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Abstract 

 

Space charge neutralization of an ion beam extracted from a plasma is crucial 

for advanced plasma processes which require precise control of the ion flux and the 

width of the ion energy distribution (IED). In previous studies, filaments thermionically 

emitting electrons were used for neutralizing the space charge, which would otherwise 

cause the ion beam to diverge owing to Coulomb explosion. However, the performance 

of the neutralizing filaments is restricted by their limited lifetime and required extra 

power supplies. 

This study reports that a positive ion beam with a self-neutralized space charge 

can be extracted from a pulsed plasma. In particular, a nearly monoenergetic ion beam 

was realized by applying a synchronous DC bias to a “boundary electrode” in the 

afterglow (power-off) of the plasma. A retarding field energy analyzer (RFEA) and a 

movable Faraday cup were used to measure the IED and the time resolved ion and 

electron current densities, as a function of position along the beam axis, to unravel the 

mechanism of self-neutralization of the space charge of the ion beam. When a +100 V 

DC bias was applied to the boundary electrode during the afterglow, a ~100 eV beam 

(ion density ~109 cm-3) emerged that was space-charge neutralized by periodic injection 

of electrons, mainly during the early afterglow, into the region downstream of the 

extraction grid. A background plasma (electron density ~1010 cm-3) was formed by these 

electrons, in conjunction with relatively low-energy (1-10 eV) ions that exited the 

inductively coupled plasma (ICP) source when the DC bias was off, as well as formed 
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by resonant charge exchange of the 100 eV beam ions with the background Ar atoms, 

in the downstream region near the extraction grid. The behavior of the beam IED as a 

function of pressure and power of the ICP as well as the timing of application of the DC 

bias voltage was also studied.   

Highly anisotropic reactive ion beam etching of polysilicon masked with SiO2, 

has been demonstrated using a monoenergetic Ar+ ion beam (generated by a pulsed ICP) 

in the presence of Cl2 gas. Vertical sidewall profiles and smooth flat bottom surfaces 

were achieved. Specifically, the sample was placed 2 cm downstream of the ion 

extraction grid and electrons effusing from the pulsed plasma (mainly during the early 

afterglow) neutralized not only the positive ion space charge, but also the surface of the 

silicon dioxide mask. Thus, etching artifacts that have been reported in the literature due 

to insulator surface charging did not appear in the present system. 
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Chapter 1 Introduction 

 

1.1 Lithographies for Nanofabrication  

Lithography is crucial for the fabrication of electronic devices at the sub-10 nm 

scale, as well as many other nanodevices, such as nanopores for DNA sequencing [1] 

and nanostructured membrane for water purification [2]. Among these applications, 

specifically, to improve performance of semiconductor devices, it is required to 

continue to shrink the size of transistors in future integrated circuits so as to increase 

data processing speed and to achieve better power management. Advanced lithographic 

techniques, such as multiple patterning and self-aligned scheme, have been necessary 

for manufacturing sub-10 nm node, and more recently 7 nm nodes devices [3, 4]. As the 

size of transistors in integrated circuits continue to shrink below 7 nm, the complexity 

and rising cost of implementing multiple-exposure lithographic techniques will indeed 

become problematic. Other techniques, for instance, nanoimprint lithography (NIL) has 

shown potential for high throughput and low-cost fabrication with resolution under 10 

nm and is being qualified for manufacturing flash memory devices, but still suffers from 

defects propagating by the contact process [5-7]. Directed self-assembly (DSA) [8-13] 

and scanning probe lithography [14-16] also have shown capabilities of achieving sub-

10 nm resolution, but the throughput is very low and not suitable for manufacturing. 

Hence, extreme ultraviolet lithography (EUVL) has started to play an important role in 

the fabrication of leading-edge nodes and is now being used in large scale production 

for 7 nm node and beyond [17], due to its capability of accomplishing single-exposure 
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patterning. Nonetheless, challenges like stochastic effects and mask defects, still need 

to be resolved to improve the resolution and throughput. In addition, there is still 

potential for disruption as well as needs for simpler, small scale patterning for 

nanodevices on a sub 10 nm scale that does not require such a complex, costly 

instrument.  

Ion beam lithography (IBL) is one alternative to optical lithography for making 

future nanodevices. Ion beams are extensively used for etching and deposition of thin 

films, ion implantation and surface structuring [18-24] (see Fig. 1.1). Specific 

applications include reactive ion beam etching (RIBE) [25] and ion beam assisted 

deposition (IBAD) [26]. Furthermore, ion beams also find application in ion thrusters 

[27], ion beam lithography through stencil masks [28] and more recently 

nanopantography [29, 30]. Despite the implementation of ion beams in large-scale 

manufacturing, the application of IBL to semiconductor fabrication is challenging.  

Nevertheless, the possibility of using ion beams to advance nanofabrication still holds 

promise.  
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Figure 1.1 Examples of ion beam applications: a) Surface structuring by ion beam 
milling [18], b) ion beam induced deposition [19], c) ion beam thruster [20], 
and d) ion beam lithography for direct patterning [21]. 

 

1.2 The Importance of Space Charge Neutralization for Ion Beam 

Applications 

Many of the advanced ion beam applications require high ion flux and well-

defined ion energy. For example, nanopantography requires a monoenergetic ion beam 

to create sub-5nm patterns in a massively parallel manner [31]. To obtain the maximum 

ion flux and minimum width of the ion energy distribution (IED), effective 

neutralization of the space charge of the ion beam is necessary, especially for ion beams 

with low ion energy and/or high current density [32, 33]. In addition, space charge 
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compensation is required when etching insulators, to avoid surface charging and 

suppression of the energy of subsequent ions striking the insulator surface. 

Neutralization of the space charge of a positive ion beam requires the injection of 

electrons. In previous studies [27, 34], hot tungsten filaments were used to 

thermionically emit electrons to neutralize the space charge. The performance of the 

neutralizing filaments, however, is restricted by their limited lifetime, system 

contamination, and the inconvenience of the required extra power supplies. An alternate 

approach was reported by Dudin et al. [35] who realized a charge compensated ion beam 

using a single radio frequency (RF) biased extraction grid. Rafalskyi and Aanesland [36] 

applied a RF voltage to a two-grid ion extraction system, through a blocking capacitor, 

which could result in a space charge neutralized ion beam. These approaches, however, 

resulted in ion beams with a wide ion energy distribution.  

 

1.3 Discovery of a Nearly Monoenergetic Positive Ion Beam with Self-

neutralized Space Charge 

  Previously, a self-neutralized, nearly monoenergetic positive ion beam was 

extracted in the afterglow of a pulsed plasma by applying a synchronous DC bias voltage 

on a boundary electrode in contact with the plasma [37]. No hot filaments or other 

external sources of electrons were employed to neutralize the space charge of the beam. 

This apparently occurs because of periodic injection of electrons into the ion beam to 

neutralize the space charge. This ‘self-neutralization’ of space charge is dramatically 
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demonstrated in Fig. 1.2, which shows the ion beam current for a continuous wave (cw) 

plasma (black), and pulsed plasma (red). For a cw plasma, the ion beam current is 

negligible without any electron emitting filaments (i.e., at zero filament current), and 

increases substantially when electron emitting filaments were used (i.e., at 30 A filament 

current). Thus, as expected, an external supply of electrons is necessary in a cw plasma 

to neutralize the space charge of the ion beam, preventing coulomb collisions from 

causing excessive divergence of the beam as it propagates downstream. The situation is 

very different in the case of pulsed plasmas. In this case, a substantial ion beam current 

was measured even without any filaments (i.e., at zero filament current). In fact, turning 

the electron emitting filaments on resulted in lower ion beam current. Apparently, in the 

case of pulsed plasma, electrons from the plasma itself neutralize the ion beam space 

charge (self-neutralization). No external source of electrons is needed. It turns out that, 

at zero filament current, the ion beam current extracted from the pulsed plasma is 120X 

the ion beam current extracted from the cw plasma. Hence, it is important to conduct a 

comprehensive study on the mechanism of space charge neutralization of the beam 

extracted from a pulsed plasma, which can provide more insights for precise control of 

the ion flux and beam energy.  
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Figure 1.2 Ion beam current measured 80 cm from the extraction grid with a retarding 
field energy analyzer, for 300 W continuous wave (cw) plasma or 500 W (on 
power), 15% duty cycle pulsed plasma. A continuous 40 V boundary 
electrode bias was applied in the cw case, while in the pulsed plasma, a 
synchronous 100 V DC bias was applied to the boundary electrode, 15 µs 
into the afterglow. 

 

1.4 Goal of this research 

The goal of this work is to unravel the mechanism of self-neutralization of the 

space charge of an ion beam extracted from a pulsed plasma by applying a synchronous 

DC bias into the afterglow of the plasma. Highly anisotropic reactive ion beam etching 

using the neutralized beam was also pursued. 
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1.5 Organization of this dissertation 

 Chapter 2 is a comprehensive literature review of topics related to recent 

development of ion beam lithography, including challenges for lithography in sub-10 

nm device fabrication, ion beam sources, control of ion energy distributions and 

generation of a nearly monoenergetic ion beam from a pulsed plasma, space charge 

effect and compensation, and previous work by nanopantography. 

 Chapter 3 discusses the details of the apparatus, pulsed power methodology used 

for generation of a self-neutralized ion beam, and a Langmuir probe used to perform 

plasma diagnostics. 

 Chapter 4 is dedicated to a study of the mechanism of self-neutralization of the 

space charge of an ion beam extracted from a pulsed plasma. 

 Chapter 5 presents the diagnostics of the ion beam under various plasma 

operating conditions, including RF power delivered to the plasma, source pressure, and 

duration of the applied bias. 

 Chapter 6 presents the results of highly anisotropic reactive ion beam etching 

achieved by a self-neutralized ion beam.    

Chapter 7 gives the conclusions of this work and recommendations for future 

work.  

An Appendix discusses the effect of charge exchange collisions on the measured 

ion current. 
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Chapter 2 Literature Review 

 
This review starts with an overview of the challenges for lithography in sub-10 

nm microelectronic device fabrication, followed by an introduction of mainstream ion 

beam lithographic techniques and ion beam sources. Discussions on the importance of 

precise control of the ion energy distributions in ion beam etching, a pulsed power 

methodology used to generate monoenergetic ion beams, and characterizations of the 

ion energy distributions using a retarding field energy analyzer are then presented. 

Subsequently, the pivotal role of space charge compensation in the control of ion energy 

distributions as well as conventional approaches employed to neutralize the space 

charge of low and high energy beams are extensively discussed. Lastly, previous work 

by nanopantography, a patterning technique by a nearly monoenergetic ion beam 

extracted from a pulsed plasma, is presented. 

 

2.1 Challenges for Lithography in Sub-10 nm Microelectronic Device 

Fabrication 

Lithographic techniques along with plasma etching and deposition have played 

an important role in development of microelectronic device fabrication over the past 

decades. As device dimensions continue to shrink beyond 10 nm, it is getting more and 

more difficult to stay aligned with the prediction made by Moore’s Law [38]. Multiple 

patterning with immersion photolithography (extension to >4X patterning) recently has 

been used to create 7 nm logic nodes in the semiconductor industry; however, it will 

soon be impractical and too expensive to use the technique for the sub-7 nm regime, due 
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to its low throughput. The 2017 International Roadmap for Devices and Systems (IRDS) 

Lithography Roadmap [39] summarizes the techniques that potentially can be used in 

mass production for future nodes and devices as well as the challenges for each 

technique (Tables 2.1 reprinted from IRDS 2017).  

 

Table 2.1 Summary of patterning techniques for future nodes and challenges for each 
technique [39].  

 

 

According to the roadmap, EUV with double patterning will be the main 

workhorse for the next two nodes (7 and 5 nm) and can support all projected space and 

line minimum half pitch, but not for all hole type patterns (Fig. 2.1 reprinted from IRDS 

2017 [39]). The main challenges for EUV and multiple patterning include control of the 

laser source, defect generation, and low throughput. To manufacture devices with 
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smaller dimensions (<5 nm) and/or with 3D structures that can provide faster processing 

speed and better power management, such as 3D NAND flash memory devices (Fig. 2.2 

[40]) and gate all around (GAA) structures (Fig. 2.3 [41]), current technologies need to 

circumvent the problems of low reproducibility and overlay errors. At present, no 

technology has shown the capability of achieving sub-5 nm resolution by solely 

implementing lithographic techniques. More fundamental research and innovations will 

indeed be required to help develop new types of devices that will be needed in the future. 

 

 

Figure 2.1 Possible options for line and space patterns and projected half pitch [39]. 
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Figure 2.2 Cross-section of the general structure of a 3D flash memory device [40]. 

 

 

Figure 2.3 Scaling from traditional planar transistor to gate all around (GAA) field effect 
transistor [41].  
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2.2  Recent Developments in Ion Beam Lithography and Ion Beam 

Sources 

 

2.2.1 Ion Beam lithography 

 For the past decades, electron beam lithography (EBL) has been the mainstream 

technique implemented to define nanopatterns. As the feature size continues to shrink 

to the sub-10 nm regime, it has become more and more challenging to use EBL to 

achieve higher resolution and density of patterns, due to the required resist sensitivity 

and proximity effects. Focused ion beam lithography (FIBL), an approach considered 

less important in the past, has emerged as an alternative technique to use in 

nanolithography. FIBL offers a variety of advantages over EBL, including better spatial 

control of patterning by ion milling, higher resist sensitivity, and less proximity effect 

caused by backscattering electrons and secondary electron emission, due to the larger 

mass of ions. In addition, FIBL can also be used in defect diagnosis by milling 

components thought to be faulty and examining the cross-section of intersects. The 

major disadvantage of using FIBL is that it can only be applied to a small area of the 

circuit and is very slow, which makes it rather difficult to be used in volume 

manufacturing. Another disadvantage of using FIBL is ion implantation, which could 

cause surface damage and contamination. 

Conventionally, a FIBL system generates a heavy ion beam with an ion energy 

of 30 keV by applying an electric field to extract ions from a liquid metal source, which 

typically is a gallium source. The beam passes through a series of focusing lenses and 
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is then focused onto the substrate for surface modification through either physical 

sputtering or chemical deposition, as shown in Fig. 2.4 schematically [42]. Previously, 

it has been shown that the focus spot created by a Ga+ beam can go down to 5 nm 

diameter [43]. The smallest focus spot by FIBL, however, is still much larger than the 

smallest probe size of a focused electron beam, which is previously reported as 0.15 nm 

[44]. 

 

 

Figure 2.4 A schematic of a FIB system. A Ga+ beam typically with an energy of 30 
keV is generated from a liquid gallium source and focused onto the substrate 
for surface modification [42]. 

 

 In a recent development of FIBL, light ion based focused ion beam lithography, 

such as helium ion beam lithography (HIBL) and neon ion beam lithography (NIBL), 

has shown the capability of creating small focus spots comparable to that EBL can 

achieve, but with much better resist sensitivity. Another advantage of using HIBL is the 
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potential of achieving resist-free and mask-free patterning. The size of the focus spot 

for a commercial HIBL system was first reported as 0.75 nm [45] and by 2011 the 

resolution limit had reached 0.35 nm [46]. HIBL has also been successfully used in 

resist-based surface structuring for sub-10 nm features through physical sputtering and 

metal deposition [46]. Lewis et al. [47]  used HIBL to pattern a metal oxide resist to 

fabricate 5-nm wide discrete lines on a 16 nm pitch in silicon substrates. Shi et al. [48] 

used HIBL to fabricate 8.5 nm half-pitch lines with clear feature separation and high 

density in fullerene molecular resists, which has a resist sensitivity more than three 

orders of magnitude higher in HIBL, compared with EBL. Winston et al. [49] reported 

7-nm half-pitch lines fabricated using NIBL, with an exposure efficiency 1000 times 

higher than state-of-the-art EBL.  

 At the moment, for direct writing systems, such as EBL and FIBL, the major 

challenge for volume manufacturing is being unable to fabricate a large number of 

nanostructures within a reasonable amount of time. The idea of using multiple beams in 

lieu of a single beam for patterning may be a way to improve the throughput of direct 

write patterning. Nevertheless, with the requirement to optimize the focusing of multiple 

beams simultaneously, one can still argue that it is not economically feasible to 

implement a multi-beam system in mass production. To achieve much better 

throughput, another promising technique, ion beam proximity lithography or ion beam 

projection lithography, has been highly developed [50-52]. Ion beam projection 

lithography (IPL) can rapidly form patterns in a massively parallel manner by exposing 

a suspended transmissible stencil etched with the desired patterns to a highly collimated 

beam to project the patterns onto a resist-coated substrate (Fig. 2.5) [53, 54].  
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Figure 2.5 Schematic of ion proximity (ion projection) lithography. Patterns are formed 
in a resist-coated substrate in a massively parallel manner by exposing a 
suspended transmissible stencil mask to a highly collimated ion beam [53, 
54]. 

 

IMS Nanofabrication AG [55] has introduced an advanced patterning process, 

which employs multiple beams along with a programmable stencil mask to form 

patterns with a 200-time image reduction, and allows for more flexibility in pattern 

design. Previously, they successfully demonstrated fabrication of nanofeatures with 

about 10 nm resolution. In addition to high throughput patterning, other applications of 

multibeam projection lithography also include patterning thin film magnetic materials 

[56]. 

 

2.2.2 Ion Beam Sources 

A comprehensive review of general ion beam sources has been published by 

Brown [33]. There are two typical types of ion beam sources: point and volume sources. 

A point source is mainly used in a FIBL to form a spot onto the substrate for direct write 

patterning, while a volume plasma source is used for IPL by generating collimated ion 
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beamlets to create patterns on the substrate over a broad area through a mask etched 

with the desired patterns. Depending on the type of power supplied to sustain a plasma, 

volume plasma sources include RF, microwave, electron cyclotron resonance (ECR), 

and laser ion sources. In general, a volume plasma source consists of a plasma generator 

and an extractor composed of a plasma electrode and a grounded electrode, as shown in 

Fig. 2.6 [33].   

 

 

Figure 2.6 Schematic of a typical volume plasma ion source composed of a plasma 
source for ion generation and an extractor for forming an ion beam [33]. 

 

To achieve a broad-area beam, the ion beam source can be either gridded or 

gridless. For gridded ion sources, the extractor may consist of one or up to six fine-mesh 

grids, grounded or independently biased at different potentials for ion beam extraction. 

Single gridded ion beam source is preferably used for low energy and high ion flux 

applications [57]. 

Considering an example that the plasma source is fixed at a potential Vplasma with 

respect to ground, the extractor is biased with a potential of Vext, and the downstream 
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region of the extractor is at a potential of Vchamber (See Fig. 2.6). For an electropositive 

plasma (e.g. Ar ), the energy of the ion beam Ei can be described as 

 

Ei = eQ(Vplasma – Vchamber),                      (1) 

 

where e is the elementary charge, Q is the charge state of the ions. If the downstream 

region is grounded, then Vchamber = 0 and the ion energy can be simplified as 

 

Ei = eQVplasma,                       (2) 

 

 The beam current density extracted from the ion source is limited by space 

charge and can be estimated by the Child-Langmuir law as 
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where e0 is the vacuum permittivity, e is the elementary charge, m the ion mass, d is the 

distance between the plasma and grounded electrode, U is the bias applied to the plasma 

electrode. For a symmetric, cylindrical system, the total extracted ion current is 
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where S=r/d is the aspect ratio, r is the radius of the hole of the plasma electrode. For 

some applications that require a low-energy beam with high ion flux, gridless ion 

sources, such as end-Hall ion source [57], are employed to overcome the current 

limitation of gridded ion sources.  

To form a monoenergetic ion beam, the plasma source must be biased with the 

desired potential. Therefore, the schematic of the ion beam extraction system can be 

modified as Fig. 2.7 [33] by adding a high voltage power supply to simultaneously bias 

the plasma and the extractor. If the downstream region is grounded, the ion energy then 

can be approximated using the following formula  

 

Ei = eQVplasma = eQVext.                                 (5) 

  

 

Figure 2.7 A ion beam source used to generate a nearly monoenergetic ion beam. A high 
voltage power supply provides a positive potential to both of the plasma and 
the extractor [33].  
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Without the applied bias, the plasma potential (Vplasma’) is expected to be ~4.8Te 

with respect to ground. For the case of low ion energy sources, the plasma potential 

must be factored into the calculation. Thus, the actual ion energy can be approximated 

by modifying formula (6) as 

 

Ei = eQ(Vplasma‘+ Vext).                       (6) 

 

In the next section, a method previously developed by Xu et al. [37] used to 

precisely control the ion energy and the ion energy distribution will be addressed in 

detail, in which a synchronous DC bias was applied into the afterglow of a pulsed 

plasma after the plasma potential drop to near zero to extract ions from the plasma and 

form a nearly monoenergetic ion beam. 

 

2.3 Control of ion energy distributions and generation of a nearly 

monoenergetic ion beam from a pulsed plasma 

 In ion beam etching, it is imperative to precisely control ion fluxes and ion 

energy distributions (IEDs) to achieve better selectivity and reduce surface damage for 

the fabrication of future devices. Furthermore, monoenergetic IEDs are even desirable 

for some specific applications that require monolayer control. For instance, in atomic 

layer etching (ALE) the peak energies and IEDs need to be finely tuned between the 

threshold energies for physical and chemical sputtering of the substrate [58, 59]. 

Additionally, monoenergetic ion beams also find applications in neutral beam etching 

[60, 61] and more recently in nanopantography [31, 37] .  
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 In earlier studies, various methods used to precisely control ion energies and 

IEDs have been extensively discussed [62-65]. Lee et al., for instance, have 

demonstrated achieving an energy spread of 1.7 eV in a DC-driven multicusp ion source 

[66] or the energy spread of 3.4 eV in a RF-driven muilticusp ion source [67] by using 

a magnetic filter to block high-energy electrons crossing over to the main ionization 

region. For ion extraction from a continuous wave plasma, the ion energy spread is 

limited by the spatial variation of the plasma potential and is proportional to Te [68]. 

Hence, the energy spread should be of the order of Te and can be minimized by 

extracting ions from the afterglow of a pulsed plasma of very low electron temperature, 

Te (<0.5 eV). During the afterglow, Te decays rapidly, while the ion density drops 

moderately. Based on this idea, one technique previously developed by our group, was 

employed to extract a nearly monoenergetic ion beam during the afterglow of a pulsed 

capacitively coupled plasma (CCP) [37]. This technique can sharpen the ion energy 

distributions and determine the peak energy by applying a synchronous DC bias onto a 

boundary electrode in contact with the plasma during the afterglow. For a typical case 

of applied 100 V DC bias, the peak energy is ~99 eV, with an energy spread of 2.2 eV 

(in Fig. 2.8, ~2 % of the peak energy [69]), which is much narrower than conventional 

ion beam sources. The technique was more recently demonstrated in a single gridded 

inductively coupled plasma (ICP) source for nanopantography [31, 70] by  Tian et al., 

and in a Faraday shielded ICP source for photo-assisted etching [65] by Shin et al.. In 

Tian’s work, the ICP source offered advantage of more than an order of magnitude 

higher ion beam flux compared to the CCP source, improving the throughput of 

nanopantography. 
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Figure 2.8 The IED of an Ar+ beam extracted from a pulsed plasma by applying a 
synchronous DC bias of 100V into the plasma during the afterglow [69]. 

 

 To characterize the IED of a low energy beam, the most common diagnostic tool 

is the retarding field energy analyzer (RFEA). There are two types of RFEA, the three-

plate analyzer [71] and the three-parallel-grid analyzer [72]. In general, a three-grid 

energy analyzer is made of a stack of three parallel grids and a grounded current 

collector. The top grid is grounded to isolate the current collector from the electric field 

induced by the ion beam and plasma. The second grid is biased with a sweeping 

discriminator voltage to select ions and the third grid is negatively biased to suppress 

secondary electron emission from the current collector. For a monoenergetic ion beam 

with an energy of eV0 (V0 is the applied bias), ion trajectories passing through a mesh 
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opening of the grid at five different discriminator voltages (V) is illustrated as Fig. 2.9 

[72] (a) and an Ic-V curve (Ic is current measured by the collector) corresponding to the 

five voltages is shown in Fig. 2.9 (b) [72]. 

 

(a)  

(b)  

Figure 2.9 (a) Illustration of ion trajectories at different discriminator voltages (b) An 
Ic-V curve corresponding to the five voltage regions: (a) V<<V0, (b) 
0<<V<<V0, (c) VM£V£V0, (d) V0<V<V0+DVd, and (e) V>V0+DVd [72]. 
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The five voltage regions are: (a) when V<<V0, ions maintain their original 

trajectories; (b) when 0<<V<V0, the electrostatic converging lens effect becomes 

appreciable due to the radial electric field component, interfering with the original ion 

trajectories; (c) when VM£V£V0, partial deflection takes place and part of ions initially 

penetrating through the hole collide with the mesh wire; (d) when V0<V<V0+DVd, a 

substantial number of ions are deflected and lost to the mesh wire; (e) all ions are 

deflected. The energy resolution of an RFEA is typically described by the ratio of the 

width of the IED of a monoenergetic ion beam to the peak energy. For many types of 

gridded ion energy analyzers, the energy resolution can also be determined by the ratio 

of the size of the mesh opening to the distance between grids. Previously, Sakai and 

Katsumata [72] proposed a model to predict the correlation between the energy 

resolution and the characteristic length of an ion energy analyzer. Their model predicts 

that the energy resolution is strongly dependent on the size of the grid opening and the 

grid spacing, and suggests that with a smaller mesh opening and/or a larger grid spacing 

a better energy resolution can be achieved, due to less depression of the potential at the 

center of the grid openings. 

 

2.4 Space Charge Effect and Compensation 

One of the main challenges to achieve precise control of the ion energy and ion 

flux of an ion beam is the space charge effect, particularly for low energy and/or high 

current ion beams. When a group of charged particles move in a free space, due to 

Coulomb repulsion, the space charge potential between the particles will build up, 
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inducing electric fields 𝐸7 (𝐸7 	= 	
8
ℇ:;

 , where r is the charge density, r  is the radius of 

the beam, and e0 is the permittivity of free space) that will push particles outward (see 

Fig. 2.10 [73]). The induced force would then result in significant divergence of the 

beam envelope and loss of the beam current (usually referred to “ion beam explosion”).  

  

Figure 2.10 (left) Coulombic force exerted on two charged particles, and (right) 
Repulsive force exerted by a group of charged particles [73].  

 

Brown [33] studied space charge effects on the expansion of a highly energetic 

ion beam drifting in a grounded tube. In his work, an infinite long, low energy positive 

ion beam drifting in a grounded vacuum tube with and without space charge was 

studied. The result shows that for a 30 keV argon beam drifting in a grounded tube (80 

cm diameter) with and without a net current of 10 mA, the space charge potential (𝜙	 =

	 /
+=>:?

(/
+
	+ 	 ln ;D

;E
), where u is the velocity of the beam, rw is the radius of the grounded 

tube, rb is the radius of the beam) was estimated to be 800 V, which causes drastic beam 

divergence. The beam diameter doubles after traveling 20 cm along the tube, as seen in 

Fig. 2.11 (b). Without the space charge effect, the beam diameter remains constant after 

the beam travels the same distance (Fig. 2.11 (a)). 
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Figure 2.11 Beam envelope of a drifting Ar+ beam (a) without space charge and (b) with 
space charge [33].    

 

Lan and Kaganovich [74] used a 2D particle-in-cell model (PIC) to simulate the 

beam envelope of a 38 keV Ar+ beam with and without space charge neutralization. A 

monoenergetic ion beam was firstly launched and became drastically divergent after 

traveling 40 cm from the origin, due to the increased space charge effect. A group of 2 

eV electrons were then flown into the beam frame to reduce the potential built by the 

space charge. As seen in Fig. 2.12 [74], a high degree of space charge compensation 

was achieved 4 µs after the injection of the neutralizing electrons.      
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Figure 2.12 Simulation results of spatial distributions of an Ar+ beam and electrons at 
(a) 1.2, (b) 3.2, and (c) 4.3 µs [74]. 

 

 To alleviate the problems caused by space charge effects, it is necessary to 

compensate the beam space charge. For practical ion beam applications, electron 

emitting filaments, electron guns, plasma neutralizer [75, 76], and hollow cathode [77] 

are commonly employed as neutralizers to compensate the beam space charge as well 
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as minimize the beam envelope oscillation. Ding et al. [78] demonstrated space charge 

neutralization using electron emitting filaments for an Ar+ ion beam generated by a 

microwave cavity and accelerated by a plasma lens. Chang et al. [79] used an electron 

filament to minimize the energy spread of a low energy, high current density ion beam 

extracted from a single gridded electron cyclone resonance (ECR) plasma source. For 

highly energetic beams, electrons generated by gas ionization from the intense ion beam 

and the residual gas [80], and a secondary plasma source installed in the beam transport 

path [81, 82] were used to realize effective space charge compensation.  

The space charge compensation of an ion beam can be described by Boltzmann 

relation [68], due to the similarity to the model used for describing the relationship 

between the particle distribution and plasma potential at the edge of a plasma. Mobile 

electrons provided by the neutralizers are attracted by the ion beam to neutralize the 

potential built by the space charge until full compensation or quasi-neutrality of the ion 

beam is achieved. For example, in a 500 eV Ar+ ion beam traveling in free space with a 

current density of 1 mA/cm2 and a 10-cm beam diameter, without space charge 

neutralization, the potential built by the space change would be higher than 14,000 V. 

Such a high space charge potential is indeed not realistic. To reduce the potential to 

below 140 V, 99 % of space charge (at least) needs to be neutralized [83].  
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2.5 Previous work in nanopantography 

The technique of using a pulsed plasma to extract a nearly monoenergetic ion 

beam was implemented by both Xu et al. [30] and Tian et al. [31]  to perform 

nanopantography, a method for creating nanofeatures over large areas in a massively 

parallel fashion. Billions of electrostatic lenses are first fabricated on top of a Si wafer. 

A collimated, nearly monoenergetic ion beam is then directed towards the lens array, 

focusing the ion beamlets and writing a pattern at the bottom of the lenses (i.e., at the 

surface of the Si wafer).  Indeed, the fine spots formed by the focused ion beamlets can 

be 100 times smaller than the diameter of the lens (Fig. 2.13) [30]. By tilting the stage 

holding the Si wafer, the ion beam can write the desired pattern simultaneously on the 

bottom of the lenses (Fig. 2.14) [30]. 

 

Figure 2.13 (a) Side view of collimated ion beamlets passing through the lens array and 
focusing on the bottom of the lenses. (b) Top view of the lens array and the 
fine focal spots at the center of the lenses [30].  
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Figure 2.14 Schematic of using nanopantography to write a desired pattern on the 
bottom of the lens array by tilting the sample stage [30].  

 

Nanopantography was used to etch ~10 nm-diameter holes, nanolines (Fig. 2.15) 

[84], and t-shaped trenches (Fig. 2.16) [84] by exposing the surface to monoenergetic 

beamlets of Ar+ ions and chlorine gas simultaneously as well as for deposition of 10 nm-

diameter Ni nanodots (Fig. 2.17) [84] by a Ni+ ion beam. Recently, ~3 nm-diameter 

holes (Fig. 2.18, top) [85] were fabricated in Si by nanopantography along with highly 

selective chlorine plasma etching in a two-step etching process to form patterns, such 

as trenches (Fig. 2.18, bottom) [85] and the interlocking UH logo (Fig. 2.19) [85].  
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Figure 2.15 Nano-lines etched in the 250 nm-diameter micro-electrostatic lenses. The 
FWHM of the nano-lines is ~15 nm and their width is ~45 nm [84].  
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Figure 2.16 T-shaped nano-patterns etched by nanopantography with topline width of 
50 nm in 650 nm diam. lenses [84].  

 

Figure 2.17 AFM and SEM images of 10 nm-diameter Ni nanodots [84]. 
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Figure 2.18 SEM images of a 3-nm hole etched by nanopantography (top) and a trench 
41 nm long and 7 nm wide etched by a two-step process (bottom) [85]. 
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Figure 2.19 SEM image of the intricate interlocking UH logo patterned by 
nanopantography and then etched in chlorine by a highly selective 
process [85].  
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Chapter 3 Apparatus and Methods 

 
 The apparatus and methods used for this study are described in detail in this 

chapter. The methods described below are not necessarily used for all of the experiments 

presented in the study. Any specific changes to the plasma operating conditions and 

diagnostic tools will be stated in the relevant chapters. 

 

3.1 Experimental setup 

Fig. 3.1 shows a schematic of the experimental system, which consists of an ICP 

source, an ion drift tube, and a processing chamber. Two-stages of differential pumping 

was implemented to reduce the background pressure of the ion drift tube so as to 

minimize loss of ions by elastic scattering and charge exchange collisions. The pressures 

in the 28 cm long drift tube and 21 cm long processing chamber were maintained, 

respectively, at 4.6 × 10-6 and 1.5 × 10-6 Torr at 5 mTorr, and 2.7 × 10-6 and 9.0 × 10-6 

Torr at 35 mTorr in the plasma source, with 5.4 sccm Ar flowing through the source. 

The base pressures in the drift tube and processing chamber were 1.1 × 10-7 and 2.0 × 

10-7 Torr, respectively, with no gas flow. A retarding field energy analyzer (RFEA) was 

installed in the process chamber (80 cm away from the plasma source) to characterize 

the ion beam by measuring the peak energies and half width at half maximum of the ion 

energy distributions. The RFEA was replaced by a movable Faraday cup to carry out 

ion and electron current measurements along the beam axis. Detailed descriptions of the 

Faraday cup and RFEA are discussed in chapter 4 and 5, respectively. 
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Figure 3.1 Schematic of the experimental setup. 

 

An inductively coupled plasma (ICP) was generated in an alumina tube (12.7 

cm long, 5.08 cm inside diam.), using a 3-turn water cooled copper coil (Fig. 3.2) [85] 

powered at 13.56 MHz by a RF power supply along with an automatic matching 
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network (Advanced Energy, model AE Paramount Generator). A flow of Ar gas was 

injected into the chamber at a flowrate of 5.40 sccm, controlled and monitored by a mass 

flowrate controller (MKS-1179A21CR1BK). A Teflon water tubing surrounding the 

alumina tube was used to cool the plasma source. A plasma density of ~1012 cm-3 in the 

ICP source was achieved at low working pressures (1-10 mTorr).  

 

Figure 3.2 Drawing of the inductively coupled plasma (ICP) source [85]. 
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3.2 Generation of a nearly monoenergetic ion beam 

A technique developed by Xu et al. [37] was used to extract a nearly 

monoenergetic ion beam from a power modulated (pulsed) plasma through a grounded 

metal grid by applying a synchronous DC bias on a boundary electrode in contact with 

the plasma (see Fig. 3.1). The DC bias was generated by synchronizing the pulse-power 

modulated signal and amplified by a high voltage pulse generator (AVTECH AVR-3-

PS-PP-UHF). A single grounded grid (W mesh with 200 µm square openings and 84% 

transparency), henceforth to be referred to as the ‘ion extraction grid’, covered a 5 mm 

diameter aperture in one of the flat walls of the cylindrical plasma source. When no 

voltage is applied to the boundary electrode, the plasma potential, Vp, is expected to be 

~4.8Te above ground potential. Langmuir probe measurements (see Fig. 4.3) during the 

power-on and late afterglow (power-off) fractions of the cycle yielded respective values 

of 4.5 and 0.2 eV for Te, and 26 and 0.3 V for Vp, reasonably close to the expected values. 

In the afterglow of the pulsed plasma, a synchronized DC bias voltage, Vbias was applied 

on a boundary electrode in contact with the plasma, raising the plasma potential close 

to Vbias + Vp. This caused positive ions to be expelled from the plasma through the ion 

extraction grid. In the late afterglow, the plasma potential dropped to near zero, and was 

set to a value controlled by the applied DC bias, forming a nearly monoenergetic ion 

beam, as shown in green arrows in Fig. 3.1.  
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3.3 Pulsed modulated power  

The pulsed-power and synchronous boundary bias voltage timing is shown in 

Fig. 3.3 (referred to throughout as base case conditions used for this study). The RF 

power (800 W peak at 13.56 MHz) to the ICP was modulated at 10 kHz (100 µs period). 

The active glow (power-on) commenced at t = 0; power was turned off (beginning of 

the afterglow) at t = 20 µs, (i.e., a duty cycle of 20%). A 100 V DC bias voltage was 

applied to the boundary electrode 50 µs into the afterglow (t = 70 µs), lasting 20 µs. A 

new cycle started at t = 100 µs. Other base case values included plasma gas pressure = 

5.0 mTorr and Ar gas flow rate = 5.4 sccm.  

 

Figure 3.3 Schematic of the pulsed plasma power and bias sequences. 13.56 MHz RF 
power (800 W peak) was applied to the ICP coil at t=0. At t=20 µs, the power 
was turned off to begin the afterglow. At t=70 µs, a 100 V DC bias was 
applied to the boundary electrode for 20 µs. The power and bias modulation 
frequency was 10 kHz (100 µs period). The parameter values given here 
refer to the base case. 
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In a few initial experiments, 30 A of current was supplied to an array of four 

yttria-coated iridium filaments to provide low-energy electrons, to neutralize the 

positive space charge in the extracted ion beam. These filaments were not in place for 

all subsequent experiments. 

3.4 Langmuir probe 

A Langmuir probe (Scientific Systems Smartprobe) was used to characterize the 

ICP source. A 0.2 mm diam. tungsten wire, covered by a 0.5 mm O.D. alumina tube, 

was used for the probe tip, with a length of 4 mm exposed to the plasma, as seen in Fig. 

3.4 [85]. Time resolved electron temperature and electron density were measured by 

positioning the tip at different axial locations inside the ICP source, from the center to 

the edge of the source (2 cm away from the extraction grid, see Fig. 3.5) [85]. The probe 

modifications and procedures to extract electron energy distribution functions and 

electron temperatures as well as number densities from current–voltage characteristics 

are described in detail by Tian et al. [85] A ceramic sleeve was installed to prevent the 

probe tip from metal deposition that can short the tip to ground and/or cause errors in 

the current measurement by increasing the tip current collection area. Druyvesteyn 

method [86] was used to calculate the electron energy probability functions (EEPFs, 

fp(e)) by taking the second derivatives of current-voltage characteristics as (see equation 

(7) below) 
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Figure 3.4 Schematic of the Langmuir probe used to characterize the ICP source [85]. 

 

 

Figure 3.5 Spatially resolved Langmuir probe measurement setup [85]. 
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 𝑓H(𝜀) = 	
+.I
,1J *

+
.I

01KI
0>1

.                                                                                          (7) 

 

In equation (7), e is the electron energy (= Vplasma - Vprobe), me is the electron 

mass, A is the probe area exposed to the plasma, and e is the elementary charge.  The 

electron density (ne) was calculated by integrating the EEPF  

 

𝑛, = ∫ √𝜀
O
) 𝑓H(𝜀)𝑑𝜀.                                                    (8) 

 

The effective electron temperature (Te) was computed as   

 

𝑇, = 	
+
R
/
SI
∫ 𝜀∞) 𝑓H(𝜀).                          (9) 

 

 

 

  



 

42 

Chapter 4 Self-neutralization of the Space Charge of the 

Beam Extracted from a Pulsed Plasma 

 

To obtain the maximum ion flux and minimum width of the ion energy 

distribution (IED), effective neutralization of the space charge of the ion beams is 

necessary, especially for ion beams with high ion current density and/or low ion energy. 

As mentioned previously, a nearly monoenergetic positive ion beam with self-

neutralized space charge was realized by applying a synchronous DC bias to a boundary 

electrode during the late afterglow. In this chapter, time- and spaced-resolved current 

measurements, using a movable Faraday cup, were carried out to gain insights into the 

collective behavior of the ion beam and electrons in the plasma downstream of the ion 

extraction grid, seeking to unravel the mechanism of space charge neutralization of the 

ion beam extracted from a pulsed plasma. 

 

4.1 Methods 

The experimental setup has been described in detail in chapter 3 (see sec. 3.1-

3.3). A controlled flow of Ar was injected into the plasma source through a mass 

flowrate controller at a flowrate of 5.40 sccm and the working pressure in the ICP source 

was maintained at 5 mTorr. The plasma was operated using the base case conditions. 

The RF power (800 W peak at 13.56 MHz) delivered to the ICP was modulated at 10 

kHz with a duty cycle of 20%. A 100 V DC bias was applied into the afterglow of the 
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plasma from 70 to 90 µs after the plasma was turned on to generate an ion beam. A 

Faraday cup attached to a magnetic transfer arm was used to measure the time resolved 

ion and electron currents along the beam axis between 0 and 60 cm from the extraction 

grid (figure 4.1).  

 

Figure 4.1 Schematic of the experimental setup for time- and spaced-resolved 
measurements for ion and electron currents along the beam axis 0 to 60 cm 
from the extraction grid.  
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The body of the Faraday cup was made of three stainless steel coaxial tubes 

(figure 4.2). Kapton tape electrically isolated the inner tube (current collector cup) from 

the grounded middle tube. 

 

Figure 4.2 Schematic of the Faraday cup used for space- and time-resolved current 
measurements along the beam axis. The dimensions are in mm. 

 

The outermost tube (outer sleeve), made electrical contact with the grounded 

middle tube. Two parallel grids were held by the outer sleeve. A third grid was spot 

welded to the front of the current collector cup. The grids were made of Ni mesh with 

40 µm square openings and 85% transparency. A Teflon disc behind the current 

collector cup electrically isolated the cup from mechanical supports of the device. The 

current collector cup was connected to a Kapton-coated wire that was input to a current 

amplifier (Keithley model 427 pico-ammeter) either directly, or biased at −101 V with 

batteries. The direct connection measured the net current, while the negatively biased 

connection repelled the electrons and provided just the positive ion current. Electron 
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current was determined by subtracting the ion current from the net current. Time 

resolved measurements of these currents were obtained by recording the pico-ammeter 

signal with an oscilloscope (Agilent Technologies DSO-X 2024A) and smoothed by 

averaging 1024 measurements to reduce noise. 

 

4.2 Plasma source characterization 

 Langmuir probe measurements of electron number density and temperature at 

the edge of the plasma source, 2 cm upstream of the extraction grid, are presented in 

figure 4.3. As expected, Te spikes at the beginning of the power-on period before 

reaching 4.5 eV, when the electron density is about 1.3 × 1011 cm-3 at the time the power 

is turned off at t = 20 µs.  

 



 

46 

 

Figure 4.3 Time resolved electron temperature (Te) and electron density (ne) measured 
by a Langmuir probe in the afterglow of a pulsed Ar plasma at the edge of 
the reactor, 2 cm upstream from the extraction grid. No boundary bias was 
applied in these experiments. Base plasma operating conditions were used. 

 

The flux of ions passing through the grid is given by 

G = 0.6n0TgridvB,              (10) 

where n0 is the ion density (equals ne) near the edge of the plasma, vB is the Bohm 

velocity and Tgrid (=0.84) is the fraction of open area (i.e., transmission) of the extraction 

grid. This flux does not depend on the boundary bias voltage. Using the data in figure 
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4.3, the ion flux as a function of time, computed from formula (10), is given in figure 

4.4.  

 

Figure 4.4 Ar+ flux passing through the extraction grid, determined from formula (10) 
and the data in Fig. 4.3. 

 

During the active glow (power-on), the electron density and temperature at the 

plasma edge (near the grid) were ne = 1.3 x 1011 cm-3 and Te = 4.5 eV (Fig. 4.3). These 

values yield a Debye length, lD = 44 µm. Near the end of the afterglow, ne = 1.0 x 1011 

cm-3, Te » 0.2 eV, and lD » 10 µm. The Child law sheath thickness is estimated using  
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𝑠 = 	 √+
R
(+UVW
XI
)).Z[𝜆],                                     (11) 

where Vsh is the voltage of the sheath over the upstream side of the extraction grid, and 

Te is expressed in V. For the low energy ions produced during the active glow, Vsh = 

4.8Te and s ~ 110 µm, while for the high energy ions (Vsh = 100 V and Te = 0.2 V), the 

sheath thickness is s ~ 800 µm.  

Without plasma molding (i.e., penetration and bending of the electric field in the 

hole.) [87], Ar+ will exit the grid with angles determined by the vector sum of the 

directed velocity through the sheath and the isotropic velocity of ions in the pre-sheath. 

The average divergence angle, θav, is therefore 

 

𝜃_` ≈ 𝑎𝑟𝑐𝑡𝑎𝑛 f`g
`h
i,                                    (12) 

where vP is the average projection on the plane of the sheath of the isotropic distribution 

of velocities of ions in the pre-sheath with kinetic energy Te/2, moving toward the sheath 

edge ( 𝑣k f
".
7
i = 1.4	 × 10p[cos45°]* XI

+.
), and vD is the directed velocity 

perpendicular to the sheath plane for ions that are accelerated toward the grid by the 

sheath potential. Without bias, 𝑣] = 	1.4	 × 10p*&.xyI
.

, with 4.8Te being the argon 

plasma potential with respect to the grounded grid. In the above formulas, Te is in eV, 

and m is the atomic mass of the ion (m=40 for Ar). Eqn. (3) yields 	𝜃_` ≈

𝑎𝑟𝑐𝑡𝑎𝑛 f ).Z)Z
√+×&.x

i = 13°.	When the 100 V boundary bias voltage was turned on in the 

afterglow (where Te = 0.2 eV hence vP = 6.9 x 104 cm/s), the plasma potential quickly 
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rose to this value. Positive ions were accelerated from the plasma potential across the 

sheath adjacent to the grounded extraction grid, leading to vD = 2.2 x 106 cm/s and qav 

= 2° from eqn. (12). 

Previous measurements in an ICP from our lab [88, 89] showed that for Ar+ 

accelerated across a sheath of thickness s and passing through a single hole of diameter 

d, the angular spread was constant for d/s < 0.4 and therefore dominated by the thermal 

velocity component of ions entering the sheath. For the 100-eV ion beam generated by 

the biased, afterglow plasma, d/s = 0.25 and the energy spread should be dominated by 

the ion thermal velocity distribution, which from eqn. (3) is ~2o When the d/s ratio 

exceeds 1, the angular spread of ions due to plasma molding becomes substantial. For 

the active glow with bias off, d/s = 1.8 in our system, and plasma molding will contribute 

substantially to the angular spread of the low-energy ions leaving the grid region.  

 

4.3 Time- and spaced-resolved measurements of ion and electron 

current density 

Time-resolved measurements of ion and electron current densities are shown in 

Fig. 4.5 when the Faraday cup was nearly touching the extraction grid (from the 

downstream side). The ion current density consists of two components: a relatively 

intense feature peaking at about 6 µs after the end of the power-on period, and a weaker 

feature peaking after the initiation of bias voltage (100 V DC) on the boundary electrode 

(bias on). 
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Figure 4.5 Time-resolved ion and electron current densities measured with the Faraday 
cup placed < 1 mm downstream of the extraction grid. Base conditions were 
used. 

 

To obtain the time the ion current reaches its peak value, the transit time of ions 

travelling from the extraction grid to the Faraday cup must be considered. Ions passing 

through the 3 grids on the Faraday cup will strike the current collector cup with a delay 

of the time it takes for ions to travel from the extraction grid to the second grid of the 

Faraday cup, and then strike the near end of the cylindrical wall of the current collector 

cup, plus the time it takes for ions to travel an additional ~7 cm to reach the flat surface 

of the current collector cup (see Fig. 4.2). Near the end of the power-on period, Te = 4.5 

eV, hence vD = 1.02 x 106 cm/s. Even with the angular distribution, it only takes ~0.2 

µs to travel the 0.16 cm distance from the first to the second grid of the Faraday cup. 

The ions then either drift to the third grid (when the current collector is grounded) or 
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are accelerated by the -101 V potential on the current collector cup, when the cup is 

biased to repel electrons. The transit times for ions to travel the 0.72 cm distance from 

grid 2 to grid 3 of the Faraday cup are ~1 or ~0.5 µs without or with the -101 V current 

collector bias, respectively.  In the unbiased case, ions traveling at 1.02 x 106 cm/s take 

an additional ~6.3 µs to travel 6.3 cm from the third grid to the flat surface of the current 

collector cup.  

Therefore, the maximum delay time between entering the first grid and detection 

with no bias on the Faraday cup is about 7.5 µs, but since most ions will strike the 

cylindrical surface of the current collector cup, given the 18o angular spread, the delay 

time is probably closer to 5 µs. With bias on the Faraday cup, the velocity of ions is 3 x 

106 cm/s in the collector, so it takes only 2 µs to reach the flat surface at the back of the 

current collector cup. Since in this case the angular spread is much less, more ions are 

detected deeper into the collector and the total delay time is ~3 µs, i.e., only slightly 

different than the case with no bias. Given these estimates, it appears that the ion current 

in Fig. 4.5 peaks within 1 or 2 µs after the end of the power-on period. 

About 20 µs into the afterglow, n0 peaks at ~2 x 1011 cm-3 and Te has fallen to 

~0.2 eV (Fig. 4.3). Assuming a sheath potential of 4.8Te = ~1 eV, vD = 2.2 x 105 cm/s. 

This corresponds to a maximum delay in detection of these very low energy ions of ~ 

35 µs, for the unbiased current collector cup. Given the angular spread, this is probably 

closer to ~20 µs. For the biased collector, the delay is ~15 µs. These time delays, in 

addition to charge exchange, lead to considerable broadening of the tailing ion current 

in Fig. 4.5, relative to that expected from the flux leaving the plasma shown in Fig. 4.4. 
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If we use the Te and n0 values of 4.5 eV and 1.3 x 1011 cm-3 near the end of the 

power-on period (Fig. 4.3), then the peak value of the low energy ion flux from Eq. (1) 

is Gl+ = 1.9 x 1016 cm-2s-1, corresponding to a current density of 3.0 mA/cm2. This is in 

reasonable agreement with the measured peak value of 1.8 mA/cm2 in Fig. 4.5. The 

number density of low energy ions in the downstream volume close to the grid is simply 

nl+ = Gl+/vD, where vD is for acceleration across the 4.8Te plasma sheath potential. At 

the end of the power-on period, Te = 4.5 eV and vD = 1.0 x 106 cm/s. Using the estimated 

peak flux of Gl+ = 1.9 x 1016 cm-2s-1 adjacent to the grid, yields nl+ = 1.9 x 1010 cm-3. 

Near the end of the afterglow, when Te = 0.2 eV (Fig. 4.3), vD = 2.2 x 105 cm/s, n0 = 1 x 

1011 cm-3, Gl+ = 3.5 x 1015 cm-2s-1 from formula (1), and thus nl+ = 1.6 x 1010 cm-3. 

Hence, the average nl+ of low energy ions just downstream of the grid has a nearly 

constant value of 1.8 x 1010 cm-3. At this high number density, the plasma is quasi-

neutral (see discussion below), so ambipolar diffusion implies equal electron and ion 

currents, as is approximately the case in Fig. 4.5.  

When the boundary bias voltage is turned on at t = 70-90 µs (i.e., 50-70 µs after 

cessation of ICP power, Fig. 3.3), the flux from the plasma source has dropped ~6-fold 

(Fig. 4.4), reasonably close to the 10-fold drop in ion flux measured by the Faraday cup 

(Fig. 4.5). Equating the flux of 3 x 1015 cm-2s-1 predicted from formula (1) at Te = 0.2 

eV and n0 = 1 x 1011 cm-3 with the beam flux, Gb, the ion number density in the high 

energy ion beam, nb+ = Gb/vD, is ~1.5 x 109 cm-3 near the peak in Fig. 4.5, where we used 

vD = 2.2 x 106 cm/s for the 100 eV ions. Electrons cannot escape the ICP source when 

the plasma potential is raised to 100 V by the application of bias on the boundary 

electrode. The small electron current that is detected coincident with the arrival of the 
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ion beam in the Faraday cup (Fig. 4.5) is left from the previous injection of plasma with 

the bias off. 

Time and space-resolved measurements of the ion and electron current densities 

were performed along the beam axis using the Faraday cup. Measurements between 5 

and 60 cm from the extraction grid are shown in Fig. 4.6. As with the measurement 

close to the grid (Fig. 4.5), the ion current density contains a peak appearing shortly 

after the application of DC bias on the boundary electrode, corresponding to the nominal 

100 eV ion beam, and a broad feature (perhaps bimodal) appearing after plasma power 

is turned on, due to low energy ions. 
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Figure 4.6 Time- and space-resolved measurements of (a) ion current and (b) electron 
current densities along the beam axis (5 – 60 cm away from the extraction 
grid). Base conditions were used. 
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The high energy (100 eV bias on) ion beam current density was obtained by 

integrating over the corresponding peak in Fig. 4.6 a. The low-energy (bias off) 

background ion current density was found by subtracting the high energy ion beam 

current density from the total ion current density integrated over one pulse period. These 

current densities are plotted in Fig. 4.7 (black squares) as a function of distance from 

the extraction grid between 0 and 60 cm (0-4 cm data are not shown in Fig. 4.6), along 

with the time-averaged electron current densities (from integration of curves in Fig. 4.6 

b, red solid circles). 

 
 
Figure 4.7 Measured ion (blue open squares and solid black squares) and electron (red 

solid circles) current densities, averaged over one pulse period, as a function 
of distance from the extraction grid. The lines are ion current densities 
expected for average divergence angles of 2o and 3o (dash-dot and solid blue 
lines, respectively) for the 100-eV beam, and 18o (for the low energy ions, 
solid black line). Base conditions were used. 
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In the first 4 cm, low-energy ion current densities decay rapidly with distance, 

while the high-energy peak declines more slowly. Between ~8 cm and ~35 cm, the 

electron current density is about twice the ion current density. Between ~40 cm and 60 

cm, the electron current density drops more rapidly than the ion current density. 

The fall-off in ion and electron currents as a function of distance from the grid 

is a complex, space and time-dependent phenomenon, spanning microns to meter length 

and ~10 to 500 µs time scales. Ion beamlets passing through each hole in the square 

array grid interact with each other in the first few 100 µm distance from the grid. 

Simulation of such conditions would be very challenging, and likely would require a 

full 3-D PIC treatment of the near-grid region. Such a treatment is beyond the scope of 

this experimental study. It is instructive, however, to evaluate some simple scaling 

concepts. 

For example, the initial angular spread in ions emerging from the grid that will 

contribute to the fall-off in fluxes as a function of distance can easily be estimated. Using 

a simple approximation to the divergence of the ion beam,(𝑑{/[𝑑{ + 2𝑧 tan 𝜃_`])+, 

where z is distance along the axis (z=0 at the extraction grid) and dF is the diameter of 

the Faraday cup (» diameter of the gridded aperture on the plasma source), the curves 

in Fig. 4.7 were generated. Values for qav were computed from formula (3), and also 

were varied to best fit the measured fall-off in ion currents. The black solid line, 

normalized to match the low-energy ion current at 0 cm, best reproduces the 

measurements for qav = 18o. The added spread compared to qav = 13o computed from 

formula (3) seems reasonable in view of the expected contribution of plasma molding.  
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The dash-dot blue line represents the trend predicted for qav = 2o computed from 

formula (3), while the solid blue line represents the “best fit” for qav = 3o. Both curves 

fit the distance dependence of the 100-eV beam beyond 20 cm, when the beam diameter 

is much larger than the Faraday cup aperture and fluxes approach a fall-off as the 

reciprocal of distance squared. It is likely that some of the discrepancies between the 

measured and computed flux for qav values due just to thermal spread (i.e., from formula 

(3)) are due to charge exchange collisions with the background Ar near the grid (see 

Appendix). Thus, the drop off in intensity of both the 100-eV beam and the lower energy 

ions appears to be mainly explained by the initial angular spread of ions emerging from 

the ICP, combined with charge exchange just past the grid. 

  It takes about 25 µs for the 100-eV ion beam to travel the 54 cm distance 

between the extrema of measurements (5 and 60 cm) displayed in Fig. 4.6 a. This is 

within the uncertainty of the expected flight time for this energy (24 µs). Between 5 and 

30 cm, the observed flight time of the low energy ions is ~30 µs, consistent with the 

expected flight time for low-energy ions emerging near the end of the power-on period. 

Ions leaving the plasma late in the afterglow period will take ~100 µs to travel 25 cm, 

and ~240 µs to traverse 60 cm. The pulse period is only 100 µs, thus there are 2 or 3 of 

these “plugs” present along the beam transport path at any given time, leading to the 

small observed ion current at all times.  

A major peak in electron current density (Figs. 4.5 and 4.6) occurs at 25 µs near 

the grid, coincident with the peak in low-energy ion current density. A weaker 

background electron current is present at <35 cm from the grid (barely visible in Figs. 
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4.5 and 4.6). The main peak in electron current density monotonically shortens to 21 µs 

as the Faraday cup is moved from 0 to 9 cm, and then stays at 21 ± 1 µs all the way to 

60 cm. Since the low-energy ion peak moves to monotonically longer delays away from 

the grid, the electrons near their peak, farther from the grid are coming mainly from the 

quasi-neutral population of electrons and low-energy ions near the grid, produced near 

the end of the power-on period. These electrons need a minimum kinetic energy of 1 eV 

to traverse 60 cm in < 1 µs. 

Electrons that escape the plasma during the power-on period must overcome a 

repelling sheath potential of about 20 V. Therefore, they are expected to have rather low 

energies after passing through the grid. It appears, however, that the electrons have 

kinetic energies well in excess of 1 eV. Time-resolved measurements of electron 

currents were performed at 1 and 5 cm from the grid as a function of negative potential 

on the Faraday cup. Time-integrated electron current densities are plotted in Fig. 4.8. At 

a distance of 5 cm from the grid, -9 V is sufficient to repel about 2/3 of the electrons. 

The remaining 1/3 appear to have a distribution of energy that require up to -40 V to 

repel. At 1 cm, even higher energy electrons are present, requiring nearly -100 V to 

repel. If we take the second derivative of the electron current density measurements in 

Fig. 4.8 at 5 cm we can extract an “electron temperature” of ~8 eV, which corresponds 

to an electron speed of 1.8 x 108 cm/s, or 200-times larger than the low-energy ions 

produced at the end of the power-on period. While electrons will be re-accelerated on 

passing through the sheath adjacent to the downstream side of the grid, they ultimately 

arrive at the grounded Faraday cup with the energy they had as they passed through the 
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grid. Electron-electron collisions would produce a higher energy tail in their energy 

distribution, but it appears that the electron density in the downstream plasma is 

insufficient for e-e collisions to produce the observed high energy electrons. 

 

Figure 4.8 Electron current densities as a function of the negative potential applied to 
the Faraday cup at distances of 1 and 5 cm from the plasma source grid. Base 
conditions were used. 

 

Simulations of the injection of a high energy ion beam into a cold plasma have 

been reported by Hara et al. [90] Electron heating due to the two-stream instability of a 

cold ion beam pulse propagating through a background plasma. The ion beam velocity 
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in their studies was 1 × 109 cm s-1, i.e., much higher than in the present case. With the 

very high energy ion beam, they found that the electrons achieved velocities as high as 

2 × 109 cm s-1 above the ion beam velocity. Even if the 2 × 106 cm s-1 ion beam in the 

present study produced electrons with ten times this velocity, the electron energy would 

be of the order of 0.1 eV. Thus, it seems that such two-stream instability is unlikely to 

be the reason of the observed high energy electrons. As mentioned above, to further 

study the collective behavior of the ion beam and electrons, a full 3D PIC-MCC 

simulation would be required, which is beyond the scope of this experimental study.  

 

4.4 The mechanism of self-neutralization of the space charge of the 

positive ion beam  

  We now propose a mechanism for self-neutralization of space charge of the ion 

beam, illustrated in Fig. 4.9 As the 100-eV fast ion beam emerges from the extraction 

grid, after application of a DC bias voltage on the boundary electrode late in the 

afterglow, it traverses the background plasma volume that formed from the prior pulse(s) 

of ICP power and early afterglow. The beam attracts electrons that neutralize the ion 

beam positive space charge. 
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Figure 4.9 Illustration of the mechanism for self-neutralization of the space charge of 
the ion beam. 

 

As mentioned above, the peak ion density of the 100-eV beam is about 1.5 x 109 

cm-3 near the grid, and the nearly constant density of low energy ions is 1.6 x 1010 cm-3. 

Ignoring the high-energy component, and assuming that the plasma into which the ion 

beam is injected has an electron temperature of ~0.1 eV, yields lD ~ 20 µm. If, on the 

other hand, Te = 8 eV, then lD ~ 170 µm. In either case, this is much smaller than the 5 

mm diameter of the beam close to the grid, hence the ion beam should be quasi-neutral, 
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consistent with the nearly equal average ion and electron density near the grid (Fig. 4.5, 

at 0 cm). Moving away from the grid, ions that do not suffer charge exchange are only 

lost from the beam volume in the forward direction toward the face of the Faraday cup, 

while electrons, which are expected to have a much larger angular spread, can escape in 

all directions. Therefore, it is expected that the electron current detected by the Faraday 

cup will fall below the detected ion current as we move farther from the grid. However, 

as long as the Debye length corresponding to the plasma formed by the drifting low-

energy ions (i.e., when the high energy beam is not present) is smaller than the beam 

and Faraday cup dimension, charge neutrality is still maintained. At a distance of about 

35 cm from the grid, the electron current in Fig. 4.7 drops rapidly. At this distance, the 

low-energy positive ion number density is ~2 x 107 cm-3. If Te ~ 8 eV, then lD ~ 5 mm, 

or about the aperture radius of the Faraday cup. This implies that electroneutrality breaks 

down, hence rapid loss of electrons (by free diffusion) is expected at this point 

(providing Te is closer to 8 eV than 0.1 eV). Fig. 4.10 presents ratio of measured electron 

current density to low-energy ion current density as a function distance, which more 

clearly shows the boundary between having the charged neutralized background plasma 

and the breakdown of electroneutrality at ~35 cm from the ion extraction grid. Beyond 

35 cm, the 100-eV ion beam number density is also low (<5 x 107 cm-3), hence the total 

positive space charge is too low to cause much additional divergence of the ion beam. 
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Figure 4.10 Ratio of measured electron current density to low-energy ion current density 

as a function of distance from the ion extraction grid.   

 

This neutralization process is similar to that in previous studies in which a 

separate background plasma was generated in the beam transport path, to neutralize a 

highly energetic beam in a heavy-ion fusion system [91, 92]. In the present work, instead 

of generating a background plasma with a secondary plasma source, a plasma is 

generated naturally by periodic injection of low energy electrons that leave the plasma 

source in the early afterglow into the volume of low energy ions produced by the 

unbiased ICP and by charge exchange collisions (of the high energy ions with the 

background gas) near the extraction grid.  
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The number of electrons required to neutralize the ion beam per pulse period can 

be estimated from the fluxes in Fig. 4.4. During the period when the bias is off (0-70 

and 90-100 µs) the number of electrons exiting the extraction grid equals the number of 

positive ions, then this corresponds to 7.3 x 1011 electrons. The number of ions in the 

100-eV beam exiting the grid between 70 and 90 µs is 6 x 1010 (again from Fig. 4.4) 

and of these roughly 1/3 traverse the first 5 cm without suffering charge exchange (see 

Appendix) for the base case (ICP pressure = 5 mTorr), hence the number of electrons 

in the downstream plasma is ~35 times more than required to neutralize the 100-eV 

beam space charge.  
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Chapter 5 Characterizations of Ion Beams extracted from 

Pulsed Plasma 

 

 In this chapter, we used a retarding field energy analyzer (RFEA) to measure ion 

energy distributions (IEDs), the full width at half maximum (FWHM) of the IEDs, and 

time averaged ion current to characterize the positive ion beam as a function of plasma 

source operating conditions, including ICP source pressure, RF power delivered to the 

plasma, bias phase and duration, and DC magnetic field applied to the ICP source. 

Additionally, a Kr+ beam was also studied to determine if a Kr plasma can generate an 

ion beam with higher ion flux than Ar plasma due to its lower ionization potential, and 

therefore could possibly be used as an alternative to the Ar plasma to improve the 

throughput of nanopantography.  

         

5.1 Methods 

 The experimental setup has been described in detail in chapter 3 (see sec. 3.1-

3.3). A controlled flow of Ar was injected into the plasma source through a mass 

flowrate controller at a flowrate of 5.40 sccm and the working pressure was maintained 

at 5 mTorr in the ICP source. The plasma was operated using the base case condition. 

The RF power (800 W peak at 13.56 MHz) delivered to the ICP was modulated at 10 

kHz with a duty cycle of 20%. A 100 V DC bias was applied into the afterglow of the 

plasma from 70 to 90 µs after the plasma was turned on to generate an ion beam. 
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A retarding field energy analyzer (RFEA), installed 80 cm downstream of the 

extraction grid of the ICP source (figure 3.2) [85], as shown in Fig. 5.1, was used to 

measure ion energy distributions (IEDs).  

 

Figure 5.1 The experimental setup for RFEA measurements [85]. 

 

For each set of operating conditions examined, the ion beam current was found 

by integrating the corresponding IED. The RFEA was made of a stack of three parallel 

Ni grids, each with 40 µm square openings and 85% transparency, spaced 1.5 mm apart 
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from one another, and a stainless steel, grounded current collector, spaced 5 mm from 

the bottom grid (Fig. 5.1). The top grid was grounded. A 1 Hz, 0 to 120 V sawtooth 

waveform was applied to the middle (energy selector or discriminator) grid (held on a 

5mm diam. aperture), using a Stanford Research Systems DS345 function generator and 

an AVTECH AV-112H- PS-UHA high voltage amplifier. The bottom grid was biased 

with a DC voltage of −20 V to suppress secondary electron emission from the current 

collector plate. The total transparency of the three-grid stack was approximately 60%. 

A Keithley 6485 pico-ammeter was used to measure the collector current as a function 

of voltage applied to the middle grid. Data were recorded by a four-channel oscilloscope 

(Agilent Technologies DSO-X 2024A) and smoothed by averaging 1024 current–

voltage (I–V) curves to reduce noise. 

 

5.2 Ion Energy Distributions at the RFEA Position 

A distribution of ion energies can be due to: (a) the applied boundary voltage is 

not absolutely flat, (b) density gradients in the plasma make the energy of ions 

dependent on the ion’s starting point in the plasma, and (c) ion-neutral collisions, 

especially near the grid, spread the ion energy.  
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Figure 5.2 Ion energy distributions measured with the RFEA under different pressures 
(5 - 35 mTorr) of the ICP source. Otherwise, base conditions were used. 

 

Fig. 5.2 shows ion energy distributions measured by the RFEA, at a distance of 

80 cm from the extraction grid, as a function of pressure in the plasma source. Between 

5 and 20 mTorr, the IEDs consist of a single peak that maximizes at 5.5 eV above the 

applied bias voltage at 5 mTorr and decreases monotonically to 2.5 eV above the applied 

bias voltage at 20 mTorr. The average energy continues to slowly decrease between 20 

and 35 mTorr, while a bimodal distribution begins to be apparent, with components 

peaking at ~2 eV above and ~3 eV below the applied bias voltage.  The full width at 
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half maximum (FWHM) of the IEDs (obtained by fitting a Gaussian distribution to the 

IED and noting the width of the distribution at half the peak height) range from 4.5 eV at 

5 mTorr to 7.5 eV at 35 mTorr. The ion beam current (found by integrating the IEDs 

between 90 and 110 eV) peaks broadly between 10 and 15 mTorr due to the increase in 

source plasma density, and then falls off with increasing pressure, most likely due to the 

increasing probability for symmetric charge exchange in the first few cm downstream 

of the grid [86] (see Appendix). 

Pressure in the ICP source can affect the width and peak ion energy of the IED. 

Te in the late afterglow has been measured in a somewhat larger ICP system [65]. Te 

was found to increase with increasing pressure from ~0.2 eV at 7 mTorr to ~0.5 eV at 

50 mTorr. Roughly 5 times this energy adds to the boundary voltage in determining the 

sheath potential. Te in the smaller plasma source used here could perhaps be twice the 

above values. Consequently, we expect the ion beam for 5 mTorr to peak at ~2 eV above 

the bias voltage, not 5.5 eV. The 3 V discrepancy is probably due to the combined 

uncertainty in the voltage settings, measurements of voltages and ground potentials in 

the plasma source and RFEA. 

Some drop in the peak ion beam energy at high pressure is expected due to the 

larger drop off in charge density between the boundary electrode that is immersed in the 

high-density region of the plasma and the sheath edge at the extraction grid. This results 

in a fall-off in the plasma potential between the boundary electrode and the grid, in 

accordance with the Boltzmann relation 

 

F = ln(ncenter /nedge )Te,                    (13) 



 

70 

where ncenter is the plasma density at the center of the plasma source, nedge is the plasma 

density at the edge of the plasma source, F is the potential drop between the center and 

edge of the source, Te is the electron temperature (expressed in V) at t=70 µs into the 

afterglow. Given the expected rise in both Te and ncenter/nedge between 5 and 35 mTorr, 

this effect could account for perhaps half of the 7 eV drop off in peak ion energy. 

Ion collisions with neutrals in the pre-sheath would result in the loss of at most 

Te/2 and hence < 1 eV in the extracted beam energy. Charge exchange collisions only 

produce very low energy ions. Energy-lowering collisions of ions traversing the ~100 

µm wide sheath adjacent to the grid are infrequent, even at the highest pressure studied. 

The most likely explanation for the small reduction in energy at higher pressures is 

highly forward scattering of ions in the beam as it passes through the Ar gas in the first 

few cm on the downstream side of the grid. 

Time resolved IED measurements using the RFEA were also carried out. Fig. 

5.3 presents IEDs measured 40 to 65 µs after the boundary bias was turned on in the 

afterglow. Ar ions with energy of 103 eV, require ~43 µs to travel from the extraction 

grid to the collector of the RFEA. Indeed, Fig. 5.3 shows that at 45 µs the first ions 

arrive. These are the ions leaving the plasma at the leading edge of the applied DC pulse. 

The ion flux continues for the next 20 µs corresponding to the duration of the applied 

DC bias. The peak ion energy is nearly constant between 50 and 60 µs, and slightly 

lower (2 and 1 eV, respectively) at the beginning and end of the beam arrival. The 

FWHM of the IED is nearly independent of time. 
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Figure 5.3 IEDs measured at different times (43 – 65 µs) after the boundary bias voltage 
(100 V DC) was turned off in the afterglow (at t=90 µs, see Fig. 3.3). Base 
conditions were used.  

 

5.3 Power Effects 

The relationship between RF power input to the ICP source and ion current 

measured by the RFEA was also investigated (Fig. 5.4). The ion current increases nearly 

linearly with peak RF power between 400 W and 800 W, as expected for an ICP source. 

Above 800 W, the ion current continues to increase at a slightly less than linear rate at 

far field (i.e., 80 cm) and somewhat less than that at 5 cm. The peak ion energy at 80 
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cm increases from 0.8 eV above the applied bias voltage at 400 W to 4.6 eV above the 

applied bias voltage at 800 W and then reaches a plateau at ~4.8 eV above the bias 

voltage beyond 800 W (Fig. 5.5).  

 

Figure 5.4 The peak ion current of the 100-eV beam, measured using the Faraday cup at 5 cm 
and the RFEA at 80 cm away from the extraction grid, vs peak RF power to the ICP 
source. Otherwise, base conditions were used.  

 

The plasma potential measured 50 µs into the afterglow did not increase 

appreciably with increasing RF power, and therefore it is not the reason for the increase 

in ion energy between 400 and 800 W.  Given the complex interactions of the ion beam 

with the quasi-neutral downstream plasma, the power dependencies of the ion beam flux 
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and energy are difficult to ascribe to any one effect. The FWHM of the IED (Fig. 5.5) 

is 4.3 eV and only slightly dependent on power, increasing a bit with increasing power, 

and saturating at > 800 W. 

 

Figure 5.5 Peak ion energy above the applied bias voltage vs peak RF power to the ICP 
source and FWHM vs peak RF power to the ICP source. Other parameters 
were at their base case value. 
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5.4 Dependences on Bias Phase and Duration 

 

5.4.1 Ar+ beam 

Space charge neutralization of the ion beam is expected to depend strongly on 

the relative fluxes of beam ions and cold plasma that pass through the extraction grid 

since the higher the flux of cold plasma the more electrons can be provided to neutralize 

the space charge of the ion beam. This ratio can be varied by changing the duration of 

the bias voltage and the delay between the ICP power and bias pulses.  

Fig. 5.6 shows RFEA measurements of ion beam current as a function of the 

delay between turn-off of the plasma power and application of DC bias to the boundary 

electrode for the duty cycles of 15% (black squares), 20% (red circles) and 25% (blue 

triangles). In all cases, the DC bias was turned off at t=95 µs, so the bias duration 

decreases as the delay increases, as indicated on the upper x-axis of Fig. 5.6.  
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Figure 5.6 Ion current vs delay in applying the DC boundary bias in the afterglow, with 
respect to the end of the power pulse. Bias is turned off at 95 µs in all cases. 
The solid red line is the relative ion current emerging from the plasma for 
the 20% duty cycle case. Otherwise, base conditions were used. 

 

The solid red line in the figure is the relative current expected for 20% duty cycle, 

using the data in Fig. 4.4 to compute the integrated current over the bias pulse. For delay 

times of 30 µs or more, the current measured at the RFEA is a constant fraction of the 

current emerging from the plasma source, meaning that the space charge neutralization 

is optimized. If the delay time is too short (<30 µs) then not enough low-energy plasma 
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is present adjacent to the grid to neutralize the ion beam space charge and the current 

falls. 

 Ion currents and energy distributions 80 cm from the extraction grid were also 

measured as a function of the duration of DC bias applied to the boundary electrode, for 

different duty cycles (Fig. 5.7). The delay between turn-off of plasma power and 

initiation of DC bias was fixed at 20 µs. Ion current increases linearly with increasing 

bias duration up to 15 µs, and then reaches saturation for a bias duration longer than 20 

µs. The green solid line represents the relative ion current for the 100-eV beam that 

passes through the extraction grid for the 20% duty cycle case, extracted from the flux 

in Fig. 4.4, integrated over the bias duration. Apparently, for bias duration longer than 

20 µs, there is no longer sufficient density of plasma in the downstream region of the 

grid to neutralize the space charge, and the ion current saturates. 
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Figure 5.7 Ion current vs duration of the DC boundary bias applied in the afterglow, 20 
µs after the ICP power was extinguished, for duty cycles of 10% to 30 %. 
The solid green line is the relative ion current emerging from the plasma for 
the 20% duty cycle case. Otherwise, base conditions were used. 

 

5.4.2 Comparison between Ar+ and Kr+ ion beams   

 Fig. 5.8 presents IEDs of Ar+ and Kr+ beams measured with the RFEA under 

base case conditions at a distance of 80 cm from the extraction grid. The ion beam 

energy peaks 2 eV below the applied bias voltage and 3 eV above the applied bias 

voltage for Ar+ and Kr+, respectively.  
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Figure 5.8 IEDs of Ar+ and Kr+ beams measured with the RFEA under base case 

conditions. 

 

As discussed earlier, the peak energy for 5 mTorr was expected to be ~2 eV 

above the nominal value of 100 eV and the IED of Kr+ beam appears as expected. The 

4-eV discrepancy in the IED of the Ar+ beam could be due to the combined uncertainty 

in voltage settings, measurements of voltages and ground potentials in the plasma source 

and RFEA. The FWHM of the peaks are 4.58 and 4.77 eV for Ar and Kr, respectively. 

The ion flux extracted from the plasma during application of a DC bias is proportional 

to the area under the peak of the IED, and ion density for comparable electron 
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temperatures. Based on time resolved Te measurements previously taken in another 

similar ICP system [93], 70 µs  after power-on, the electron temperatures for Ar and Kr 

were ~0.3 and ~0.5 eV, respectively. Hence, the order of the plasma density is Kr>Ar. 

This can be attributed to the lower ionization potential and slower diffusion of Kr versus 

Ar. A 1.6:1 flux ratio of the Kr+ beam, relative to that of the Ar+ beam, was estimated 

by integrating the areas under the IEDs in Fig. 5.8.  

Fig. 5.9 presents RFEA measurements of Kr+ beam current as a function of the 

delay between turn-off of the plasma power and application of DC bias to the boundary 

electrode for the duty cycles of 15% (black squares), 20% (red circles) and 25% (green 

triangles). In all cases, the DC bias was turned off at t=95 µs, so the bias duration 

decreases as the delay increases. Similar to the results of Ar+, the Kr+ current peaks 

when the time delay was fixed at 20 µs, and the space charge neutralization was 

optimized for delay times of 30 µs or more. Not enough downstream plasma was present 

to supply electrons to neutralize the beam space charge when the time delay was less 

than 20 µs. 

 

 



 

80 

 

Figure 5.9 Ion current vs delay in applying the DC boundary bias in the afterglow, with 
respect to the end of the power pulse. Bias was turned off at 95 µs in all 
cases. Otherwise, base case conditions were used. 

 

Ion current as a function of the duration of the DC bias applied to the boundary 

electrode was also measured for different duty cycles (Fig. 5.10). The delay between 

turn-off of plasma power and initiation of DC bias was fixed at 20 µs. Ion current is 

approximately in a linear relationship with increasing bias duration up to 25 µs, and then 

averagely peaks at 35 µs, indicating that space charge neutralization was optimized. For 
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a bias duration longer than 35 µs, there is no sufficient density of the downstream plasma 

to supply electrons to compensate the space charge, and the ion current drops. 

 

Figure 5.10 Ion current of vs duration of the DC boundary bias applied in the afterglow, 
20 µs after the ICP power was extinguished, for duty cycles of 10% to 30 
%. Otherwise, base conditions were used. 
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5.5 Magnetic Field Effect 

As discussed in chapter 4, the ion beam current extracted from the afterglow of 

the plasma is proportional to plasma density near the edge of the beam extraction grid. 

Hence, one way to extract more ion beam current is to enhance the plasma density by 

installing a ring electromagnet on the ICP source (shown as Fig. 5.11 [85]), and apply 

a DC magnetic field, to confine electrons in the plasma. The intensity of the magnetic 

field, both at the center and the edge of the electromagnet, was measured without the 

plasma as a function of  DC current applied to the magnet (Fig. 5.12 [85]). Assuming 

that the spatial distribution and intensity of the applied magnetic field are independent 

of the presence of the plasma, the values in Fig. 5.12 were further used to investigate 

the relationship between the extracted ion current and the intensity of the applied 

magnetic field. 

The magnetic field effect depends on the relationship between the electron mean 

free path (mfp) and electron gyroradius (rg). When mfp>rg, electrons are trapped in the 

magnetic field before they can diffuse to the wall, resulting in better plasma 

confinement. It is then said that electrons are “magnetized”. When the mean free path 

is smaller or comparable to the electron gyration radius, the magnetic field effect is less 

significant.  

The average electron gyroradius for different applied currents was estimated 

using base case conditions (Te = ~0.2 eV in the afterglow and ICP pressure = 5 mTorr) 

and the average (between center and edge, Fig. 5.12) intensity of the magnetic field. The 

estimated gyroradius is plotted as a function of DC magnetic field in Fig. 5.13. The 

electron gyroradius drops sharply from 1.8 to 0.4 mm with magnetic field increasing 
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from 8.5 to 32.5 Gauss and then reaches a minimum at ~0.1 mm for magnetic fields 

greater than 40 Gauss. At 5 mTorr, the mean free path in argon is ~20 mm, much larger 

than the electron gyroradius for all applied currents, suggesting that the electrons are 

magnetized. 

 
 

 

Figure 5.11 Schematic of the ring electromagnet surrounding the inductively coupled 
plasma source [85]. 

Electromagnet 

Electromagnet 
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Figure 5.12 The intensity of magnetic field measured at the center (blue line) and the 
edge (red line) of the ring magnet (without plasma) as a function of DC 
current (A) applied to the magnet [85]. Points are measurements, lines are 
drawn to guide the eye. 
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Figure 5.13 Electron gyroradius as a function of applied DC magnetic field. The upper 
axis is the applied current that yields the average magnetic field shown on 
the lower x-axis. 

 

Previously, Langmuir probe measurements have shown that in cw mode plasma 

density near the edge of the plasma source (2 cm from the upstream of the extraction 

grid) was significantly increased (3-fold) by magnetic field confinement. In contrast, in 

the pulsed plasma mode of operation, plasma density barely changed under the same 

applied magnetic field [85]. Based on this finding, the ion current extracted from the 

afterglow of the pulsed plasma under base case conditions was expected to be nearly 

independent of the applied magnetic field.  However, it was observed that the ion current 

measured by the RFEA (80 cm away from the ion extraction grid) decreases 
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precipitously with increasing average DC magnetic field up to ~20 Gauss and then 

reaches a plateau for an average magnetic field above ~40 Gauss, as shown in Fig. 5.14. 

This finding may be explained by the lowered electron flux leaving the plasma as a 

result of magnetic field confinement in the afterglow (mfp>>rg). This reduces the supply 

of electrons to the downstream plasma resulting in incomplete neutralization of the 

space charge of the ion beam. The final result is lower ion flux at the RFEA, due to ion 

beam divergence. For an average magnetic field greater than ~40 Gauss, the electron 

gyroradius (i.e., the magnetic field effect) appears to saturate, resulting in similar 

saturation of the ion beam current. 

 

Figure 5.14 Ion beam current measured by the RFEA as a function of average DC 
magnetic field. 

0 20 40 60 80 100 120 140
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 

 

Io
n 

cu
rr

en
t (
µA

)

Average magnetic field (Gauss)



 

87 

Chapter 6 Highly Anisotropic Reactive Ion Beam Etching of 

Polysilicon with Cl2 Using a Nearly Monoenergetic Ar+ Beam  

  

In plasma etching or reactive ion etching, positive ions are accelerated and 

directed by the sheath potential to induce anisotropic etching forming features with 

vertical sidewalls and high-aspect-ratio profiles. Unlike the bombardment of ions 

normal to the substrate surface, plasma electrons tend to impinge onto the sidewalls near 

the top of the features being etched (Fig. 6.1 [94]), due to the random thermal motion 

of electrons. During the course of plasma etching, the bottom surface of the feature 

becomes are positively charged while the sidewalls are negatively charged. 

Consequently, ion trajectories are deflected toward the sidewalls by locally nonuniform 

electric fields [95], resulting in some undesirable characteristics, including microtrench 

and island feature on the bottom of the patterned substrate. As feature sizes in 

semiconductor devices continue to shrink, surface charging could become more 

problematic, introducing more surface damage and undesirable deviations of the etched 

profiles. It is imperative to attain well controlled anisotropic pattern transfer by forming 

vertical sidewalls so as to improve the device performance. For some specific 

applications, such as photonic and high-speed electronic components, smooth etched 

surfaces are also required to achieve better device performance [96]. Chlorine-based 

plasmas have been widely used to process materials that have potential applications in 

photonics, including InAs and InSb [97]. Chlorine plasma etching of these materials, 

however, results in very rough surfaces, due to the low volatility of InClx [98]. Freon-
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based plasmas in low power electron cyclotron resonance (ECR) plasma sources can 

produce smooth surfaces but very low etching rates [99].   

 

 

Figure 6.1 Schematic of microtrench and oxide island formation due to surface charging    
[94].   

 

Reactive ion beam etching (RIBE) can achieve anisotropic etching of features 

with high aspect ratios, very smooth etched surfaces and less etching-induced damage, 

since it can provide independent control of the plasma generation and etching conditions 

[100]. Zubryzucki et al. [101], for example, have demonstrated fabrication of high-

aspect-ratio (8:1) nanophotonic structures (Fig. 6.2 [101]) in AlGaAs, using Cl2 reactive 



 

89 

ion beam etching. Kotlyar et al. [102] reported reactive ion beam etching of features 

with an aspect ratio of 38:1 (Fig. 6.3 [102]) in InP based materials using a 1200 eV ion 

beam with low beam current.  

 

Figure 6.2 SEM image of trenches with a width of 180 nm and a depth of 2 µm in 
AlGaAs etched by Cl2 reactive ion beam etching [101]. 
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Figure 6.3 SEM image of features with an aspect ratio of 38:1 in InP based materials 
using a 1200 eV Ar+ beam [102]. 

 

Even with the capability of achieving highly anisotropic etching and good 

surface morphology, reactive ion beam etching suffers from surface charging effects 

when etching insulating materials. To alleviate this problem, electron emitting 

neutralizers [32, 103] have been used to inject electrons into the beam to neutralize the 

surface charge. Ouick et al. [104] employed a hot tungsten filament to reduce notching 

during plasma etching of polysilicon and oxide. Watanabe et al. [94] also employed cold 
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electron beam irradiation to reduce microtrenches and island formation in traditional 

plasma etching. Neutralizing filaments have a limited lifetime, however, and can lead 

to contamination. They also require separate power supplies, and complicate the design 

of ion beam etching tools.   

This chapter describes studies that demonstrates highly anisotropic reactive ion 

beam etching of polysilicon masked with SiO2, using a “self-neutralized”, pulsed Ar+ 

ion beam in the presence of Cl2 gas. Vertical sidewall profiles and smooth bottom 

surfaces were achieved. As above, the downstream plasma generated by the pulsed ICP 

source with synchronous bias supplies cold electrons that, in this case, serve to 

neutralize the feature surface charge and ion beam space charge simultaneously, 

obviating the need for electron filaments, as schematically illustrated in Fig. 6.4.  

 

Figure 6.4 Illustration of highly anisotropic reactive ion beam etching and the 
neutralization process of surface charge using the downstream plasma. By 
immersing the sample in the plasma, electrons were drawn to the positively 
charged surfaces and neutralize the surface charge.  
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6.1 Methods 

 The experimental setup has been described in chapter 3 (see sections 3.1-3.3). A 

controlled flow of Ar was injected into the plasma source through a mass flow controller 

at a rate of 5.40 sccm and pressure in the ICP source of 5 mTorr. The RF power (800 W 

peak at 13.56 MHz) delivered to the ICP was modulated at 10 kHz with a duty cycle of 

20%. A 200 V DC bias was applied in the afterglow of the plasma from 40 to 60 µs after 

the plasma was turned on to generate an ion beam. 

The samples used in this work were ~1 µm thick polysilicon masked with SiO2 

with an average thickness of 520 nm. A layer of ~100 nm oxide was beneath the 

polysilicon layer and above the Si substrate. The mask pattern consisted of five 0.2 ´ 

0.4 cm2 areas of equal lines and spaces. The widths of the opening of the trenches in the 

five different patterned areas were 250, 370, 580, 1100, or 2100 nm. A scanning electron 

micrograph of the cross section of 250 nm trenches is shown in Fig. 6.5. The sidewall 

angle of the trenches before and after etching was ~89°.  

 



 

93 

 

Figure 6.5 SEM of polysilicon masked with 520 nm-thick, 250 nm-wide (the width of 
the opening of the trenches) SiO2 before etching with the ion beam. 

 

A sample was electrically mounted onto a grounded stainless-steel rod attached 

to a magnetic transfer arm, and was oriented perpendicularly to the ion beam, as seen in 

Fig. 6.6. The sample was then positioned 2 cm downstream of the ion beam extraction 

grid using the transfer arm and immersed in the downstream plasma during the etching 

process. The midpoint of the 370 nm trench was aligned with the center of the ion 

extraction grid (see Fig. 6.9). A background gas of Cl2 was then introduced onto to the 

sample through a leak valve to chlorinate the surface. The Cl2 pressure at the sample 

location was maintained at 0.5 mTorr and was monitored by a capacitance manometer. 

A nearly monoenergetic 200 eV Ar+ ion beam was extracted from the plasma and 
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directed to the sample for the etching step. The ion beam current density at 2 cm from 

the extraction grid was measured to be 80 µA/cm2, or 5 x 1014 Ar+ ions/cm2s by the 

Faraday cup. After etching, the sample was cleaved and then examined by scanning 

electron microscopy (SEM). 

 

 
Figure 6.6 The experimental setup used for the reactive ion beam etching experiments. 
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6.2 Results and discussion 

 SEM images of the 250, 370, 580, 1100, and 2100 nm trenches before and after 

etching with the ion beam for 60 minutes are shown in Fig. 6.7 (a)-(e). The 250 and 370 

nm trenches have nearly vertical sidewalls and flat trench bottoms. The SiO2 masks in 

the 250, 370, 580, and 1100 nm trenches are faceted. Microtrenching (on the left side 

of the trench bottom) and tapering (on the left side of the stripe) were observed in the 

580, 1100, and 2100 nm trenches, and are likely due to ions with large incident angles, 

leading to the increased etching rate of the left corner of the trench bottom and decreased 

etching rate of the left side of the stripe. A step structure was observed at the right-side 

corners of the 2100 nm trenches. These steps are likely due to ions with incident angles 

larger than 7.6° (see Fig. 6.7 (e)), resulting in blind spots at the bottom of the trenches 

which remain unetched.  

 The etching rates of SiO2 were calculate by dividing the thickness of SiO2 mask 

before and after etching (the difference of h4 and h4’ shown in 6.7(a) or h2 and h2’ in 

6.7(c)) by total etching time. The etching rate of polysilicon was computed in two ways. 

For the 250 and 370 nm trenches, the etched depth was obtained from the difference 

between h3 and h3’, the distance between the SiO2 mask-polysilicon interface to the 

trench bottom before etching, and the distance between the SiO2 mask-polysilicon 

interface to the trench bottom after etching, calculated by averaging the etching depths 

of both sides of the polysilicon stripe, as shown in Fig. 6.7(a). Furthermore, it was 

assumed that the etching rate of the oxide layer (ho ~ 100 nm) was the same as the 

etching rate of the mask, so that the etching time for the oxide layer could be subtracted 

from the total etching time. For the 580, 1100, and 2100 trenches, the etching rate of 
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polysilicon was simply obtained from dividing the etching depth of the polysilicon layer 

(the difference of h1 and h1’, as seen in Fig. 6.7(c)) by total etching time. 

 

     

(a)  
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(b)  
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(c)  
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(d)  
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(e)  
 

Figure 6.7 SEM images of a sample before and etching with the ion beam for 60 
minutes: (a) 250, (b) 370, (c) 580, (d) 1100, and (e) 2100 nm.  
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6.2.1 Etching rate versus ion flux 

Fig. 6.8 presents etching rates of polysilicon and SiO2 determined by SEM 

analysis a function of trench size. For the 250 and 370 nm trenches, the etching rates of 

polysilicon and SiO2 mask are nearly independent of trench size. The etching rates 

decrease appreciably with increasing trench size for a trench size larger than 370 nm.  

 

Figure 6.8 Etching rates of polysilicon and SiO2 mask and polysilicon-to-SiO2 etching 
selectivity as a function of trench size. 

 

 Fig. 6.8 also shows polysilicon-to-SiO2 etching selectivity obtained by 

calculating the ratio of the etching rate of polysilicon to that of SiO2 mask, as a function 

of trench size. The polysilicon-to-SiO2 etching selectivity is nearly independent of 
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trench size, indicating that the dependence of the etching rates of polysilicon and SiO2 

mask on trench size is likely due to a nonuniform distribution of the ion beam flux over 

the sample, leading to the higher etching rates in the smaller trench sizes that are closer 

to the beam axis, compared to the trenches located at the edge of the sample. Given that 

the etching rate of SiO2 mask was expected to be aspect ratio independent, and only 

moderately dependent on angle, the distribution of the ion flux over the sample can be 

obtained by the relative etching rate of SiO2 as a function of position across the masked 

sample. This angular spread was found to be approximated by a Gaussian distribution. 

The ion flux for each trench size was estimated as the product of the total ion beam flux 

and the integrated area under the fitting curve corresponding to each trench size.  

The ion beam flux was 5.0 x 1014 Ar+ ions/cm2s, measured with a 9.5 mm diam. 

Faraday cup placed D1 = 2 cm from the grid on the plasma beam source, at the same 

distance as the masked samples (see Fig. 6.9). To obtain the absolute ion flux as a 

function of position on the masked sample, the flux was assumed to be proportional to 

the SiO2 etching rate. These rates are plotted as a function of position on the sample in 

Fig. 6.10. The upper horizontal line of the shaded area represents the spatially-averaged 

ion flux entering the Faraday cup. The area of this rectangle is equal to the area of the 

Gaussian-shaped curve within the same +/- x limits (-0.32 to + 0.63 cm in Fig. 6.10). 

From the curve the absolute flux can then be obtained for the 5 positions at which 

etching was carried out (6.9, 7.5, 4.6, 2.2, and 0.83 x 1014 cm-2s-1 for trench sizes of 250, 

370, 580, 1100, and 2100 nm, respectively). 
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Figure 6.9 Geometry of ion beam impinging on the masked sample. 

 

 

Figure 6.10 Ion flux (curve) obtained by an assumed scaling with the SiO2etching rate. 
The shaded area represents the spatially-averaged flux measured with the 
Faraday cup.  
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6.2.2 Etching yield versus ion incident angle and flux ratio 

 The relation between the etching yield of polysilicon and the ion incident angle 

for each trench size was investigated. From the geometry of the beam exiting and 

impinging on the sample (Fig. 6.9), the ion incident angle is 

 

𝜃 ≈ tan�/(𝐷+/𝐷/),                                                                                                         (14) 

 

Fig. 6.11 shows the etching yield of polysilicon (blue triangle) obtained from 

the etching rate divided by the flux for each trench size and ion incident angle (black 

square) given by Equ. (14), as a function of trench size. The etching yield of polysilicon 

is nearly independent of trench size and ion incident angle. Reactive ion etching (RIE) 

yields generally peak at normal incidence [34, 105, 106], unlike physical sputtering that 

peaks at 50-60° [107]. Furthermore, RIE yields are only slightly dependent on ion angle 

for ±25o off-normal incidence ions, thus the small dependence of the etching yield on 

ion incident angle in Fig. 6.11 is expected.  
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Figure 6.11 Etching yield of polysilicon (blue triangles and line, a second –order 
polynomial fit) and ion incident angle (black squares and line), as a 
function of trench size. 

 

The etching yield of polysilicon, and the flux ratio determined by dividing the 

flux of molecular chlorine by the ion flux for each trench size, are shown as a function 

of trench size in Fig. 6.12. The flux of molecular chlorine was 1.2 x 1017 molecules/cm2s 

for all trench sizes to achieve saturation coverages, determined from the pressure 

measured in the downstream chamber where the sample was located. The flux ratio 

increases with increasing trench size, due to the decrease in the ion flux with increasing 

distance from the beam axis. The etching yield of polysilicon is therefore nearly 

independent of Cl2-to-Ar+ flux ratio for values of 50 - 1500. 
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Figure 6.12 Etching yield of polysilicon (blue triangle and line, a second –order 
polynomial fit) and flux ratio (black squares and line), as a function of 
trench size. 

 

The ion-assisted etching of polysilicon using an Ar+ beam with Cl or Cl2 has 

been studied extensively [79, 108-110], and the etching yields for different experimental 

conditions have been reported. Balooch et al. [109] reported an etching yield of 

polysilicon ~1.3 for a 200 eV Ar+ with a neutral-to-ion ratio (Cl2/Ar) > 100 that is 

expected to produce saturation coverages. Chang et al. [79] reported the etching yield 

of polysilicon as a function of Cl2/Ar+ for an ion energy of 100 eV as ~0.7. By 

extrapolating the etching yield at 100 eV, their etching yield of polysilicon for a 200 eV 

Ar+ beam with a Cl2/Ar+ ratio > 100, was ~1.1 [111]. 
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The ion-assisted etching yield of polysilicon with 200 eV Ar+ beam and 

comparable flux ratio found in the present study, are higher than the previously reported 

etching yields by 2-3 times. Etching yields of polysilicon above 3 were observed by 

Chang et al. [79] and Levinson et al. [108] only in the Ar+-assisted etching of polysilicon 

with an ion energy > 200 eV, or with a high flux of atomic chlorine (Cl/Ar+ > 200). 

Given the high chlorine pressure at the sample location, it is likely that some chlorine 

gas can pass through the extraction grid to the ICP source, and then dissociate into 

atomic chlorine or be ionized, and reemerge. With atomic chlorine present at the sample 

location, the etching yield could perhaps have been enhanced by a factor of ~2. 

Additionally, other factors, such as the presence of the downstream plasma and an 

asymmetric sheath formed around the sample due to the nonuniform distribution of the 

ion flux over the sample as well as the uncertainty in the measurement of the beam flux, 

can also be attributed to the enhanced etching yields. Nonetheless, given the complexity 

of the ion beam conditions in the present study, the observed yields are consistent with 

published values. 

 In summary, a highly anisotropic reactive ion beam etching process has been 

successfully demonstrated using a 200-eV ion beam with the presence of Cl2. A sample 

consisted of polysilicon masked with 520 nm-thick SiO2 was placed at 2 cm from the 

downstream of the extraction and immersed in the downstream plasma generated from 

the early afterglow of the pulsed plasma, which supplies electrons to neutralize the beam 

space charge and surface charge simultaneously. Flat trench bottoms and vertical 

sidewalls were observed in the 250 and 370 nm trenches, suggesting a high degree of 

anisotropy of the etching of polysilicon. Micro-trenching and one-side tapering were 
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observed in the 580, 1100, and 2100 nm trenches, due to the large incident angles for 

the large trench sizes. These results demonstrate the feasibility of pulsed-power reactive 

ion beam anisotropic etching of materials that are electrically isolated from ground, 

without the use of electron-emitting filaments to neutralize surface charge. 
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Chapter 7 Conclusions and Recommendations 

 

 For the past 30 years, lithography has played a pivotal role in the development 

of nanotechnology and indeed will still be the main workhorse for creating the critical 

features in fabrication of nanodevices. As the feature size enters the sub-10 nm regime, 

it has become impractical to continue to implement current lithographic techniques, 

based on optical lithography. Extreme ultraviolet (EUV) lithography has emerged as the 

technology of choice for high volume production of sub-10 nm scale devises such as 

microprocessors and flash memory. The high cost or this tool makes simpler, much less 

expensive methods attractive for smaller scale and/or research applications.  

Ion beam projection lithography (IPL) is one technique that can meet these 

demands. Some challenges for ion beam lithography, such as precise control of ion 

energy distribution and space charge compensation, must be overcome to optimize the 

operation of ion beams. This work focused on the extraction of an ion beam with self-

neutralized space charge from a pulsed plasma by applying a synchronous DC bias 

during the late afterglow of the plasma. Such ion beam can potentially be implemented 

to improve ion-based lithography tools used for nanopatterning. In this approach, a low 

density, background plasma was generated near the immediate downstream side of the 

extraction grid by the same plasma source used to generate the beam, supplying 

electrons to neutralize the beam space charge. Additionally, ion beam characterizations 

were performed under various plasma operating conditions to optimize the efficiency of 

space charge neutralization. Moreover, this beam was used to perform highly 

anisotropic reactive ion beam etching of polysilicon substrates masked with SiO2. In the 
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presence of the downstream plasma, surface charging was minimized, preventing 

formation of undesirable etching profiles and achieving a high degree of anisotropy.  

 Throughout this work, the advantages of generating an ion beam with self-

neutralized space charge from a pulsed plasma have been demonstrated. The conclusion 

for each section is listed below, followed by several recommendations. 

 

7.1 Conclusions 

A nearly monoenergetic Ar+ beam, with self-neutralized space charge, was 

extracted from a power modulated (pulsed) inductively coupled plasma (ICP) through 

a single grounded grid. The beam energy was set by applying a synchronous DC bias 

voltage to a boundary electrode in contact with the plasma in the late afterglow of the 

power pulse. A movable Faraday cup was used to measure the time resolved ion and 

electron currents as a function of position along the beam axis to unravel the mechanism 

of self-neutralization of the beam space charge.  

The ion current contained a sharp peak, appearing shortly after the application 

of DC bias on the boundary electrode, corresponding to the nominal 100 eV ion beam, 

and a broad background appearing after plasma power was turned on, due to low energy 

ions that were either accelerated to the un-biased plasma potential (~5Te), or were 

produced by resonant charge exchange collisions of ions with background neutrals near 

the extraction grid. These slow ions in conjunction with periodic injection of electrons 

(mainly at the beginning of the afterglow) formed a plasma downstream of the 

extraction grid. Electrons from this background plasma were attracted by the passing 

high energy ion beam, neutralizing the beam space charge.  
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The ion current was found to drop drastically immediately downstream of the 

extraction grid (0-4 cm away) mainly due to charge exchange collisions. Farther away 

from the extraction grid, the rate of decay of ion current decreased and was eventually 

determined by the angular divergence of the ions. Beyond ~35 cm from the extraction 

grid, the electron current fell precipitously as the space charge was too low for 

ambipolar diffusion to contain the electrons. 

The dependence of the ion energy and ion energy distribution (IED) of the ion 

beam on plasma operating conditions, including power delivered to the plasma, source 

pressure, and duration of the applied bias were investigated using a retarding field 

energy analyzer (RFEA) installed at a distance of 80 cm from the extraction grid. The 

peak of the IED decreased monotonically as a function of pressure (5 - 35 mTorr) and 

was ~2 eV above (at 5 mTorr) and ~3 eV below (at 35 mTorr) the nominal value of 100 

eV. The IED also broadened with increasing pressure. The peak ion energy at 80 cm 

increased from 0.8 eV above the bias voltage at 400 W to 4.6 eV above the bias voltage 

at 800 W and then reached a plateau at ~4.8 eV above the bias voltage beyond 800 W. 

The dependence of ion current at 80 cm as a function of the time delay of the application 

of the DC bias suggested an optimum set of conditions for space charge neutralization.  

A Kr+ ion beam was also studied under base conditions using an RFEA to 

measure the ion flux and IED. The beam peak energy was 3 eV above the applied bias 

voltage as a result of the energy added to the boundary voltage by the plasma potential. 

The ion flux of the Kr+ beam was approximately 2 times higher than that of Ar+ beam, 

due to the lower ionization potential and slower diffusion rate for Kr. Similar to the Ar+ 

beam, the dependence of the Kr+ flux on the duration and time delay in application of 
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the DC bias also suggested an optimum set of conditions for efficient neutralization of 

the beam space charge.  

 Highly anisotropic reactive ion beam etching of polysilicon samples masked 

with SiO2 was demonstrated, using a nearly monoenergetic Ar+ beam with the presence 

of Cl2 gas. Vertical sidewalls and flat trench bottoms were observed in 250 and 300 nm 

trenches. By immersing the sample in the downstream plasma, electrons from the 

plasma were drawn to the sample and neutralized the surface charge, preventing 

formation of undesirable artifacts and enhancing the anisotropy of the etching process.  

 

7.2 Recommendations 

(1) High-energy electrons with an electron temperature of ~8 eV were observed in the 

downstream plasma (see discussion related to Fig. 4.8).  To provide a plausible 

explanation for the causes of electron heating to relatively high temperatures, a 3-D 

PIC-MCC simulation may provide the necessary clues.  

(2) Optical emission spectroscopy (OES) can potentially be used to detect electron 

impact excitation emissions in the downstream plasma near the extraction grid.  The 

experimental setup (Fig. 7.1) consists of a vacuum optical fiber cable (39 inches, 

600-micron UV/VIS) equipped with a sapphire collimating lens (0.236-inches 

diameter) on the input side of the cable, screwed onto a holder attached to a magnetic 

transfer arm to collect optical emissions along the beam axis. A VUV prism (0.39 ´ 

0.39 inch2) is placed in front of the collimator to direct the light emanating from the 

beam transport path into the optical fiber. 
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Figure 7.1 Schematic of an experimental setup for measuring electron impact excitation 
emissions downstream of the extraction grid.  

 

(3) To demonstrate the possibility of using the ion beam with self-neutralized space 

charge in volume manufacturing for fabrication of nanodevices, a removable stencil 

mask (Fig. 7.2) may be used to perform nanopantography in a print-and-repeat 

manner. 
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Figure 7.2 A removable lens array membrane placed on top of a Si substrate. 

  

Fig. 7.3 presents a schematic of the print and repeat process employing a reusable lens 

array fabricated by Prithvi Basu from Dr. Paul Ruchhoeft’s research group in the 

Department of Electrical and Computer Engineering at the University of Houston. In 

the print-and-repeat nanopantography method, the lens array stencil mask is placed on 

top of the substrate. It was found that the voltage applied to the lenses to focus the ion 

beamlets serendipitously electrostatically clamped the lens array stencil to the silicon 

substrate, making intimate contact. This is similar to the electrostatic chuck used in 

plasma processing reactors. The sample is transferred to the processing chamber 

through a loadlock, and nanopatterns are fabricated by nanopantography. After 
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patterning, the stencil mask is removed and placed on the subsequent substrate for the 

next printing process.  

 

Figure 7.3 Schematic of the print and repeat process employing a reusable lens array. 
The lens arrays were fabricated by Prithvi Basu from Dr. Paul Ruchhoeft’s 
research group in the Department of Electrical and Computer Engineering at 
the University of Houston. 

 

Fig. 7.4 shows the SEM images of a preliminary result by print-and-repeat 

nanopantography using a removable membrane with 1.4 µ-diameter lenses. 100 nm-

diameter holes were fabricated on a Si wafer. Based on previous work by 
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nanopantography, for an ideal case, the size of the pattern could be 100 times smaller 

than the diameter of the lenses. The feature size in Fig. 7.4, however, is much larger 

than the expected size of 14 nm. The unexpected result can be attributed to many factors, 

including off-optimum focusing voltage, long etching time, and low ion flux. To achieve 

better outcome, the ion flux and ion energy must be precisely controlled.  Removable 

membranes with lens sizes ranging from 200 -1000 nm on the stencil mask can be 

implemented, in an attempt to finely tune the focusing voltage. 
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Figure 7.4 SEM images of 100 nm holes created by nanopantography using a removable 

membrane with 1.4 µm-diameter lenses. (a) Tilted by 45 degrees (b) top 
view. 
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Appendix: Effect of charge exchange collisions on the 

measured ion current  

 

For an Ar plasma with an upstream pressure, P, the downstream pressure at the 

location of the grid was estimated to be 0.7P. Charge exchange collisions in the sheath 

are negligible, hence all charge exchange occurs between the grid and the RFEA. The 

background pressure measured with a capacitance manometer 5 cm away from the grid 

was 0.23 mTorr for P = 10 mTorr, or in general 0.023P. The background gas density 

will transition from nearly independent of distance from the grid over the first ~0.5 cm, 

to decreasing as the inverse square of distance at ~5 cm. If we roughly approximate this 

as a linear fall-off in number density, given a charge exchange (dominant collision) 

cross section of 5 x 10-15 cm2 [86], the % transmission of the 100-eV beam through this 

near-grid region is estimated as the product of the averaged number density in the near-

grid region, the beam traveling distance (5 cm), and the cross section of 5 x 10-15 cm2 

for 100 eV Ar+. For P = 5, 10, 20, and 40 mTorr, the % transmission is 27, 7, 0.5 and 

0.003%. Therefore, charge exchange is the major factor contributing to the initial drop 

in ion beam current. 

 

 

 
 
 
 


