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Extraction of low-energy ions from an ion source has earned considerable attention in
recent years due to possible applications in technologically important fields. However,
severe space-charge effects cause the beam to be divergent and rarefy ion current density.
To mitigate space-charge, creation of plasma along the beamline is commonly employed.
Plasma is usually created downstream by ionizing a background gas with electrons
emitted from a cathode or through charge-exchange processes with energetic ions
extracted from the source. However, for low-energy ions, ionization of the background
gas downstream is extremely difficult. Thus, alternative means of space-charge
mitigation is necessary.

In this study, an ion source with a wire extractor geometry was conceived. The wire
extractor was made of 0.1 mm diameter tungsten (W) wires with a transparency of 90%.
It was demonstrated that low-energy ions can be extracted using this extractor geometry.
It was clarified that the penetration of dilute plasma downstream was able to neutralize
the low-energy ion beam and minimized beam broadening. This work also clarified that
coextraction of low-energy positive and negative ions allow efficient transport of both ion
polarities without space-charge blow-up. The proposed schemes of low-energy ion
transport may become valuable for ion-beam-based applications such as thin film
deposition.  This dissertation is composed of 7 chapters which began with the
investigation of fundamental topics ranging from plasma excitation to ion source
operation and low-energy ion transport. Toward the end of this study, a broad beam low-
energy sputter-type ion beam system was brought to fruition.

The first chapter provides an overview of the different concepts related to neutral and
ionized beam applications to material science field and their present status. The chapter
laid out the objectives and motivations behind this research. In addition, a brief review of
related work was presented.

Chapter 2 presents methods to excite and diagnose plasmas. Plasma excitation by
different modes of radio frequency (RF) coupling has been studied. This was chosen in
order to determine the possibility of utilizing a contamination-free sputtering system. It
was shown that having a thick dielectric layer diminished the RF power absorption which
led to poor coupling in the capacitively coupled plasma (CCP) case. On the other hand,
inductively coupled plasma (ICP) discharge exhibited stable plasma, good coupling
efficiency, high plasma density and high incident RF power. However, CCP mode



revealed higher electron temperatures compared to ICP mode. A magnetron electrode
was designed to prove that it can improve the ionization efficiency in plasma and allow
confinement of plasma near the location of a target which improved sputtering efficiency.
Physics of hot cathode arc discharges were summarized as it was extensively utilized in
Chapter 4. Principles of Langmuir probe and those of optical emission spectrometry
(OES) were introduced on how they characterize the gas discharges.

Issues on the sputtering of gallium (Ga) are reported in Chapter 3. The Yamamura
sputtering yield formula and the binary-collision-approximation-based ACAT code were
utilized to approximate the sputtering yield of Ga. It was demonstrated that two possible
mechanisms exist for the emission of Ga from the target surface under argon (Ar) plasma.
One is evaporation which was confirmed by the ICP mode. Even though ICP was
characterized by high density, the low electron temperature was not enough to heat up the
target material. The other is sputtering of the target with incident ions having energies
above a certain threshold energy. This was demonstrated in CCP mode. The CCP mode
was able to enhance target sputtering due to its high electron temperature. Under pure
nitrogen plasma, sputtering efficiency of Ga decreased as a result of the growth of thin
nitride layer on the target. The plasma and sputtered particles were monitored using OES
and a quadrupole mass analyzer (QMA). For the synthesis of Ga-based materials, the two
modes of particle emission could be considered which can be used in different
applications.

A proof-of-principle type of experiment is discussed in Chapter 4. Extraction of low-
energy Ar and Ga ion beams was conducted using a two-electrode highly transparent
wire extractor geometry. Ion energies as low as 10 eV and 50 eV were extracted using a
hot filament cathode discharge and RF excited plasma, respectively. The production of
low-energy ion beams was made possible due to the presence of a space-charge
mitigating plasma in the downstream region. Plasma downstream could not be created via
ionization due to low energies of the beams. Instead, the penetration of plasma
downstream assisted in minimizing beam divergence. This was achieved because of the
high transparency of the extractors and the absence of a suppressor electrode which
allowed the electrons from the upstream region to penetrate towards the downstream
region. It was shown that space-charge mitigation for low-energy ion beams can be
realized by the presence of dilute plasma in the downstream region. In this scheme,
plasma penetration downstream was dependent on the extraction potential induced on the
electrodes. Characteristics of the beam were determined using a Faraday cup and a single
aperture retarding potential analyzer (RPA).

Chapter 5 describes the result of another proof-of-principle type of experiment. In this
experiment, space-charge mitigation for low-energy ion transport was made possible by
coextraction of ions of both polarities. Positive ions of Ar, titanium (Ti) and oxygen (O)
together with negative ions of O were extracted from a sputter-type ion source with a Ti
target at 100 eV beam energy. Coextraction were carried out by ionizing Ar and O, gases
in bulk plasma, sputtering and postionizing Ti neutrals and surface-production and self-
extraction of energetic negative O ions. The coextraction method was possible due to low
extraction potentials induced on the extractors. Though the current of negative O was



small, it was able to traverse along the beam line due to the presence of positive ions in
the background which minimized beam broadening of negative ions. The emission of
surface-produced negative O was dependent on the Ar/O, partial pressure ratio. It was
further shown through TRIM sputtering simulations that ejection of O was dependent on
the thickness of the oxide formed on the target surface. A momentum mass analyzer was
used in this study to characterize the ion beam. The present scheme can be used to
transport low-energy ions by merging ions of opposing polarities.

Chapter 6 presents the results of positive Ga ion extraction. Gallium suspended on a W
reservoir was first sputtered as a neutral and subsequently postionized in plasma prior to
extraction. The experiments used a single chamber and dual chamber systems. In the
single chamber apparatus, inductively coupled plasma was ignited in a cylindrical
chamber where a Ga target was located. In the dual chamber system, plasma was
remotely produced and guided through a sputtering chamber. This design was chosen
because of three reasons. 1) To take advantage of the high density plasma produced by
ICP discharges; 2) To minimize RF penetration, oscillations and interference in the
downstream region, and; 3) The flexibility of inducing DC or RF with lower frequency
bias on the target. Low-energy ions were extracted from both sources using the wire
extractor geometry. It was demonstrated that ion current of extracted beams increased
with the remote plasma production system. The sputtered neutrals and extracted beams
were monitored by a QMA, RPA, OES and ExB mass analyzer.

Chapter 7 provides a brief summary of the important contributions of this work.
Recommendations on how to proceed to the next level of research activities is also
provided.



