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Preface

Applications of low-temperature plasmas for materials synthesis and process-
ing at nanoscales and fabrication of nanodevices is a very new and quickly
emerging area at the frontier of physics and chemistry of plasmas and gas
discharges, nanoscience and nanotechnology, solid-state physics, and materi-
als science. Such plasma systems contain a wide range of neutral and charged,
reactive and nonreactive species with the chemical structure and other proper-
ties that make them indispensable for nanoscale fabrication of exotic architec-
tures of different dimensionality and functional thin films and places uniquely
among other existing nanofabrication tools. By nanoscales, we imply spatial
scales in the range between ~1 nm and a few hundred nm (1 nm = 10~ m).
In our decision to write this book we were motivated by the fact that even
though basic properties and applications of low-temperature plasma systems
had been widely discussed in the literature, there have been no systematic at-
tempt to show the entire pathway from the development of suitable advanced
plasma sources and plasma-based nanofabrication facilities with the required
parameters and operation capabilities to the successful nanoscale synthesis.
We started our research in the area of the plasma-based synthesis of nano-
materials, in a sense, from behind, only in mid-2001 after the establishment
of the Advanced Materials and Nanostructures Laboratory (AMNL) within
the Plasma Sources and Applications Center (PSAC) of Nanyang Technolog-
ical University in Singapore. At that time we had a few RF plasma sources
and also RF diode and DC magnetron sputtering facilities and, inspired by
a number of breakthrough works on plasma-based synthesis of carbon nan-
otubes, nanoparticles, and various nanostructured films, decided to follow
this exciting and very hot direction of research. At that time the nanomateri-
als research was among the top research priorities and we managed to secure
a couple of million dollars in competitive research and infrastructure grants,
established a new Plasma Sources and Applications Center, secured space for
the AMNL, purchased our own field emission scanning electron microscope,
hired people, purchased catalyzed templates and other necessary stuff and
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jumped straight into running experiments on nanostructure synthesis by us-
ing whatever plasma sources were available at that time in the lab.

However, to our great disappointment, we did not manage to reproduce
many of the successful experiments on plasma-assisted synthesis of carbon
nanotube-like structures, although all the recipes had been strictly followed.
On almost the same substrates, at exactly the same substrate temperatures
and working gases the nanostructures either did not grow at all or grew quite
differently; in many cases the quality of the nanopatterns was very far from
what had previously been reported in the literature.

At that time, there existed a widely accepted opinion that in the growth of
carbon nanotubes, the role of the plasma environment is merely in providing
vertical alignment of the nanotubes in the electric field, which originates due
to charge separation in the plasma sheath between the plasma bulk and the
nanostructured surfaces. The role of the ionized gas component was in most
cases simply sidestepped or disregarded. Our disappointment was getting
even worse when we tried to use different plasma rigs and found out that the
results were actually very different in different vacuum chambers, although
the process conditions, including surface temperature, were very similar. That
led us to an intuitive guess that the observed differences had something to do
with the plasma rather than surface conditions.

A bit later, when we realized that the plasma ion bombardment can sub-
stantially modify the surface during pretreatment, and also increase the sur-
face temperature during the actual deposition stage, we tried to maintain the
substrate DC bias, the main control tool of the ionic fluxes crashing into the
surface, the same during the experiments in different plasma chambers. But
the results were not the same again. This led us to an intuitive conclusion that
the plasma does play a prominent role in the nanostructure synthesis and it is
not merely the commonly accepted vertical alignment.

Early in 2003, when trying again and again to synthesize carbon nanotubes
from a mixture of methane, hydrogen, and argon, we inadvertently forgot to
turn an external substrate heater on. This heating element was supposed to
heat our samples to temperatures at least as high as 550-600 °C, commonly
used in most of the successful experiments at that time. To our biggest sur-
prise, carbon nanostructures emerged and covered the entire substrate, and
most amazingly, in a fairly uniform fashion! This eventually led us to the
discovery of what we later called the “floating temperature regime”. In this
growth mode, the Ni/Fe/Co-catalyzed silicon substrates do not need to be
externally heated at all and the growth temperatures are about the same as
that of the neutral gas in the plasma reactor (or higher if ion bombardment is
significant). This very unexpected and fascinating result was reported at the
Gaseous Electronics Conference in San Francisco in October 2003.
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Unfortunately, due to significant delays with the reliable substrate temper-
ature and temperature gradient measurements and also bad luck with the ed-
itors and referees of a few journals which publish the results quickly (again,
Murphy’s law!), we did not manage to publish this result until January 2005
(the corrected proof had been published online since March 2004). At about
the same time, the literature was virtually flooded by numerous reports on
“lower, even lower, lowest” substrate temperatures that enable the plasma-
assisted synthesis of various carbon-based nanostructures (just to mention
commonly known single- and multiwalled nanotubes, nanofibers, nanocones,
nano-pyramids, etc.).

This plasma-related “nanotube growth without heating” paradox was even-
tually resolved and conclusively related to the additional heating of solid sur-
faces by the plasma ions; this heating on its own can add more than 100 de-
grees to the surface temperature.

This is just one example evidencing that “the plasma does matter”! Very
fortunately, we realized that reasonably quickly and decided to develop a
new and versatile plasma facility, which would enable a direct control of the
nanoassembly processes by the independently created and manipulated, in a
controlled fashion, low-temperature inductively coupled plasma.

Before that, we had moved a long and thorny way along the trail of plasma
source development and knew which main issues needed to be resolved be-
fore a successful plasma source could be created. Some of relevant attempts
are described in Chapter 2 of this book. Not surprisingly, our new plasma
facility, which soon evolved into the very successful Integrated Plasma-Aided
Nanofabrication Facility (IPANF), turned out extremely useful in synthesiz-
ing not only “trivial” carbon nanotube-like structures but also a large variety
of semiconductor quantum confinement structures of different dimensionality
discussed in Chapter 5 of this monograph.

We emphasize that despite an enormous number of existing research mono-
graphs, textbooks, and edited volumes related to nanoscience and nanotech-
nology on one hand and the physics and applications of low-temperature
plasmas on the other hand, we are not aware of any research monographs
showing a consistent and complete “success story,” which begins from the
development of original plasma sources and processes and ends up with the
evidence of successful synthesis and/or processing of nano-materials.

This monograph is based on collaborative research of the authors and their
teams, which they started in 1999 in Singapore and continue, via a number of
international linkage projects even after Kostya (Ken) Ostrikov moved to the
University of Sydney, Australia and established his own Plasma Nanoscience
research team. Over the years, this collaboration also involved a large number
of researchers from different countries, which eventually led to the establish-
ment of the International Research Network for Deterministic Plasma-Aided
Nanofabrication.

Xi
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The scope of this monograph lies within the “Plasma Nanoscience” sub-
field at the cutting edge interdisciplinary research at the cross-roads where
the physics and chemistry of plasmas and gas discharges meets nanoscience
and materials physics and engineering. This work certainly does not aim at
the entire coverage of the existing reports on the variety of nanostructures,
nanomaterials, and nanodevices on one hand and on the plasma tools and
techniques for materials synthesis and processing at nanoscales and plasma-
aided nanofabrication on the other one (even though it provides a very long
but certainly not exhaustive list of relevant publications). Neither does our
monograph aim to introduce the physics of low-temperature plasmas for ma-
terials processing. We refer the interested reader to some of the many exist-
ing books that cover the relevant areas of knowledge [1-11]. This work has
a clear practical perspective and aims to demonstrate to the wide multidisci-
plinary academic and research community how important is to properly select
and develop suitable plasma facilities and processes. This work also poses a
number of open questions, which are expected to stimulate the interest of re-
searchers from different areas toward more extensive use of plasma nanofab-
rication tools.

To make this undoubtedly very “research-heavy” monograph easily under-
stood, at least in very basic terms, to a person with a basic high-school knowl-
edge of physics and chemistry, we decided to write an introductory Chapter 1,
which, first of all, explains what is the plasma, what is the nanotechnology
and how these two things link together. After a brief overview of the main
issues of the nanotechnology and plasma applications in nanofabrication, we
give some basic ideas how to choose the right plasma-based process for the
envisaged nanoscale application. The structure of this monograph will be in-
troduced immediately after the most important things are clarified.

The authors greatly acknowledge contributions and collaborations of the
present and past members of their research teams Plasma Sources and Appli-
cations Center (NTU, Singapore) and Plasma Nanoscience @Complex Systems
(The University of Sydney, Australia) J. D. Long (very special thanks for his
major contribution to the conceptual design and practical implementation of
the IPANF facility), Q. J. Cheng, S. Y. Huang, M. Xu, E. L. Tsakadze, Z. L.
Tsakadze, N. Jiang, P. P. Rutkevych, C. Mirpuri, V. Ng, L. Sim, W. Luo, J. W.
Chai, Y. C. Ee, Y. A. Li, M. Chan, H. L. Chua, I. Denysenko, I. Levchenko, Y. P.
Ren, A. Rider, and E. Tam.

We also greatly appreciate all participants of our international research net-
work, as well as fruitful collaborations, mind-puzzling discussions, and criti-
cal comments of M. Bilek, I. H. Cairns, L. Chan, U. Cvelbar, C. H. Diong, N. M.
Hwang, B. James, M. Keidar, S. Kumar, S. Lee, V. Ligatchev, O. Louchev, D. R.
McKenzie, X. Q. Pan, P. A. Robinson, P. Roca i Cabarrocas, L. Stenflo, R. Storer,
H. Sugai, G. S. Tan, L. Tan, S. V. Vladimirov, T. Woo, M. Y. Yu, and many other
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colleagues, collaborators and industry partners. We also thank all authors of
original figures for their kind permission to reproduce them.

Last but not the least, we thank our families for their support and encour-
agement. Kostya (Ken) Ostrikov extends very special thanks to his beloved
wife Tina for her love, inspiration, motivation, patience, emotional support,
and sacrifice of family time over weekends, evenings and public holidays that
enabled him to work on this book and also to his most patient and diligent stu-
dent and companion Grace The Golden Retriever, who attended all practice
sessions of all his keynote and invited talks in the Plasma Nanoscience area,
and especially for her outstanding guiding skills that enabled all his thoughts
and bright ideas he got during long walks with her.

This work was partially supported by the Australian Research Council, the
University of Sydney, the Agency for Science, Technology, and Research (Sin-
gapore), Lee Kuan Yew Foundation (Singapore), Nanyang Technological Uni-
versity (Singapore), National Institute of Education (Singapore), Institute of
Advanced Studies (Singapore) and the International Research Network for
Deterministic Plasma-Aided Nanofabrication.

Sydney and Singapore Kostya (Ken) Ostrikov and Shuyan Xu
May 2007
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1
Introduction

For decades, low-temperature (frequently termed “cold”) plasmas have been
extensively used in many industrial applications, just to mention a few: mi-
crostructuring of semiconductor wafers in microelectronic manufacturing; de-
position of various coatings, protective, and other functional layers on solid
surfaces; surface treatment, which includes hardening and modification of
surfaces (e.g., metal tools such as drill bits, cutting blades), welding, drilling,
cutting, and functionalization; chemical synthesis of ceramic and powder ma-
terials; toxic waste and flue exhaust management; all sorts of imaginable
light sources from low-pressure bulb globes and commercial halogen lamps
to high-intensity discharge lamps; plasma engines (ion thrusters) for the next-
century adventures of space rocketeers; water purification, sterilization of
medical instruments; energy converters, plasma antennas, satellite commu-
nication; various tools for isotope separation, materials characterization, de-
tection of radioactive materials; gas lasers, and, of course, plasma TVs and
large-panel displays, which have already found their place in our everyday’s
lives.

Moreover, 99 % of all visible matter in the Universe finds itself in the plasma
state. It is a common knowledge that stars are nothing else but light-emitting
giant hot-plasma balls that generate enormous amounts of heat and electro-
magnetic radiation as a result of nuclear fusion reactions when lighter ele-
ments fuse together and release nuclear energy £ according to the famous
Einstein’s formula £ = Amc?, where Am is the so-called defect of mass, which
is a difference between the masses of the reacting species and products of the
nuclear fusion reaction. After years of research and development, incredibly
cheap electricity generated in nuclear fusion reactors is also becoming reality.
Indeed, the International Thermonuclear Experimental Reactor (ITER) (proba-
bly the largest ever R&D project) will allow, for the first time, a positive energy
gain in nuclear fusion reactions, will be commissioned and is just a couple of
tens of years away from its international commercial operation.

Plasmas also play a prominent role in a variety of physical phenomena
in the atmosphere and space. Bright atmospheric glows, solar wind, radio-
emissions, bursty waves, shocks and other space phenomena owe their origin
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to the plasma. Above all, does everybody know that a few-minute-long black-
out in radio-communications during the re-entry of a space shuttle is also a
plasma-related phenomenon?

The reader probably already understood that this monograph is about the
plasma, which can be “cold” and “hot” and has so many natural occurrences
and technological applications, absolutely impossible to cover in a single
book. However, as the title suggests, it is also about nanofabrication and
nanoassembly, which intuitively leads to a guess that this is something to
do with nanotechnology. We intentionally avoided mentioning this very re-
cent application in the first paragraph, which begins with “for decades”! This
cutting-edge application emerged, first of all, because of continuing shrink-
age of microelectronic features in sizes. The present-day ulra-large-scale-
integration (ULSI) techhnology already deals with plasma-etching created fea-
tures (e.g., trenches) as small as 90 nm and is gradually moving, according to
the predictions of the International Technology Roadmap for Semiconductors
(ITRS) [12] toward even smaller ones (~40-50 nm). It is remarkable that al-
most a half of all process steps in the fabrication of semiconductor wafers and
microchips involve plasma processing! Wafer processing in plasma reactors
nowadays enables one to deposit stacks of barrier interlayers, with each of
them being only a few to a few tens of nanometers thick.

On the other hand, lijima’s discovery of carbon nanotubes [13] was made
from graphitic soot also synthesized in a plasma! Following this landmark
work, a large variety of nanostructured films, nanoparticles, nanocrystals, in-
dividual nanostructures and their patterns and arrays have been successfully
synthesized by using plasma-based tools and processes. One can thus think
that the plasma indeed has something to do with carbon nanotubes and other
nanostructures, the building blocks of nanotechnology.

However, a proper understanding of the relation between the plasma en-
vironment and fabrication of nanostructures is absolutely impossible without
the knowledge of the main terms used, their basic properties, and typical ex-
amples of using plasmas for materials synthesis and processing at nanoscales.
This is one of the main aims of this chapter. In the following, we will introduce
the basic concepts and terminology (plasma, nanofabrication, etc.) used in
this monograph, illustrate many uses of plasma-based processes in nanofab-
rication, analyze some of the most important issues in the development of
suitable plasma tools and processes, and also explain the logic structure of
this monograph.



1.1 What is a Plasma?

1.1
What is a Plasma?

In this section we will introduce the most essential things the reader needs to
know about the plasma. Owing to an incredibly large amount of knowledge
accumulated to date about all sorts of plasmas and presented in a number of
textbooks [14-17], we will focus only on the plasmas and their properties par-
ticularly suitable for materials synthesis and processing at nanoscales. None
of the discussions in this chapter is exhaustive; our primary aim here is to
provide the minimum amount of knowledge for comfortable reading of the
remaining chapters of this monograph. Some of the basic concepts of nan-
otechnology and its relation with the low-temperature plasmas will be dis-
cussed later in this chapter. So, what is a plasma?

A plasma is generally understood as a fully or partially ionized gas. The
ionization is a process involved in the creation of a positively charged ion
from a neutral atom or a molecule. In this process, one or more electrons are
stripped from the atom/molecule giving rise to a nett positive charge. The
ionization process requires the atom/molecule to transit from the original,
lower energy, to a higher energy, state and thus requires a certain amount
of energy to be transferred to the atom/molecule. This transfer can occur
via a number of channels, such as the impact of an incident electron (these
kinds of processes are termed the electron impact processes), ion, or any other
charged or neutral specie; energy transfer from a photon of a sufficient energy
(this process is called photoionization); and external heating of the neutral gas
(thermal ionization). Various and the many ways to ionize neutral gases are
described elsewhere [18].

Laboratory plasmas are in most cases created and sustained in gas dis-
charges in solid containers (e.g., vacuum chambers or discharge tubes). By
a gas discharge one usually implies a process wherein a significant electric
current appears in the originally neutral gas following its ionization [19,20].
As was mentioned above, a large amount of external energy is required to
ionize neutral gas atoms/molecules. The specific elementary mechanism of
ionization in fact determines the most appropriate way to deliver the energy
to the neutral gas. For example, intense laser beams can be used for photoion-
ization and DC electric fields for acceleration of ionizing electrons that take
part in electron impact processes. On the other hand, the actual amount of
energy strongly depends on the operating gas pressure: generally speaking,
the higher the pressure, the more molecules/atoms one needs to ionize, and
hence the larger amount of energy is required to sustain the discharge.

At this point it would be prudent to read the title of this book again and
notice the string “plasma sources” and ask what most essential parts a plasma
source should have. First of all, there should be a vessel to contain the plasma.
Secondly, there should be some means of delivering the energy required for

3
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the ionization of neutral species and sustaining the discharge. As follows from
the above arguments, higher pressure operation would require more powerful
means (e.g., more powerful DC or RF generators, lasers, etc.) of the ionization.
Thus, operation of atmospheric-pressure plasma discharges normally implies
larger power inputs to the neutral gas as compared to low-pressure (e.g., in
the mTorr range) discharges.

This is one of the reasons why many laboratory plasmas are sustained at
low pressures, when lower amount of input power is needed to sustain plas-
mas with comparable parameters. Thus, the costs of input power (and also of
the power supply units) at low pressures are lower; however, the lower the
pressure of the working gas, the more expensive is the vacuum pump system.
This is the main tradeoff between the operation of plasmas at high (e.g., atmo-
spheric) and low (e.g., mTorr pressure range) gas pressures. Thus, we arrive at
the conclusion that a plasma source should have a vacuum system appropriate
for the specific range of operating pressures; or, alternatively, not to have any
vacuum system if the discharge is maintained at atmospheric pressures. The
last essential thing of most of the existing commercial and laboratory plasma
facilities is a gas handling system, which enables one to let working gases in
the vacuum vessel and control the gas dosing, which is commonly done, e.g.,
by using special controllers of gas mass flows and partial pressures.

Of course, simplest gas discharges, such as a spark between two sharp elec-
trodes in an open air, do not require all of the above components. The only
thing needed in this case is a DC power supply and two electrodes. How-
ever, real present-day plasma fabrication facilities include not only all of the
four essential components listed above but also a wide range of control, di-
agnostic and other auxiliary instrumentation. Some of this equipment will be
described in relevant sections of this book.

From now, the reader might realize that a fully operational plasma source
with all major components as well as with some “blows and whistles” is cen-
tral to any plasma applications. Nonetheless, the question about what spe-
cific sort of plasmas one needs to use for applications in nanotechnology, still
remains. We will discuss this issue, as well as some specific requirements
for plasma sources suitable for nanoscale applications in more detail in Sec-
tion 1.4.

Another important issue is to limit the number of possible options and to
identify which sorts of plasma are worthwhile to use in general. For instance,
would it be wise to use hot and fully ionized fusion plasmas with ion tem-
peratures of excess of 100 million degrees? Our commonsense tells us: of
course not! Such an environment is too hot for the assembly or processing of
any solid substance. At such temperatures, not only the matter will melt and
evaporate but will also most likely get stripped of some electrons and turns
into the ionized gas (plasma) state. Apart from the synthesis of light-element
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nuclei from fusing nuclei of even lighter elements, no nanoscale processes are
feasible in this environment.

One can thus conclude that a partially ionized low-temperature plasma is
what really is needed for nanofabrication. The degree of ionization of the
plasma

& = S /ng (1.1)

is defined as the combined fraction of all ionic species k among neutral gas
atoms/molecules. Here, nf and ng are the number densities of ionic species k
and neutral species in the discharge, respectively. In hot nuclear fusion plas-
mas ¢ = 1, whereas in cold processing plasmas ¢, usually does not exceed
10~3. Figure 1.1 shows sketches of fully and partially ionized plasmas.
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Fig. 1.1 Fully ionized plasmas (a) contain electrons and positive
ions; partially ionized plasmas (b) contain electrons, ions, and neutral
species.

We now arrive at the next obvious question: if the plasma needs to be cold,
then how exactly cold should it be? Wait a minute! What exactly (plasma
species) should be cold and how to define the plasma temperature? To this
end, we note that partially ionized plasmas consist of at least three species
(electrons, ions, and neutrals). Therefore, one needs to define three differ-
ent temperatures for each of the three species: electron temperature T, ion
temperature T;, and temperature of neutrals T;;. Each of the temperatures

T; (j = e i,n) can be introduced as T; = 2/ 3(5,{) according to the kinetic

theory of gases [14], where <S{( > is the kinetic energy of species j averaged
over their energy distribution function. For comprehensive review of different
energy distribution functions (e.g., Maxwellian, bi-Maxwellian, Druyvesteyn-
like, etc.) the reader can be referred to Lieberman’s and Liechtenberg’s text-
book on plasma discharges and materials processing [15].

However, we still have not answered the question about how low the tem-
peratures of the plasma should be to be able to contribute to nanoassembly
(this term will be properly defined in the next section) processes. Again, our
commonsense tells us that a room-temperature gas would be the best option.

5
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For the neutrals and ions this is perfectly fine and they can, e.g., participate in
the nanoscale synthesis processes (e.g., nucleate) in their adatom/adion form.
However, an equivalent electron energy of 300 K would be just 0.026 eV, which
is much lower than what is needed for electron-impact ionization, one of the
main mechanisms that sustains the plasma. We should note that in an ion-
ized gas with an average electron energy of 0.026 eV there is always a small
but nonnegligible population of higher energy electrons (frequently termed
“electron tail” in the physics of gas discharges) with the energies 10-30 times
higher than T, (thus, ranging from 0.26 to 0.78 eV). However, even this energy
is far below the ionization potentials of most of the gases, e.g., 15.6 eV for ar-
gon, 13.6 eV for hydrogen, etc. We thus arrive at an important conclusion that
the electron temperature should at least be of the order of 1 eV (~11,600 K), to
maintain the plasma with room-temperature ions!

Such plasmas are termed nonequilibrium (T, > T; ~ T;;) low-temperature
plasmas; in fact, this is one of the two major types of low-temperature plasmas
used in materials processing. One might ask a question: would it be right to
keep terming the plasma a low-temperature one if the temperature of its ionic
and neutral species is raised up to the level comparable with the electron one?
The answer is definitely yes, if one notes that temperatures of ~1 eV are still a
few orders of magnitude lower than required for nuclear fusion. Plasmas with
T; ~ T, ~ T,, wherein each of the temperatures is of the order of or higher
than ~1 eV, are commonly termed equilibrium or thermal plasmas.

In reality, it is certainly easier said “increase temperatures of ions and neu-
trals” than done. For instance, how exactly can one implement a transition
from nonequilibrium (T, > T; ~ T,) to thermal (T; ~ T, ~ T.) plasmas?
From the viewpoint of turning knobs of commonly available plasma sources,
what should be changed to achieve such a transition? As we have already
learned, there are two main controls of the plasma with the same composi-
tion: the input power and the gas feedstock pressure. So, let us try to keep the
pressure low and increase the input power aiming to heat the ions and neu-
trals. A higher input power will definitely result in stronger electron-impact
ionization and larger densities of electrons n, and ions n;.

At this point it would be instructive to point out that the plasma is always
charge neutral, which means that the total electric charge residing on positively
charged species (e.g., positive ions or cationic radicals) is balanced by the neg-
ative charge of the electrons and negative ions (atoms/molecules with one or
more electrons attached) or negatively charged solid grains. In the simplest
but most common case of plasma experiments when all (or at least the over-
whelming majority of them) positive ions are singly charged (i.e., their charge
is 4+1) and there are no negative ions or solid particles, the number densities
of the electrons and ions are the same 1, = n; and are commonly termed the
plasma density 7. If there are more than one ionic species and /or the species
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are charged with multiples of electron charges, thenn, = } Zl’.‘ni-‘, where fo is
the (positive) charge on ionic (and/or cationic) species k. In this case (as well
as in most other cases) it is safe to determine the plasma density as that of the
electrons. However, if there are negative ions and/or other (e.g., dust grains,
nanoclusters or nanoparticles) species in the discharge, a more accurate con-
vention as to how to define the plasma density is required.

Let us turn our attention back to what happens when an input power is
increased in a low-pressure gas discharge. Common experimental observa-
tions suggest that the plasma density (here n, = n, = n;) usually increases
linearly with input power but the electron temperature does not. Therefore,
even though the overall number of ionizing electrons increases, the main elec-
tron population does not become hotter and remains at almost the same tem-
perature. Moreover, the temperatures of ions and neutrals do not increase
either (at least significantly)! One can try to increase the input power again
and again but in practice a substantial care should be taken not to eventually
damage the power generator. This is just one of the examples when even most
advanced technology (= powerful generator) cannot beat the physics! Indeed,
why do not we observe a substantial increase of the neutral gas temperature
when the input power is doubled or tripled? The basic reason is that when
the pressure is low, the rates of collisions between the multiple species are not
high enough to thermalize (i.e., bring to thermal equilibrium) all the species
in the discharge.

Thus, we are basically left with no other option but to try to manipulate
the operating gas pressure to generate a thermal (but still low-temperature)
plasma. When the pressure increases, what would most likely happen is that
the rates of collisions between the discharge species will become high enough
to substantially increase the ion and neutral temperatures and bring the par-
tially ionized plasma to thermal equilibrium (T, = T; = T},). It would now
be wise to pose one obvious question: since we are talking about plasma ap-
plications in nanotechnology, and already learned that hot plasmas are not
suitable for this purpose, then which low-temperature plasma (nonequilib-
rium or thermal) one should give preference to? This not-so-simple question
will be answered in Section 1.4.

So far, we have introduced the very basic concepts related to the plasma
and should now approach the issues related to plasma uses in nanofabrica-
tion more closely. However, we still do not know what the nanofabrication
or even the nanotechnology is; the main issues of nanoscience and nanotech-
nology will be introduced in Section 1.2. For now, we just stress (again by
picking another word “nanoassembly” from the book’s title) that the plasma
uses we are interested in will be primarily related to the synthesis of solid
matter at nanoscales. Thus, the obvious question arises: our “cold” plasma
should somewhere meet a solid, to contribute to some nanoscale growth on it.

7
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In this regard, there could be two basic options: either some nanosized solid
particles float in the plasma or some nanoscale objects are grown on a solid
surface exposed to a plasma.

This is why it is essential to consider what actually happens when the
plasma meets a solid surface. The most amazing thing is that when the plasma
contacts a surface, a thin nonneutral layer of space charge, conventionally
termed the plasma sheath, is formed. This phenomenon is intimately related
to the plasma shielding (also called Debye shielding) of electric fields brought
to the plasma by external objects and the notion of plasma confinement.

Figure 1.2 sketches some of the main physical phenomena that occur when
a solid surface faces a plasma. Let us first consider what actually happens
from the plasma confinement point of view. In nuclear fusion devices, hot
plasmas are usually confined due to the balance between the magnetic pres-
sure force (known in the physics of fusion plasmas as j x B force, where j is
the current that flows through the plasma and B is the confining magnetic
field) and kinetic pressure gradient force (this force is proportional to the gas
density gradient). In low-temperature plasmas, it is common that the density
of electrons and ions is higher in the central areas of the discharge chamber
and decreases toward the surfaces of the vessel. However, very rarely such
plasmas are confined by the magnetic fields. Then which force can counter-
balance the kinetic pressure gradient force? The only viable possibility in this
case would be to use an electric force. However, the plasma is always charge
neutral, which means that no electric fields should exist in the plasma bulk
area shown in Fig. 1.2. Thus, to create the electric field needed for the plasma
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Fig. 1.2 Sketch of the near-substrate plasma area.
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confinement, charge separation near the solid surface, is essential. Therefore,
there is a need for a charge-nonneutral area (plasma sheath) in the vicinity of
the surface.

At this point it would be wise to ask: how exactly the charge separation in
the vicinity of the solid surface come about? Highly mobile plasma electrons
reach the surface much faster than the ions and create a negative (with respect
to the plasma bulk) electric potential on the surface, which repels the electrons
and attract the ions as shown in Fig. 1.2. Let us consider the simplest case of a
floating (disconnected from the chamber walls and the ground) substrate most
widely covered in textbooks . As more electrons deposit on the surface, its po-
tential further decreases, which results in a stronger ion flux to the surface
and much reduced electron flux. When the surface potential reaches a certain
value (called the floating wall potential), the ion and electron currents balance
each other and the net current flowing through the substrate is zero. The elec-
tric field (directed from the plasma bulk toward the surface) thus arises and
accelerates the positive ions toward the substrate. On the other hand, the elec-
trons are repelled and their density in the plasma sheath is always less than
that of the ions. This charge separation is the reason for the existence of the
plasma-confining electric fields in low-temperature gas discharges.

However, as we have stressed above, overall charge neutrality of the plasma
is equivalent to the nonexistence of electric fields (which, without external
fields/actions can only appear as a result of charge separation) in the plasma
bulk. We thus come to the obvious conclusion that the electric field should
be confined in a relatively narrow area near the substrate. Moreover, the
electron-ion separation should also take place in this area only. Hence, the
electric potential should be nonuniform only in the vicinity of the solid sur-
face as shown in Fig. 1.2.

We hope that our arguments have convinced the reader in the vital neces-
sity of the plasma sheaths. However, some of the readers might still be curious
how wide should the area of charge separation be and why is the sheath also
commonly termed “Debye sheath.” This is closely related to the unique ability
of the plasma to shield any externally imposed electric fields; this phenome-
non is called Debye shielding.

The essence of this phenomenon is that when a charged body is immersed
in the plasma, a “coat” made of oppositely charged species shields the plasma
bulk from this external electric field. In the case considered, a negatively
charged surface is effectively screened from the plasma bulk by the “coat”
mainly made of positively charged ions—the plasma sheath! If there were no
thermal motions, this “coat” could be infinitely thin; in reality, it should have
a finite thickness to accommodate for the effects of continuous ion recombi-
nation on the surface and mobile electrons that can still make it to the surface
having overcome the potential barrier.

9
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This finite thickness in the one-dimensional geometry of Fig. 1.2 can be
quantified by using a balance of forces on an electron fluid element (here we
do not consider the details of the plasma fluid theory and refer the interested
reader to F. F. Chen’s textbook [14])

- kBTg ai’lg
—eE = e (1.2)
and Poisson’s equation
2 -
d¢ _ e(ni —ne) (1.3)

dx2? €o

where ¢(x) is the electrostatic potential, x is the coordinate normal to the sur-
face, n; and n, are the densities of the ions and electrons, respectively, and
kg and ¢( are Boltzmann's constant and the dielectric constant of vacuum, re-
spectively. The solution of Eq. (1.2) gives

1ne(x) = np exp <|ekf7g)) (1.4)

which is Boltzmann’s relation for electrons, one of the most important rela-
tions in the plasma physics. Here, ng is the electron density in the plasma
bulk in Fig. 1.2.

From Eq. (1.4) one can note that in the plasma sheath, where ¢(x) < 0
(potential in the plasma bulk is chosen as the zero reference potential), the
electron density is less than that in the plasma bulk and, moreover, exponen-
tially decreases toward the substrate. This is perfectly aligned with our earlier
conclusions. It is important to note that Boltzmann'’s relation has a simple and
transparent physical interpretation. Since the electrons are very light, then
should the forces onto them not balance, they would indefinitely accelerate.
Thus, an electron density gradient instantaneously sets up a charge separation
with ions, which in turn results in a balancing electric field.

After substitution of expression (1.4) into Eq. (1.3) and expansion into Tay-
lor’s series in the area of an efficient electrostatic shielding (e¢(x) < kpTe),
one obtains

0 = goexp(— 2 (L5)

where ¢y is the (negative) potential at the surface and

SOkBTg
Ap =4/ 1.
D 7’1362 ( 6)

is the Debye length. More careful calculations suggest that the width of the
plasma sheath A; is typically a few Debye lengths, i.e.,

As = YsAp (1.7)
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where 7 is a numerical coefficient typically ranging between 1 and 5 for un-
biased substrates [15]. We emphasize that beyond a few Debye lengths, the
plasma shielding is quite effective and the negative potential due to the sub-
strate surface is negligible as sketched in Fig. 1.2. If an external bias Us (in most
cases it is also negative) is applied to the substrate, the width of the plasma
sheath increases, as suggested by the following formula [15]:

V3 <2us>3/4

Ag = ~)
s kgT,

> D (1.8)
which is valid when T, < Us.

At this stage the readers’ curiosity would probably peak and prompts their
mind to question the need of so quite a lengthy discussion of the plasma
sheath and its parameters. Indeed, why do we need these details in a “nano”-
book? The answer is simple: it is the ion fluxes and electric fields in the near-
surface areas as well as the electric charges (and also currents) on the surface
what makes plasma-exposed solid surfaces so different!

One of the key things that one needs to know to proceed with the plasma-
assisted synthesis of nanostructures is the energy and flux of the ions imping-
ing on the surface. Apparently, the ions enter the plasma sheath area with
a certain velocity and then accelerate under the action of the electric field.
Amazingly, this velocity is intimately related to the whole existence of the
plasma sheath! More specifically, in the near-surface area sketched Fig. 1.2 the
plasma ions enter the plasma sheath with the velocity equal to or larger than
the Bohm velocity

kgT,

vi = Vg =/~
1

(1.9)
where m; is the ion mass. Equation (1.9) expresses the commonly known
Bohm sheath criterion [15]. Thus, the kinetic energy the plasma ions have
at the edge of the (unbiased) plasma sheath [x| = Asis & = T./2 and
is expressed in terms of the electron temperature rather than the ion one.
In low-temperature nonequilibrium plasmas with T, > T; the ion velocity
at the sheath edge can be substantially larger than the ion thermal velocity
Vi = (kgT;/m;)1/2.

The ion velocity at any point x within the plasma sheath v;(x) can be calcu-
lated by using the ion energy conservation

1 1
Emivi(x)z = imivfo —ep(x) (1.10)

and ion continuity

novip = n;(x)v;(x) (1.11)

1
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equations, where 1y and vy are the ion number density and velocity at the
sheath edge. Combining Egs. (1.10) and (1.11), one obtains

ni(x) = ng <1 - 26(”(;‘)) (1.12)

for the ion number density at any point within the plasma sheath. From
Eq. (1.10), it follows that at the moment of impact at the nanostructured sur-
face, the ion kinetic energy is approximately T, /2 + e¢s. In the case of biased
substrates (¢s = Us), one usually has T,/2 < e¢s and it is quite accurate to
assume that the ions are accelerated to the energy equal to the substrate bias.
In this case the sheath width can be calculated by using Eq. (1.8). It is impor-
tant to note, however, that the term e¢; should also include contributions from
micro- and nanoscaled morphology elements on the surface [21-24].

This is probably all of the most essential bits of knowledge the reader should
have about low-temperature plasmas used in nanoscale applications. At this
point we should map the most important issues of nanoscience and nanotech-
nology most relevant to this monograph.

1.2
Relevant Issues of Nanoscience and Nanotechnology

Presently, all high school children are probably aware that we live or at least
entering the “nanoage” and that rapid advances in nanoscience and nanotech-
nology make their way into our everyday’s lives. It is often said that the im-
pact of nanotechnology over the next decade can be as significant as that of
the commonly known groundbreaking inventions such as lasers, microchips,
radio communications, and electricity. A number of countries have devel-
oped sophisticated, internetworked and well-coordinated national programs,
with the most prominent one being the US National Nanotechnology Initia-
tive, with almost US$1 billion spent in 2004 and additional US$3.7 billion al-
located for 20052008 [25].

So, what is the nanoscience and nanotechnology in general? According to
Richard Feynmann’s vision given in his 1959 speech “There is plenty of room
at the bottom” [26], the matter can be manipulated at atomic and molecular
scales (just like Lego™ or Tetris building blocks in popular children games)
to create exotic, unusual assemblies, structures, patterns, etc. Expressed in a
simple form, the main idea of nanoscience is to arrange atomic building blocks
in an unusual, otherwise nonexistent, way, create something (e.g., nanostruc-
tures or materials), which is extremely small (with sizes in the nanometer
range) and have the properties very different from the objects with “normal,”
macroscopic sizes, as well as to explore and develop suitable means of con-



1.2 Relevant Issues of Nanoscience and Nanotechnology |13

trolled assembly at nanoscales. Put in Feynmann’s words, the ultimate goal of
nanoscience is to arrange atoms one by one, the way we want them, just like
bricklayers arrange bricks and other building blocks into pillars, walls, and
eventually into architectural masterpieces.

The nanotechnology would then be some set of recipes and nanotools,
which on one hand emerges from nanoscience via the process of innovation
and commercialization, and on the other hand, has an outstanding potential to
create new and transform existing industries (virtually any, from construction
and agriculture to microelectronics, aerospace and IT) and eventually signif-
icantly improve the living standards. According to the recent report of the
National Nanotechnology Strategy Taskforce (NNST) “Options for a National
Nanotechnology Strategy” [27], global sales of products incorporating emerg-
ing nanotechnologies in 2014 could total US$2.6 trillion, which is as much as
ICT and ten times more than biotechnology revenues.

As a synergy of a range of platform technologies with the most advanced
nanoscience knowledge, the nanotechnology can become an underlying tech-
nology within a number of industrial sectors (including but not limited to
manufacturing, health care, energy, electronics, and communications) and is
capable to provide environmentally sustainable and cost-efficient manufactur-
ing processes, cleaner and efficient energy sources, new exotic materials and
coatings with nanoscale structure and features (termed nanostructured mate-
rials or simply nanomaterials below), extra-small microchips with enormous
data processing and storage capacity, new ways of targeted delivery of drugs
to individual cells, and purified water, just to mention a few. According to
the NNST, in Australia (the country with a relatively lower presence of the
manufacturing industry sector as compared with the US, Japan, and EU) only
the nanotechnology will be used in up to 15 % of products within the next 10
years.

We hope that the reader has already appreciated the main global aims and
benefits of the nanoscience and nanotechnology and will not expand on this
matter any further. A more comprehensive coverage of the nanotechnology-
related topics is given elsewhere [28-30].

Let us now be a bit more specific on the main issues we will be look-
ing at in this monograph and revisit the working definition we gave for the
nanoscience. The first notion we come across is some “small” things. How
exactly small should they be to qualify to be considered in nanoscience?
There are no clear boundaries as to the sizes of the objects involved; with
the only one requirement that the nano-objects should not be as small as
atoms/molecules nor as large as macroscopic things. This implies that any-
thing with the sizes exceeding 1 nm, which is approximately 4-7 times larger
than the sizes of most common atoms and molecules (excluding macromolec-
ular matter), does qualify as a nano-object.
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It is a bit more difficult to estimate the upper limit for the “nanosize,” in part
because of not-so-clear interpretation of how to define macroscopic things pre-
cisely. Indeed, if we start combining atoms following Feynmann'’s recipes, we
will soon find that the properties of these assemblies will be very different de-
pending on the number of atoms involved, and hence, the object size. A single
atom exhibits atomic properties (e.g., will have a clear structure of atomic en-
ergy levels). Two atoms will have a different chemical organization including
a bond between them and as a result a quite different structure of energy lev-
els. The electronic structure of a cluster made of a few atoms will certainly
be even more different, with the main feature in the appearance of the energy
bands, which are quite narrow in the case of a few-atom clusters and broaden
as the number of atoms increases. It is quite straightforward to estimate the
number of atoms that can make the smallest nano-object. For example, there
are approximately 28 atoms in a silicon crystal with a volume of 1 nm?3.

As the object size increases further, their properties become even different
and eventually start resembling those of bulk crystals when they become suf-
ficiently large. It is commonly accepted that nanoparticles of a size of ~1 nm
feature properties no different from those of bulk materials. One more un-
usual thing that became reality owing to the recent advances in nanoscience is
that the size dependence of electronic and other properties is much stronger
when the nano-objects are real small. But exactly, how small? This is inti-
mately related to the notion of electron (more precisely, the electron wave
function keeping in mind the basics of the quantum mechanics) confine-
ment, which turns out more efficient in the sub-10 nm size range. In low-
dimensional semiconductor structures such as quantum dots, it is commonly
accepted that the efficiency of the electron confinement is best when at least
one of the sizes is less than the exciton’s Bohr radius, which is also approxi-
mately equal to 10 nm.

The remarkable changes in the electronic structure lead to the prominent
dependence of numerous properties of nanosized objects on their size. A
“classic” example of such dependence is a dramatic change of gold spherical
nanoparticles in color when their size is varied. Indeed, as the nanoparticle
size is reduced from 30 down to 1 nm, their color changes from reddish-blue
to orange and even become colorless [31]. On the other hand, when the gold
particles are enlarged to the size of macroscopic crystals, their color reverts to
the commonly expected yellowish golden. Therefore, the size does matter at
nanoscales!

We emphasize that the above observation applies to spherical golden
nanoparticles. In this case there is only one parameter that characterizes
their size—obviously, the radius. On the other hand, ellipsoidal or cylindrical
nanoparticles already have two different parameters that characterize their
size. Let us take a nanocylinder as an example. The two parameters that



