determines the 

primary electron current emitted from the cathode (Ic). The minimum grid voltage 

required to achieve cathode currents in the µA range was approximately 150 to 160 V, 
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and hence, this is the minimum grid voltage on the plot. This was the minimum cathode 

current required to generate measurable ion currents at the lower pressures.  As the grid 

voltage is increased beyond 160 V, the minimum electron energy is increased 

accordingly. However, the ionization cross-section for helium reaches a maximum in the 

125-130 eV range, and decreases at higher energies. Therefore, as the minimum electron 

energy goes above 160 eV, the ionization cross-section starts to decrease. This effect 

continues as the grid voltage is increased further. The cathode current increases as grid 

voltage is increased and the primary electron current also rises proportionally. When the 

normalized ion current is calculated, any increase in primary electron current is offset by 

an increase in cathode current. Thus fewer ions per electron were created as the grid 

voltage was increased. Hence, the normalized ion current decreased as a function of grid 

voltage.  

6.3.2 Effect of anode voltage 

Figure  6.10 is a plot of the normalized ion current as a function of anode voltage at 

different pressures of helium. The grid was held at 250 V while the ion collector was held 

at 0 V during this test. It was seen that Ii/Ic increased as the anode voltage was increased. 

Ii/Ic peaked at 220 V and started to decrease for higher anode voltages. It is notable that 

the shapes of the curves in Figure  6.10 are consistent with the dependence of electron 

impact ionization cross-section on electron energy (see Figure  4.5). Table 3 lists the 

important factors such as electron energy, electron path length and ion collection 
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efficiency at various anode voltages. The 0 to 400 V anode voltage range is broken up 

into three different ranges and analyzed below. 

 

 

Figure  6.9: Ion current/cathode current as a function of grid voltage in the 4-panel micro-
ion source at different pressures of helium. 

 
 
Anode voltage: From 0 to 150 V 

As mentioned in the previous paragraph, the electron energy is governed by the voltages 

applied to the grid and anode electrodes. As the anode voltage is increased, the maximum  
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Figure  6.10: Ion current/cathode current as a function of anode voltage for the 4-panel 
micro-ion source at different pressures of helium 

 

Table 3: Ion source parameters as a function of anode voltage for the 4-panel micro-ion 
source 

 
VAnode(V) Electron 

energy 

range (eV) 

Ionization cross-

section range 

(10-16 cm2)  

Ion 

Collection 

Efficiency

Electron 

path length 

(µm) 

Normalized 

Ie 

0 250 to 0  0.32 to 0 10% 700  NA 

140 250 to 140  0.32 to 0.37 80% 350  0.3 

220 250 to 220  0.32 to 0.33 100% 350  0.56 

400 250 to 400  0.32 to 0.26 90% 350  0.7 
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kinetic energy of the electrons increases. However this is true only when the anode 

voltage is higher than the grid voltage. For example, consider the case of a grid voltage of 

250 V. The electrons will have energies of 250 eV as they pass through the openings in 

the grid. When the anode voltage is lower than 250 V, these electrons pass through the 

grid, travel towards the anode for some distance, and when their kinetic energies reach 0 

eV, they reverse their direction of motion and travel back towards the grid. This scenario 

is depicted in Figure  6.11which is a SIMION simulation of the device when the anode 

voltage is 0 V. The electron energy ranged from 0 to 250 eV along the electron path when 

the anode voltage was less than 250 V. This voltage range is favorable for ionization 

since the peak ionization cross-section for helium occurs in the 125-130 eV range. 

However, as determined from SIMION calculations (see Section  4.3.3), the ion collection 

efficiency in the 4-panel device was only 10% for an anode voltage of 0 V. The ion paths 

for an anode voltage of 0 V are shown in Figure  6.11.The ions are attracted to the anode 

and the ion collector (both held at 0 V), and were repelled by the positive voltage applied 

to the grid. The resultant electric field lines were such that the ions were pushed away 

from the grid and toward the anode. All of this resulted in an ion collection efficiency of 

only 10% for the ion collector.  Thus, the normalized ion current was quite low for an 

anode voltage of 0 V. As the anode voltage was increased from 0 to 150 V, the anode 

repelled an increasing number of ions, and the ion collector attracted those ions, thus 

increasing the efficiency of the ion collector to 80%. Thus, the ion collection efficiency 

increased within this voltage range. This scenario is shown in Figure  6.12 which is a 

SIMION simulation of the device at an anode voltage of 140 V. When the anode voltage 
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was 140 V, the electron energies range from 250 to 140 eV. This is extremely well-suited 

for ionization because it includes the energy range where the ionization cross-section is 

very high. Further, the ion collection efficiency was also quite high since the anode 

repelled most of the ions created, resulting in those ions traveling towards, and being 

captured by the ion collector. The combined effect of these two factor results in Ii/Ic 

peaking at an anode voltage of 140 V. 

 

Anode voltage: From 150 to 250 V 

When the anode voltage was maintained at 150 V the electron energy varied from 250 to 

150 eV.  However, when the anode voltage was increased to 250V, the electron energies 

remain constant at 250 eV because the grid was also maintained at 250 V.  Since 

ionization cross-section decreases with an increase in electron energy above 130 eV, the 

average ionization cross-section value decreased as the anode voltage was increased from 

150 to 250 V.  However, as the anode became more positive, it repelled more ions which 

were then collected at the ion collector. Thus, as confirmed by SIMION simulations 

shown in Figure  6.13, the ion collection efficiency increased in this voltage range and 

peaked at an anode voltage of 220 V. The ion collection efficiency increased by only 

10% as the anode voltage was increased from 150 to 250 V, while the average ionization 

cross-section decreased sharply. As a result, Ii/Ic decreased as the anode voltage was 

increased from 150 to 250 V.  

 

Anode voltage: From 250 to 400 V  
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Figure  6.11: SIMION simulation showing electron and ion paths in the 4-panel micro-ion 
source with anode voltage = 0 V. The simulations predict poor ion collector efficiencies. 

Most of the ions are captured at the anode. Most of the ions do not reach the ion collector 
when the anode voltage is held at 0V. 

Figure  6.12: SIMION simulation showing electron and ion paths in the 4-panel micro-ion 
source with anode voltage = 140 V. The simulations predict high ion collector efficiencies, 

even though some of the ions still strike the anode. 
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When the anode voltage was in the 250 to 400 V range, the lower limit of the electron 

energy range was 250 eV while the upper limit was given by the anode voltage. For 

example, for an anode voltage of 400 V, the electron energy range would be 250 to 400 

eV. For electron energies greater than 130 eV, the ionization cross-section value 

decreases with energy and hence, the electron energies for the 250 to 400 V anode 

voltage range are not optimized for ionization. However, these energies still yield 

ionization cross-sections that range from 86% (at 250 eV) to 69% (at 400 eV) of the peak 

ionization cross-section value [42]. Thus, the average ionization cross-section decreases 

as the anode voltage is increased from 250 V to 400 V. As described in the previous 

sections, the anode voltage also plays a critical part in determining the ion collector 

efficiency. The collection efficiency was seen to peak at an anode voltage of 220 V. As 

the anode voltage was increased beyond 220 V, the collection efficiency started to 

decrease again. The ions experience repulsion from both the grid and anode electrodes 

because of their positive bias. The positive bias of these electrodes and the present device 

geometry inadvertently push the ions towards the gap in the device between the ion 

collector and grid (Device geometries to alleviate these issues will be discussed in the 

future work section in Chapter  8 ).  This scenario is depicted in Figure  6.14, which is a 

SIMION simulation of the device at an anode voltage of 400 V. Thus, at large positive 

anode voltages, the ion collection efficiency was quite high, approximately 90%. 

However, both ionization cross-section and ion collection efficiency decline as the anode 

voltage is increased from 250 V to 400V, causing Ii/Ic to decrease as a function of anode 

voltage in this range. 
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Figure  6.13: SIMION simulation showing electron and ion paths in the 4-panel micro-ion 
source with anode voltage = 220 V. The simulations predict the highest ion collector 

efficiencies at this anode voltage.  

 

Figure  6.14: SIMION simulation showing electron and ion paths in the 4-panel micro-ion 
source with anode voltage = 400 V. The simulations predict high ion collector efficiencies. 
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6.4 Summary 
 
The experimental results obtained for CNT-based micro-ionization sources were 

analyzed.  SIMION software was used to model and understand the behavior of the ion 

sources. The performance of the 4-panel micro-ion source was seen to be approximately 

10x better than the original 3-panel device. The reasons for this improvement were the 

increased electron current and superior ion collection efficiency of the 4-panel micro-ion 

source. SIMION simulations suggested that the design of the original 3-panel micro-ion 

source could be modified to improve performance. Tests conducted on the modified 3-

panel device revealed that the performance of the modified 3-panel device was better 

than the original 3-panel micro-ion source due to higher ion collection efficiency. A 

detailed analysis of the effect of grid and anode voltages on ion current generation and 

collection in the 4-panel device was performed. The normalized ion currents were seen to 

be a strong function of the applied voltages.  The grid voltage mainly affected the 

energies of the primary electrons and hence strongly influenced ionization cross-section. 

The anode voltage affected primary electron current, electron energy (and hence, 

ionization cross-section) and also ion collection efficiency.     
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7 .  D e t e r m i n i n g  t h e  Va l i d i t y  o f  t h e  I o n  
C u r r e n t  E q u a t i o n  a t  M i c r o n  S c a l e s  a n d  
P r e s s u r e s  u p  t o  1 0 0  m To r r   

 
This chapter determines the validity of the ion current equation, which was originally 

developed for low pressures and macroscale ionization sources, at the sub-mm scale and 

for the relatively high pressures utilized in the present study. The experimental setup used 

to develop the ion current equation for macroscale ion sources is first described. The 

various assumptions that need to be valid for the equation to be applicable are then 

discussed. The ion current equation was used to calculate ion currents in the 4-panel 

device. These calculated values are compared with experimental ion current values 

obtained for various gases and pressures in the 4-panel micro-ion source. Some deviation 

from the calculated values was seen for all test gases and at all pressures. An empirical 

model was developed for the ion currents measured in the 4-panel micro-ion source to 

explain these deviations and is presented at the end of the chapter. 

 

7.1 Introduction 

One of the important aspects of this study was the analysis of ion currents at different 

pressures in the 0.1 to 100 mTorr range.  As the operating pressure increases, the 

probability of electron-gas species collisions increases. Thus, the behavior of the ion 

source could be significantly different at higher pressures (for example, higher than 10 

mTorr), when compared to lower pressure operation. Relationships for ion currents were 

developed in the early 1930’s as part of experimental methods to determine the ionization 
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cross-sections for various gases [46, 47]. The experimental setup used in these studies 

was described in Section  4.3.2. The relation between electron current and ion current in 

such a setup was stated in Equation (7) and is reproduced here for the convenience of the 

reader 

(7) )(
)(
)(
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where Ii(E) is the measured ion current, Ie(E) is the measured primary electron current, E 

is the energy of the electrons involved in the impact ionization process, ρ is the number 

density (function of pressure) of the target gas,  L is the electron collision path length 

over which the ions are collected and σ(E) is the total electron impact ionization cross-

section of the gas [42]. ρ, the number density is given by 3.535 x 1016 x P /cm-3, where P 

is the pressure of the target gas in Torr [42]. 

 

Equation (7) was used to calculate ion currents for helium, argon and xenon in the 0.1-

100 mTorr pressure range for the 4-panel micro-ion source. The various factors in 

Equation (7) such as electron path length and electron energy were calculated using 

SIMION simulations of the 4-panel device. The electron energies obtained from SIMION 

were used to calculate average values for ionization cross-sections for each gas using 

values reported by Rapp and Golden [50]. The pressure in the chamber was measured 

using a Pfeiffer Capacitance Manometer (Model CMR 264), which was a gas-
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independent pressure gauge.  The pressure measurement range for the CMR 264 was 7.5 

x 10-5 Torr to 0.75 Torr. The accuracy was 0.20 % of the measured value, and the 

resolution was 2.5 x 10-6 Torr. The pressure measured by the CMR 264 was used in 

Equation (7) to calculate ion currents. 

 

7.2 Assumptions for the ion current equation 

In the 1960s, Rapp and Englander [50] conducted experiments to verify the results 

published by Smith and Tate. They performed their experiments at 10-5 Torr for Xe and 

10-4 Torr for He. The electron path length was on the order of 1 cm. The combination of 

pressure and electron path length was such that the mean free path for any gas was much 

greater than the electron path length.  

Kieffer and Dunn [42] performed an extensive review of many such studies which 

focused on the experimental determination of electron impact ionization cross-sections. 

They listed the different conditions to be met to ensure accurate ionization cross-sections. 

These conditions were: 

1. Negligible secondary electron current from ions hitting the collector 

2. Total collection of all of the electrons that produce ions 

3. Negligible secondary electron generation from electrons hitting the collector 

4. Negligible collection of secondary electrons ejected in the ionizing collisions 
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5. Negligible number of secondary electrons generated in ionizing collisions 
(compared to the primary electron current) 

6. No dependence of ion current on applied ion collection field (to ensure complete 
collection of all ions) 

7. Usage of an accurate number density standard (this quantity is represented by ρ in 
Equation (7)) to ensure accuracy of calculations  

8. Knowledge of temperatures of pressure gauge and ionization region 

9. Electrons have negligible transverse velocity components due to electron optical 
effects or space charge spreading 

10. Negligible transverse velocity components due to gas scattering 

In electron impact ionization studies, the surfaces of the collision chamber were usually 

coated with carbon in order to reduce secondary electron emission. A magnetic field was 

used to confine the primary electron beam to ensure that it was fully collected. The 

pressure was kept low enough to ensure that the number of secondary electrons created 

during ionization events was negligible compared to the primary electrons. The electric 

field between the collector and ground plates was such that all the ions created over the 

collision path length were collected. Assuming an ideal gas, the number density of the 

target gas was calculated using 

(9) ( ) ( )cc TPx 27310535.3 16=ρ  

where Pc and Tc are the pressure in mm Hg and temperature in degrees K, respectively, in 

the collision chamber, and 3.535 x 1016 is the number of particles/cm3 at 1 mm Hg and 
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273 K. If the pressure gauge at temperature TG is connected to the chamber with tubing 

whose diameter is small compared to the mean-free path of the gas, then the equation for 

the number density becomes [51] 

(10) ( ) ( ) 2
1

16 27310535.3 −= GcG TTPxρ  

where PG is the pressure measured by the pressure gauge. Corrections in the values of 

ionization cross-sections due to temperature differences between the pressure gauge and 

the collision chamber are typically not higher than 10%. Also, Rapp and Golden stated 

that Equation (10) may not apply when different temperature and pressure regions 

connect the ionization chamber and the pressure gauge. As a result, the measurement of 

system pressure gave rise to one of the largest uncertainties in the determination of total 

ionization cross-section by such methods.  

 

Thus far, the conditions that must be met in order for Equation (7) to be valid have been 

discussed. The next section applies Equation (7) to the 4-panel micro-ion source and 

discusses its validity for the 4-panel micro-ion source at different pressures for helium, 

argon and xenon.  
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7.3 Applying the ion current equation to the 4-panel micro-ion 
source 

 
As mentioned in the previous section, in order to apply the ion current equation 

developed by Smith and Tate to microscale devices operating in the mTorr pressure 

range, a comparison was made between measured and calculated ion currents.  Equation 

(7) was used to obtain the calculated ion currents expected from the 4-panel devices at 

pressures ranging from 10-4 Torr to 10-1 Torr for He, Ar and Xe. To obtain the inputs for 

this calculation, the cathode and grid currents were measured and the electron current 

contributing to ionization, Ie, was calculated using Ie = Ic - Ig.  

 

7.3.1 Calculation of normalized ion currents 

Electron impact ionization literature has established the use of a device-specific 

geometrical factor, k, in Equation (7) in order to accurately model measured ion currents 

[48]. Accordingly, Equation (7) can be written as  

(11) )(
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For each gas, the theoretical value of Ii/Ie was calculated as follows. The electron path 

length, L, and ionization cross-section, σ(E), were computed from SIMION calculations. 

The number density, ρ, was computed using measured values of pressure and the relation, 

ρ = 3.535x1016 x Pressure. The measured value of Ii/Ie was calculated by taking the ratio 
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of measured ion current to the difference in measured cathode and grid currents, i.e. 

taking the ratio of measured Ii to measured (Ic - Ig).  Finally, the calculated Ii/Ie was 

compared to the measured Ii/Ie by plotting them both as functions of pressure. It was 

found that a value of k = 2.4 in Equation (11) yielded a good match between the 

measured and calculated values for all the test gases. k was obtained by the best fit of the 

data in the 3 to 20 mTorr pressure range and averaged for all three gases in this study. It 

follows previous investigations as described in literature [48]. Hence, k = 2.4 was 

assumed to be the device-specific geometrical factor for the 4-panel micro-ion source 

device and was used in the calculated Ii/Ie values.  

7.3.2 Data analysis and empirical modeling 

Figure  7.1, Figure  7.2 and Figure  7.3 show the measured Ii/Ie and calculated Ii/Ie plotted 

as a function of pressure for helium, argon and xenon. For helium, limited data was 

available at pressures lower than 3 mTorr because of the extremely low ion currents 

(typically tens of pA) obtained at those pressures. For argon and xenon, limited data was 

available at pressures lower than 1 mTorr. The reduced measurement accuracy of the 

pressure gauge at pressures lower than 1 mTorr is believed to be the main reason for this.  

Deviation from the calculated values was observed both at lower as well as higher 

pressures. However, there was good agreement between the measured and calculated 

values for pressures in the 3 to 20 mTorr range for all three gases. The fit between the 

measured and calculated values is given in Table 4. At pressures higher than 20 mTorr, a 

greater amount of deviation from the calculated values was observed. To correct the 
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calculated value for this deviation, a gas-specific factor, which is termed cgas, was 

introduced. This factor is included in the corrected calculated value of Ii/Ie and is 

calculated at higher pressures, in the 20 – 100 mTorr range. The corrected model at 

higher pressures is presented in Table 4 and also includes a gas-specific intercept, which 

was added to the original model. The fit between the corrected model and the measured 

values in the 20 to 100 mTorr range is also given in Table 4. An overall correction factor 

was applied to the original ion current equation instead of applying a correction factor to 

each factor in Equation (11).  The main reasons for this were the complexities involved in 

estimating the changes in each factor as a function of pressure. SIMION software 

(version 7.0) was not sufficient to estimate the changes in electron path length, electron 

energy and ionization cross-section in the higher pressure regime. Hence, an overall gas-

specific correction factor, cgas, was applied. 

 

Device behavior at lower pressures - For pressures in the 3 to 20 mTorr range, the fit 

between the measured and calculated values is given in Table 4. The R-squared value 

ranged from 0.8 to 0.9 for the three gases in this low pressure regime. The R-squared 

value indicates the quality of fit and is equal to 1 for a perfect fit between two data sets. 

The fact that the R-squared values are quite high indicates that a good fit exists between 

the calculated and measured values. Further, this means that the measured values of the 

normalized ion currents Ii/Ie, for helium, argon and xenon follow the trends predicted by 

their respective ionization cross-sections. This is extremely important for the 4-panel 

micro-ion source because it means that the ion currents in the 3 to 20 mTorr pressure 
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range can be accurately predicted for these three gases, and by extrapolation, to other 

inert gases also. The fact that R-squared is less than 1 is not surprising given that some of 

the assumptions listed in the previous section may not be valid for this ion source device 

and testing setup. For example, secondary electrons created during ionization events 

could also be contributing to ionization. Further, there is some uncertainty in the 

calculated value for average ionization cross-section. The ionization cross-section of a 

gas is a sensitive function of electron energy. To ensure uniformity across gases, the 

ionization cross-sections reported by Rapp and Golden were used for the calculations for 

all the gases. However, the ionization cross-sections at all energies in the electron energy 

range of interest, 200 to 400 eV, were not available.  Therefore, the ionization cross-

sections for the nearest electron energy were used. The average error introduced by the 

ionization cross-section was estimated to be approximately 8 to 10%.  

 

Device behavior at higher pressures - For pressures in the 20 to 100 mTorr range, the 

best possible fit for the measured Ii/Ie was found for each gas. The fits yielded R-squared 

values for helium and xenon of 0.85 and 0.81 respectively. However, due to the lack of 

stable measured Ii/Ie values at higher pressures, the corresponding R-squared value for 

argon was only 0.44. As a result, the fit for the measured Ii/Ie values for argon in the 

higher pressure range was not considered to be reliable. 
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Figure  7.1: Ion current/Electron current as a function of pressure for helium. The black line 
indicates calculated values, the red squares indicate measured values, and the blue line 
indicates corrected calculated values at higher pressures. Deviation from the calculated 

values at lower pressures could be due to limitations of the pressure and current 
measurement systems. 

 
 
The corrected ion current model for the 4-panel micro-ion source devices is given by 

(12) gasgas
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The gas-specific correction factor, cgas, was the slope of the linear fit to the measured Ii/Ie 

vs. pressure curve in the higher pressure range, and igas was the intercept of the curve. cgas 

was found to be 1.92 for helium and 3.78 for xenon. Thus, the normalized ion currents at 
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higher pressures were 1.92 to 3.78 x the values predicted by Equation (11). The details of 

the model are listed in Table 4. It should be noted that as pressure increases to the point 

where the mean free path of gas species in the gas is on the order of the characteristic 

length of the device, the ion collection efficiency is expected to decrease. However, 

within the pressure range studied herein, the mean free path of gas species is still greater 

than the characteristic length, and thus pressure is not expected to significantly affect ion 

collector efficiency. The larger correction factor for xenon could be due to the larger 

ionization cross-section of xenon, compared to helium. In addition, the correction factor 

for pressures in the 20 to 100 mTorr range could be the result of several factors as 

discussed below. 

 
Increased scattering of electrons at higher pressures: Increased scattering of 

electrons at higher pressures could lead to larger electron path lengths than those 

predicted at lower pressures. This effect would increase as the size of the gas 

atom/molecule increases, since larger gas atoms/molecules would result in more 

collisions, and would thus be greater for xenon, compared to helium. The mean free path 

of electrons in xenon at 100 mTorr is approximately 1.6 mm, which is much greater than 

the characteristic length of the 4-panel micro-ion source (approximately 350 µm). As a 

result, the increase in electron path length at the highest pressure of 100 mTorr is 

expected to be the result of, at most, a single collision and is thus not expected to be 

greater than 100 % and is likely to be on the order of 15 to 20%.  
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Figure  7.2 : Ion current/Electron current as a function of pressure for argon. The black line 

indicates calculated values, the red squares indicate measured values, and the blue line 
indicates corrected calculated values at higher pressures. Deviation from the calculated 

values at lower pressures could be due to limitations of the pressure and current 
measurement systems. 

 

Increased number of secondary electrons at higher pressures: In a typical electron 

impact ionization event, a secondary electron is generated. The secondary electrons are 

accelerated towards the anode or the grid, gain energy and thus create more ions. The 

energy gained by a secondary electron is a function of the position at which it is 

generated. This is difficult to model and is not accounted for in the original ion current 

calculations. However, if the secondary electrons possess almost zero kinetic energy 

when they are generated, they would gain energies of 0-200 eV as they travel towards 

the grid or anode (depending on where they are created). Since these energies are closer 

to the 130 eV electron energy at which ionization cross-section (for helium) peaks, the 
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average ionization cross-section for secondary electrons would be greater than that for 

the primary electrons. Nonetheless, the fact that at the highest pressures measured, a 3x 

increase in normalized ion current is observed creates some doubt that secondary 

electrons created from the gas phase are solely responsible for the increase (i.e. this 

would require every primary electron to create approximately two secondary electrons, 

which seems excessive given the mean free path even at the highest pressures). Further, 

it is well-known that single electron/ion impingement on a solid surface can create 

multiple secondary electrons [52, 53]. It is possible that these secondary electrons also 

lead to ionization. However, differentiating the ions created by these electrons/ions from 

those created by primary electrons or gas phase secondary electrons is not possible in the 

experimental setup used in this study.  

 

Adding further complication to this discussion is a possible artificial increase in 

normalized ion current due to secondary electrons at higher pressures. Secondary 

electrons created during ionization events in the region between the grid and anode, as 

well as those emitted from the ion collector, could be collected at either the grid or the 

anode. The ions and secondary electrons created here would affect the cathode and grid 

currents, which directly affects the measured electron current, Ie, and thus the normalized 

ion current (normalized Ii = Ii/Ie). If the measured electron current decreases due to 

secondary electrons collected at the grid or the cathode, then the normalized ion current 

would increase without a real increase in ion current. In conclusion, it is proposed that 

secondary electrons can account for some of the increased normalized ion current at 
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higher pressures. Electrons emitted from solid surfaces may play a stronger role in the 

increase in ion currents if secondary electron emission in the primary mechanism for the 

increased ion currents. It is beyond the scope of this study to quantify these 

contributions, but this is a recommended area for future work.  

 

 
Figure  7.3: Ion current/Electron current as a function of pressure for xenon. The black line 

indicates calculated values, the red squares indicate measured values, and the blue line 
indicates corrected calculated values at higher pressures. Deviation from the calculated 

values at the lower pressures could be due to limitations of the pressure and current 
measurement systems. 

 

Electron impact ionization cross-sections: The total electron impact ionization cross-

sections obtained from literature [50] were available only at a few selected electron 

energies (the same source was used for all three gases in order to ensure consistency). 
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Thus, there is some inaccuracy in the ionization cross-section data used in the calculated 

Ii/Ie values. These inaccuracies could become larger at higher pressures due to the 

increased ion currents. However, the average ionization cross-section was calculated to 

be approximately 90% of the peak value and thus, any inaccuracy can only be 

envisioned to increase the calculated ion current by a value on the order of 10%.  

In conclusion, none of these factors alone appear to cause the substantial (0.92 to 2.78x) 

increase in normalized ion currents at higher pressures. Thus, it is believed that a 

combination of these factors is responsible for the increase in normalized ion currents in 

the 20 to 100 mTorr range.  

 
Table 4: Calculated model for lower pressures and corrected model for higher pressures for 
Ion current/Electron current as a function of pressure in the 4-panel micro-ion source. The 

uncorrected Ii/Ie (3 to 20 mTorr) is calculated using the original ion current equation, 
Equation (11). The corresponding R-squared value gives the fit between those calculated 

values and measured Ii/Ie values. The corrected Ii/Ie (20 to 100 mTorr) represents the 
corrected ion current model, given in Equation (12). 

 
Gas Uncorrected 

Ii/Ie  
(3 to 20 mTorr) 

R-squared 
(3 to 20 
mTorr) 

Corrected Ii/Ie 
(20 to 100 

mTorr) 

R-squared 
 (20 to 100 

mTorr) 

cgas igas 

He 0.099*P 0.9 0.19*P 0.841512 2.3 0 

Ar 0.69*P 0.86 -0.02 + 1.41*P 0.44727 N.A. N.A. 

Xe 1.3*P 0.8 -0.03 + 4.9*P 0.8133 4.9 -0.03
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7.4 Summary 

The validity of the ion current equation (originally developed for macroscale ion sources) 

for micro-ion sources was examined. Calculated values for ion currents in the 4-panel 

device were compared with experimental values obtained for helium, argon and xenon. 

The measured ion currents were found to fit well with the calculated values at pressures 

ranging from 3 to 20 m Torr. For pressures ranging from 20 to 100 mTorr, significant 

deviation from calculated values was observed.  Possible reasons for this deviation from 

calculated values at higher pressure were summarized.  Further, an empirical model for 

the ion currents measured in the 4-panel micro-ion source was presented.  A new 

empirical expression for ion current at these higher pressures was introduced:  
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where cgas and igas are gas-specific correction factors and k is a device-specific 

geometrical factor. 
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8 .  S u m m a r y,  C o n c l u s i o n s  a n d  F u t u r e  W o r k  

The main conclusions obtained from this study on CNT-enabled microfabricated devices 

are stated in this chapter. Directions for future work are identified. Methods to increase 

the efficiency of existing 4-panel micro-ion source devices are also discussed.  

 
8.1 Summary and conclusions 

The primary goals of this study were to demonstrate and fully characterize a microscale 

ionization source (i.e. micro-ion source) and to determine the validity of impact 

ionization theory for microscale devices and pressures up to 100 mTorr. The field 

emission properties of carbon nanotubes (CNTs) along with Micro-Electro-Mechanical 

Systems (MEMS) design processes were used to achieve this goal. Microwave Plasma-

enhanced CVD was used to grow vertically aligned MWNTs on the microscale devices. 

A 4-dimensional parametric study focusing on CNT growth parameters confirmed that Fe 

catalyst thickness had a strong effect on MWNT diameter. The MWNT growth rate was 

seen to be strong function of the methane-to-ammonia gas ratio during MWNT growth. 

Amorphous carbon was observed at the higher methane-to-ammonia ratios for certain 

growth conditions. A high methane-to-ammonia gas ratio was selected for MWNT 

growth on the MEMS devices in order to minimize growth time and ensure that the 

thermal budget of the MEMS devices was met. MWNT growth was performed at 850 °C 

and the duration of growth was typically 2 min. for a 15 µm-long MWNT film. 

 

A CNT-microtriode electron device was fabricated and characterized. A new aspect of 
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this device was the inclusion of a 10 micron-thick silicon dioxide electrical isolation 

layer. This thick oxide layer enabled anode current saturation and performance 

improvements such as an increase in the dc amplification factor to from 27 to 600. The 

same 3-panel device was also used as an ionization source.  Appreciable ion currents 

were measured in the 3-panel micro-ion source for helium, argon, nitrogen and xenon 

between 0.1 and 100 mTorr. A linear increase in ion current was observed for an increase 

in pressure. However, the device was difficult to model because of the complex electron 

paths in the device, which was mainly due to the device geometry. Further, SIMION 

simulations also showed that the existing 3-panel design could be redesigned to improve 

performance.  Thus, a new 4-panel micro-ion source was designed based on simulations 

and electron impact literature. The 4-panel micro-ion source device was then fabricated 

using MEMS fabrication techniques. The device exhibited a linear increase in ion current 

with an increase in pressure. The new 4-panel micro-ion source showed a performance 

improvement of approximately 10x compared to the 3-panel device. The improvement 

was attributed to the increased electron current and improved ion collection efficiency of 

the 4-panel device. Further, the same device was also tested as a redesigned 3-panel ion 

source. Again, the device showed superior performance compared to the original 3-panel 

device, mainly because of increased ion collection efficiency.  

 

The effect of voltages applied to the different electrodes in the 4-panel micro-ion source 

was studied to better understand the behavior of the device. The validity of the ion 

current equation (which was developed for macroscale ion source operating at low 
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pressures) in the 4-panel micro-ion source was studied. Ion currents were measured for 

helium, argon and xenon in the 1 to 100 mTorr pressure range. Ion currents were 

calculated using the ion current equation for the 4-panel micro-ion source with inputs 

from SIMION simulations and measured electron currents. The measured and calculated 

ion current values were compared for all three gases. A small deviation from the 

calculated values was observed for measured ion currents in the 3 to 20 mTorr pressure 

range; however the measured ion current values followed the calculated ion currents quite 

closely. An increased deviation was observed in the 20 to 100 mTorr pressure range. The 

experimental ion current values were used to develop a corrected model for the 4-panel 

micro-ion source in the higher pressure range.  

 
8.2 Directions for future work 

8.2.1 Lifetime studies 
 
Initial lifetime studies of the CNT cathode under electron-impact conditions were 

performed in a 10 mTorr He environment.  Figure  8.1 shows electron and ion currents in 

the 3-panel micro-ion source as a function of time. There was no noticeable degradation 

in the electron or ion currents after one hour of continuous operation. Future testing 

should include additional gases and longer time periods.  It is expected that reactive gases 

will have a negative impact on the performance of the cathode [2].  However, it may be 

possible to operate the devices using a pulsed mode where ions generated between the 

cathode and grid are swept to the ion collector, rather than bombarding the electron 

emitters.  
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Figure  8.1: Electron and ion currents as a function of time at 10 m Torr of helium 
 
 

8.2.2 Increasing ionization efficiency 

Electron kinetic energies in the 3-panel and 4-panel micro-ion source devices can be 

controlled by controlling the voltages applied to the various electrodes, mainly the grid 

and anode. In this study, the electron energies typically ranged from 110 to 380 eV. To 

achieve maximum ionization efficiency, i.e., to maximize the number of ions generated 

per primary electron, the electron energy should be in the 70 to 150 eV range. This can be 

achieved by operating the grid electrode at 70 V and the anode at 150 V.  At least 1 μA of 

primary electron current is necessary to operate the ion source, and this was not achieved 

at a grid bias of 70 V (with respect to the cathode) with the existing set of devices. 

Further the device design should be such that most of the electron current emitted by the 
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cathode travels from the grid to the anode, when the grid is biased at 70 V and the anode 

is biased at 150 V. To achieve this, certain changes in device design are necessary. First, 

the turn-on field for field emission from the MWNTs should be lowered so that at least 1 

μA of electron current is achieved at a grid bias of 70 V. This can be done by reducing 

the cathode-to-grid spacing in combination with optimizing the MWNT pattern on the 

cathode. Reducing the cathode-to-grid spacing will allow higher fields to be achieved at 

lower voltages, since the electric field �  (1/distance). It has been shown that reducing the 

density of a MWNT film is one way to decrease the turn-on field of the MWNT film 

[54].  In addition, Katayama et al. [55] reported that optimizing the length of MWNT 

bundles with respect to the distance between bundles reduced the turn-on field 

significantly. This finding can be used to modify the MWNT pattern (and length) on the 

cathode of the micro-ion source devices. It is also believed that most of the field emission 

from a MWNT bundle occurs from the edges of the MWNT bundle rather than the entire 

bundle. The MWNT pattern of the micro-ion source devices can be modified to maximize 

the perimeter (of the pattern) for the same area, as this is expected to decrease the field 

emission turn-on voltage. 

 

8.2.3 Integration with a micro-mass spectrometer 

To enable integration of the micro-ion source with a micro-mass spectrometer, 3-panel  

and 4-panel micro-ion sources with ion lenses have been designed. One such device is 

shown in Figure  8.2. In those devices, the ion collector electrode was replaced with an 

electrode with an opening designed to allow the ions to pass through. The ions would 
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then be focused into a narrow beam by applying the right combination of voltages to the 

three electrodes that form the ion lens. SIMION can be used to simulate the behavior of 

these devices and to predict the voltages necessary to focus the ion beam, as well as the 

width of the focused ion beam.  

 

Figure  8.2: SIMION simulation showing a representative ion source device with an ion lens 
 
 

8.2.4 Further development of the empirical model for ion currents in 
the 4-panel micro-ion source  

 
In Chapter 7, the device-specific geometric factor, k, was used to obtain a good fit 

between the calculated and measured values of normalized ion currents for the 4-panel 

micro-ion source in the lower pressure range (3 to 20 mTorr). A value of k = 2.4 was 

found to yield a good fit between calculated and measured values for the particular device 
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used in this study. The value of k is expected to vary based on device geometry and to a 

lesser extent on the voltages applied to the different electrodes. A study focused on 

understanding the science behind this device-specific geometric factor is an excellent 

area for future work.  
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A P P E N D I C E S   

Appendix A:  Non-equilibrium glow discharge 

This section reviews the creation and properties of a glow discharge which is a common 

type of plasma and is used in PECVD. A glow discharge can be defined as a partially 

ionized gas containing equal volume concentrations of positively and negatively charged 

species (mostly ions and electrons) and different numbers of neutral species [20]. Very 

high temperatures or strong electric/magnetic fields are typically used to create a glow 

discharge. Plasmas created using electromagnetic radiation or “cold plasmas” are in 

thermodynamic non-equilibrium, with the ions and electrons being more energetic than 

the neutral species by virtue of being charged. The electric field is most effective on any 

free electrons present in the gas, because of their low mass. The electric field is also felt 

by ions present in the gas, but because the ions are much heavier, this results in very little 

if any, acceleration of the ions. The electrons accelerated by the electric field are involved 

in elastic and inelastic collisions with neutral species and any ions present in the gas. If 

the energy of the electrons is greater than the ionization energy of the gas, inelastic 

electron-neutral collisions may result in the formation of ions. Additional electrons are 

created in the process of ionization, and are accelerated by the electric field. This process 

continues, and the number of free electrons and ions keeps growing and creates a steady 

glow discharge. The electrodes and chamber surfaces are also responsible for the 

consumption and creation of electrons through processes like secondary electron 

emission and absorption and hence, help sustain the glow discharge. While certain 

inelastic electron-neutral collisions give rise to ions, other collisions result in the 
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formation of excited neutrals and free radicals. Thus, without raising the temperature of 

the gas, reactive species and ions are created. The activation energy for any reaction 

involving these reactive species is lower than that for the parent species, thus enabling 

such reactions to occur at lower temperatures. Consequently, significant growth rates can 

be achieved using PECVD at low temperatures where no growth would be possible with 

thermal CVD. Some of the important types of inelastic collisions between electrons and 

gas species that are relevant to PECVD are given below. A, A2 and B are reactants, A* is 

the excited state of A, while A+ and A- are ions of A. 

Excitation: Excitation occurs when an electron loses energy to an atom without extracting 

any electrons i.e. ionizing it. The atom absorbs this energy and the bound electron in the 

atom moves to a higher energy state. 

(13) A + e- → A* + e-          

    
Relaxation or Photoemission: The atom may soon emit the energy acquired above in the 

form of electromagnetic radiation, i.e., a photon, and return to the ground state. This is 

known as relaxation. 

(14)  A* → A + hν  
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Ionization: Electron impact ionization occurs when an electron collides with a gas 

atom/molecule, and extracts an electron from it, producing a positively charged ion and 

an extra electron. 

(15) A + e- → A+ + 2e- 

Dissociation: Dissociation occurs when an electron collides with a molecule, breaking it 

up into multiple atoms or free radicals. 

(16) AxBy + e- → Ax-1By + A + e-   

Dissociative Attachment: Dissociative attachment occurs when an electron collides with a 

molecule, giving rise to an atom and a negatively charged ion. 

(17) A2 + e- → A + A-  

Recombination: Recombination occurs when a positively charged ion collides with an 

electron or an electron, an ion and a neutral collide. 

(18) e- + A + A+ →  2A  
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The reaction rate equation [56] can be used to estimate the rate at which each of these 

reactions take place to produce ions, reactive species and free radicals. The rate of 

production of A+ from equation (15) is given by: 

(19) [ ] [ ][ ]−
+

=
∂

∂ eAk
t

A
1   

where ∂[A+]/∂t is the rate of formation of A+, k1 is the reaction rate coefficient, [A] is the 

concentration of reactant A and [e-] is the electron concentration [57]. 

 

The reaction rate coefficient, k1 depends heavily on the electron energy, because only 

electrons above a certain threshold energy can participate in these inelastic collisions. 

Therefore, k1 can be defined as a function of electron energy and the inelastic collision 

cross-section. The cross-section of an electron-reactant collision is proportional to the 

probability that the reaction will occur and is naturally a function of electron energy. The 

reaction rate coefficient, k1 is calculated using [56] 
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where E is the electron energy, me is the electron mass, σi is the collision cross-section of 

reaction i and is a function of E, and f(E) is the electron energy distribution function and 

gives the fraction of free electrons having a certain energy. The term is integrated over all 

electron energies. The collision cross-sections of many reactions remain unknown, while 

some have been determined experimentally [58]. The electron distribution function f(E) is 

typically assumed to be a Maxwell-Boltzmann function, but the actual function is again, 

unknown. There is, possibly, some dependence of f(E) on the reactants as well, since the 

electrons lose their energy to reactants in inelastic collisions. Given these constraints, it is 

almost impossible to compute theoretical values for cross-sections, reaction rate 

coefficients and reaction rates [59].  

 

The fraction of ionized gas is typically around 10-4, which gives a plasma density (density 

of ions and free electrons) in the range of 108 to 1012 cm-3 [20]. The reactive species 

necessary for film growth are produced at lower temperatures because the electrons gain 

energy from the electromagnetic field. The ions, however, gain lesser energy from the 

field and, hence, the electrons and ions are not in equilibrium. Hence, these discharges 

are called non-equilibrium glow discharges. The plasma potential (Vp) is the potential of 

the glow region of the plasma, which is considered equipotential. It is the most positive 

potential in the chamber. The floating potential is the potential at which equal fluxes of 

positive and negative charged species arrive at an electrically floating surface in contact 

with the plasma. It is given by: 
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where Te is the electron temperature, e is electron mass, mi and me and ion and electron 

mass, respectively [60, 61]. This equation can be used to estimate the maximum energy 

of ions bombarding the electrically insulated chamber walls. The threshold for sputtering 

for most surfaces is around 20-30 eV [60]. Thus, ensuring that the difference in potentials 

in equation (21) is less than 20-30 V will minimize the possibility of sputtering the 

chamber walls and any resultant contamination.  

 

Any surface that comes in contact with the plasma immediately becomes negatively 

charged. This is because the plasma has an equal concentration of positive ions and 

electrons, but the electrons have much higher velocities and quickly reach any surface 

that is in contact with the plasma. Thus, the surface is negatively charged, and a positive 

space charge region is created around it. This region, called the sheath, does not contain 

many free electrons and hence few excitation or relaxation reactions occur in it. The 

sheath region remains dark, due to the lack of excitation or relaxation events that emit 

visible light, while the glow region is generally brighter due to the light-emitting events. 

By random thermal motion, positive ions move from the glow region to electrodes and 

any surfaces in contact with the plasma. This ion bombardment causes secondary electron 

emission from these surfaces and these electrons move from the sheath into the glow 

region. The maximum energy gained by the ions and electrons as they travel across the 
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sheath is equal to the potential difference between the plasma and the surface. This is 

equal to the potential across the sheath and is referred to as the sheath potential. 

 

Appendix B: Shadow mask placement during microfabrication-Use of optical 
adhesive 

This section describes the purpose and physical application of optical adhesive to keep 

the shadow mask in place. Micropipettes were attached to both micromanipulators. The 

tip of the left micropipette was dipped very lightly and gently in optical adhesive 

(Norland brand).  The micropipette was lowered so that the epoxy was transferred to the 

MEMS part, taking care not to touch the active device region.  The purpose of the epoxy 

was to hold the shadow mask in place. It is critical to use the right amount of epoxy, too 

much takes too long to cure, too little will not hold the mask in place. The left 

micropipette was then moved away from the device. The right micropipette was then 

lowered to get under the shadow mask, lift it up and bring it down on top of the device. 

The left micropipette was then brought down on the shadow mask and pressed down 

firmly, but gently.  

 

Appendix C: Calculation of electron current contributing to ionization in 3-panel 
micro-ion source 

As mentioned in Chapters 4, 5 and 6, it was impossible to experimentally determine the 

electron current directly contributing to ionization in the 3-panel micro-ion source device. 

This was because almost all of the current emitted by the cathode was eventually 

captured at the grid electrode. Further, SIMION software could not be used to effectively 
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model this parameter. This was because SIMION did not account for the field emission 

properties of the carbon nanotubes on the cathode, i.e. turn-on voltage, etc. Further, it was 

found that SIMION could not be used to predict the amount of electron current that 

would initially pass through the grid openings, travel towards the ion collector and then 

turn back to be captured at the grid. However, based on the large positive voltage applied 

to the grid and the large negative voltage applied to the ion collector, only a small portion 

of the electron current is expected to pass through the grid openings, and on to the 

ionization volume.  
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