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Summary

Spectroscopy of microwave plasmas and carbon nanostructures: from
the visible to the extreme ultraviolet

A spectroscopic study on microwave-driven plasmas as well as on plasma pro-
duced carbon nanostructures is presented in this thesis. Radiation emitted by
surface-wave-sustained discharges operating at 2.45 GHz stimulating frequency
and at low-pressures has been detected using extreme and vacuum ultraviolet
(EUV and VUV) spectroscopy. Emission spectra from 8 to 125 nm were studied
as a function of applied power and pressure in different background gases, such
as argon, hydrogen, helium and argon-hydrogen, helium-hydrogen mixtures.
The results were compared to predictions from self-consistent theoretical models,
updated to include the spectral emission lines observed experimentally in this
spectral range. The predominant VUV radiation of hydrogen plasmas originates
from molecular transitions (Lyman and Werner bands) and from atomic transi-
tions (Lyman series), whereas for argon and helium, radiation detected in the
EUV and VUV originates from atomic and ionic transitions. The intensity of all
measured spectral lines was found to increase with the microwave power, in par-
ticular for the ionic lines. This is directly related to the increase of the plasma
electron density with the applied power, since the dominant excitation processes
are electron driven in the low-pressure conditions considered. Predictions from
the models confirmed this, giving insight in the main population mechanisms of
levels emitting in the VUV spectral range in argon and hydrogen plasmas. In
the case of helium plasmas, previously unreported EUV spectral emission lines
were detected. Complementary diagnostic techniques were used to determine
the electron density and the temperature of the gas and excited species in the
plasma. The electron density and electron temperature of microwave-driven
discharges were also studied using laser scattering spectroscopy. Thomson scat-
tering measurements were performed in argon-oxygen discharges to determine
the influence of oxygen on these parameters. A sharp drop in the electron
density was observed for small percentages of oxygen in the plasma, whereas
the electron temperature was estimated two to three times higher than in a
pure argon discharge in the same conditions.

Finally, free-standing graphene sheets were synthesized using microwave-
driven plasmas, operating at 2.45 GHz stimulating frequency and at atmospheric
pressure. A chemical treatment was applied to oxidize and cut the sheets to
obtain graphene quantum dots (GQDs), structures smaller than 10 nm, in
aqueous solutions. Photoluminescence of GQDs was observed after irradiating
the solutions with soft-UV light at 410 nm. Preliminary results suggest that the
synthesis methods based on harsh chemistry can be avoided: photoluminescent
GQDs were synthesized from plasma produced graphene sheets, using the highly
reactive plasma environment to cut and reduce the size of the sheets.
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Resumo

Espetroscopia de plasmas de microondas e nanoestruturas de
carbono: do viśıvel ao extremo ultravioleta

Nesta tese apresenta-se um estudo espetroscópico de plasmas de microondas,
bem como de nanoestruturas de carbono produzidas por plasma. A radiação
emitida por descargas criadas por ondas de superf́ıcie operando à frequência de
2.45 GHz e a baixas pressões foi detectada usando espetroscopia no ultravioleta
de vácuo e no extremo ultravioleta. Espetros emitidos de 8 a 125 nm foram
estudados em função da potência e pressão do plasma em diferentes gases,
desde árgon, hidrogénio e hélio, a misturas de árgon-hidrogénio e de hélio-
hidrogénio. Os resultados foram comparados a previsões de modelos teóricos
atualizados para incluir as emissões observadas experimentalmente nestas regiões
espetrais. A radiação dos plasmas de hidrogénio predominante é proveniente de
transições moleculares (bandas de Lyman e Werner) e de transições atómicas
(série de Lyman), enquanto no caso do árgon e do hélio, a radiação medida é
proveniente de transições atómicas e iónicas. A intensidade de todas as linhas
espetrais aumenta com a potência, sendo o aumento particularmente forte
no caso das linhas iónicas. Isso deve-se ao aumento da densidade eletrónica
com a potência aplicada, uma vez que, nas condições de baixa pressão aqui
consideradas, os processos de excitação dominantes dependem dos eletrões.
Tal foi confirmado pelas previsões dos modelos, que fornecem informações
sobre os principais mecanismos populacionais de ńıveis excitados em plasmas
de hidrogénio e árgon que emitem no ultravioleta de vácuo. No caso de
plasmas de hélio, mediram-se linhas espectrais no extremo ultravioleta não
reportadas anteriormente. Técnicas complementares de diagnóstico foram
também utilizadas para determinar a densidade eletrónica e a temperatura
do gás e das espécies excitadas no plasma. Para além disso, a densidade e
a temperatura eletrónica de plasmas de microondas foram estudadas usando
espetroscopia de laser. Medidas de Thomson scattering foram realizadas em
plasmas de árgon-oxigénio para determinar a influência do oxigénio nestes
parâmetros. Observou-se uma queda acentuada na densidade electrónica para
pequenas percentagens de oxigénio, enquanto a temperatura eletrónica medida
é duas a três vezes superior à de plasmas de árgon puro.

Foram também sintetizadas folhas de grafeno utilizando plasmas de mi-
croondas à frequência de 2.45 GHz e à pressão atmosférica. Um procedimento
qúımico foi posteriormente aplicado para oxidar e cortar as folhas de forma a
obter quantum dots de grafeno (GQDs), estruturas com dimensões inferiores a
10 nm, em soluções aquosas. A fotoluminescência de GQDs foi observada após
irradiar as soluções com luz a 410 nm. Resultados preliminares sugerem que os
métodos de śıntese baseados em qúımica severa podem ser evitados.
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Para tal, GQDs fotoluminescentes foram sintetizados a partir de folhas de
grafeno produzidas por plasma, utilizando o ambiente altamente reativo do
plasma para cortar e reduzir o tamanho das folhas.
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Chapter 1

General Introduction
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1.1. Introduction

1.1 Introduction

Plasmas represent the most common phase of matter in the universe, being
found in stars like the Sun, but also in nebulae, interstellar and interplanetary
media. Lightning and polar auroras are other forms of plasma found in nature.
Plasmas can also be artificially created in laboratories, industry and consumer
devices. The possibility to create such sources in a wide range of operational
conditions and configurations has led to a variety of industrial, research and
development applications. Plasmas are considered the fourth state of matter
and are usually described as a quasineutral gases composed of charged and
neutral particles exhibiting a collective behaviour. The behaviour of a plasma
is largely determined by the charged particles, since part of the electrons are
free instead of being bound to atoms and molecules.

In general, plasmas are divided into two main groups: high temperature
and low temperature plasmas. From now on, only low temperature plasmas will
be discussed. These plasmas have characteristic electron energies from a few to
about 10 eV, with ionization degrees that are typically small but can reach tens
of percent (such as in arc discharges) [1]. Low temperature plasmas are usually
defined as thermal or non-thermal plasmas. Thermal plasmas are associated
with Joule heating and thermal ionization, and enable the delivery of high
power at high operating pressures. Non-thermal plasmas offer high excitation
selectivity and energy efficiency in plasma chemical reactions along with effective
operation at lower temperatures [2]. One of their most relevant characteristics
is that most of the input power is absorbed by the plasma electrons instead of
heating the entire gas. This leads to the production of energetic electrons which
can efficiently generate charged species, free radicals, excited states and photons,
resulting in a highly reactive environment. By tailoring this environment, low
temperature plasmas have found way in numerous industrial applications. For
example, the ion fluxes generated by space charge sheaths at the boundary of
plasmas, particularly at low pressure, enable surface modification by sputtering,
etching, activation and deposition that are essential in the manufacturing of
modern technological devices. The chemically rich environment of such plasmas
at ambient temperature, both at reduced and atmospheric pressures, enables
the delivery of highly reactive species in complex plasma-surface interactions.
This extends to liquids, organic tissues and wounds, as well as to nanomaterial
synthesis, for example [1]. The radiation emitted by the plasma in such interac-
tions cannot be ignored, especially if emitted at energies high enough to induce
surface reactions. Such is the case of vacuum and extreme ultraviolet radiation
emitted by plasma discharges.
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Chapter 1. General Introduction

Vacuum and extreme ultraviolet radiation

The far ultraviolet region of the electromagnetic spectrum is divided into
vacuum ultraviolet (VUV) and extreme ultraviolet (EUV) according to photon
energy/wavelength. The spectral boundaries of each region may vary [3, 4].
Therefore, it is important to define the boundaries of each region that will
be considered throughout this thesis. VUV radiation, so named because it is
strongly absorbed by molecular oxygen in air and as such needs vacuum to
propagate, is electromagnetic radiation with wavelengths below 200 nm [5]. The
lower limit of this spectral region will be defined as 40 nm, the boundary with
the EUV region. The latter spans from the vacuum ultraviolet to the soft x-rays
region (see figure 1.1). EUV photons have wavelengths ranging from 5 to 40 nm,
with corresponding energies from 30 to 250 eV [3]. EUV and VUV radiation is
of great interest for applications, since photons in these spectral regions have
energies high enough to break most organic chemical bonds, initiate surface
reactions and modify surface properties [6–14]. Due to their strong absorption
by molecular oxygen in air, these photons are particularly useful in industrial
applications that rely on highly reactive oxygen-containing radicals, such as
sterilization of medical devices and cleaning of semiconductor substrates, among
others [15].

UV

Soft X-raysVUV

EUV

200 nm 40 nm 5 nm

30 eV 250 eV

Wavelength

Photon energy

IR

Hard X-rays

1 eV 10 eV 100 eV 1 keV 10 keV

0.1 nm1 nm10 nm100 nm1000 nm

Figure 1.1: Schematic of the electromagnetic spectrum showing the boundaries of
the vacuum and extreme ultraviolet (VUV and EUV) regions. Image adapted from [3].

However, light sources in these spectral regions are scarce, with the few
existing ones having considerable limitations in terms of lifetime, stability or
by relying on the use of toxic gases [16]. In this context, plasma sources offer
a great alternative since they provide a reactive environment rich in charged
particles, chemically active molecules, radicals, heat and radiation from the
visible to the EUV. Plasma-emitted VUV radiation has been considered for
air purification [17], sterilization [18–23], and surface modification of polymers
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1.1. Introduction

and thin films [10,13,14,24–27]. Plasmas have been successfully employed in
decontamination and sterilization processes, where the neutralization of biolog-
ical pathogens and harmful chemicals is achieved due to the combined effect
of high fluxes of ionic/neutral species and UV radiation. Plasma sterilization
processes based primarily on the interaction of ultraviolet radiation with the
bacterial DNA are generally very effective and fast, and can even inactivate
biological entities that show resilience to more commonly used medical steriliza-
tion methods [28]. EUV photons, with their shorter wavelengths and therefore
higher energies, play a key role in next generation lithography, where operation
at a wavelength of 13.5 nm is required to continuously reduce the feature sizes
and allow features smaller than 22 nm to be printed, using simpler pattern-
ing techniques. Plasma-emitted EUV radiation has been reported to improve
the cleaning mechanisms [29], the detection of mask defects [30] and pattern
transfer [31] in microfabrication. They have also found application in polymer
surface modification for biocompatibility [32]. Recent studies also demonstrate
that EUV radiation induces defects in graphene and can be extremely efficient
in catalyst-free dissociation of epoxy and hydroxyl groups frequently found
attached to the graphene scaffold [33,34].

Microwave driven discharges as sources of far ultraviolet radiation

Presently, the outstanding capabilities of plasma-based processes are widely
accepted. Many industrial applications of plasmas are based on arc, microwave
and inductively coupled plasma discharges that operate close to thermal equi-
librium. Microwave-driven plasmas offer several advantages when compared to
those created by electrode-based dc and rf discharges [2, 35]. They enable a
better energy transfer to the plasma, thus enhancing the production of high
ionization and dissociation levels. Due to an effective power dissipation, nearly
100% of the microwave power is absorbed by the plasma, providing high concen-
trations of free radicals and energetic electrons in the plasma which can promote
numerous radiative decay processes of interest. Especially at higher electron
densities (> 1018 m−3), the contribution of step-wise excitation processes be-
comes relevant and higher energy levels of atoms and molecules can be largely
populated, thus giving origin to EUV and VUV photons through radiative
decay. Besides, discharges operating at microwave frequencies are stable and
reproducible, and their versatile operation in different geometries, pressures
and background gases makes them advantageous for applications. The absence
of electrodes prevents complications arising from electrode erosion, discharge
pollution and additional energy consumption for cooling. The availability of
inexpensive microwave power sources at 2.45 GHz is also an advantage. In the
context of VUV radiation, discharges containing hydrogen are of particular
interest because hydrogen atoms and molecules strongly emit in this spectral
range: the energy gap between the ground and the first electronically excited
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Chapter 1. General Introduction

states of the species involved exceeds 10 eV and the radiation of optically allowed
transitions falls within the VUV [36]. When correctly tailored, these discharges
can generate high levels of radiation in the 60–170 nm range due to the spectral
richness of Lyman H2(B1Σ+

u→X1Σ+
g ) and Werner H2(C1Πu→X1Σ+

g ) molecular
bands, as well as radiative emission from atomic Lyman transitions [37–42].
Argon is also often used as background gas in numerous plasma-based appli-
cations, namely in plasma processing where it is essential to assess the effect
of VUV photons emitted by the plasma, since these are energetic enough to
alter surface chemistry and can damage the materials involved. The strong reso-
nance lines at 104.8 nm and 106.7 nm, originating from argon atomic transitions,
are often reported and studied in the literature [43–47]. The VUV radiation
emitted by argon plasmas above 115 nm is also often considered in previous
investigations [48,49], but argon possesses many other spectral features below
100 nm that need further characterization. Argon-hydrogen plasmas are widely
used in cleaning and etching processes, having recently found applicability in
carbon film deposition, graphene hydrogenation, etc [50–52]. Mixing argon
with hydrogen in a discharge results in a drop of the ionization degree, i.e., a
reduction of the charge density and changing the sputtering rates. Although a
large number of chemical reactions between argon and hydrogen species have
been studied, the various effects of hydrogen on argon discharges are not yet
well understood [53, 54]. The same can be said about the effect of hydrogen
on helium discharges [5, 55–57]. Microwave-driven helium discharges also have
several spectral emission lines in the VUV and EUV, and can therefore poten-
tially become sources of radiation in these wavelength region for plasma assisted
applications. Given the peculiar high densities and population of the electron
energy distribution ‘‘tail’’ (above 24 eV) in these discharges at low-pressure
conditions, excitation of high energy levels is achieved via electron impact
processes and their radiative decay results in the emission of photons with
wavelengths falling in the EUV spectral range [36]. Given these remarkable
features, microwave discharges have the potential to become alternative EUV
and VUV sources in plasma assisted applications.

Spectroscopic diagnostics

The potential to use microwave discharges as alternative EUV and VUV
sources relies on understanding the collisional and radiative processes occur-
ring in the discharge and their dependence on the operational conditions and
experimental parameters of the plasma. Extensive data has been collected
about emission of microwave plasmas in the visible spectral range for diverse
background gases. On the contrary, investigations of EUV and VUV radiation
emitted by such kind of discharges are scarce. The challenges of detecting
wavelengths below 120 nm contributed to a limited number of related publica-
tions [58]. Spectroscopic techniques are generally used for plasma diagnostics
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1.1. Introduction

and they offer the best insight in emission or absorption processes occurring in
the plasma. Existing techniques are usually divided in two categories: passive
and active optical diagnostics. Plasma emission spectroscopy is one of the
most established passive diagnostics: electromagnetic radiation emitted by the
plasma is recorded, spectrally resolved, analysed and interpreted in terms of
plasma parameters or characteristic parameters of the radiating atoms, ions
or molecules [4, 59]. The techniques are non-intrusive and provide information
about the excited species present in the discharge without perturbing its op-
eration and characteristics. The main disadvantage is that the measurements
are integrated over a line of sight through the plasma and data processing is
indirect. Emission spectroscopy has been applied in the past to determine
fundamental properties of microwave-driven discharges, such as the electron
density, electron temperature, as well as the gas temperature, the rotational tem-
perature of molecules and the excited species translational temperature [60–63].
Self-consistent theoretical models used together with in these in-situ plasma
diagnostic techniques enable the determination of plasma parameters and the
tuning of particle and energy fluxes. On the other hand, in active methods the
plasma is irradiated with a light source and the emitted, scattered or absorbed
light is recorded and analysed. The main disadvantage of these methods is that
they are experimentally demanding and might disturb the plasma. However,
they offer a great advantage over passive methods: they often provide direct
information of the plasma properties. Such is the case of Thomson scattering, an
important active diagnostic technique based on the scattering of laser radiation
by free electrons in the plasma [64–66]. It provides direct and spatially resolved
information about the plasma electrons, allowing the extraction of local profiles
of the electron density and electron temperature. Spectroscopic techniques offer
a variety of options not only to study the radiation emitting processes in the
plasma, but also to determine important parameters fundamental to understand
the plasma behaviour.

Photoluminescence of graphene quantum dots

Besides their potential to become alternative EUV and VUV sources, mi-
crowave plasmas have demonstrated great potential in the synthesis of new
nano-materials. Surface-wave-driven discharges at microwave frequencies have
been successfully used in the assembly of free-standing graphene sheets [2,67,68].
Graphene consists of a flat monolayer of carbon atoms tightly packed into a two-
dimensional honeycomb lattice [69]. Its impressive physical properties [70,71]
make it extremely attractive to improve or replace existing materials in a large
number of applications, ranging from electronic and mechanical devices to trans-
parent conductive films, chemical sensors, bio-sensors and energy conversion,
among others [72–77]. Recently, nanometer-sized fragments of graphene, known
as graphene quantum dots (GQDs), sparked the interest of the scientific commu-
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Chapter 1. General Introduction

nity due to their optical properties, especially their photoluminescence [78,79].
GQDs consist of one or few-layered graphene sheets with lateral dimensions
smaller than 100 nm, usually with sizes below 10 nm. Photoluminescence, of-
ten referred to as fluorescence, consists of light emission by a material after
excitation at a given frequency: excitation occurs by the absorption of pho-
tons at a given wavelength and during the relaxation processes following it,
photons with different energies are radiated by the material. The tunable pho-
toluminescence of GQDs, paired with their biocompatibility, low-toxicity and
water solubility, make them extremely promising for replacing commonly used
semiconductor nanocrystals in light-emittance, photovoltaics, photocatalysts,
bio-sensing and bio-imaging applications [74,80]. However, the origin of their
photoluminescence is still unclear and it has been reported that several factors
may play a role in such effect [81]. The properties of GQDs are essentially
defined by their assembly method. As a result, the origin of GQDs’ photo-
luminescence has been attributed to several mechanisms including excitons
of carbon, emissive traps, quantum confinement effects, aromatic structures,
oxygen containing groups, free zigzag sites, and edge defects [80–85]. The most
common approaches to synthesize GQDs are solvothermal methods [86–90].
The concept consists of taking a carbon source and apply a chemical procedure
in a heated environment to obtain graphene oxide (GO), using the so-called
modified Hummers method [91], followed by another chemical treatment in
acid environment in order to reduce the size of GO structures. However, these
multi-step methods are very lengthy and involve harsh chemicals. On top of
that, a major issue with the existing procedures remains to achieve homogeneity
in the produced GQDs: there is a lack of control on the size and morphology
of synthesized GQDs and these characteristics strongly influence the GQDs’
properties, namely their photoluminescence. A method capable of effectively
controlling the dimension and morphology of GQDs at the stage of production
and at the same time produce these structures in quantity is yet to be developed.
In this sense, microwave-driven plasmas may become an alternative solution:
the plasma reactive environment provides high densities of energetic heavy
particles, charged species, photons, heat, and strong electric fields, making it
simultaneously a thermal and chemical reactor as well as a catalyst. Besides, the
ability to control the properties of nanostructures at the stage of production by
tailoring the plasma environment instead of using abrasive chemical procedures
also constitutes an advantage. This is nowadays successfully applied in the
synthesis of graphene free-standing sheets and could potentially be adapted to
the synthesis of GQDs from pure graphene sheets, hence reducing the amount
of oxygen groups found attached to these structures in solvothermal methods.
In that sense, the interplay between the photoluminescence and the structural
properties of GQDs may contribute to understand the morphology, dimensions
and functional groups attached to such structures.
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1.2 Scope of this thesis

In this thesis, a spectroscopic study on microwave-driven plasmas as well as
on plasma produced carbon nanostructures is presented. The main scope of
this thesis aims at understanding plasma selectivity to generate EUV and VUV
radiation through complex excitation and de-excitation mechanisms involving
highly energetic species. To this end, EUV and VUV spectral emission from
microwave-driven plasmas operating at low-pressure conditions is investigated
both experimentally and theoretically, at wavelengths between 8 and 125 nm.
Hydrogen, argon, helium and mixtures of argon-hydrogen and helium-hydrogen
are used as background gases and the radiative emission from the excited species
in the plasma is studied as a function of the operational conditions (power,
pressure) using emission spectroscopy from the visible to the EUV range. The
experimental research is carried out together with kinetic modelling, in order to
understand how the microwave power is channelled into the population of atomic
and molecular species emitting in the EUV and VUV through radiative decay.
Existing self-consistent theoretical models were updated to include the spectral
emission lines observed experimentally in these regions and their predictions were
compared to the experimentally measured spectral intensities. Complementary
in-situ diagnostic techniques were also used to determine fundamental plasma
properties, such as the electron density and the temperature of the gas and of
excited species. The electron density and electron temperature of microwave
driven plasmas were also studied using laser scattering spectroscopy. Thomson
scattering measurements were performed in argon and argon-oxygen discharges
in order to determine the influence of oxygen in the electron density and
temperature of the plasma, since the presence of oxygen can strongly influence
these properties essential for plasma-assisted applications.

Besides their potential to become alternative EUV and VUV sources, mi-
crowave plasmas have been successfully used in the assembly of free-standing
graphene sheets [2, 67,68].Then arose the question: is it possible to synthesize
graphene quantum dots (GQDs), structures with dimensions smaller than 10 nm,
using microwave-driven plasmas? Given that the properties of GQDs depend
crucially on the synthesis method, it becomes essential to control their assembly
at the production stage. For this reason, the mechanisms originating the photo-
luminescence of these structures are still unclear and more than one factor may
play a role. A more detailed study of this effect needs to be carried out, evidenc-
ing the relationship between the photoluminescence and the synthesis method
of GQDs. In that sense, emission spectroscopy has been applied to study
the photoluminescence of plasma-produced GQDs. Free-standing graphene
sheets were synthesized using microwave plasmas driven by surface waves at
2.45 GHz stimulating frequency and at atmospheric pressure as described in
detail in [2,67,68]. A chemical treatment has been applied to oxidize and reduce
the size of the graphene sheets, so as to obtain GQDs in aqueous solutions.
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The photoluminescence of these structures was evidenced after irradiating the
solutions with light at 410 nm. Furthermore, preliminary results suggest that
the synthesis methods based on harsh chemistry can be avoided: photolumines-
cent GQDs were synthesized from plasma produced graphene sheets, using the
highly reactive plasma environment to cut and reduce the size of the sheets.

1.3 Outline of this thesis

This thesis contains a collection of results concerning spectroscopy of surface-
wave-sustained microwave discharges and plasma produced carbon nanostruc-
tures. It is organized in nine chapters, from which the first one is the present
chapter containing a general introduction.

Since the scope of this thesis is quite large, chapters 2 and 3 contain a
set of relevant topics essential to every chapter. Microwave-driven plasmas
are at the core of this study and are therefore described in chapter 2. This
chapter contains a brief introduction to microwave discharges, as well as an
overview on surface-wave-sustained discharges and the experimental setups used
throughout this work to generate such discharges in surfatron and waveguide
surfatron configurations. Another essential part of this work concerns emission
spectroscopy from the visible to the extreme ultraviolet regions. Chapter 3
contains an introduction to plasma emission spectroscopy, briefly explaining
the basics and the most relevant line broadening mechanisms. It also contains
the experimental setups used for emission spectroscopy in the EUV and VUV
regions, as well as in the visible. The spectroscopic determination of plasma
properties such as the electron density and the temperature of the gas and of
the excited species in the plasma is also addressed in this chapter.

The next chapters, from 4 to 8, are organized as publications. Most of them
are based on the articles published during the elaboration of this work. Each
chapter contains a state-of-the-art introduction and a summary with conclusions
after the discussion of results. Chapters 4 and 5 contain the most relevant results
concerning the emission of VUV radiation by microwave-driven discharges in
hydrogen and argon, respectively. VUV radiation from argon-hydrogen mixtures
is also studied in chapter 5. The discharges are generated at low-pressures in a
waveguide surfatron configuration and the variation of emitted VUV radiation
is investigated as a function of the operational conditions. The results are
compared to predictions from self-consistent theoretical models, which were
updated to include the most relevant transitions in the VUV. The population
and depopulation mechanisms of excited states emitting in this spectral region
are discussed in the framework of the model predictions.

Likewise, chapter 6 contains the most relevant results concerning the EUV
emission from microwave-driven discharges in helium and helium-hydrogen
mixtures. The discharges are again generated at low-pressures in a waveguide
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surfatron configuration and the EUV spectral emission is investigated as a
function of the operational conditions.

In chapter 7, the properties of argon-oxygen microwave driven surfatron
plasmas are studied as a function of the Ar/O2 ratio in the gas mixture. The
plasma electron density and electron temperature are estimated with Thomson
scattering for O2 contents up to 50% of the total gas flow. A description on
the experimental setup for Thomson scattering and on the method used to
determine these parameters is also given in this chapter.

In chapter 8, novel results concerning the photoluminescence of plasma
produced carbon nanostructures are presented. Free-standing graphene sheets
were synthesised in a microwave plasma setup and their size was reduced using
a chemical treatment, so as to obtain graphene quantum dots. Evidence for the
photoluminescence of plasma produced graphene quantum dots is presented
and recommendations for future studies are discussed.

Finally, chapter 9 contains the general conclusions, with a summary on the
most relevant results obtained in this thesis and future perspectives.

1.4 Main contributions

The most relevant results obtained during the elaboration of this thesis were
published in peer-reviewed journals, in the following articles:

• S. Espinho, E. Felizardo, E. Tatarova, F. M. Dias, and C. M. Ferreira,
Vacuum ultraviolet emission from microwave Ar-H2 plasmas. Appl. Phys.
Lett. 102, 114101 (2013);

• S. Espinho, E. Felizardo, E. Tatarova and L. L. Alves, Extreme ultraviolet
radiation emitted by helium microwave driven plasmas, Journal of Applied
Physics 119, 243305 (2016);

• S. Espinho, E. Felizardo and E. Tatarova, Vacuum ultraviolet emission
from hydrogen microwave plasmas driven by surface waves. Plasma
Sources Science and Technology 25 (5) 055010 (2016);

• S. Espinho, E. Felizardo, J. Henriques and E. Tatarova, Vacuum ultraviolet
radiation emitted by microwave driven argon plasmas. Journal of Applied
Physics 121, 153303 (2017);

• S. Espinho, S. Hofmann, J. M. Palomares and S. Nijdam, The influence
of the Ar/O2 ratio on the electron density and electron temperature in
microwave discharges. Plasma Sources Science and Technology 26 (10)
105008 (2017).

11



Chapter 1. General Introduction

The following topics were presented in posters and oral communications at
international conferences and meetings:

• S. Espinho, E. Felizardo, E. Tatarova and F. M. Dias, Vacuum ultraviolet
emission from microwave driven hydrogen plasmas. Poster, 42nd EPS
Conference on Plasma Physics, Lisbon, Portugal, 22 - 26th June, 2015.

• S. Espinho, E. Felizardo, J. Henriques and E. Tatarova, Argon microwave
plasmas as sources of vacuum ultraviolet radiation. Oral communication,
9th International Workshop on Microwave Discharges: Fundamentals and
Applications, Córdoba, Spain, 7 - 11th September, 2015;

• S. Espinho, E. Felizardo, J. Henriques and E. Tatarova, Vacuum ultraviolet
radiation from microwave driven argon plasmas. Oral communication,
28th NNV-Symposium on Plasma Physics and Radiation Technology,
Lunteren, The Netherlands, 15 - 16th March, 2016;

• S. Espinho, E. Felizardo, E. Tatarova and L. L. Alves, Extreme ultraviolet
spectroscopy of low pressure helium microwave driven discharges. Oral
communication, 69th Annual Gaseous Electronics Conference, Bochum,
Germany, 10 - 14th October, 2016;

• S. Espinho, J. Henriques, F. M. Dias and E. Tatarova, Evidence for pho-
toluminescence of graphene quantum dots. Poster, 29th NNV-Symposium
on Plasma Physics and Radiation Technology, Lunteren, The Netherlands,
7 - 8th March, 2017;

• S. Espinho, N. Bundaleska, J. Henriques, F. M. Dias and E. Tatarova,
Photoluminescence of plasma produced graphene quantum dots. Oral
communication, 33rd International Conference on Phenomena in Ionized
Gases (ICPIG), Estoril/Lisbon, Portugal, 9 - 14th July, 2017.

• S. Espinho, N. Bundaleska, J. Henriques, F. M. Dias and E. Tatarova,
Photoluminescence of graphene quantum dots produced by microwave
plasma . Oral communication, 8th International Workshop and Summer
School on Plasma Physics (IWSSPP), Kiten, Bulgaria, 10 - 17th June,
2018.

• S. Espinho, S. Hofmann, J. M. Palomares and S. Nijdam, The effect of O2

admixture on the electron density and electron temperature of argon mi-
crowave discharges. Poster, 16th High Pressure Low Temperature Plasma
Chemistry Symposium (HAKONE), Beijing, China, 2 - 7th September,
2018.
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Chapter 2

Microwave driven plasmas

This chapter contains a brief description and overview on microwave driven
discharges as plasma sources. The aim of this chapter is to give the reader
basic notions on microwave driven discharges and to provide the experimental
details to reproduce surfatron and waveguide surfatron generated plasmas.
Special attention is given to surface-wave discharges which are at the core
of this investigation: the basic principles of surface-wave driven discharges
are described with emphasis on the surfatron and the waveguide surfatron
configurations as field applicators. The experimental setups used for microwave
plasma generation throughout the course of this work are here presented and
will be referred to in the following chapters.
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2.1 Introduction

Microwave induced plasmas are electrical discharges generated by electromag-
netic waves with frequencies exceeding 300 MHz, the most common excitation
frequency being 2.45 GHz. They attract significant attention due to their
advantages over electrode-based dc and rf sources. They are versatile and
can be operated in a large range of conditions concerning power, pressures
and geometries; inexpensive microwave power sources at 2.45 GHz are eas-
ily available; there is no need to introduce electrodes into the plasma which
eliminates a possible source of contamination; and there is little heating of
the background gas [35, 92]. The latter makes microwave plasmas relatively
energy efficient and results from the combination of low electric fields and a
high frequency, so that most energy is transferred to the electrons. Due to
their effective power dissipation, microwave discharges provide high electron
and excited species densities, which can promote numerous radiative decay
processes of interest, especially at higher electron densities (> 1018 m−3) where
step-wise excitation processes start to play a role in populating high energy
levels of atoms and molecules. From an application point of view, plasma
sources are usually required to be stable, contamination free and able to yield
high degrees of ionization, excitation and dissociation, which microwave induced
plasmas can provide. These characteristics make them suitable for applica-
tions in various fields, such as material processing, surface treatment, light
generation, biomedicine, decontamination, water treatment, and synthesis of
nano-materials [2, 35, 93, 94]. The fact that they can be operated remotely
and that the propagation of the microwaves can be manipulated with slits,
chokes and dielectrics offers numerous technological opportunities. Microwave
induced plasmas exist in several configurations, from which essentially three
types can be distinguished: expanding atmospheric plasma torches, plasmas
produced by resonant cavities and surface-wave-sustained discharges. Both
the resonant cavities and surface-wave discharges are confined in dielectrics
and can be operated at reduced or high pressure. In this investigation, only
surface-wave-sustained microwave discharges are considered.

Surface-wave-sustained plasmas have been the subject of numerous experi-
mental and theoretical investigations since 1970. A thorough description of the
physical principles of operation and the design of plasma sources based on the
propagation of electromagnetic surface waves can be found in the review article
by Moisan and Zakrzewski [95]. The significant steps in the early development,
modelling and applications of surface-wave discharges are summarized in the
book edited by Ferreira and Moisan [35], that will be used as reference in this
chapter along with the article by Ferreira [96]. The interest in surface-wave
discharges comes in great part from their versatile operation in a broad range
of geometries and experimental conditions. For example, this kind of discharges
can be operated at applied frequencies from less than 1 MHz to about 10 GHz
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and pressures ranging from approximately 1 mTorr to a few times the atmo-
spheric pressure. They are very attractive sources to study, since their flexible
operation and easy access to a variety of diagnostics enables detailed compar-
isons between modelling and experiment. A brief description on the basics
of surface-wave-sustained discharges is given in the following sections, with
emphasis on the surfatron and the waveguide surfatron as field applicators. The
experimental setups used in this work to generate microwave driven discharges
in these two configurations are also described here in detail.

2.2 Surface-wave-sustained discharges

In a surface-wave discharge, a plasma column is sustained by the field of a guided
wave that propagates in the plasma-dielectric interface (as represented in figure
2.1a). The main property of this kind of discharges is that the wave needs to be
excited only at one position (by a field applicator), and the generated plasma
column and the dielectric surrounding it are the wave’s sole propagating medium.
The surface-wave simultaneously propagates and creates its own propagation
medium between the wall-plasma interface, linking the wave electrodynamics
and the plasma properties in a self-consistent way.

The surface-wave discharges considered here are produced in long cylindrical
dielectric tubes, usually made of quartz or glass (see figure 2.1b). They can be

(a)

|Ez|

(b)

Figure 2.1: (a) Schematic representation of a surface-wave propagating along the
interface between the plasma and a dielectric; (b) Schematic of a surface-wave plasma
column generated with a surfatron as field applicator. The discharge takes place inside
a long, cylindrical tube for which the diameter is much smaller than its length. The
typical axial variation of the electron density and radial variation of the surface-wave
electric field are also depicted. Figures taken from [96].
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used at radio or microwave frequencies, the latest being the subject of this thesis.
The microwaves are produced by a power supply and are then transported
to a so-called field applicator that is placed surrounding the dielectric. The
transport is done through transmission lines, which can be coaxial cables (for
power levels up to a few hundred Watt), or hollow conducting pipes called
waveguides. The field applicator covers only a small portion of the dielectric,
where the microwave energy supplied by the generator is transferred to generate
a plasma. It provides the appropriate electromagnetic field distribution in
the wave excitation region, in order to launch a surface wave in a given mode
(see section 2.2.1 below for more details). The geometry of field applicators
varies from cavities to launchers and torches. The wave launchers are used
to excite and create a travelling wave along the plasma-dielectric interface,
instead of a standing wave inside a resonant cavity, generating the surface-wave
discharge. The term surface-wave comes precisely from the fact that the plasma
is sustained by the field of a guided wave that propagates along the dielectric-
plasma interface, with its power flux being concentrated in this region. The
power flux decreases away from the launcher along the wave path, since the
wave power is progressively absorbed by the plasma electrons, which dissipate
this power in collisions with the gas particles, leading to excitation, ionization
and heating of the gas [96]. As a result, the electron density also decreases along
the wave path, and the plasma column ends at a minimum electron density that
is determined by the wave dispersion properties [97–99]. The power delivered by
the launcher clearly influences the column length with higher powers resulting
in longer columns. A wave is launched in each direction of the field applicator,
creating a plasma column that propagates in forward and backward directions.
Due to the geometry of the launcher, the amplitude of the wave travelling in
backward direction quickly diminishes and the plasma column is mostly created
on the so-called positive side of the launcher (see figure 2.1b).

2.2.1 Propagation modes

Surface-wave discharges are generated by the field of an electromagnetic wave
that propagates along the plasma column and the dielectric containing the
plasma. An important characteristic of propagating electromagnetic waves is
their mode, which determines the shape of the electric and magnetic components
of the field. If the electric field component in the direction of propagation is zero,
the mode is called transverse electric (TE). In the same way, if the magnetic
component in the direction of propagation is zero, the mode is called transverse
magnetic (TM). If both electric and magnetic field components are perpendicular
to the wave direction of propagation, it is called a transverse electromagnetic
(TEM) mode, while if both components exist in the direction of propagation the
mode is called hybrid. In addition, each mode is characterized by the indexes
m and n, that identify the order of the mode.
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In a wave-driven discharge with a cylindrical geometry, the wave propagates
in the TM mode, since this is the only propagation mode that satisfies the
conditions for continuity of the electric and magnetic components at the interface
between the conducting plasma and non-conducting tube wall. Usually, surface
waves are sustained in the m = 0 mode, because the next possible mode (m = 1)
requires particularly high excitation frequencies and large dimensions of the
dielectric. This corresponds to the azimuthally symmetric TM mode. Given
the small radius of the dielectrics and the frequency used in this study, the
discharges considered throughout this work can only be sustained in this mode.
The only non-zero field components are then Er, Ez and Bφ, given in the usual
cylindrical coordinates [96]. The plasma parameters depend only on the power
input per unit volume and on the discharge conditions: the composition and the
pressure of the gas, the dimensions of the discharge tube and the wall material,
the wave mode and the frequency. A particular feature of surface-wave plasmas
is that, once the discharges are generated in a given propagation mode, their
characteristics do not depend on the type of launcher used anymore [35].

2.2.2 Field applicators

To create an efficient plasma source, it is essential to efficiently transfer the
high frequency power from the generator to the wave-launcher and then to
the plasma. The possible loss mechanisms in a surface-wave plasma source
are: reflections at the interface of the power source and the feed lines, losses
in the dielectric and in metallic elements of the wave launcher, and radiation
of non-guided waves into the surrounding space. The first two types of losses
occur in the field applicator and in the impedance matching network, and
their contribution can be kept small compared to the power absorbed into the
plasma by optimizing the design of the wave launcher. The most commonly
used surface wave launchers are the surfatron, the surfaguide, the waveguide
surfatron and the ro-box [95]. In the present work, only the surfatron and the
waveguide surfatron were used to generate microwave plasmas. As such, only
these two configurations will be explained here, following the works by Moisan
et al. [95, 100–102].

The surfatron was the first simple, compact and efficient surface-wave
launcher for the generation of long plasma columns at microwave frequencies. It
was developed by the group of Moisan and Zakrzewski, which later investigated
the properties of the wave sustaining such plasma columns by measuring its
dispersion and attenuation characteristics [97]. The surfatron consists of a
coaxial structure, that shapes and orients the electric field, and a movable
capacitive coupler, that adapts the system impedance to the impedance of
the generator in order to increase the power transfer [100, 101]. The plasma
is generated inside a dielectric placed in the center of this coaxial structure
which is shorter at one end and terminated by a gap at the other end, as
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Figure 2.2: (a) Cutaway view of the surfatron launcher; (b) Axial cross-section of
the surfatron, showing the electric field distribution. Figures from [95,101].

(a) (b)

Figure 2.3: (a) Schematic view of the waveguide surfatron launcher; (b) Section
of the waveguide surfatron launcher, showing the electric field distribution. Figures
adapted from [102,103].

shown in figure 2.2b. The structure is fed by a coaxial cable and can operate at
frequencies from 0.2 to 2.45 GHz. However, the surfatron has some limitations
at lower frequencies due to its dimensions, which are on the order of the surface
waves’ wavelength. At higher frequencies, the power coupling to the plasma
becomes less efficient for the same reason. Furthermore, the skin effect on the
coaxial cable limits the power to a few hundred Watt.

The waveguide surfatron combines a rectangular waveguide with a cylin-
drical launcher, that is attached perpendicularly to the waveguide. The name
waveguide surfatron comes precisely from this coupling between a waveguide
and a cylindrical launcher like the surfatron. Compared to the surfatron, the
waveguide surfatron has the advantage of operation at high microwave power
levels in the GHz range. Due to losses in the coaxial transmission lines, the sur-
fatron can be supplied with a maximum of 300 to 500 W, whereas the waveguide
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surfatron can be operated at a few kilowatts [102]. Another advantage over the
surfatron is that the waveguide surfatron can efficiently sustain large-diameter
plasma columns (> 15 mm). The waveguide surfatron combines a rectangular
waveguide with a cylindrical launcher that is attached perpendicularly to the
waveguide. The name waveguide surfatron comes precisely from this coupling
between a waveguide and a cylindrical launcher like the surfatron. Schematic
drawings of the waveguide surftaron structure are shown in figure 2.3. For
applications at 2.45 GHz, the waveguide used is normally the WR340, with
internal dimensions of 86.36 mm×43.18 mm.

2.3 Experimental setups for the generation of
microwave driven discharges

In this study, microwave driven discharges are generated using two different
field applicators, the surfatron and the waveguide surfatron. From now on,
these configurations will be referred to as the surfatron and the waveguide
surfatron configurations. Both these launchers create a wave propagating along
the interface between the plasma and the dielectric (quartz tube) surrounding
it, generating a so-called surface-wave discharge. The experimental setups of
the plasma sources used in this work are explained in detail in the following
sections.

2.3.1 The surfatron plasma setup

The surfatron launcher consists of a cavity around a quartz tube, which is
tunable such that the electric field amplitude of the microwave is highest at the
opening in the cavity, near the tube [101, 104]. The microwave then propagates
as a surface wave along the interface between the plasma and the dielectric,
hence creating a plasma column as can be seen in figure 2.4a. A schematic of
the experimental plasma setup is shown in figure 2.4b. This setup was used
for laser scattering measurements to determine the electron density and the
electron temperature of Ar-O2 microwave discharges.

The plasma is confined inside a 68 cm long quartz tube with inner radius
rinner = 3 mm and outer radius router = 4 mm. The microwave power is sup-
plied by a microwave amplifier (Microwave Amps Ltd, AM87-2.45S-57-57R)
working at 2.45 GHz and with a maximum output of 500 W. A total of 100 W
was applied in the present study. Forward and reflected power are measured
with a power meter (Rhode-Schwarz) with thermal sensors connected to a 40 dB
attenuator. A triple stub tuner is placed before the bidirectional coupler in
order to reduce the reflected power. The gas flow is regulated by mass flow
controllers placed at the gas inlet side. The gases used as background consisted
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Figure 2.4: (a) Picture of a surface wave driven discharge in a mixture of 90%
argon and 10% oxygen at 38 mbar and 100 W; (b) Schematic view of the surfatron
experimental setup.

of argon supplied from a wall-line (purity 99.999 %) and oxygen from a gas
cylinder (purity 99.9999 %). Total gas flows of 100 sccm and 200 sccm were
set for the presented measurements and the pressure of the background gas
was varied from 15 to 38 mbar. The pressure inside the tube was controlled by
means of a manual needle valve placed at the gas outlet side, before the vacuum
pump. A pressure sensor is placed at the exit of the discharge tube, allowing
to monitor pressures from 1 to 100 mbar. In previous works with the same
experimental setup, the pressure was monitored with two sensors placed on both
sides of the quartz tube to see if there was a pressure gradient along the small
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diameter tube, caused by the gas flow and the pumping efficiency. No pressure
drop could be measured along the 68 cm long tube (i.e. ∆p < 0.01 mbar) [105].
Since this experimental setup was used for Thomson scattering measurements,
a Brewster window was placed at the tube entry in order to minimize laser
reflections while a quartz window was placed at the end of the tube. At high
input powers, the temperature of the plasma is hot enough to melt the quartz
tube. As such, a flow of air around the quartz tube has been applied near the
launcher position to cool the system.

2.3.2 The waveguide surfatron plasma setup

The experimental setup for the generation of microwave plasmas in the waveguide
surfatron configuration is presented in figure 2.5b. This experimental setup
was used to investigate the EUV and VUV radiation emitted by low-pressure
microwave driven discharges in argon, hydrogen, and helium. Mixtures of
argon-hydrogen and helium-hydrogen were also considered as background gas
for the discharges. The microwave power applied to the discharge is provided
by a 2.45 GHz generator (a magnetron, Sairem GMP 20K model) whose output
power is varied from 50 to 700 W. The magnetron is water cooled and it is
fed by a 1 kW power supply. Quick release connectors for water cooling and
high voltage are used on both the power supply and the microwave head. The
generator is connected to a waveguide system, which includes an isolator, a
3-stub tuner, a twist, and a waveguide surfatron as the field applicator. All the
elements have standard drilled WR340 flanges. The isolator, with its reflected
power crystal detector, is directly connected to the microwave head. It dissipates
reflected power in order to prevent damage to the high frequency generator.
The 3-stub tuner is likewise placed after the isolator to reduce the reflected
power in the waveguide system. The twist allows changing the direction of
the waveguide port for polarization purposes. Both the incident and reflected
wave power are displayed on the LCD screen of the power supply controller.
The incident wave power is measured indirectly by the current supplied to the
magnetron, using the proportionality relation between the two.

The total power supplied to the field applicator is obtained by subtracting
the reflected power from the incident wave power. The field applicator, which
is a waveguide surfatron, combines a rectangular waveguide with a cylindrical
launcher, that is attached perpendicularly to the waveguide. The discharge takes
place inside a quartz tube with inner radius rinner = 1.5 mm and outer radius
router = 2.5 mm, inserted perpendicularly to the waveguide wider wall. As an
example, a picture of a microwave driven discharge in argon is shown in figure
2.5a. The waveguide surfatron structure needs cooling as it is heated by the
plasma column near the launcher. A flow of compressed air is therefore applied
at the launcher position and around the tube, to prevent it from melting. This
system is terminated by a movable short-circuit which allows the maximization
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Figure 2.5: (a) Schematic view of the waveguide surfatron experimental setup;
(b) Picture of a surface wave driven discharge in argon in the waveguide surfatron
configuration.

of the electric field at the launcher position. By moving the short-circuit, the
effective length of the waveguide is changed in order to achieve a high coupling
efficiency and low reflected powers.

The background gas is injected into the tube under laminar flow conditions,
at flow rates from 10 to 100 sccm using MKS mass flow meters. The mass flow
meters are set for the specific gas in use (argon, hydrogen and helium), using
the correction factors supplied by the manufacturer. The control is performed
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remotely by four-channel MKS controllers (model 247). In the case of argon-
hydrogen and helium-hydrogen discharges, the mixing of the constituent gases
is performed after the mass flow controllers. All the gases used, i.e. argon,
hydrogen and helium, are supplied from distinct gas cylinders with purities of
99.9999 %. In order to create and maintain low-pressure discharges, the system
is connected to a vacuum pumping system. The operating pressures achieved
during this study are typically in the order of 0.1 - 0.8 mbar. The vacuum system
is composed of two pumps connected in series: a diffusion pump (Edwards
Diffstak model 100, water refrigerated) and a rotary pump with two stages
(Edwards E2M8). Three pressure sensors are coupled to the pumping system:
a baratron (MKS 127 model), a pirani gauge (Edwards PRH10K model) and a
Penning gauge (Edwards CP25-K model). They are positioned to efficiently
control the pressure along the system. The pirani sensor is positioned at the
rotary pump entry, in order to control the pressure at the diffusion pump exit,
while the Penning sensor is positioned at the beginning of the discharge tube
(gas inlet side) and the baratron at the end of it.
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Plasma emission spectroscopy

This chapter contains basic notions of emission spectroscopy as plasma diagnos-
tics, as well as a detailed description of the experimental setups used for emission
spectroscopy in this work. Only the most relevant methods used to characterize
plasma properties throughout this study will be emphasized. As such, the basic
principles of plasma emission spectroscopy will be introduced, including an
overview on broadening mechanisms of spectral lines. The experimental setup
used for emission spectroscopy in the vacuum ultraviolet (VUV) and in the
extreme ultraviolet (EUV) will also be described in detail. Given the challeng-
ing detection of wavelengths in these regions, experimental considerations that
have to be taken into account will be addressed. The experimental setup used
for emission spectroscopy in the visible will also be described, as well as the
methods used to determine the plasma electron density, the temperature of the
gas and the temperature of excited species in the plasma.
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3.1 Introduction

Spectroscopic diagnostic techniques are generally used for plasma diagnostics
and they offer the best insight in understanding emission processes. Plasma
emission spectroscopy is one of the most established and oldest diagnostic tools:
electromagnetic radiation emitted by the plasma is recorded, spectrally resolved,
analysed and interpreted in terms of plasma parameters or characteristic pa-
rameters of the radiating atoms, ions or molecules [4, 59]. It consists of a set
of non-intrusive techniques providing information about the excited species
present in the discharge without perturbing its operation and characteristics,
as opposed to active spectroscopy techniques (such as Thomson scattering,
discussed in chapter 7). Emission spectroscopy has been consistently applied in
microwave-driven discharges to determine important plasma properties, such
as the electron density, electron temperature, as well as the gas temperature,
the rotational temperature of molecules and the excited species translational
temperature [60–63].

Atomic and molecular species possess energy levels with well defined values
and the radiation emitted in electronic transitions between these levels neces-
sarily assumes discrete values. Due to the additional degrees of freedom, each
electronic state of a molecule has vibrational levels and each vibrational level
has rotational levels which appear with decreasing energy distances. Radia-
tion emitted in electronic transitions is observed as spectral lines with defined
intensities, shapes and widths. A spectral line is defined by its profile with
characteristic central wavelength (defined by the photon energy, corresponding
to the energy gap of the transition from upper to lower energy level), full-
width-at-half-maximum (FWHM) and intensity. The analysis of spectral line
profiles provides valuable information about the plasma, from the identification
of excited species to temperatures of excited atoms and molecules, as well as
densities of charged particles. Spectroscopic methods use the radiation emitted
by atoms, ions, or molecules present in the plasma either as impurities or
intentionally added to the plasma for specific diagnostics. The most employed
techniques rely on line broadening effects, line-ratio methods, absolute line
intensity measurements, absolute continuum measurements and rotational band
measurements [4, 59, 61, 106,107]. The existence of calibration lamps allows the
determination of absolute line intensities. Such is not the case for the extreme
and vacuum ultraviolet (λ < 200 nm), due to the absence of calibration lamps
for those regions.

Low-temperature plasmas are non-equilibrium plasmas. This means they
are not in local thermal equilibrium, and the population density of excited
species does not necessarily follow a Boltzmann distribution. As a result, the
population in an excited state depends not only on the electron temperature
but on a variety of plasma parameters such as the temperature and density of
heavy particles, radiation field, etc [59]. These parameters are determined by
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the processes occurring in the plasma. Therefore, insight on populating and
depopulating processes for each excited level is extremely relevant. In this sense,
collisional-radiative models are often used along with in-situ plasma emission
spectroscopy techniques [4, 59,96,108].

The light emitted by the plasma is collected by spectroscopic systems con-
sisting of a spectrometer, a detector and related optics. The basic components
of a spectrometer are: entrance and exit slits, grating which acts as dispersive
element, and imaging mirrors. A detector is coupled to the exit slit, generally
a photomultiplier (PMT) or a charged-coupled device (CCD). The accessible
wavelength range and the spectral resolution are determined by the individual
parts of this system. The grating is characterized by the grooves per millimetre
(gr/mm) and influences the spectral resolution of the system. The blaze angle
of the grating determines the wavelength range with highest reflection efficiency
(sensitivity of the grating) [59]. The focal length of the spectrometer, together
with the size of the grating, defines the aperture and thus the amount of light
that passes through, influencing the spectral resolution of the instrument. The
width of the entrance slit also influences the light throughput: a larger entrance
slit results in more intensity but less spectral resolution and this trade-off
has to be assessed in terms of the diagnostic purpose. The type of detector
also determines the overall sensitivity of the system. Among others, the most
common detectors are PMTs or CCDs. The spectral resolution is affected either
by the exit slit, in the case of a PMT, or by the pixel size, in the case of a CCD.
The detector also determines the temporal resolution of the system, with PMTs
being generally very fast, whereas CCD arrays are limited by exposure and
read-out times. A variety of spectroscopic systems exist in different geometries
and optics/gratings. In the following section, the characteristics of spectroscopic
systems used to detect wavelengths from the extreme ultraviolet to the visible
will be discussed in detail. Before that, an overview on the line-shape and
broadening of spectral lines will be briefly discussed, with emphasis on the
effects relevant for the determination of plasma parameters applied in this work.

3.1.1 Line-shape of a spectral emission

The profile of a spectral emission line contains information about the plasma
properties. Spectral emission lines possess a defined width and shape: a line
belonging to a certain transition is never strictly of only one wavelength or
frequency but rather a peak that is spread out over a certain wavelength range.
The total broadening of a spectral line is caused by a number of different
broadening mechanisms. These mechanisms can be related to the plasma but
also independent of it, being caused by the spectrometer used to measure the
emitted light or by the nature of the transition. In general, a spectral line
is broadened by natural broadening, Doppler broadening, Stark broadening,
pressure broadening (resonance and van der Waals broadenings) and by the
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instrumental broadening caused by the spectrometer. When more than one
broadening effect is at work, the corresponding profiles are superimposed by
convolution. The resulting observed line has a shape that depends on the
various broadening mechanisms and a full-width-at-half-maximum (FWHM),
which is larger than the one of the individual contributions of each of them.
Generally, the line-shape of a spectral transition is a convolution of both
Gaussian and Lorentzian profiles, resulting a so-called Voigt line-shape defined
by expression (3.1) [109]. The line-shapes of Gaussian, Lorentzian and Voigt
profiles are illustrated in figure 3.1 and the respective FWHM are indicated for
each of them.

Fν(λ) =
2 ln(2)

π3/2

∆λL

∆λG
×
∫ +∞

−∞

exp(−t2)[
2
√

ln(2)λ−λ0

∆λG
− t
]2

+
[√

ln(2) ∆λL

∆λG

]2 dt, (3.1)

where ∆λG and ∆λL are the FWHM of the Gaussian and Lorentzian con-
tributions, respectively. These components are given by:

∆λG =
√

∆λ2
Doppler + ∆λ2

instrumental (3.2)

∆λL = ∆λStark + ∆λWaals + ∆λresonance + ∆λnatural (3.3)

FWHM

Figure 3.1: Spectral line Voigt, Lorentz and Gaussian profiles. The respective
FWHM are indicated by the arrows on the right side [39].
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3.1.2 Line broadening mechanisms

In our study, the most relevant mechanisms are Stark and Doppler broad-
ening. Stark broadening is caused by the interaction of the radiating atoms
with the charged particles in the plasma. Under certain plasma conditions,
Stark broadening results in a Lorentzian line profile of which the half width
is related to the electron density. Doppler broadening is due to the thermal
velocity of the emitting particle. If the velocity distribution of the emitting
particle is Maxwellian, Doppler broadening results in a Gaussian shape with
a width that depends on the atom temperature [61, 109]. A brief description
of line broadening mechanism is given here, referring the resulting FWHM for
each of them. In the present work, the broadening of the hydrogen atom Hβ

line (Balmer series), observed at 486.1 nm and corresponding to the transition
H(n=4 → n=2), is considered and the following description refers in most cases
to this specific line broadening. Given this, the effect of the fine structure is
also discussed.

Natural broadening

Natural broadening is caused by the finite lifetime of excited states and can
be determined by Heisenberg’s uncertainty relation ∆E.∆τ ≥ h

2π . Without
disturbances from other particles, the lifetime ∆τ of an atomic state p is
determined by the sum of all possible transition probabilities from the emitting
level to all lower lying levels q and it is given by Ap = Σq Apq (p > q). The
life time τp of state p due to spontaneous emission is given by 1/Ap (natural
lifetime). Using Heisenberg’s relation, the FWHM of natural broadening is
obtained as follows:

∆λnatural =
Apλ

2
0

4πc
, (3.4)

where c is the speed of light and λ0 is the central wavelength of the spectral
line. The transition probability for Hβ is in the order of 10−7 s−1, resulting in
a natural broadening of approximately 10−3 pm. This is much smaller than the
other broadening mechanisms and can thus be neglected.

Pressure broadening

There are two types of pressure broadening in a plasma: resonance broad-
ening and van der Waals broadening. Resonance broadening is caused by the
interaction of radiating hydrogen atoms with hydrogen atoms in the ground
state. Van der Waals broadening, on the other hand, results from the interaction
of radiating excited hydrogen atoms with ground state atoms of a different
kind. For example, the induced dipole of ground state argon atoms interacts
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with the emitting atom, resulting in a Lorentzian broadening of the spectral
line [110]. This broadening depends on the gas temperature and the quantum
number of the excited states. It is also dependent on the gas pressure. For
the low-pressure conditions considered in this study, both of these broadening
mechanisms become negligible [61].

Stark broadening

Stark broadening is caused by the influence of charged particles. It results
from Coulomb interactions between the radiating atoms and the charged parti-
cles present in the plasma. Both ions and electrons induce Stark broadening,
with electrons responsible for the major effect due to their higher relative
velocities. The line shape can be approximated by a Lorentzian profile except
at the line center, where electrostatic interactions with ions cause a dip. The
expression connecting the Stark width to the electron density can be derived
from the theory of Kepple and Griem [111]. This theory is based on a quasi-
static approximation, assuming the collisions occur instantaneously and that
radiation is not emitted during these events. In this framework, it is assumed
that the line broadening can be computed as a sum of contributions from all the
collisions of a statistical ensemble of quasi-independent charged particles with
the emitting atom [111]: the highly mobile electrons are responsible for sudden
variations in the phase of the emitted wave (impact regime) while the heavier
and slower ions generate electric fields which can be considered constant along
the life of a typical emission (quasi-static regime). The effect of ion dynamics on
the broadening of spectral lines is not considered. The theoretical line profiles
are given as a function of electron temperatures ranging from 5× 103–104 K and
electron densities ranging from 1015–1019 cm−3. The lines profiles are expressed
as a function of a reduced wavelength α1/2 ≡ ∆λ/F0, where ∆λ is the distance
to the center of the line and F0 corresponds to the intensity of the Holtsmark

field given as F0 = 1.25 × 10−9n
2/3
e . The relationship between the FWHM

∆λStark of the obtained Lorentzian profile and the electron density can then be
written as [112]:

∆λStark = 2.50× 10−9α1/2n
2/3
e , (3.5)

where α1/2 is the fractional half-width of reduced Stark profiles obtained
from theoretical models. The broadening of the Hβ line (486.1 nm) is generally
used to determine the electron density because the Stark broadening effect is
strong and practically independent of ion dynamics [61]. Generally, the diag-
nostic tables obtained from the theoretical models by Kepple and Griem [111]
and by Gigosos and Cardeñoso [113, 114] are used to determine the electron
density from the Stark width of the Hβ line. For this line, the results obtained
with both theories are in good agreement [61, 110]. The numerical model of
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Gigosos and Cardeñoso includes the contribution of ion dynamics to the broad-
ening of hydrogen lines. Their model calculates the theoretical line profiles
of hydrogen Balmer lines for an electron temperature range of 103–106 K and
for electron density values in the range 1020–1025 m−3, as a function of the
emitter-perturber pair relative reduced mass µ in the range 0.5–10 . With the
inclusion of relative reduced masses, the model calculations can account for
non-thermal equilibrium conditions. For an argon plasma with a small amount
of hydrogen, for example, this reduced mass corresponds approximately to one.
The model gives a linear relationship between the logarithm of the theoretical
FWHM of the Stark profiles log(∆λStark) and the logarithm of the electron
density log(ne). An extensive review on the models and approaches used for
the calculation of the Stark broadening spectrum for plasmas is presented by
Gigosos in [115].

Doppler broadening

Doppler broadening is caused by the thermal velocity of the emitting particles
relative to the observer: the frequency (or wavelength) of the radiation emitted
by a particle appears shifted by an amount that is a function of that particle
velocity in respect to the observer. Assuming the velocity distribution of the
emitting particles is Maxwellian, the Doppler broadening depends essentially
on the kinetic temperature T of the particles. The intensity distribution of a
Doppler broadened spectral line has a Gaussian shape and its FWHM, ∆λDoppler,
is then given by:

∆λDoppler = 7.16× 10−7λ0

√
T/M, (3.6)

where M is the mass of the radiating atom in atomic mass units (amu), λ0

is the central wavelength (in nm) and T is the temperature of the radiating
atoms.

Instrumental broadening

A spectral line is broadened by the apparatus profile of the spectrometer
used to record the spectrum. Instrumental broadening is independent of the
plasma parameters, being determined by parameters of the optical system used
for the measurements. It depends on the width of the entrance slits, the type
of grating and focal length. The resulting line-shape has a Gaussian profile.
The instrumental broadening caused by the spectrometer used in this thesis for
measurements in the visible region can be defined as:

∆λinst = 6.5× 10−3f, (3.7)
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where f corresponds to the width of the slits, given in µm, and ∆λinst

corresponds to the width of the spectral broadening, given in Å. Typically,
slits of 20 µm where used to measure the Hβ line (486.1 nm), resulting in an
instrumental broadening of 0.13 Å.

Fine structure of Hβ

Fine structure accounts for the existence of more than one possible transi-
tion between two principal quantum number states. Because of fine structure
spin-orbit splitting in the upper and lower levels, the H(n=4 → n=2) transition
is in fact a multiplet of seven lines, as shown in table 3.1 [61]. The resulting
line shape centered at 486.1 nm is the sum of these lines. It has been estimated
that for electron densities below 4× 1013 cm−3, the effect of the Hβ line fine
structure should be considered [116]. In addition, the fine structure splitting
becomes relevant at lower temperatures, but for gas temperatures above 1000 K,
the contribution of this effect is negligible [62]. The effect of the fine structure
is generally more relevant for the Balmer Hα line (656.3 nm).

Table 3.1: Fine structure components of the Hβ line, taken from [61].

Self-absorption

Self-absorption is the process in which a photon that is emitted by a given
particle is absorbed by another particle of the same kind before escaping the
plasma volume. This other particle has the probability of re-emitting the
photon in a random direction some time afterwards. Self-absorption broad-
ening depends on the optical thickness of the absorbing plasma layer for the
considered range of frequencies. In a plasma, most of the radiation is emitted
from a central, typically hotter, region. It then travels through cooler regions
before reaching the detector. This means that the emitted radiation is not
absorbed equally for every frequency. Line widths for absorption and emission
are significantly smaller in colder regions of the plasma. Therefore, frequencies
closer to the transition frequency are the most affected. The effect of this
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broadening can thus lead to incorrect measurements of the real FWHM, as
illustrated in figure 3.2 where the effect is evidenced by comparison with a
line profile without self-absorption. For very large absorptions, self reversal of
the line may occur and the obtained profile becomes two distinct peaks with
maxima located equidistantly from the central emission wavelength (illustrated
in figure 3.2). The effect is most noticeable in transitions to the ground state,
since a great number of absorbers is present in the plasma, and becomes relevant
especially at high pressures. For the H(n=4 → n=2) transition, in the present
experimental conditions, the effect is negligible [103].

(a) (b)

Figure 3.2: (a) Illustration of a self-absorbed line profile. The dashed curves show
the line profile without self-absorption; (b) Illustration of a self-absorbed line profile,
with self-reversal. Taken from [103].
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3.2 Experimental setups for emission spectroscopy

Emission spectroscopy in the visible and in the far ultraviolet region of the
electromagnetic spectrum requires different detection systems. The optical
properties of reflecting and refracting materials in the vacuum ultraviolet impose
severe limitations and difficulties in experimental techniques and methods.
Furthermore, the need to keep the optical system of the spectrometer in vacuum,
in order to eliminate atmospheric absorption of vacuum ultraviolet radiation as
much as possible, introduces a special problem [58]. Therefore, two different
setups were used for emission spectroscopy in these distinct regions. A general
overview of the experimental setup used for EUV/VUV and visible emission
spectroscopy is presented in figure 3.3. Both setups are available in the Plasma
Engineering Laboratory in IPFN, Lisbon. The plasma source consists of a
surface-wave-sustained discharge created inside a quartz tube and operating
at microwave frequency (2.45 GHz), as explained in detail in the previous
chapter, in section 2.3.2. The experimental setups used for EUV/VUV emission
spectroscopy, as well as the setup used for emission spectroscopy in the visible,
are described in detail in the following sections.

Gas inlet

Plasma

quartz tube

Magnetron
2.45 GHz

Waveguide

system

Control & 

Acquisition
CCD

Visible spectrometer

Jobin-Yvon Spex 1250M

[250 – 750 nm ] movable optical fiber

pump

Si 

diode
EUV / VUV spectrometer

Horiba Jobin-Yvon PGM1000

[8– 125 nm ]

turbopump

pump

Zone from where
EUV/VUV radiation 

is detected

slit

Figure 3.3: Experimental setup for EUV/VUV and visible emission spectroscopy of
microwave driven discharges.
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3.2.1 Spectroscopy in the extreme and vacuum ultraviolet

The extreme and vacuum ultraviolet radiation emitted by microwave discharges
was detected by a Horiba Jobin-Yvon Plane Grating Monograph (PGM) in
the spectral range 8–125 nm (corresponding energy range 155–9.9 eV). Pictures
of the Horiba Jobin-Yvon PGM are presented in figure 3.4, showing the full
scale of the instrument and the inside of the monochromator chamber. The
monochromator chamber contains a toiroidal mirror and an aberration corrected
plane grating. The combination of these two optics disperses and refocuses
the light from the entrance slit onto the exit focal plane of the monograph.
The wavelength selection and the scanning are obtained through rotation of
the grating. The spectrometer is equipped with two plane gratings, 1800 and
500 grooves per millimetre (gr/mm, also known as lines/mm), allowing the
detection of wavelengths from 8 to 35 nm and from 30 to 125 nm, respectively.
The fraction of light that enters the spectrometer passes through an adjustable
pinhole and a horizontally adjustable entrance slit and is then reflected with
a 156◦ angle by a toroidal mirror into the plane grating (see figure 3.5). The
grating rests on top of a rotating platform controlled remotely, allowing for the
selection of the incidence angle. The diffracted light is then horizontally selected
by an exit slit before reaching a VUV/EUV detector. Both the entrance and
exit slits are set at the same value, usually 1 mm or 0.5 mm.

The whole light path is kept at relatively low pressure during operation (10−5–
10−4 mbar) by a turbopump coupled to the monochromator chamber (see figure
3.4b). The spectrometer is directly connected to the discharge tube in order to
grant unobstructed line-of-sight over the axis of the discharge, as shown in figure
3.3. A valve is placed before the entrance slit of the EUV/VUV spectrometer
in order to isolate the discharge setup when necessary. It is important to
note that no windows are placed between the plasma and the entrance slit of
the Horiba Jobin-Yvon PGM. This is necessary to detect wavelengths in the
far ultraviolet, since they are easily absorbed by most materials. The EUV
and VUV radiation collected originates from a relatively small portion of the
plasma very close to the wavelauncher gap (shown inside the dashed box in
figure 3.3), since the rest of the plasma is optically thick for radiation at these
wavelengths. The EUV/VUV spectrometer was coupled to that side of the tube.
This configuration was chosen so that the highest electron density regions of
the discharge are kept as close as possible to the entrance slit of the Horiba
Jobin-Yvon PGM, hence achieving good signal-to-noise ratios.

Two different detection systems were used in the experiment. The first
one consists of a photomultiplier (R928 Hamamatsu) coupled to a scintillator
(figure 3.6). The scintillator is a sodium salicylate (C7H5NaO3) window located
between the spectrometer’s end slit and the photomultiplier entrance. Its role
is to absorb EUV/VUV radiation and then convert it to visible radiation by
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Monochromator chamber

Exit slit

Entrance slit

(a)

(1)

(2)

(3)

(4)

(b)

Figure 3.4: (a) Horiba Jobin-Yvon Plane Grating Monograph (PGM) used for
EUV/VUV emission spectroscopy; (b) Chamber of the monochromator, showing the
collimator after the entrance slit (1), the toroidal mirror (2), the plane grating (3)
and the exit to the turbopump (4). Pictures adapted from [39].
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Plasma

Horiba Jobin-Yvon PGM 1000

or PMT + scintillator

collimator

Figure 3.5: Schematic of the ligth path inside the Horiba Jobin-Yvon PGM 1000.

(a) (b)

Figure 3.6: (a) Sensitivity of the R928 PMT; (b) Photomultiplier coupled to the
Horiba Jobin-Yvon PGM [39].
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fluorescence, to subsequently be detected by the photomultiplier (PMT). The
fluorescent emission and the spectral response of the scintillator are shown
in figure 3.7. The analog signal from the PMT is converted to digital by the
acquisition system provided with the spectrometer, which is connected to a
computer for data acquisition.

Both the monochromator and the detector calibration are performed on
the computer by the control software. Later on, the detection system was
updated to a silicon photodiode sensible to EUV/VUV wavelengths (figure
3.8). This detector was used in most of the measurements here presented.
The optimization of the whole setup has been performed by measuring the
well-known He+ line, at 30.4 nm, emitted by a pure helium microwave plasma.
All the spectra are background corrected, but not calibrated in intensity due
the absence of calibration sources for the EUV and VUV regions. Therefore all
the intensities presented in this work for the VUV and EUV regions are relative
intensities. The specifications of the equipment used for spectroscopy in the far
ultraviolet are summarized in table 3.2.
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Figure 3.7: (a) Fluorescent emission of the sodium salicylate scintillator; (b) Effi-
ciency of the scintillator. Figures adapted from [117].
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(a) (b)

Figure 3.8: (a) Response of the silicon photodiode in the EUV and VUV regions;
(b) Picture of the silicon photodiode sensitive to EUV and VUV radiation.

Table 3.2: Specifications and model information of the components used in the
setup for EUV and VUV emission spectroscopy. Information available in the Horiba
Jobin-Yvon PGM 1000 guide and in the manuals supplied by the manufacturers,
collected in [39].

Component Model Manufacturer Specifications

Focal length: 1000 mm

Monochromator PGM 1000 Horiba Jobin-Yvon 1800 gr/mm (8− 32 nm)

550 gr/mm (30− 125 nm)

PMT R928 Hamamatsu Spectral response:

185− 900 nm

Si photodiode AXUV100G Opto Diode CORP. Spectral response:

5− 1100 nm

Stepper motor M061−LEO2E Horiba Jobin-Yvon Grating rotation

(scanning)

Stepper motor 23075900 HR link Motor controller

controller

Monochromator SpectrAcq2 Horiba Jobin-Yvon Acquisition system

controller controller

Turbomolecular TMH 071 P Pfeiffer 60 000 rpm

pump
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3.2.2 Spectroscopy in the visible

The radiation of microwave driven discharges emitted in the visible portion of
the electromagnetic spectrum was collected by an optical fiber with a collimator
positioned perpendicularly to the discharge tube and movable along the discharge
axis (see figure 3.3). The collimator defines the discharge volume from where
the plasma radiation is collected. The measurements correspond to radially
averaged intensity values over the plasma cross-section. It should be noted,
however, that the main contribution to the measured integral intensities comes
from the central part of the discharge. The optical fiber was connected to
the entrance slit of the Spex 1250M spectrometer, shown in figure 3.9. This
spectrometer is equipped with two diffraction gratings of 1200 or 2400 grooves
per millimetre (gr/mm). The full operational spectral range of the spectrometer
spans from 250 to 1500 nm. It has a Czerny-Turner configuration as illustrated
in figure 3.9b. Two concave mirrors are used as collimating and focusing
elements for the light that is incident on the grating and then reflected. In this
kind of configuration the radiation coming from the light source is limited by
the entrance slit, located at the focal point of the mirror which collimates light
in the direction of the diffraction grating. The light then propagates to the
second mirror which is responsible for focusing the partially dispersed radiation
on the exit slit, where a detector is placed. The Spex 1250M spectrometer has
two exit slits where two detectors are coupled: a charged-coupled device (CCD)
camera and a photomultiplier (PMT). Selection between the two is done by
means of a mirror that can fold away. Depending on the mirror position, the
light is sent to the CCD camera or redirected 90◦ to the exit slit that is coupled
to the PMT.
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Figure 3.9: (a) Spectrometer used for optical emission spectroscopy, Spex 1250M;
(b) Schematic of the light path inside the spectrometer. The spectrometer works in a
Czerny-Turner configuration.
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The retro-illuminated CCD camera is sensible to wavelengths from the
ultraviolet to the visible, as shown in the efficiency curve in figure 3.10. It has
an effective area of 26.6 mm × 6.9 mm, composed by 2048 × 512 square pixels
with 13 µm side length (100% fill factor). It is cooled to approximately 170 K
with liquid nitrogen in order to minimize thermal noise. The spectral response of
a certain source is measured by summing the signal collected from the 512 pixels

Figure 3.10: Spectral response of the CCD from the UV to the visible.

Table 3.3: Specifications of the equipment used for optical emission spectroscopy in
the visible [39]).

Component Model Manufacturer Specifications

Czerny-Turner

Spectrometer Spex 1250M Jobin-Yvon Focal length: 1250 mm

1200 or 2400 gr/mm

250–1500 nm

Monochromator Spex MSD 2 Jobin-Yvon −

controller

CCD Spectra-One Jobin-Yvon 2048 x 512 pixels

CCD controller CCD 3000 Jobin-Yvon GPIB interface

PMT R928 Hamamatsu 185–900 nm

PMT controller DataScan2 Jobin-Yvon RS232 interface

GPIB−USB GPIB−USB−HS National NI−488.2

controller Instruments
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of each CCD column (each column corresponding to a different wavelength).
The calibration of the intensity versus wavelength is performed using well
known tungsten and deuterium light sources, depending on the spectral region.
The PMT is the same shown in the previous section and its sensitivity to
UV and visible wavelneghts is depicted in figure 3.6a. The specifications and
characteristics of the equipment used for emission spectroscopy in the visible
are summarized in table 3.3.

3.3 Spectroscopic determination of plasma properties

As explained in the previous section 3.1.1, the shape of spectral line profiles
results from a number of different broadening mechanisms. The lineshape of
a spectral line is generally a convolution of Gaussian and Lorentzian profiles,
given the origin of the broadening mechanisms, resulting in an overall so-called
Voigt profile. The broadening of hydrogen or helium lines is usually used in
spectroscopy to determine properties of the plasma such as the electron density
and the temperature of excited species [60–62].

3.3.1 Electron density

The electron density of the plasma can be estimated using the spectral broad-
ening of the hydrogen Balmer line Hβ , emitting at 486.1 nm and corresponding
to the transition H(n=4 → n=2). The Hβ line is the most widely used in
spectroscopic diagnostics because of its great Stark width and the lack of the
disadvantages of the Hα line (656.3 nm): it is relatively isolated in its spectral
range, it has no significant self-absorption and, since its width is almost inde-
pendent of the plasma temperature and ion dynamics effects, the results of
conventional theoretical models are accurate.

Optical emission spectroscopy was used to measure the Hβ spectral profile in
the same experimental conditions as the measurements performed in the EUV
and VUV regions. The detection of the Hβ line was possible for high applied
powers without adding hydrogen to the argon and helium plasmas studied in
this work. This spectral emission of hydrogen come from impurities present
in the discharge tube. The measured lines exhibit nearly Voigt profiles, with
a Gaussian contribution mainly due to Doppler and instrumental broadening,
and a Lorentzian contribution coming essentially from Stark broadening, since
the discharges were operated at low-pressure conditions. The spectral profile of
the Hβ line is acquired with the Jobin-YvonSpex 1250M spectrometer coupled
to a CCD, in the setup previously described in section 3.2.2. The measured line
shape is then fitted to a Voigt profile, as shown in figure 3.11. By deconvoluting
the obtained Voigt profile in its Gaussian and Lorentzian contributions, one
obtains the corresponding full-width-half-maximum (FWHM) of each of these
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contributions to the Hβ lineshape. This procedure is done with the software
of the Jobin-YvonSpex 1250M spectrometer. In the low-pressure conditions
here considered, the main contribution to the Lorentzian FWHM originates
from Stark broadening. Stark broadening arises from the interaction of charged
particles with excited hydrogen atoms (see section 3.1.1). Assuming so, the
Lorentzian FWHM can be used in the following expression to determine the
electron density:

∆λLorentz ' ∆λStark = 2.50× 10−9α1/2n
2/3
e (3.8)

Where α1/2 is the half-width of reduced Stark profiles obtained from the
theoretical model of Kepple and Griem [111]. Both the diagnostic tables ob-
tained from the theoretical models by Kepple and Griem [111] and by Gigosos
and Cardeñoso [113,114] can be used to determine the electron density from
the Stark width of the Hβ line [61, 110]. Here, the diagnostic tables of hy-
drogen Stark broadening obtained from the theoretical model of Gigosos and
Cardeñoso [113,114] were used as a reference for the theoretical Stark broaden-
ing, with extrapolations to electron densities as low as 1012 cm−3, as performed
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Figure 3.11: Experimental lineshape of the Hβ line (486.1 nm) and corresponding
fitting with a Voigt profile.
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Figure 3.12: Linear fit to the tables of Gigosos and Cardeñoso to obtain the values
of log(ne) for electron densities as low as 1018 m−3, for an electron temperature of
20 000 K and a relative reduced mass of µ = 0.8 (case of helium plasmas with a
small percentage of hydrogen). The extrapolation was performed as in the work by
Palomares et al. [118].

by Palomares et al. [118]. The theoretical FWHM of the Stark profiles calcu-
lated with the model are given as a function of the electron temperature Te,
the electron density ne and the relative reduced mass of the emitter-perturber
pair µ. The model gives a linear relationship between the logarithm of the
theoretical FWHM of the Stark profiles log(∆λStark) and the logarithm of the
electron density log(ne), which allows us to linearly extrapolate the values of
the calculated FWHM to lower electron densities as shown in figure 3.12. These
extrapolations were performed for electron temperatures between 10 000 K and
30 000 K. The Lorentzian contribution to the FWHM of the measured Hβ

Voigt line-shape is taken as the Stark width, ∆λStark, and together with the
extrapolated tables it provides the estimated value of the electron density.

3.3.2 Temperature of excited species

The translational or the kinetic temperature of both hydrogen and helium
atoms can be derived from the Doppler broadening of spectral lines assuming a
Maxwellian velocity distribution of the atoms [112]. As described previously in
section 3.1.1, the kinetic temperature can be derived from:
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∆λDoppler = 7.16× 10−7λ0

√
T/M (3.9)

Where M is the atomic mass and λ0 is the central wavelength. The atomic
line Hβ , at 486.1 nm, was used to determine the kinetic temperature of hydrogen
atoms in pure hydrogen discharges. The experimental procedure is the same
as explained in the previous section. The Hβ line profile is measured with
the spectrometer Jobin-YvonSpex 1250M and a fit with a Voigt line-shape is
performed. From the fit, the Gaussian contribution to the FWHM is extracted
and, from there, the contribution of the Doppler broadening to the line-width
can be determined. The instrumental broadening is also taken into account,
since it contributes to the Gaussian FWHM. In the same way, the helium singlet
line at 667.8 nm (originating from the transition 31D → 21P) was used to
determine the temperature of excited helium atoms in pure helium discharges.

In the case of hydrogen microwave plasmas, the temperature of the gas
molecules was determined from measurements of the rotational distribution of
excited molecular bands of H2. The rotational temperature gives a measure of
the gas temperature, provided that the rotational relaxation time by collisions is
much smaller than the radiative lifetime. In that case, the rotational distribution
is close to a Boltzmann distribution with a temperature equal to the translational
temperature of the mixing particles [62, 63]. The rotational temperature of H2

molecules has been determined using the Q-branch of the Fulcher-α (d3Πu →
a3Σ+

g ) bands rotational spectrum. These molecular bands emit radiation in the
600–617 nm wavelength range, originating from the transitions ν′ = 0→ ν′′ = 0
and ν′ = 1→ ν′′ = 1. The energy diagram illustrating the Fulcher-α Q-branch
transitions and the corresponding emission spectrum for the transitions here
considered are shown in figure 3.13.

When the rotational distribution follows Boltzmann’s law, the line intensity
can be written as [119]:

Iem ∝ (2N + 1)(2Γ + 1) exp

(
−BνN(N + 1)hc

kTrot

)
(3.10)

Where Bν is the rotational constant of the ground state, which is generally
accepted instead of that of the excited state. In this expression, Γ is the total
nuclear spin: Γ = 0 for the parastate H2 and Γ = 1 for the orthostate H2. The
rotational lines alternate in intensity due to the statistical weight (2Γ + 1),
where Γ = 0 or 1 for N even and odd respectively. The rotational temperature
is determined by plotting the logarithm of Iem/(2N + 1)(2Γ + 1) as a function
of N(N + 1). The points fall into a straight line in the case of a Boltzmann
distribution. The rotational temperature can then be obtained from the slope
of this line.
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Figure 3.13: (a) Schematic of the energy diagram of molecular hydrogen
Fulcher-α (d3Πu → a3Σ+

g ) Q-branch transitions; (b) Emission spectrum of the
Fulcher-α bands in a pure hydrogen discharge at 300 W and 2 mbar. The spectral
lines originate from the transitions ν′ = 0→ ν′′ = 0 and ν′ = 1→ ν′′ = 1.
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Chapter 4

VUV radiation emitted by
hydrogen microwave plasmas

The vacuum ultraviolet (VUV) radiation emitted by hydrogen surface-wave-
driven plasmas operating at microwave frequency (2.45 GHz) and low-pressure
conditions (0.1–2 mbar) has been investigated. In particular the influence of
microwave power and gas pressure on the intensity of the spectral emission lines.
Strong radiation of Lyman H2(B1Σ+

u→X1Σ+
g ) and Werner H2(C1Πu→X1Σ+

g )
molecular bands in the 80–125 nm spectral range was detected, while the most
intense atomic spectral lines observed correspond to Lyman-α and Lyman-β
lines at 121.6 nm and 102.6 nm respectively. An increase of the atomic line and
molecular band intensities with increasing microwave power at a pressure of
0.1 mbar was observed. At 2 mbar the VUV spectra are entirely dominated
by molecular bands. Theoretical predictions, as obtained from a collisional-
radiative model, were validated by the experimental results.1

1The results presented here were published as Vacuum ultraviolet emission from hydrogen
microwave plasmas driven by surface waves, S. Espinho, E.Felizardo and E. Tatarova, 2016
Plasma Sources Science and Technology, 25(5), 055010 [120].
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4.1 Introduction

In what concerns vacuum ultraviolet radiation (VUV), hydrogen discharges are
of particular interest because the energy gap between the ground state and
the first electronically excited states of hydrogen atoms and molecules exceeds
10 eV and the radiation of optically allowed transitions falls within the VUV
spectral range. When correctly tailored, these discharges can generate high
levels of radiation in the 60–170 nm range due to the spectral richness of Lyman
H2(B1Σ+

u→X1Σ+
g ) and Werner H2(C1Πu→X1Σ+

g ) molecular bands, as well as of
atomic Lyman transitions. The optimization of these sources, their design and
efficiency improvement require a deep insight into the energy exchange pathways
in the plasma in order to know how to channel the power into the population
of targeted energy levels. Extensive data has been collected concerning the
emission of hydrogen plasmas in the visible spectral range [60, 62,121–127] but
investigations concerning VUV radiation, particularly from discharges operating
at microwave frequencies, are quite scarce due to the experimental limitations
in detecting VUV wavelengths.

Accurate transition wavelengths for the Lyman and Werner lines have
been experimentally determined by Salumbides et al., representing a major
improvement over existing values [128]. Further on, the authors determine the
ionization and dissociation energies of the hydrogen molecule, with a precision
improvement over previous experimental and theoretical results by more than
one order of magnitude [129]. The vacuum ultraviolet to visible emission from
surface-wave-driven plasmas in pure hydrogen or in a mixture of 7% hydrogen
in argon has been investigated over a broad range of excitation frequencies
(50 < f < 200 MHz) by Fozza et al. [37]. The observed emission intensity
(atomic lines and molecular bands) as f is increased is interpreted in the case
of pure hydrogen discharges in terms of changes from a non-stationary to a
stationary electron energy distribution function (EEDF), since at low enough f
values, the shape of the EEDF varies considerably as a function of time within
the HF field period. In the case of argon with 7% hydrogen gas mixtures,
it is related to changes in the shape of the stationary EEDF. Recent works
report measurements of VUV fluxes in hydrogen discharges. VUV irradiance
measurements of a 2.45 GHz GHz microwave-driven hydrogen discharge were
performed by Komppula et al. [40]. Their plasma source consists of a microwave
coupling system, a cylindrical aluminium plasma chamber which is surrounded
by a single solenoid coil, and an extraction system for positive ions. The authors
report absolute values of VUV-emission as a function of injected microwave
power (300–1200 W), neutral gas pressure (0.05–10 Pa) and magnetic field
strength, using a straightforward method based on a photodiode and optical
filters. They found that the volumetric photon emission rate in the VUV-range
(80–250 nm) is 1016–1017 cm−3s−1 for low microwave powers, which corresponds
to approximately 8% dissipation of injected microwave power by VUV photon
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emission. The volumetric emission of characteristic emission bands was used as a
diagnostic of molecular plasma processes including volumetric rates of ionization,
dissociation and excitation to high vibrational levels and metastable states [41].
The main limitation of their method is the availability of optical bandpass
filters: most of these filters consist of metal-dielectric-metal thin-films on top
of a substrate material transparent to VUV radiation. However, the substrate
material with the shortest cut-off wavelength is magnesium fluoride (MgF2), with
a cut-off at 115 nm. Nevertheless, the authors suggest that the total irradiance
at shorter wavelengths can still be determined by comparing the difference of
the photodiode signals measured without a filter and with a quartz window, for
example. The quantification of the VUV radiation emitted by hydrogen and
nitrogen plasmas has also been investigated at low pressures by Fantz et al. [42].
The authors measured radiant power of individual molecular transitions and
atomic lines between 117 and 280 nm in an inductively coupled plasma (ICP).
They found that in hydrogen plasmas driven at 540 W of RF power, up to 110 W
is radiated in the VUV, whereas less than 2 W is radiated in the visible. They
analysed the molecular and atomic hydrogen spectral emission with a collisional
radiative model in order to determine plasma parameters, particle densities and
fluxes. Photon fluxes up to 5× 1020 m−2s−1 were obtained, demonstrating that
the VUV radiation should not be neglected in surface modification processes
and the radiant power converted to VUV photons should be considered in
power balances. Furthermore, they demonstrate that the photon fluxes can
be tuned in the respective wavelength intervals with the addition of nitrogen
to the plasma. In [38], the authors demonstrate a method for determining
the dissociation density of nitrogen and hydrogen atoms in a developing low
temperature plasma, based on the emission and self-absorption of vacuum
ultraviolet radiation produced from the plasma. They estimate the dissociated
density of hydrogen atoms in N2/H2 spark plasmas at atmospheric pressures
by measuring the absorption characteristics of the atomic Lyman-α transition
at 121.6 nm.

In the present work we extend the scope of previous efforts [39,60,62,121–
123, 126] in studying hydrogen plasmas and investigate hydrogen microwave
driven discharges as a source of VUV emission. A classical surface-wave-
sustained discharge at 2.45 GHz, with a waveguide-surfatron based setup as the
field applicator, has been used. VUV spectroscopy was performed in the 60–
125 nm spectral range in order to study the intensity variation of the hydrogen
atomic lines and of the Lyman H2(B1Σ+

u→X1Σ+
g ) and Werner H2(C1Πu→X1Σ+

g )
molecular bands with changes of the pressure and microwave power delivered to
the launcher. The VUV output spectral emission at 2 mbar has been compared
to the theoretical estimation provided by a self-consistent radiative-collisional
model based on a set of coupled equations including the electron Boltzmann
equation, the rate balance equations for the most important electronically
excited species and charged particles, the gas thermal balance equation, and
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the wave electrodynamics [121–123]. Optical emission spectroscopy (OES) was
applied to determine the rotational temperature corresponding to the Fulcher-α
molecular band and taken as a good approximation of the gas temperature.
Furthermore, the electron density was determined from the Stark broadening
of the Hβ line at 486.1 nm.

4.2 Plasma source and experimental conditions

VUV radiation emitted by hydrogen microwave driven discharges was investi-
gated for low-pressure conditions (0.1–2 mbar). The experimental setup used
to generate the plasma was previously explained in section 2.3.1. The plasma
consists of a hydrogen discharge sustained by the field of a high frequency,
azimuthally symmetric (TM mode), surface-wave. The microwave power was
provided by a 2.45 GHz generator whose output power was varied from 80 to
400 W. The generator is connected to a waveguide system, which includes an
isolator, a three-stub tuner, and a waveguide surfatron as a field applicator. The
discharge was produced in the interior of a quartz tube with inner/outer radii
of 0.15/0.25 cm respectively, where the background gas was injected (hydrogen
in this case). VUV radiation emitted by the plasma was collected by a Horiba
Jobin-Yvon Plane Grating Monograph (PGM) directly coupled to the discharge
tube, thus granting unobstructed line-of-sight over the axis. The PGM was
equipped with a 500 gr/mm plane grating allowing the detection of wavelengths
from 30 to 125 nm. The detection system consists of a R928 Hamamatsu photo-
multiplier coupled to a scintillator (sodium salicylate), that converts the VUV
radiation into visible by fluorescence. In this case, integration times of 30 s were
used for every measurement, with the entrance and exit slits of the spectrometer
set at 1 mm. Some of the measurements were performed using a silicon photodi-
ode detector sensible to VUV wavelengths, and in this case the integration times
used were 1 s and the slits of the spectrometer were set at 0.5 mm. For more
details concerning the VUV detection system, refer to the previous section 3.2.1.
Radiation emitted by the plasma in the visible region was also measured using
the experimental setup described in section 3.2.2. The visible radiation was
collected by an optical fiber positioned perpendicularly to the discharge tube
near the launcher position. Spatially resolved measurements of light emitted in
the visible region were also performed along the discharge length, in particular
light emitted by the Fulcher-α molecular band (600–617 nm) and by the Hβ

transition at 486.1 nm. The optical fiber transmits the radiation to the entrance
slit of a Jobin-YvonSpex 1250M spectrometer, equipped with a 2400 gr/mm
diffraction grating and a liquid-nitrogen cooled charge coupled device camera
(CCD). The spectral resolution of the measurements in the visible range is
0.06 Å.
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Figure 4.1: Picture of a microwave driven discharge in hydrogen, in the waveguide
surfatron configuration [39].

4.3 Identification of hydrogen spectral lines and
molecular bands in the VUV

The typical VUV emission spectrum of a hydrogen discharge operating at 300 W
and 0.2 mbar is presented in figure 4.2. The radiation emitted by the plasma
was detected with a photomultiplier coupled to a scintillator (see section 3.2.1
for more details). Another emission spectrum of a hydrogen discharge operating
at 350 W and 0.4 mbar is presented in figure 4.3, and in this case the detection
system used was a silicon photodiode sensible to VUV wavelengths. Both
experimental spectra show the presence of atomic and molecular spectral lines.
The atomic spectral emission originates from transitions of the hydrogen Lyman
series. The most intense spectral lines are observed at 121.6 nm and 102.6 nm,
corresponding to Lyman-α (n = 2 → n = 1) and Lyman-β (n = 3 → n = 1)
transitions, with energies 10.2 eV and 12.1 eV, respectively [36]. The spectral
lines at 97.3 nm, 95.0 nm and 93.8 nm that correspond to Lyman-γ, δ, ε (n =
4, 5, 6 → n = 1) transitions were also detected (see figure 4.3 and table
4.1). However, their intensities are considerably weaker than the Lyman-α,
β lines, thus making it difficult to resolve them from the molecular bands.
The molecular spectral emission is attributed to Lyman H2(B1Σ+

u → X1Σ+
g )

and Werner H2(C1Πu → X1Σ+
g ) transitions. Both the detected atomic and

molecular transitions are illustrated in the energy diagrams of figure 4.4.
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Figure 4.2: Experimental VUV spectrum of a hydrogen microwave discharge operat-
ing at 300 W and 0.2 mbar, detected with a photomultiplier coupled to a scintillator.

Table 4.1: Hydrogen atomic transitions emitting in the VUV range: the most intense
observed emission lines are presented by increasing intensity (data collected in the
NIST database [36]).

Lower Level Upper Level

Transition λ (nm) Aki (s−1) Config. Ei (eV) Config. Ek (eV)

Lyman-ε 93.8 1.6440× 106 n = 1 0.00 n = 6 13.22
Lyman-δ 95.0 4.1250× 106 n = 1 0.00 n = 5 13.05
Lyman-γ 97.3 1.2785× 107 n = 1 0.00 n = 4 12.73
Lyman-β 102.6 5.5751× 108 n = 1 0.00 n = 3 12.07
Lyman-α 121.6 4.6986× 108 n = 1 0.00 n = 2 10.19
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Figure 4.3: (a) Experimental VUV spectrum of hydrogen, detected for a discharge
at pressure 0.4 mbar and applied microwave power of 350 W, with a silicon photodi-
ode sensible to VUV wavelengths. Emission lines originating from atomic Lyman
transitions are indicated in the spectrum; (b) Enlarged region of the spectral range
85–105 nm.
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4.4 Modelling of the discharge

A theoretical model previously developed [121,122] has been further updated
to determine VUV radiation originated from the transitions of atomic Lyman-
α,β lines and of Lyman H2(B1Σ+

u → X1Σ+
g ) and Werner H2(C1Πu → X1Σ+

g )
molecular bands. The sole input parameters of the model are the externally
controlled parameters in the experiment: operating frequency, ω; total absorbed
power, P ; discharge tube radius, R, and material; pressure, p; and gas flow
rate, Q. As a result, the model fully determines the axial discharge structure
(i.e. the axial variation of the electron energy distribution funtion, EEDF, and
energy averaged quantities), population densities of the most important species,
discharge maintaining field, gas temperature, wave attenuation coefficient, etc,
along the plasma column. The model considerations will not be fully addressed
here since they were previously described in the publications by Gordiets and
Ferreira [121, 122]. The model couples the following equations governing the
discharge production and maintenance self-consistently:

• the electron Boltzmann equation;

• the rate balance equations for the vibrationally excited molecules
H2(X1Σ+

g , v);

• the rate balance equations for electronically b3Σ+
u , c3Πu, a3Σ+

g , e3Σ+
u ,

B1Σ+
u , C1Πu, E1Σ+

g +F1Σ+
g , G1Σ+

g , B′1Σ−u , D1Πu, B′′1Σ+
u , D′1Πu excited

states of H2 molecules and H(n = 1 – 4) atoms;

• the rate balance equations for different kinds of neutral (H2, H(1s)) and
charged particles (H+, H+

2 , H+
3 , H−);

• the gas thermal balance equation;

• the local surface-wave dispersion equation.

The fast radiative decay of the group of triplet states c3Πu, a3Σ+
g , e3Σ+

u into
a repulsive state b3Σ+

u results in dissociation of H2 molecules. Therefore, the
sum of the rate coefficients for excitation of these states was assumed as the rate
coefficient for dissociation of H2 by electrons. The processes of dissociation by
electron impact with the production of H(1s) + H(n = 2) and H(1s) + H(n =
3) were also taken into account. Plasma-wall interactions are known to strongly
influence the densities of some species in low-pressure discharges. Given the
small tube radius, the heat exchange processes between the wall surface and
the environment become particularly important. For this reason, the axial
profile of the wall temperature was measured with pyrometer and imposed as
the boundary value of the gas temperature in the gas thermal balance equation.
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The wall temperature axial profile was fitted by an analytical expression (z is
in cm):

Twall (K) = 3.32× z2 − 81× z + 622.62 0 ≤ z ≤ 9 cm (4.1)

Under the present conditions, the existence of a strong radial dc electric
filed should be taken into consideration. This results in some peculiarity of the
ion transport to the wall and strongly influences the probability W ion

a of ion
wall losses. Assuming a parabolic radial profile for the charge density, the radial
dc electric field Er can be estimated as [130]:

Er ≈
kTe

eR
ln(R/2λen) . (4.2)

Here Te is the electron temperature, k is the Boltzman constant, R is the
inner tube radius and λen is the electron mean free path. Due to the small radius
and high electron temperatures peculiar for hydrogen low-pressure discharges
(Te ∼ 4 eV), the electric field can reach high values (Er >10 V/cm). In a strong
field, an ion acquires along its mean free path λin an energy eErλin much larger
than the gas thermal energy, so its mean energy runs much ahead of the gas
thermal energy. The collision cross-section σg becomes close to the gas-kinetic
value and does not depend on the ion velocity. Correspondingly, the ion mean
free path λin ≈ 1/(σg × Nt) becomes constant. Here Nt is the total neutral
density of hydrogen atoms and molecules. Assuming a Gaussian distribution of
the ions and isotropic scattering of ions in the center-of-mass reference frame,
the ion temperature Ti in the direction parallel to the radial dc Er field and
the ion drift velocity Vid can be obtained [130,131]:

kTi ≈ kTg + 0.454× eErλin ; Vid = 1.14×
√
eErλin

Mi
. (4.3)

Due to the difference between the ion kinetic energy and the kinetic energy
of neutral species, an effective temperature must be used for the calculation of
rate coefficients and transport parameters. This effective ion temperature is
given by [132]:

Tieff ≈
MiTg +MgTi

Mi +Mg
+

MiMg

3k(Mi +Mg)
× V 2

id , (4.4)

where Mi and Mg are the masses of ion and gas neutral atoms or molecules.
The average mass of ions H+, H+

2 , H+
3 and neutral H and H2, that are present

in the discharge have been calculated. The temperature Tieff determines the
average ion velocity 〈Vi〉 which is necessary to determine the ion diffusion
coefficient, i.e.:
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Dieff ≈
λin 〈Vi〉

3
. (4.5)

Moreover, an effective ambipolar diffusion Daeff coefficient can be introduced:

Daeff ≈ Dieff

(
1 +

Te

Tieff

)
. (4.6)

And these approximate formula have been used for the calculation of ion
diffusion losses in the discharge:

W ion
a ≈ Daeff/Λ

2 ; Λ ≈ R/2.4 , (4.7)

where R is the internal radius of the tube. It should be noted that for a
small tube radius R, the value W ion

a is higher than the probability W ion
kin of ion

losses due to direct collision with the wall surface:

W ion
kin ≈ 2γ 〈Vi〉 /R . (4.8)

Here, γ is the probability of ion losses in collisions with the wall. The
reciprocal of the total probability of wall losses of positive ions, Wwall, is equal
to the sum of the transport diffusion time of ions from the plasma bulk to the
wall, τ ion

a , and the time for ion losses on the tube’s surface, τ ion
kin .

1

W ion
wall

≈ τ ion
a + τ ion

kin =
1

W ion
a

+
1

W ion
kin

. (4.9)

Note, that a formula similar to equation (4.9), in which the same time-adding
rule is used, was suggested in [131] (see also [133, 134]) and used in [121] to
calculate wall loss probabilities for all species.

The main contributions to VUV emission in the region 80–125 nm correspond
to the Lyman (B1Σ+

u → X1Σ+
g ) and Werner (C1Πu → X1Σ+

g ) band systems
of H2 molecules and also to the Lyman-α and Lyman-β radiation of H atoms.
The populations of atomic H(n = 2), H(n = 3) levels and molecular H2(B1Σ+

u )
and H2(C1Πu) levels were determined by taking into account the excitation
and de-excitation by electron driven processes and the radiative decay to the
ground states. The losses of the H2(C1Πu) state due to dissociation processes
H2(C1Πu) + e → H + H− (with rate coefficient 3× 10−9 cm3s−1) were also
taken into account.

The theoretical treatment of wave-to-plasma power coupling, as usual, was
based on a simultaneous solution of the wave power balance equation and the
electron energy balance equation, as obtained by integration of the Boltzmann
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equation. The latter express the electron energy losses in the discharge ensuring
the plasma maintenance. The system of equations was solved in a self-consistent
manner yielding an integral description of the discharge axial structure and the
variation of emission intensities of VUV radiation originating from the plasma
region near the launcher. A more detailed description about the model can be
found in previous works [121–123].

4.5 Dependence of the VUV spectral intensity on the
plasma operational conditions

The relative VUV radiation intensity of the hydrogen atomic and molecular
spectral emission has been investigated as a function of the microwave power
applied to the discharge and as function of the pressure. The emitted spectra
were collected for powers ranging from 80 to 300 W and pressures ranging from
0.1 to 2 mbar (figures 4.5 and 4.6). As seen from figure 4.5a, both the molecular
and atomic lines intensities increase with the microwave power delivered to the
launcher, for a discharge pressure of 0.2 mbar. The integral intensity of the
atomic hydrogen lines Lyman-α (121.6 nm) and Lyman-β (102.6 nm) increases
linearly with power, as demonstrated in figure 4.5b, where the bars represent
the effect of self-absorption estimated in the present conditions. The emitted
VUV spectra change significantly when pressure is increased up to 2 mbar, as
demonstrated in figure 4.6a. At these conditions, the plasma emission is mostly
determined by the Lyman and Werner molecular bands. Increasing the pressure
results in decreased relative number density of hydrogen atoms in respect to the
total number density (estimated to be about 26% at 2 mbar), and consequently
the atomic lines are less pronounced. The integral intensities of the Lyman and
Werner molecular bands are defined by the measured profile of the emission
lines. Note that the integral intensity of the molecular spectral emission was
calculated taking into account the sum of both Lyman and Werner bands,
since the contribution of each cannot be effectively determined due to their
convolution in the measured spectral region. The intensity of the molecular
bands is found to increase almost linearly with the microwave power from 80 to
300 W, as can be seen in figure 4.6b where the experimental results are compared
to the model predictions, showing a good agreement. The observed increase of
molecular spectral emission is related to the increase of the electron density with
power delivered to the launcher. Electron impact excitation is considered the
main population mechanism of the excited states under low-pressure conditions
and radiative decay appears to be the main loss channel. The analysis of the Hβ

line Stark broadening yields values of the order of 2× 1012 cm−3 for the electron
density near the launcher position, for hydrogen discharges with pressures of
2 mbar and applied microwave powers of 300 W.
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Figure 4.5: (a) Hydrogen emission spectra in the 90–125 nm spectral range, collected
from discharges operating at different microwave powers and at a constant pressure of
0.2 mbar; (b) VUV integral intensities of the Lyman-α,β atomic lines for discharges
operating at a constant pressure of 0.2 mbar and microwave powers ranging from 80
to 300 W.
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Figure 4.6: (a) Hydrogen emission spectra in the 90–125 nm spectral range, collected
from discharges operating at a constant pressure of 2 mbar and for different microwave
powers delivered to the launcher; (b) Comparison of experimental and model-predicted
VUV intensities of the Lyman and Werner molecular bands, for discharges operating
at a constant pressure of 2 mbar and microwave powers ranging from 80 to 300 W
(points-experiment; solid line-theory).
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Performing measurements of the Hβ line along the discharge axis, the electron
density is estimated to decrease by one order of magnitude towards the end of
the plasma column. The expression used to estimate the electron density was
obtained from a fit to the data listed by Gigosos and Cardeñoso as obtained
from developed numerical models [113, 114] and previously explained in section
3.2.2.

The length of the plasma column increases from 5 cm to about 8 cm as the
microwave power delivered to the discharge increases from 120 to 300 W. The
measured discharge lengths are compared to the ones calculated in the model
and the comparison is presented in figure 4.7 as a function of the microwave
power supplied to the launcher. It is seen that the experimental plasma lengths
are somewhat smaller than predicted. The discrepancies can be attributed to
the difference between the power delivered to the launcher (which is measured
in the experiment) and the power absorbed in the discharge (which is an input
parameter in the model). The latter is smaller due to inevitable power losses
inside the surface-wave launcher.
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Figure 4.7: Dependence of the plasma length on the total microwave power supplied
to the discharge, at constant pressure of 2 mbar (points-experiment; solid curve-theory).
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4.6 Temperature of H2 molecules and H atoms

The temperature of hydrogen molecules has also been determined as a function
of the microwave power delivered to the launcher. Optical emission spectroscopy
measurements of the Q-branch of the Fulcher-α (d3Πu → a3Σ+

g ) bands in the
spectral region 600–617 nm were used to determine the rotational temperature
of molecular hydrogen. Both ν′ = 0 → ν′′ = 0 and ν′ = 1 → ν′′ = 1
transitions (see figure 3.13) were considered and their relative intensities were
used to calculate the rotational temperatures. For simplicity, the rotational
temperature was taken as the average of the temperatures obtained for each
of these two transitions. As a remark, the difference between the rotational
temperatures obtained from each of these transitions is approximately 200 K.
It was assumed that the rotational distribution follows the Boltzmann law.
The rotational temperature of the ground state molecules is usually a good
estimation of the gas temperature, since the lifetime of the molecules in the
ground state is normally significantly larger than the characteristic time between
collisions. Thus, the rotational temperature of H2 molecules has been taken
as a measure of the gas temperature. Its dependence on the microwave power
delivered to the launcher is shown in figure 4.8a. The measurements were
taken perpendicularly to the discharge tube and as close as possible to the wave
launcher gap (∼ 5 mm). The rotational temperature increases from 800 to about
1100 K, while increasing the microwave power from 100 to 300 W. This result
can be correlated with the increase of absorbed power per unit volume, which
increases from nearly 141 W/cm−3 to 326 W/cm−3, as the input microwave
power was raised to 300 W.

Spatially resolved measurements of the rotational temperature were also
performed. The measured axial profile of the rotational temperature, i.e. the
molecular temperature, as a function of the distance from the launcher obtained
at 300 W microwave power and 2 mbar pressure is shown in figure 4.8b. The
rotational temperature decreases from nearly 1300 at the launcher to 700 K near
the end of the plasma column. This reflects the non-uniform power absorption
along the wave path. A good agreement with the theoretically predicted gas
temperature profile is observed close to the end of the discharge. Along the
main part of the plasma column, the measured rotational temperature values
are higher than theoretically predicted. This difference can be attributed to
the number of assumptions used to determine the rotational temperature from
rotational line distributions and the assumption of equilibrium between the
rotational and translational modes [127]. Nevertheless, the experimental values
of the rotational temperatures follow the axial trend as theoretically obtained.
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Figure 4.8: (a) Gas temperature as a function of microwave power delivered to the
launcher for constant pressure 2 mbar; (b) Axial profile of the gas temperature in a
discharge operating at 300 W and 2 mbar. The distance from the end ∆z is normalized
to the total discharge length L (points-experiment; solid curve-theory).

66



4.6. Temperature of H2 molecules and H atoms

The kinetic temperature of excited hydrogen atoms was determined by
measuring the Doppler broadening of the Hβ line at 486.1 nm. The atomic tem-
peratures hence obtained were found to be about two to three times higher than
the molecular ones. Such a splitting between the temperature of hydrogen atoms
and molecules has been observed before in previous investigations [60, 124,126],
where the reasons for such a splitting are considered to be connected with the
main creation processes of excited atoms, namely, electron impact dissociation
and ion conversion.

A similar temperature splitting was also recently reported for a low pressure
helicon plasma [127]. In the model, however, a thermal equilibrium between
hydrogen atoms and molecules was assumed. The model predictions on the
variation of the excited H(n = 4) level population density are compared to the
axial variation of the Hβ line intensity (corresponding to the atomic transition
n =4 → n =2) along the plasma column length (figure 4.9). The intensity of
the Hβ line decreases gradually along the discharge following the simultaneous
decrease in the electron density and excitation rate coefficients towards the
column end. A good agreement is obtained between experimentally obtained
and theoretically predicted axial profiles.
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Figure 4.9: Axial variation of the intensity of the Hβ line at 486.1 nm, in a discharge
operating at 300 W and 2 mbar (points-experiment, line-theory).
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4.7 Summary

Hydrogen microwave discharges driven by a travelling surface wave have been
investigated as a source of vacuum ultraviolet radiation. Experimental inves-
tigations have been carried out by a plasma source operating at 2.45 GHz at
low-pressure conditions (p = 0.2–2 mbar). The VUV radiation plasma emit-
ted by the plasma in the 80–125 nm spectral range has been measured using
emission spectroscopy. The results concerning the observed VUV radiation
and the axial variations of important plasma parameters were discussed in
the framework of a self-consistent radiative-collisional model based on a set of
coupled equations including the electron Boltzmann equation, the rate balance
equations for the most important electronically excited species and charged
particles, the gas thermal balance equation, and the wave electrodynamics as
well. Both atomic and molecular emission was detected in the VUV region and
the intensity of both was found to scale approximately linearly with the applied
microwave power per unit volume. The discharge emits a rich spectrum in the
80–125 nm spectral range, composed of both atomic Lyman series and molecular
Lyman H2(B1Σ+

u –X1Σ+
g ) and Werner H2(C1Πu–X1Σ+

g ) bands. Lyman-α and
Lyman-β atomic lines are easily identified at low pressure (0.2 mbar), while lines
corresponding to the higher order atomic transitions cannot be easily resolved
from the molecular bands spectral emission. When increasing the pressure
up to 2 mbar, the VUV spectrum is entirely determined by molecular Lyman
and Werner bands. Molecular band intensities at a pressure of 2 mbar increase
with the microwave power applied to the launcher, in good agreement with
the theoretical predictions. This behaviour correlates with the variation of the
electron number density, with the main population mechanisms of the excited
states being electron driven processes.

A spatially-resolved experimental investigation of the gas temperature and
intensity emission of the Hβ atomic line has been shown to confirm the main
trends predicted by the model at a pressure of 2 mbar. The gas temperature
variations have been experimentally obtained from the rotational distribution
of the Fulcher-α molecular band, assuming equilibrium between rotational and
translational modes. It was found to gradually decrease from 1200 K to about
800 K following the non-linear microwave power dissipation along the generated
plasma column. Several experimental improvements are being carried out to
eliminate some of the setup current constrains. An improvement in the signal
to noise ratio is expected, allowing the detection of a more detailed molecular
spectrum.

The richness of the emission spectrum, combined with the reliability of the
surface-wave based plasma sources, confers this type of discharge potential to
become an attractive alternative in VUV radiation assisted applications. A
deeper understanding of the main mechanisms governing the VUV radiation
emitted by hydrogen plasmas at low-pressure conditions is required, nonetheless,
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to further promote microwave discharges in that role. In this regard, further
experimental investigations of plasma radiation in this spectral range along with
theoretical studies on the main processes leading to the population of upper
high energy levels of the hydrogen molecules and the correspondent channelling
of the microwave power into the population of these levels is being considered.
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Chapter 5

VUV radiation emitted by argon
microwave plasmas

Vacuum ultraviolet (VUV) radiation emitted by microwave driven argon plasmas
has been investigated at low-pressure conditions (0.36 mbar). A classical surface-
wave sustained discharge at 2.45 GHz has been used as plasma source. VUV
radiation has been detected by emission spectroscopy in the 30–125 nm spectral
range. The spectrum exhibits atomic and ionic argon spectral lines, the most
intense ones corresponding to the atomic resonance lines, at 104.8 nm and
106.7 nm, and to the ion lines, at 92 nm and 93.2 nm. Spectral emission at lower
wavelengths was also detected, including lines with no information concerning
level transitions in the well-known NIST database (e.g., the atomic line at
89.4 nm). The dependence of the lines intensity on the microwave power
delivered to the launcher was investigated. The electron density was estimated
to be around 1012 cm−3 using the Stark broadening of the hydrogen Hβ line at
486.1 nm. The main population and loss mechanisms considered in the model for
the excited argon atom and ion states emitting in the VUV range are discussed.
The experimental results were compared to self-consistent model predictions,
and a good agreement was obtained. Furthermore, the variations of the VUV
emission spectrum with the addition of hydrogen to the background gas has
been investigated.1

1Part of the results presented here were published as Vacuum ultraviolet radiation emitted
by microwave driven argon plasmas, S. Espinho, E. Felizardo, J. Henriques and E. Tatarova,
2017 Journal of Applied Physics, 121(15), 153303 [135], and Vacuum ultraviolet emission
from microwave Ar-H2 plasmas, S. Espinho, E. Felizardo, E. Tatarova, F. M. Dias and C. M.
Ferreira, 2013 Applied Physics Letters 102(11) [136]
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5.1 Introduction

Being an inert gas, argon is used as background gas in numerous plasma-based
applications, namely in plasma processing. In this field, it is essential to assess
the effect of the VUV photons emitted by the plasma since these are energetic
enough to alter surface chemistry and may damage the materials involved. For
example, the interaction of VUV photons with polymers or with liquids is yet to
be fully understood in plasma treatment processes [15,24,137]. Depending on
the target application, it might be beneficial to take advantage of these highly
energetic photons emitted by the plasma to improve the process or it might
be necessary to prevent damage caused by their interaction [10–14]. Either
way, both approaches require a deep understanding of the processes occurring
inside the plasma that lead to the emission of VUV photons. While a significant
number of papers concerning visible spectra emitted by argon discharges is
available, only a few investigate the spectral emission lines in the VUV range.
Yet, the experimental study of VUV radiation emitted by argon plasmas is not
such a recent topic, but the challenges of detecting wavelengths below 120 nm
contribute to the small number of related publications.

A number of studies on VUV radiation emitted by inductively coupled
discharges (ICP) in argon and mixtures of argon with other gases can be found in
literature. Measurements of radiation emitted by argon ICPs in the wavelength
region 85–200 nm have been performed more than thirty years ago [138, 139].
The background features observed include emission from the atomic resonance
lines of argon at 104.8 nm and 106.7 nm, and emission from gas impurities such
as oxygen, nitrogen, carbon and hydrogen. More recent works characterize
absolute VUV fluxes to surfaces exposed in an ICP argon plasma at pressures of
1–50 mTorr and powers of 25–400 W, using a calibrated VUV spectrometer [46].
The number densities of atoms in the two resonance levels emitting at 104.8 nm
and 106.7 nm have recently been measured by Boffard et al. [47] using both white
light optical absorption spectroscopy and radiation-trapping induced changes
in the 3p54p → 3p54s branching fractions, measured via visible/near-infrared
optical emission spectroscopy in an argon ICP as a function of pressure and
power. A good agreement was obtained between the measured VUV emission
rate (measured with a calibrated VUV photodiode) and the rate obtained from
the model (which takes into account radiation trapping), showing a strong
dependence on the neutral gas temperature. The VUV spectral irradiance
was determined in low-pressure microwave-produced plasmas regularly used for
polymer surface treatment in [140]. A novel procedure is applied to determine
the absolute value of the VUV/UV irradiance on a substrate, by using the
re-emitted fluorescence in the UV/VIS spectral range from a sodium salicylate
layer and a set of cut-off filters. The measured irradiances on a substrate from
a 25 Pa Ar-O2 plasma are in the range of 1015–1016 photons/cm2s, including
the contribution from impurities present in the discharge. Other investigations
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report absolute measurements of plasma VUV emission in an electron cyclotron
resonance etcher (ECR) for processing [43]. At typical pressures for processing,
between 0.5 and 5 mTorr, and microwave powers between 700 and 1300 W, the
levels of irradiance at the wafer position are of the order of tenths of mW/cm2

and integrated photon fluxes are in the 1014 photons/cm2s range. This level of
VUV spectral emission is shown to be high enough to induce radiation damage in
typical metal-oxide-semiconductor devices. In another study, the energy fluxes
of VUV photons at an electrically floating substrate in a low-pressure 13.56 MHz
radio-frequency (rf) plasma reactor used for polymer surface treatments have
been measured using absolutely calibrated VUV spectroscopy [44]. These fluxes
have been compared with the positive ion flux that was reported in an earlier
study. The measurements were used to determine whether the VUV radiation
or the ion flux is the most effective in the treatment of polystyrene surfaces in
a pure argon plasma. At the typical operating parameters of 10 mTorr pressure
and 10 W power, the ion energy flux is found to be 1.5 times higher than
the VUV energy flux. However, as the pressure increases, (1–100 mTorr), the
ion energy flux declines, while the VUV component increases. At discharge
powers of 10 W, and pressures greater than 25 mTorr, most of the energy flux
to the surface is from the VUV photons. Nevertheless, for typical plasma
operating conditions, the authors estimate that the ions play the major role
in the modification of polystyrene surfaces because of their shorter stopping
distances since the VUV absorption coefficient of polystyrene is low. The radial
profile of the well-known argon resonance lines at 104.8 nm and 106.7 nm has
been studied also in ICP and ECR plasma sources at low-pressures (0.6 Pa) [45].
The authors used emission spectroscopy to investigate the effect of inert gas
mixing in nitrogen plasmas generated in these sources. The VUV emission
of the argon resonance lines is used to determine the concentration of atomic
nitrogen. The intensity of these lines was found to be approximately constant
along the radius, decreasing slightly at the edges.

Other works consider only the VUV region above 115 nm. For example, the
VUV spectral emission from a cylindrical dielectric barrier discharge excited by
rf power at 13.56 MHz in both pure argon and mixtures of argon with nitrogen
and air have been analysed by Masoud et al. [48]. The authors measured the
relative emission intensity of the Ar∗2 excimer second continuum (120–135 nm)
in pure argon as a function of pressure, rf power and gas flow rate. Channels of
energy transfer from the argon metastables and excimers to atomic nitrogen
and oxygen in excited Ar–N2 mixtures were analysed based on the dependence
of the VUV emission intensity on the discharge operating parameters and the
gas mixture. Lange et al. studied the VUV radiation from 115 to 200 nm at
the effluent of an rf (1.2 MHz) capillary jet fed with pure argon and mixtures
with rare gases [49]. They measured the Ar∗2 excimer second continuum and
studied the intensity variation with the addition of xenon or krypton to the
background gas.
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Studies concerning mixtures of argon-hydrogen are also found in literature.
An overview of the various processes which may occur in an argon-hydrogen glow-
discharge plasma with respect to Ar species, H atoms and H2 molecules is given
by Bogaerts and Gijbels in [53]. The analysis includes cross sections and rate
coefficients compiled from the literature. Based on the rate coefficients of the
main reaction processes, the authors predict that the presence of H atoms and H2

molecules results in a drop in argon ion (and possibly electron) density, a drop
in argon metastable atom density, and a shift of the electron energy distribution
function towards lower energies. These effects have been correlated with the
observed changes in the behaviour of the argon emission lines intensity as a
result of hydrogen addition. The authors stress the need of more measurements
to verify the predicted behaviours. The effect of hydrogen addition on the
physical properties and the sputtering efficiency of a rf (13.56 MHz) argon
plasma was investigated by Laidani et al. in [52]. The discharges in Ar-H2

were used to sputter-deposit carbon films from a graphite cathode. The results
show that hydrogen exerts a positive effect on the film deposition rate at low
hydrogen concentrations, an enhancing deposition effect correlated with a high
density of ArH+ ions in the plasma and a high energy flux carried by the
ions to the cathode. Mills and Ray investigated the effect of the addition of
small quantities of argon (up to 5%) to a hydrogen microwave discharge gas
cell light source [54]. Spectra of pure hydrogen and argon-hydrogen mixtures
are measured in the 90–126 nm region and compared. They found that the
intensity of the hydrogen Lyman-α line increases by an order of magnitude with
the addition of 5% argon to the hydrogen plasma which suggested that one or
more of the plasma temperatures may be elevated, whereas adding 5% xenon
to hydrogen in the same conditions had no effect. The authors attribute this to
a possible resonant non-radiative energy-transfer mechanism, but it should be
noted that this is a subject of strong controversy in the literature [141,142].

In this work, VUV radiation emitted by argon surface-wave-sustained dis-
charges operating at 2.45 GHz is investigated using emission spectroscopy. VUV
spectral lines are measured in the 30–125 nm range. These emission lines corre-
spond to transitions from the excited atomic levels Ar(4s), Ar(5s), and Ar(3d),
as well as from the excited ion level Ar+(3s3p6). Among the strongest transi-
tions, one distinguishes the atomic resonance lines, at 104.8 nm and 106.7 nm,
and the Ar+ ion lines, at 92.0 nm and 93.2 nm. Radiation at lower wavelengths
was also detected, including lines with no information in the well-known NIST
database concerning level transitions (such as the atomic resonance line at
89.4 nm) [36]. The spectral lines intensity variation with changes of the mi-
crowave power delivered to the plasma has been studied, as well as with changes
in pressure in the case of the ion lines. The effect of hydrogen on the emission
spectrum in the VUV has been studied by adding small percentages of hydrogen
to the background gas. The plasma electron density was estimated using the
Stark broadening of the Hβ line (486.1 nm), using the data listed by Gigosos
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and Cardeñoso [113,114]. The experimental results were compared to the theo-
retical predictions of a self-consistent model based on a set of coupled equations,
including the electron Boltzmann equation, the rate balance equations for the
most important electronically excited species and for charged particles, the gas
thermal balance equation, and the wave electrodynamics [96,109].

5.2 Plasma source and experimental conditions

The plasma source, shown in figure 5.1, consists of a classical surface-wave-
sustained discharge operating at microwave frequency. The discharge setup,
as well as the setup for emission spectroscopy in the visible and VUV regions
have been explained in detail in the previous chapters 2 and 3, respectively.
Nevertheless, a few aspects are here reminded and the operational conditions for
the particular case of argon plasmas are here described. The microwave power
was provided by a 2.45 GHz generator whose output power was varied from 80
to 220 W. The generator is connected to a waveguide system, which includes an
isolator, a three-stub tuner, and a waveguide-surfatron as the field applicator
(refer to section 2.3.2 for more details). The discharge takes place inside a quartz
tube with internal/external radii of 1.5/2.5 mm where the background gas is
injected. Argon and mixtures of argon-hydrogen were used as background gas,
at pressures ranging from 0.1–0.7 mbar. Pictures of typical discharges in argon
and in argon-hydrogen mixtures are shown in figures 5.1a and 5.1b, respectively.
The addition of hydrogen to argon results in a strong pink coloured discharge,
which is a characteristic colour of hydrogen plasmas (as seen in the previous
chapter). The majority of the discharge volume extends on the positive side
of the launcher (see figure 5.1). The detected VUV radiation originates in a
small plasma region at the end of the post-discharge zone because the rest of
the plasma is optically thick for this radiation. The Horiba Jobin-Yvon Plane
Grating Monochromator (PGM) is directly connected to the discharge tube
granting unobstructed line-of-sight over the discharge axis. The detector is
a silicon photodiode sensitive to VUV wavelengths. The measurements were
performed with integration times of 1 s and the slits of the spectrometer were set
at 0.5 mm. Details concerning the emission spectroscopy system are explained
in detail in section 3.2.1.

Emission spectroscopy in the visible range was also applied in order to esti-
mate the plasma electron density. The visible radiation has been collected by an
optical fiber, positioned perpendicularly to the discharge tube at the launcher
position as well as along the discharge axis, which transmits the radiation to
the entrance slit of the Jobin-YvonSpex 1250M spectrometer (for more details
refer to section 3.2.2). The plasma electron density is then estimated from the
Stark broadening of the Hβ line (486.1 nm) using as reference the diagnostic
tables of hydrogen Stark broadening as obtained from the model of Gigosos
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and Cardeñoso [113, 114], with extrapolations to electron densities as low as
1012 cm−3 (described previously in section 3.3.1). In their model calculations,
the theoretical values of the Stark broadening FWHM are given as a function
of the emitter-perturber pair reduced masses µ, which in the case of the Ar-H
system correspond to µ ∼= 1.

(a) (b)

Figure 5.1: (a) Picture of a surface wave microwave discharge in argon; (b) Picture
of a surface wave microwave discharge in an argon-hydrogen mixture. Even a small
addition of hydrogen confers the discharge a strong pink colour, characteristic of
hydrogen discharges.

5.3 Identification of argon spectral lines in the VUV

VUV radiation emitted by argon microwave driven discharges has been collected
in the 30–125 nm spectral range. Both atomic and ionic spectral lines were
observed in this wavelength region and a typical spectrum of an argon discharge
is shown in figure 5.2. The transitions giving origin to the most intense spectral
lines observed in the VUV are identified in table 5.1 and depicted in the
energy diagram in figure 5.3. The dominant atomic transitions in this region
correspond to resonant transitions from the two levels 1s2 and 1s4 of the Ar(4s)
configuration, with respective energies 11.83 eV and 11.62 eV at 104.8 nm and
106.7 nm, respectively. Considerably weaker than these atomic resonant lines,
but still prominent, are two spectral lines originating from the same excited
argon ion level at 29.24 eV from the Ar+(3s3p6) configuration to the ion ground
state configuration Ar+(3s23p5), emitting at 92.0 nm and 93.2 nm.

The lower wavelength lines can be divided in two regions of the spectrum
considered in figure 5.2b. The first one, from 85 to 90 nm, comprises four atomic
emission lines at 86.7 nm, 86.9 nm, 87.6 nm and 87.9 nm. Another atomic line
was detected in this region at 89.4 nm. This line had no information in the
NIST database concerning the levels of the transition and was later identified
using references [143–145].
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Figure 5.2: (a) Measured VUV spectrum of argon. Emission lines originating from
atomic (Ar I) and ionic (Ar II) transitions are identified. Hydrogen impurities present
in the discharge are also shown; (b) Detail of the 80–90 nm region shown in the dashed
box. The lines in the 85–90 nm region are well identified and shown in the energy level
diagram. The lines in the 80–85 nm region are identified here with the most probable
transitions, since there is no information concerning transition probabilities and the
levels involved in the NIST database [36].
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5.4. Modelling of the discharge

These five transitions are all resonant and originate from levels of the
Ar(5s) and Ar(3d) configurations to the ground state with energies between
13.86 eV and 14.30 eV, as depicted in the energy diagram of figure 5.3. As
shown in the energy diagram, there are other argon species emitting in this
85–90 nm region, namely transitions from the argon ion Ar2+. In fact, there
are six transitions emitting from 87.11 to 88.74 nm from excited levels of the
Ar2+(3s3p5) configuration (energies around 42 eV) to levels of the ground state
Ar2+(3s23p4). The reason why these transitions are depicted in the energy
diagram is that they have strong transition probabilities, on the order of 107 -
108 s−1, comparable to the transition probabilities of the argon atom transitions
in this range [36]. This means that we should take into account the possibility
that these transitions are contributing to the emission spectrum of argon, being
overlapped with the atomic transitions between 85–90 nm. However, other
emission lines from Ar2+ were not detected in the 30 to 125 nm range of the
spectrum and this indicates that excited levels from this ion are probably not
being populated in the present experimental conditions – hence the identification
of the observed lines in this region as atomic ones.

For the second region, between 80 and 85 nm, there are a number of possible
atomic transitions giving rise to the observed radiation. However, there is
quite an uncertainty on which transitions are playing a role here, since many
of the possible ones emit at close wavelengths and may appear convoluted in
the spectrum. Even more, the transition probabilities and the emission levels
giving rise to these spectral lines are not listed in the NIST database [36]. For
this reason, these transitions were not included in the energy diagram presented
in figure 5.3. Additionally, the hydrogen Lyman-β, γ lines at 102.6 nm and
97.3 nm can be easily identified in the spectrum. The presence of these lines
can be attributed to hydrogen impurities that are inevitably present in the
discharge.

5.4 Modelling of the discharge

The experimental results are compared to the predictions of a 2D self-consistent
theoretical model, previously developed by Ferreira [96] and Henriques [109].
The model has now been updated to include the main argon atom and ion
excited levels whose transitions fall in the VUV range. The principal collisional
and radiative processes of neutral Ar(4s), Ar(4p), Ar(3d), Ar(5s), Ar(5p) and
Ar(4d) as well as those of the ionized Ar(3s3p6) level are accounted for (see
table 5.2). The model includes the following set of strongly coupled equations:
the electron Boltzmann equation, the rate balance equations for the most
important electron excited neutral and ionic species present in the discharge,
the gas thermal balance equation, and the wave dispersion equation. This set of
equations is solved in a self-consistent way, using an iteration procedure and its
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Chapter 5. VUV radiation emitted by argon microwave plasmas

outputs depend only on externally controllable parameters (input parameters)
such as: mass flow rate, gas pressure (p = NkTg, where N is the neutral gas
density, and Tg), power P , stimulating frequency ω/2π, inner radius of the tube
a, dielectric tube thickness (b− a) and its permitivity εd. A flow chart of the
model illustrating the solution algorithm used is shown in figure 5.4. As output,
the model model provides self-consistent descriptions of the following quantities:
gas temperature Tg(r, z), electron energy distribution function and its integral
quantities, mean power needed for the creation of an electron–ion pair Θ(r, z) in
the discharge, electron density ne(r, z), population of the neutral states of the
Ar(4s) and Ar(5s) configurations, population of the ionic state Ar(3s3p6), spatial
structure of the surface wave electric field E(r, z). Similarly to the previous
chapter, the model will not be extensively described here since it has been the
scope of previous works. A detailed description of the method and assumptions
of the model can be found in the works of Ferreira and Henriques [96,109].

Figure 5.4: Flow chart of the model.
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5.4. Modelling of the discharge

Table 5.2: Collisional-radiative processes considered in the model for the ion Ar+

states and for the atomic Ar(4s), Ar(3d) and Ar(5s) states.

Reactions References

R1 Ar + e → Ar+(3s23p5) + e + e [146]
R2 Ar(4s) + e → Ar+(3s23p5) + e + e [147]
R3 Ar(4p) + e → Ar+(3s23p5) + e + e [148]
R4 Ar(5p) + e → Ar+(3s23p5) + e + e [149]

R5 Ar + Ar(5p) → Ar+2 + e [150]

R6 Ar + Ar(4d) → Ar+2 + e [150]
R7 Ar(4s, 4p) + Ar(4s, 4p) → Ar+(3s23p5) + Ar + e [151,152]

R8 Ar(4s, 4p) + Ar(4s, 4p) → Ar+2 + e [153]
R9 Ar+(3s23p5) + wall → Ar [108,154]

R10 Ar+2 + wall → Ar+ [108,154]
R11 Ar + e → Ar+(3s3p6) + e + e [155]
R12 Ar+(3s23p5) + e → Ar+(3s3p6) + e [156]
R13 Ar(4s) + e → Ar+(3s3p6) + e + e [155]
R14 Ar(4p) + e → Ar+(3s3p6) + e + e [155]
R15 Ar+(3s3p6) → Ar+(3s23p5, 3/2) + hν [36, 157–159]
R16 Ar+(3s3p6) → Ar+(3s23p5, 1/2) + hν [36, 157–159]
R17 Ar+(3s3p6) + wall → Ar [108,154]
R18 Ar(4p) + hν → Ar(1s4) [36,157–160]
R19 Ar(4p) + e ↔ Ar(1s4) + e [161]
R20 Ar + e → Ar(1s4) + e [147]
R21 Ar(1s4) + e ↔ Ar(1s4) + e [154,161]
R22 Ar(5p) → Ar(1s4) + hν [36]
R23 Ar(1s4) ↔ Ar + hν (106.7 nm) [36,157–159]
R24 Ar(1s4) + wall → Ar [108,154]
R25 Ar(1s4) + e → Ar+ + e + e [147]
R26 Ar(4p) + hν → Ar(1s2) [36,157–160]
R27 Ar(4p) + e ↔ Ar(1s2) + e [161]
R28 Ar + e → Ar(1s2) + e [147]
R29 Ar(5p) → Ar(1s2) + hν [36]
R30 Ar(1s2) ↔ Ar + hν (104.8 nm) [36,157–159]
R31 Ar(1s2) + wall → Ar [108,154]
R32 Ar(1s2) + e → Ar+ + e + e [147]
R33 Ar(1s2) + e ↔ Ar(1s3) + e [154,161]
R34 Ar + e → Ar(5s) + e [162]
R35 Ar(5s) → Ar(4p) + hν [36]
R36 Ar(5s) + e → Ar+ + e + e [149]
R37 Ar(5s) ↔ Ar + hν (86.9 nm) [36,157–159]
R38 Ar(5s) ↔ Ar + hν (87.9 nm) [36,157–159]
R39 Ar(5s) + Ar → Ar(4p) + Ar [163]
R40 Ar(5s) + wall → Ar [108,154]
R41 Ar + e →Ar(3d) + e [161]
R42 Ar(3d) → Ar(4p) + hν [36]
R43 Ar(3d) + e → Ar+ + e + e [149]
R44 Ar(3d) ↔ Ar + hν (86.7 nm) [36,157–159]
R45 Ar(3d) ↔ Ar + hν (87.6 nm) [36,157–159]
R46 Ar(3d) ↔ Ar + hν (89.4 nm) [36,143,157–159]
R47 Ar(3d) + Ar → Ar(4p) + Ar [163]
R48 Ar(3d) + wall → Ar [108,154]
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Chapter 5. VUV radiation emitted by argon microwave plasmas

5.5 Microwave power dependence: charged particles

Optical emission spectroscopy of the Hβ line (486.1 nm) was performed near
the launcher position in order to estimate the plasma electron density, as in
previous works [60, 62]. The electron density has been estimated for microwave
powers ranging from 80 to 220 W and for a discharge pressure of 0.36 mbar. The
obtained experimental results are compared to model predictions (refer to section
5.4 for more details) and the outcome is shown in figure 5.5. The theoretical
predictions show a good agreement with the experimental results, following
the increase of the electron density from nearly 1012 cm−3 to 1.8× 1012 cm−3

as the power is raised from 80 to 220 W. This is expected, since microwave
discharges show an exceptional power coupling resulting in higher power per
unit volume as more power is delivered to the launcher (the power per unit
volume is estimated to increase from approximately 40 W/cm−3, for a total
delivered power of 100 W, to 56 W/cm−3 at 200 W). The relatively high electron
density in microwave discharges contributes largely to high densities of charged
species in the plasma, such as Ar+ and Ar2+. For a more detailed description,
references to the reactions shown in 5.2 will be made along the text.
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Figure 5.5: Electron density estimated with the Stark broadening of the Hβ line
(486.1 nm) compared to the model calculations (dots - experimental; line - theoretical
prediction). Two estimations are presented for each microwave power, corresponding
to consecutive measurements in the same operational conditions.
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According to the model calculations, Ar+ ions are the dominant ions in
the discharge at the launcher position, increasing with the microwave power
to more than 95% at 220 W. The main source of charged particles is direct
electron impact ionization from the Ar ground state (R1), producing Ar+. The
contribution of this process to the total ionization increases with power to
more than 80% as the power is raised to 220 W. Step-wise electron ionization
processes from the Ar(4s), Ar(4p) and Ar(5p) (R2-R4) electronic excited states,
also play a significant role in the production of Ar+. The contribution from
all of them to the total ionization decreases with power, from about 19% at
80 W to approximately 11% at 220 W. Another source of ionized particles is
Hornberck-Molmar ionization (R5-R6) involving Ar(5p) or Ar(4d) electronic
excited states and the Ar ground state, producing Ar2+. The contribution of this
process increases with the power, from 6% at 80 W to about 9% at 220 W. The
pooling reactions between Ar(4s) electronic excited states are also accounted
for, contributing with less than 1% for the total ionization, producing Ar+ (R7)
and Ar2+ (R8) ions. Diffusion to the tube wall (R9 and R10) represents more
than 99% of the ion losses, and is almost constant for all powers.
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Figure 5.6: VUV spectra of an argon discharge showing the variation of spectral
intensity when increasing the microwave power from 80 to 220 W, keeping the discharge
pressure constant at 0.36 mbar.
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5.6 Microwave power dependence: VUV radiation
emitted by excited species

The intensity of VUV radiation emitted by excited argon species was investigated
as a function of the microwave power delivered to the launcher. The changes in
the argon spectrum were studied for the same variations of microwave powers
as for the electron density: powers ranging from 80 to 220 W and constant
gas pressure 0.36 mbar. For comparison, two experimental spectra obtained
in the VUV for two different powers are shown in figure 5.6. The intensity of
the spectral lines was determined by calculating the integral intensity, which
corresponds to the area under each peak after performing a background-noise
correction. Theoretical predictions of the spectral intensity as a function of the
microwave power delivered to the launcher were compared to the experimental
results. The contribution of the main source/loss channels to the total popula-
tion/loss of argon atom and ion excited states emitting in the VUV is discussed
as a function of the microwave power delivered to the plasma. The following
discussion is divided in two parts, the first one concerning the spectral emission
of atomic argon states, while the second one concerns the spectral emission of
atomic ion states.

5.6.1 VUV spectral emission from excited argon atoms

A Atomic Ar(4s) resonant states

The most intense lines observed in the argon spectrum in the VUV range
correspond to the well-known atomic resonance lines, resulting from transitions
from the 1s2 and 1s4 states of the Ar(4s) configuration to the ground state.
Their strong intensity is essentially due to their strong transition probabilities,
5.1× 108 s−1 and 1.2× 108 s−1, respectively, and the low energy threshold for
excitation of the 1s2 and 1s4 levels (∼ 11 eV). The resonant transitions from
these excited states result in spectral lines at wavelengths 104.8 nm and 106.7 nm.
As shown in figure 5.7, the integral intensity of these atomic lines increases
with the microwave power delivered to the plasma. This is closely related to
the increase of plasma electron density with power as discussed in the previous
section: measurements of the Stark broadening of the Hβ line, demonstrate
that the electron density increases up to 1012 cm−3 for the same operational
conditions of the discharge (see figure 5.5). In the low pressure conditions here
considered, the population of the 1s2 and 1s4 states is assumed to occur mainly
through electron driven processes, where direct electron impact excitation is the
main population mechanism and the main loss channel is the radiative decay.
Thus, an increase of the electron density results in more populated resonant
levels which decay to the ground state emitting more intense lines. As can
been seen in figure 5.7, the predictions of the model show a good agreement
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with the experimental results. Note that the intensities were normalized. The
intensity of the spectral lines at 104.8 nm and 106.7 nm follows the variation
of the population densities of 1s2 and 1s4 excited states with the increase of
microwave power, as predicted from the theoretical calculations (figure 5.8).
This is expected since the intensity of the spectral lines is proportional to the
population density of the emitting excited states. It is also proportional to
the emission coefficient, which is calculated in the model taking into account
the effect of self-absorption [36, 157–159]. Due to the lower energy threshold
for excitation (11.62 eV), the 1s4 state is the more populated and its density
was estimated to increase from 1.7× 1012 cm−3 for a total microwave power of
50 W to nearly 2.2× 1012 cm−3 at 200 W. The 1s2 state density shows the same
trend with the power increase, with values increasing from 1.3× 1012 cm−3 at
50 W to nearly 1.8× 1012 cm−3 at 200 W.

The main population and loss mechanisms considered in the model for
the excited resonant states 1s4 and 1s2 are shown in figures 5.9 and 5.10,
respectively. The contribution of the main population/loss channels of the 1s4

and 1s2 excited states is shown as a function of the total microwave power
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Figure 5.7: Integral intensities of the argon atomic lines at 104.8 nm (red) and
106.7 nm (blue), originating from the resonant transitions from the 1s2 and 1s4 states,
respectively. The discharge pressure was set at 0.36 mbar and the power delivered
to the launcher was varied between 80 and 220 W. The dots correspond to the
experimental data and the lines represent the theoretical results as obtained from the
model. Note that the intensities were normalized.
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Figure 5.8: Densities of the 1s2 (red) and 1s4 (blue) states as calculated with the
model, for argon discharges at a pressure of 0.36 mbar and at microwave powers
delivered to the launcher from 80 to 220 W.

delivered to the plasma. According to the theoretical predictions (figure 5.9a),
the less energetic and more populated resonant electronic excited state of the
Ar(4s) level, i.e. 1s4, is created essentially by radiative decay (R18, see table 5.2)
and superelastic electron collisions involving Ar(4p) excited states (R19). Two
other important sources are direct electron collisions with the Ar ground level
(R20) and electron collisions with the metastable electronic excited state 1s3

(R21), representing respectively about 20% of the total population. Radiative
emission from the Ar(5p) electronically excited states (R22) represents less
than 3% of the total losses. The principal loss mechanism for this state is the
radiative VUV emission at 106.7 nm (R23) (figure 5.9b). Diffusion losses to
the tube wall (R24) and electron collisions leading to ionization from this level
(R25), represent respectively about 10% of the total losses. Other processes
including pooling reactions between this state and all the Ar(4s, 4p) electronic
excited states (R7 and R8) represent less than 2% of the total losses. The 1s2

resonant electronically excited state is also mostly created by radiative decay
(R26) and superelastic electron collisions involving Ar(4p) excited states (R27),
as can be seen in figure 5.10a. Direct electron collisions with the Ar ground
state atoms (R28) are also an important source channel of 1s2 resonant states,
accounting for 36% of the total population. Other processes (R29) represent
less than 5% of the total population. As can be seen from figure 5.10b, the
main loss channel of 1s2 resonant states is the VUV photon emission to the Ar
ground state at 104.8 nm (R30).
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Figure 5.9: (a) Population and (b) loss channels of the electronically excited resonant
state 1s4 as a function of microwave power delivered to the launcher, as predicted by
the model.
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Figure 5.10: (a) Population and (b) loss channels of the electronically excited
resonant state 1s2 as a function of microwave power delivered to the launcher, as
predicted by the model.
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Diffusion losses to the tube wall (R31), electron collisions leading to ionization
from this level (R32), and other processes (R7, R8 and R33) represent less than
10% of the total losses.

B Atomic Ar(5s) states

The two VUV lines measured at 86.9 nm and 87.9 nm are emitted by the 2s2 and
2s4 electronic excited states of the Ar(5s) level, respectively. The intensity of
these lines increases with power as shown in figure 5.11. The comparison between
experimental and theoretical results reveals a good agreement. According to
the model calculations, these states are created mainly by electron impact
from the Ar ground state atoms (R34). This explains the increase in intensity
as the power is raised from 80 to 220 W. As shown before in figure 5.5, the
electron density increases with power and this enhances the contribution of all
the electron driven processes in the excitation of the Ar(5s) levels.

In
te

g
ra

l 
In

te
n

s
it

y
(a

. 
u

.)

Power (W)

Figure 5.11: Relative intensities of two atomic lines emitted at 87.9 nm (blue) and
86.9 nm (red) by the 2s4 and 2s2 electronic excited states of the Ar(5s) configura-
tion, with energies 14.09 eV and 14.25 eV, respectively. The discharge pressure was
0.36 mbar and the microwave power delivered to the launcher was varied from 80
to 220 W. The dots correspond to the experimental data and the lines represent
the theoretical results as obtained from the model. Note that the intensities were
normalized.
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The population density of the atomic states 2s2 and 2s4 is theoretically
estimated to increase from 1.8× 109 cm−3 to 3× 109 cm−3 as the power is
raised from 80 to 220 W (figure 5.12). The density of both states is similar
and is nearly two orders of magnitude lower than the density of the 1s2 and
1s4 states, which originate the strong emission lines at 104.8 nm and 106.7 nm.
The intensity of the spectral lines at 86.9 nm and 87.9 nm, shown in figure 5.11,
follows the variation of the 2s2 and 2s4 excited states population densities with
the increase of microwave power. This is expected, since the intensity of the
spectral lines is proportional to the population density of the emitting states.
As for the case of Ar(4s) states, the effect of self-absorption is here also taken
into account in the model calculations, due to the high number of absorbers in
the discharge (ground state Ar atoms) [36,157–159]. The dominant loss process
for 2s2 and 2s4 states is the radiative decay to the Ar(4s) excited states (R35),
accounting more than 80% of the total losses, as shown in figure 5.13. The
electron collisions leading to ionization from the Ar(5s) level (R36) and the
VUV emission to the Ar ground state at 86.9 nm (R37), in the case of the 2s2

state, and at 87.9 nm (R38), in the case of the 2s4 state, represent about 10% of
the total losses for a power of 80 W. Other processes (R39 and R40) represent
less than 5% of the total losses.
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Figure 5.12: Densities of the 2s2 (red) and 2s4 (blue) states as calculated with
the model, for argon discharges at a pressure of 0.36 mbar and at microwave powers
delivered to the launcher from 80 to 220 W.
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Figure 5.13: Loss channels considered in the model calculations for the two Ar(5s)
electronic excited states as a function of microwave power delivered to the launcher:
(a) 2s2 state (14.25 eV); (b) 2s4 state (14.09 eV).
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C Atomic Ar(3d) states

The three VUV lines measured at 86.6 nm, 87.6 nm and 89.4 nm are emitted by
the 3d′1, 3d2 and 3d5 electronically excited states of the Ar(3d) configuration,
respectively. As for the other atomic lines, their intensity was found to increase
with power (figure 5.14). The 3d5 state is the more populated of these three
levels due to the lower excitation energy threshold (13.86 eV). Its population
density was estimated to increase from 1.6× 1010 cm−3 to 2.5× 1010 cm−3 as
the power raises from 80 to 220 W. The other two VUV radiating states of
the Ar(3d) configuration show similar population densities, increasing from
6–8× 109 cm−3 up to 1–1.2× 1010 cm−3 for the same power increase. The
intensity of the spectral lines follows the variation of the 3d′1, 3d2 and 3d5

population densities with the increase of microwave power (figure 5.15). This is
due to the proportionality between the intensity of the spectral emission and the
population density of the emitting excited states. The effect of self-absorption
was again taken into account in the model calculations [36,157–159].
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Figure 5.14: Relative intensities of three atomic lines emitted at 86.6 nm (red),
87.6 nm (blue) and 89.4 nm (green) by the Ar(3d) excited states 3d′1, 3d2 and 3d5,
with energies 14.30 eV, 14.15 eV and 13.86 eV, respectively. The discharge pressure
was 0.36 mbar and the microwave power delivered to the launcher was varied from 80
to 220 W. The dots correspond to the experimental data and the lines represent the
theoretical results as obtained from the model. The intensities were normalized.
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Figure 5.15: Densities of the 3d′1 (red), 3d2 (blue) and 3d5 (green) states as calculated
with the model, for argon discharges at a pressure of 0.36 mbar and at microwave
powers delivered to the launcher from 80 to 220 W.

According to the theoretical predictions, the 3d5 electronic excited state
with a threshold energy of 13.86 eV, responsible for the 89.4 nm VUV emission,
is excited mainly by electron impact from the Ar ground state atoms (R41).
The increase of electron density with power is responsible for a more populated
Ar(3d5) state, giving origin to the increase of the 89.4 nm line intensity with
power. The other two Ar(3d) electronic excited states with energies of 14.15 eV
and 14.30 eV, responsible for the VUV radiation at 87.6 nm and 86.6 nm, are
also excited in vast majority by electron impact from the Ar ground state atoms
(R41). Again, since direct electron excitation is the most important process
populating the Ar(3d2) and Ar(3d′1) states, the increase in electron density with
power is responsible for the observed intensity increase of the atomic lines at
87.6 nm and 86.6 nm (5.14). The processes responsible for the population losses
of the 3d′1, 3d2 and 3d5 electronically excited states are very similar. As shown
in figure 5.16, the main processes responsible for the losses of these levels are
essentially: the radiative decay to the Ar(4p) excited states (R42), the electron
collisions leading to ionization from the Ar(3d) level (R43) and the losses due
to VUV spectral emission from 3d′1 (86.6 nm emission - R44), 3d2 (87.6 nm
emission - R45) and 3d5 (89.4 nm emission - R46) states to the ground state.
Other processes including quenching reactions with Ar atoms in the ground
state (R47) and wall collisions (R48) represent less than 5% of the total losses.
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Figure 5.16: Loss channels considered in the model calculations for the three Ar(3d)
excited states as a function of microwave power delivered to the launcher: (a) 3d′1
(14.30 eV); (b) 3d2 (14.15 eV); (c) 3d5 (13.86 eV).
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5.6.2 VUV spectral emission from excited Ar+ ions

The intensity of the Ar+ lines at 92.0 nm and 93.2 nm linearly increases with the
power delivered to the launcher, as seen from the theoretical and experimental
results presented in figure 5.17. The main difference when comparing atomic and
ion spectral emission, is that the dependence with power is much stronger for
the ion lines. The main reason for this is likely to come from the contribution of
step-wise processes to the excitation of high energy levels such as the Ar+(3s3p6)
which has an energy threshold of ∼ 30 eV. With the increase of the electron
density, step-wise excitation processes through metastable levels, namely the 1s3

(11.72 eV) and 1s5 (11.55 eV) of the Ar(4s) configuration, are likely to play a role
in the population of the Ar+ levels. According to the model calculations, Ar+

ions are the dominant ions in the discharge at the launcher position. The main
source of Ar+(3s3p6) charged particles is direct electron ionization from the
Ar ground state (R11), as shown in figure 5.19a. The second main population
source of the Ar+(3s3p6) state is electron excitation from the ground state of
Ar+(3s23p5) ions (R12).
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Figure 5.17: Relative intensities of Ar+ spectral lines at 92.0 nm (blue) and 93.2 nm
(red) as a function of microwave power delivered to the launcher, with a constant
discharge pressure of 0.36 mbar. The dots correspond to the experimental data and
the lines represent the theoretical results as obtained from the model. The intensities
were normalized.
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Step-wise electron ionization processes from Ar(4s) and Ar(4p) levels are
also taken into account (R13 and R14). The contribution of these population
processes is small, increasing with the power, altogether not exceeding 5% of
the total population. The main losses for the Ar+(3s3p6) state are the VUV
radiation emission at 92.0 nm and 93.2 nm, originating from transitions to the
Ar+(3s23p5, 3/2) and Ar+(3s23p5, 1/2) states (R15 and R16) as shown in figure
5.19b. Diffusion to the tube wall (R17) represent less than 5% of the total
losses, which are practically constant with power. The population density of
the Ar+(3s3p6) state is theoretically estimated to increase strongly from nearly
5× 109 cm−3 to 3× 1010 cm−3 as the power is raised from 50 to 200 W (figure
5.18). This trend is the same as observed for the intensity of the spectral lines
at 92.0 nm and 93.2 nm (5.17), which originate from transitions from the excited
Ar+(3s3p6) state. This is expected since the intensity of the spectral lines is
proportional to the population density of the emitting excited state and in the
case of ion lines, the effect of self-absorption is negligible due to the low number
density of absorbers (Ar+ ions) in the discharge. In summary, the population of
the Ar+(3s3p6) state is essentially through electron driven excitation processes
involving the ground state argon atom and ground state ion levels, while the
main loss channels for this level are constant with power variations.
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Figure 5.18: Densities of the Ar+(3s3p6) state as calculated with the model, for
argon discharges at a pressure of 0.36 mbar and at microwave powers delivered to the
launcher from 80 to 220 W.

98



5.6. Microwave power dependence: VUV radiation emitted by excited species

Power (W)

A
r+

(3
s

3
p

6
) 

P
o

p
u

la
ti

o
n

C
h

a
n

n
e
ls

(%
)

(a)

Power (W)

A
r+

(3
s

3
p

6
) 

L
o

s
s

C
h

a
n

n
e
ls

(%
)

(b)

Figure 5.19: (a) Population and (b) loss channels of the excited ion Ar+(3s3p6)
state as a function of microwave power delivered to the launcher, calculated by the
theoretical model.
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5.7 Pressure dependence: VUV radiation emitted by
Ar+ ions

The intensity variation of the ion lines was also studied with variations of
the gas pressure. Due to the high density of ground state atoms (absorbers),
especially at higher pressures the effect of self-absorption for atomic resonance
lines is significant. Since the density of ground state ions is much lower, the
self-absorption for the ion lines is negligible and the integral intensity of these
lines can be estimated from the measurements. The intensity of the ion lines
at 92.0 nm and 93.2 nm when varying the pressure and keeping a constant
power of 200 W is presented in figure 5.20. As observed, the intensity decreases
approximately by a factor of two as the pressure increases from 0.1 to 0.7 mbar.
As discussed before, electron driven excitation processes involving the ground
state argon atom and ground state ion levels are the main population mechanisms
of the Ar+(3s3p6) state. Therefore, the decrease in intensity observed as the
pressure is raised is due to the depopulation of the high energy tail of the
electron energy distribution, leading to the depopulation of the Ar+(3s3p6)
state.

Figure 5.20: Intensities of the Ar+ transitions emitting at 92.0 nm (blue) and
93.2 nm (red) as a function of the gas pressure and for constant microwave power
200 W. The dots correspond to the experimental data and the lines represent the
theoretical results as obtained from the model.
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5.8 VUV radiation from argon-hydrogen discharges

Hydrogen was added to the background gas in order to study the variations
of the argon VUV spectrum. To that end, VUV spectra emitted by Ar-H2

discharges have been detected at a constant pressure of 0.35 mbar and a power
of 260 W, for percentages of hydrogen added to the mixture up to 50% of the
total volumetric gas flow. Emission spectra of discharges containing 5% and
30% hydrogen are presented in figure 5.21. The most prominent features in
this wavelength region are the hydrogen atomic lines, Lyman-α at 121.6 nm
and Lyman-β at 102.6 nm, and the argon resonance lines, at 104.8 nm and
106.7 nm. For hydrogen percentages higher than 30%, Lyman H2(B1Σ+

u →
X1Σ+

g ) and Werner H2(C1Πu → X1Σ+
g ) molecular bands start to appear in

the spectrum. The spectral emission from these bands is clearly visible in gas
mixtures containing 50% argon and 50% hydrogen, as shown in figure 5.21b.

The atomic lines are still easily identified in the spectrum, but as expected,
the intensities of the argon resonance lines decrease as more hydrogen is added
to the mixture. The variation of the integral intensities of the Lyman-α,β
lines as a function of hydrogen percentage in the discharge is shown in figure
5.22. The effect of self-absorption on the line intensities, represented by the
bars, was estimated assuming H2 dissociation degrees in the discharge in the
10–80 % range and calculating the axial evolution of the absorbing hydrogen
atoms density due to axial transport (including differential pumping), diffusion,
and wall reassociation [121, 134]. The optical thickness at the centre of the
Lyman-α line varies in the range of 0.01–0.3 % (transparency 0.98–0.68) for
the above range of dissociation degrees. Self-absorption of the Lyman-β line is
nearly one order of magnitude lower. As is well known, the wall re-association
rate strongly depends on the wall temperature [121]. For this reason, pyrometer
measurements of the wall temperature were performed and the temperature
was estimated to be approximately 800 K. As seen from figure 5.22, Lyman-α
line intensity tends to decrease as the hydrogen percentage increases, while the
Lyman-β line remains nearly constant for hydrogen contents up to 30% and
then decreases.

To explain this behaviour, one needs to consider the population mechanisms
of the H(n = 2, 3) states and keep in mind that all the plasma parameters, such
as electron density and average energy, ionic composition, dissociation degree,
and gas heating, change as the mixture composition is varied (figure 5.23). At
low H2 percentages, corresponding to higher plasma electron density and lower
electron temperature, charge transfer processes may contribute significantly to
populate the H(n = 2, 3) states as compared to direct electron excitation [164].
There is a high population density of excited Ar(1s2, 1s3, 1s4, 1s5) atoms in
microwave discharges [147,154], and thus different channels of energy transfer
from these levels can occur.
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Figure 5.21: (a) Measured VUV emission spectra of Ar-H2 plasmas containing 5%
and 30% hydrogen; (b) Measured VUV emission spectrum of a discharge containing
50% argon and 50% hydrogen.
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Figure 5.22: Intensity of the atomic hydrogen lines, Lyman-α at 121.6 nm and
Lyman-β at 102.6 nm, as a function of the hydrogen content in the discharge. The
dots correspond to experimental values obtained from the measurements and the bars
represent the effects of self-absorption considering degrees of dissociation in the range
10–80 %.
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Figure 5.23: Electron density of Ar-H2 discharges as a function of the hydrogen
percentage in the mixture, for different pressures and constant applied microwave
power of 260 W, as estimated from the Stark broadening of the Hβ (486.1 nm) line.
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Collisions of Ar(1s3, 1s5, the well-known metastable levels with energies
11.72 eV and 11.55 eV, respectively) atoms and Ar+ ions with H2 can create
hybrid ArH+ ions, which can then dissociate by recombination with electrons
(ArH+ + e → Ar + H*) creating excited H atoms [52,165,166]. Collisions of
Ar(1s2, 1s4) atoms and ground state H2(X1Σ+

g , ν) molecules create excited
H2(a3Σ+

g ) molecules, which decay into the repulsive state H2(b3Σ+
u ), thus cre-

ating H atoms [166]. Moreover, as experimentally proved, resonant energy
exchanges between Ar(1s2, 1s4) atoms and H2 molecules result in resonance
fluorescence in both the (B1Σ+

u → X1Σ+
g ) and (C1Πu → X1Σ+

g ) systems,
leading to an increase in the population of H2(X1Σ+

g , ν) vibrationally excited
molecules [167, 168]. This can lead to an enhancement of the H(n = 2, 3)
populations via the electron dissociation processes:

H2(X1Σ+
g , ν = 1− 4) + e→ H2*(ε = 17–18 eV) + e→ H(n = 1) + H(n ≥

2) + e)

Where H2* are weakly bound electronic states [121, 125]. Such processes
can be effective at higher hydrogen percentages, due to the higher electron
temperature and population of vibrationally excited H2(X1Σ+

g , ν) molecules.
In conclusion, different non-linearly coupled processes can be involved in the
population of the H(n= 2, 3) levels depending on the Ar-H2 mixture composition.
Detailed kinetic modelling is therefore required to get more insight into the
main mechanisms governing the VUV radiation emitted by Ar-H2 microwave
plasmas.

5.9 Summary

Emission spectroscopy of microwave driven discharges in argon revealed promi-
nent emission of in the vacuum ultraviolet (VUV) radiation. The strongest
spectral lines, at 104.8 nm and 106.7 nm, originate from resonant transitions
of the 1s2 and 1s4 excited atomic levels, with respective energies 11.83 eV and
11.62 eV. Prominent spectral emission lines of Ar+ excited ions were observed as
well at 93.2 nm and 92.0 nm. These two spectral lines originate from transitions
of the excited Ar+(3s3p6) state with energy 29.2 eV. Other atomic spectral
lines were also detected at 86.9 nm and 87.9 nm (resonant transitions from the
2s2 and 2s4 excited Ar(5s) states, respectively) and at 86.6 nm, 87.6 nm and
89.4 nm (resonant transitions from the 3d′1, 3d2 and 3d5 excited states of the
Ar(3d) configuration, respectively). Atomic spectral lines at lower wavelengths
are also present in the spectrum, including lines with no information concerning
the emitting energy levels in the well-known NIST database [36]. The inten-
sity of all the spectral lines falling in the 86–106.7 nm wavelength range was
investigated with variations of the microwave power delivered to the launcher
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at 0.36 mbar. A good agreement between the obtained experimental results
and the calculations of a self-consistent collisional-radiative model [96, 108]
was obtained, thus validating the model predictions. Detailed analysis of the
main population and loss mechanisms considered in the model for the excited
argon atom and ion states emitting VUV radiation showed that the processes
contributing the most to the VUV spectral emission are essentially electron
driven processes. The intensity of all the atomic and ion spectral lines was
found to increase linearly with power, the intensity of the ion spectral lines at
93.2 nm and 92.0 nm increasing strongly (by approximately a factor of two as
the power was raised from 100 to 200 W). This is due to the increase of the
plasma electron density from 1012 cm−3 at 100 W to 1.6× 1012 cm−3 at 200 W,
enhancing the contribution of direct and step-wise electron excitation processes
populating the VUV emitting levels.

This work presents novel results concerning the emission of VUV radiation
in microwave driven discharges. The good agreement between experimental
and model predicted results allowed a detailed study of the main mechanisms
governing the emission of VUV radiation by excited argon atoms and ions.
However, further experimental investigation in this spectral region is necessary
to study the VUV emission lines detected in the 80–86 nm region, for which
information concerning the transition probabilities and energies of the excited
levels is not available in the NIST database. The improvement of the optical
system response in the VUV is being considered to study the lower wavelength
region of the spectrum, so as to improve the experimental measurements in this
region and to detect possible spectral emission from excited Ar2+ ions.

Also, it would be very interesting to determine photon fluxes and compare
them to other works [140], both experimentally and theoretically. Experimen-
tally, the setup would need to be adapted and the challenges of detecting VUV
wavelengths remain an obstacle. One of them, for example, consists in the
long distance from the plasma to the detector (approximately 1 m). Another
one, consists in the absence of calibration lamps for the desired VUV region.
There are also challenges in what concerns theoretical calculations of photon
fluxes. The determination of photon fluxes using the model would require the
implementation of ray tracing, which is not trivial but should be considered in
future works.

As for discharges containing mixtures of argon-hydrogen, a more detailed
study needs to be carried out as well. The most intense VUV spectral lines
correspond to the hydrogen atomic lines, Lyman-α at 121.6 nm and Lyman-β at
102.6 nm, and to the argon resonance lines, at 104.8 nm and 106.7 nm. For high
hydrogen percentages, the spectral emission from Lyman H2(B1Σ+

u → X1Σ+
g )

and Werner H2(C1Πu → X1Σ+
g ) molecular bands is also detected. The intensity

of the Lyman-α line was found to decrease as the hydrogen percentage was
raised, while that of the Lyman-β line keeps nearly constant for hydrogen
contents up to 30%. Different non-linearly coupled processes may be playing a
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role in the population of the H(n = 2, 3) levels originating the Lyman-α,β lines
depending on the Ar-H2 mixture composition. Detailed kinetic modelling is
therefore required to clarify the main mechanisms governing the VUV radiation
emitted by Ar-H2 microwave plasmas.
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Chapter 6

EUV radiation emitted by
helium microwave plasmas

It is well known that the energy gap between the ground state and the first
electronically excited states of helium atoms and ions exceeds 20 eV, and that
the radiation of optically allowed transitions to the ground state falls within
the vacuum and extreme ultraviolet spectral ranges (aka as VUV and EUV).
As such, radiation emitted by helium microwave-driven (2.45 GHz) plasmas
operating at low-pressure conditions has been investigated in these wavelength
regions. Novel data regarding emitted spectral lines of excited helium atoms
and ions in the 20-30 nm wavelength range and their intensity behaviour with
variation of discharge operational conditions are presented. The intensity of
all the spectral lines was found to strongly increase with the microwave power
delivered to the plasma. Furthermore, the intensity of the ionic lines decreases
by nearly one order of magnitude as the pressure was raised from 0.2 to 0.5 mbar.
Furthermore, the influence of hydrogen on the observed helium EUV spectral
emission has been studied by adding small percentages (up to 10% of the total
volumetric gas flow) to helium discharges.1

1Part of the results presented here were published as Extreme ultraviolet radiation emitted
by helium microwave driven plasmas, S. Espinho, E. Felizardo, E. Tatarova and L. L. Alves,
2016 Journal of Applied Physics, 119(24), 243305 [169].
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6.1 Introduction

The extreme ultraviolet (EUV) range of the electromagnetic spectrum is part of
the far ultraviolet region, generally coresponding to wavelengths spanning from
5 to 40 nm (with corresponding energies from 30 to 250 eV) [3]. One of the main
characteristics of EUV radiation is that it is highly absorbed by most materials,
making it extremely interesting for material processing and modification of
surfaces [170]. EUV lithography, for example, is one of the most promising
techniques for the creation of structures with element size smaller than tens of
nanometres. The development of a new generation of lithography machines is
based on sources of EUV radiation with a wavelength of 13.5 nm, corresponding
to the reflection maximum in multilayer Mo/Si mirrors, for the production of de-
vices at nano-scales [171]. In this context, it has been shown that EUV discharge
sources can be used to improve the cleaning mechanisms [29], the detection of
mask defects [30] in microfabrication and the pattern transfer performance by
applying a helium plasma pretreatment prior to the pattern transfer etching
step [31]. Microwave driven helium discharges have several spectral emission
lines in the EUV and can therefore potentially become sources of radiation in
this wavelength region for plasma assisted applications. Surface-wave driven
plasma sources operating at 2.45 GHz produce high levels of vacuum and extreme
ultraviolet radiation [2]. Due to the high microwave-plasma coupling efficiency
(nearly 100%), high levels of ionization and dissociation can be achieved. The
effective power dissipation in the discharge provides high electron/ion densities
and, consequently, high excited species densities. Thus, given these peculiar
high densities and high population of the electron energy distribution ‘‘tail’’
(above 24 eV) in helium discharges at low pressure conditions, high energy levels
of ions can be excited via electron impact processes. The radiative decay of
these states to lower levels results in the emission of photons with wavelengths
in the EUV spectral range. Besides, microwave plasmas can operate over a
wide range of conditions, geometries and also continuously over long periods
of time, which is an advantage over EUV laser sources. However, due to the
experimental challenges of investigating the EUV region (vacuum atmosphere,
optical systems with specific geometries to detect such low wavelengths, detec-
tors sensible to these wavelengths, etc), the available results concerning the
emission of EUV radiation by microwave discharges are quite scarce especially
for pure helium discharges. Most of the published results in this wavelength
region concerning helium plasmas are focused on discharges containing helium-
hydrogen mixtures [5, 55–57] or helium-xenon mixtures [172]. The emission of
EUV radiation by other sources can also be found in the literature, the most
common ones being laser-plasma sources where the laser is used to produce
photoionization in the plasma [173–175].
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Holländer and Wertheimer investigated the VUV radiation emitted by
microwave plasmas of hydrogen and mixtures with helium and oxygen, for
the purpose of studying the VUV photochemistry of saturated polymers [5].
Radiation emitted between 112 and 300 nm was detected and the influence of
plasma parameters (gas composition, pressure, and microwave power) on the
observed emission lines was analysed. They found that the intensity of the
emitted VUV radiation is proportional to the power input and that plasma
spectral emission from hydrogen in a mixture with helium produce a very intense
Lyman-α line at 121.5 nm, namely at low pressures. They attribute this to the
fact that this line originates from hydrogen atoms whose concentration decreases
at higher pressures, due to a higher recombination probability. The Lyman-α
line is of particular interest for polymer irradiation experiments: its wavelength
is below the one of oxygen absorption (130–170 nm), and it can therefore be
used for surface activation of polymers (that is, for creating free radicals), for
example, in an oxygen atmosphere [5]. It had been reported before that the
hydrogen Lyman-α line is a very prominent emission of helium-hydrogen plasma
mixtures, namely for concentrations of 98% helium and 2% hydrogen [176] in
the background gas. Facing this, Holländer’s team investigated the intensity
ratio of the Lyman-α line with respect to other hydrogen lines in the spectrum
emitting at 160 nm and 175 nm. Their results confirmed that the highest
Lyman-α intensity value is obtained for a 2% hydrogen concentration in the
plasma, for operational conditions 1 Torr and a total gas flow rate of 100 sccm.
Spectroscopic studies of microwave plasmas in mixtures of helium-hydrogen
(98 - 2%) working at 1 Torr report the presence of novel spectral lines in the
EUV region, at wavelengths 45.60 nm, 13.03 nm, 10.13 nm and 8.29 nm [55–57].
However, no other investigation reproduced the spectral lines observed in this
region.

The aim of the present work is to demonstrate that microwave driven helium
discharges generate EUV radiation and have, therefore, the potential to become
attractive sources for EUV assisted processes. To this end, the radiation emitted
by microwave driven discharges in helium has been investigated in the 8–35 nm
wavelength range, as well as in the 50–125 nm range, and novel data about
radiation of excited helium atoms and ions in the EUV spectral range are
presented. The plasma source under investigation is a typical surface-wave-
driven discharge operating at 2.45 GHz. Emission spectroscopy was performed
to detect atomic and ion lines in the VUV and EUV spectral regions. The
intensity variations of the most energetic ion spectral lines with the input power
per unit volume and pressure have been analysed. Optical emission spectroscopy
in the visible spectral range has also been performed to determine the gas and
excitation temperatures, as well as the plasma electron density. Furthermore,
the influence of hydrogen on the observed helium spectral lines in the EUV has
been studied by adding small percentages (up to 10% of the total gas flow) to
helium discharges.
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6.2 Plasma source and experimental conditions

The plasma source consists of a helium surface-wave sustained discharge pro-
duced inside a small-radius quartz tube (inner/outer radii equal to 1.5/2.5 mm),
which is directly coupled to the EUV/VUV Horiba Jobin-YvonPGM-1000
spectrometer (see figure 3.3). This arrangement grants the spectrometer un-
obstructed line-of-sight over the axis of the discharge. A picture of a typical
discharge in helium is shown in figure 6.1a. Small percentages of hydrogen were
added to helium discharges in order to study the changes in the EUV emitted
spectrum. A picture of a discharge containing a mixture of He-H2 is presented
in figure 6.1b, evidencing the change in colour by adding a small percentage
of hydrogen to the background gas. The microwave power is provided by a
2.45 GHz generator connected to a waveguide system that includes an isolator, a
three-stub tuner, and a waveguide-surfatron, as previously described in section
2.3.2. The power delivered to the launcher was varied from 250 to 700 W.
The discharges were operated at pressures ranging from 0.2 to 0.5 mbar. The
EUV/VUV spectrometer is equipped with two plane gratings (1800 and 500
gr/mm) allowing the detection of wavelengths from 8 to 125 nm. The detection
system for EUV and VUV wavelengths has been adressed in detail in section
3.2.1. The measurements were performed with integration times of 1 s and
the slits of the spectrometer were set at 0.5 mm. All the spectra are corrected
for background noise. The visible radiation was collected in the 250–750 nm
spectral range by an optical fiber positioned perpendicularly to the discharge
tube near the launcher position. The optical fiber transmits the radiation to the
entrance slit of a Jobin-YvonSpex 1250M spectrometer equipped with a diffrac-
tion grating (2400 gr/mm) and a liquid-nitrogen cooled charge coupled device
camera (CCD), described in detail in section 3.2.2. The spectral resolution of
the measurements in the visible range is 0.06 Å.

(a) (b)

Figure 6.1: (a) Picture of a surface wave microwave discharge in helium; (b) Picture
of a surface wave microwave discharge in an helium-hydrogen mixture. Even a small
addition of hydrogen confers the discharge a stronger pink colour, characteristic of
hydrogen plasmas.
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6.3 Identification of helium spectral lines in the EUV

Helium surface-wave sustained discharges operating at microwave frequency
exhibit relatively high electron/ion and excited species densities, with a par-
ticularly high population of the upper energy levels of helium ions and atoms
originating from electron-driven processes. This arises from the synergy between
the peculiarly heavy populated high energy part (> 25 eV) of the electron energy
distribution function in helium discharges and the relatively high electron densi-
ties (> 1012 cm−3) attainable in microwave generated plasmas [177]. Therefore,
the electron density is high enough to trigger step-wise processes leading to
the population of high He and He+ energy levels, from which radiative decay
to lower levels results in the emission of energetic photons with wavelengths
in the VUV/EUV spectral range. The EUV and VUV spectra emitted by a
helium microwave discharge are shown in figure 6.2. All the detected lines and
corresponding transitions are identified in the energy diagram shown in figure
6.3 and the lines in the EUV range are identified in table 6.1. The spectral lines
observed in the EUV range correspond mainly to the transitions from excited
He+ ions. The most intense emission corresponds to the well known He+ line
emitting at 30.4 nm (transition probability 1010 s−1). Four other ionic lines are
detected in this region at 25.6 nm, 24.3 nm, 23.7 nm, and 23.4 nm (transition
probabilities ranging from 2.8× 109 s−1 to 3.1× 108 s−1) [36]. These transitions
give rise to energetic photons with energies ranging from 40.8 eV up to 52.9 eV.
The well-pronounced 32.0 nm atomic He line, corresponding to an energy gap of
about 38 eV, is also present. The resonance lines detected in the range 50–60 nm
belong to He(1P→1S) singlet transitions, which fall in the VUV region, and
will therefore not be addressed in this study.

6.4 EUV spectral emission as a function of microwave
power

The emitted helium EUV spectra have been investigated as a function of the
microwave power delivered to the discharge. This has been achieved by varying
the microwave power from 250 W to 400 W, while keeping a constant pressure of
the discharge (p = 0.23 mbar). The EUV emission spectra have been recorded
for each selected power as shown in figure 6.4a. To study the spectral intensity
as a function of the microwave power delivered to the discharge, the integral
intensity of each spectral line is calculated for each power. The intensity of all
the spectral lines was found to strongly increase with microwave power delivered
to the discharge. This can be seen in figure 6.4a, where helium spectra obtained
at constant pressure of p = 0.23 mbar and two different microwave powers are
compared. As shown in figure 6.4b, the intensity of the strongest He+ lines
increases by a factor of two as the total power is raised from 250 W to 400 W.
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Figure 6.2: (a) EUV and VUV spectra emitted by a helium microwave discharge
operating at 2.45 GHz, with 350 W and 0.3 mbar. The helium spectral lines corre-
sponding to atomic (He I) and ion (He II) transitions are identified; (b) Detail of
the EUV spectral region, showing the spectral lines emitted by a helium microwave
discharge in this region.
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In fact, the intensity of all the He+ lines follows the same trend with power, but
for simplicity only the variations of the most intense lines are presented here.
As the total power delivered to the discharge increases from 250 W to 400 W
(keeping constant pressure at p = 0.23 mbar), the power input per unit volume
increases from 240 W/cm3 to about 300 W/cm3. The estimations for the power
input per unit volume were made taking into account the total plasma volume
and the total power delivered to the discharge.

Under the conditions considered here, direct electron impact collisions with
ground state helium atoms appears to be one of the main population mechanisms
of the upper high energy levels due to the significant population of the high
energy part (above 25 eV) of the electron energy spectrum [177]. Besides,
the increase of the electron density triggers step-wise processes involving, for
instance, the metastable levels such as He(23S). Therefore, the synergistic effects
of the electron impact, direct and step-wise, processes can strongly contribute to
the population of the upper high energy levels. The effect of step-wise processes
can be illustrated with the following example. Note that the He+ line emitted at
23.4 nm (energy gap 29 eV) cannot be recognized in the spectrum at low input
power, e.g., 250 W, but it is well pronounced at 400 W (figure 6.4a). Moreover,
the He+ line intensity increases sharply, nearly twice, as the power input per unit
volume increases from 240 to nearly 300 W/cm3 (for a corresponding plasma
length of approximately 18 cm at 400 W). The same effect, twofold intensity
increase was observed for the 32.0 nm helium atomic line. The self-absorption
of ion lines is negligible for the conditions considered due to the low number
density of the ground-state helium ions, the main absorbers of the energetic
photons emitted by excited ions, when compared with the neutrals density.

6.5 EUV spectral emission as a function of pressure

The evolution of helium spectra emitted in the EUV was also investigated as
a function of the pressure, which was varied between 0.2 and 0.5 mbar while
keeping the total microwave power delivered to the launcher constant. The
comparison of two of the produced spectra is shown in figure 6.5a. As seen, the
increase of pressure results in a decrease of spectral intensity for all the detected
lines. The intensity of the strongest He+ lines at 30.4 nm and 25.6 nm decreases
approximately by an order of magnitude when increasing the pressure from 0.2
to 0.5 mbar (figure 6.5b). The main reason for such behavior can be found in
the depopulation of the high energy ”tail” of the electron energy distribution.
The neutral density increases with pressure and so does the electron-neutral
collision frequency, leading to a decrease in the number of highly energetic
electrons and, consequently, to the reduction of the population density of He+

excited radiative states.
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Figure 6.4: (a) EUV spectra emitted by helium plasmas at two different microwave
powers delivered to the discharge (P = 250 W shown in red, P = 400 W shown in
black) at a constant pressure of p = 0.23 mbar; (b) Integral intensity of the strongest
helium ion spectral lines emitting in the EUV (He+ line at λ = 30.4 nm shown in blue,
and at λ = 25.6 nm shown in red) as a function of microwave power at a constant
pressure p = 0.23 mbar.
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Figure 6.5: (a) EUV spectra emitted by helium plasmas at two different pressures
(p = 0.23 mbar shown in black, p = 0.41 mbar shown in red) at a constant microwave
power delivered to the discharge of P = 400 W; (b) Integral intensity of the stronger
helium ion spectral lines detected in the EUV (He+ line at λ = 30.4 nm shown in
blue, and at λ = 25.6 nm shown in red) as a function of pressure at a constant power
P = 400 W.
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6.6 Excitation temperature of helium atoms and gas
temperature estimation

The excitation temperature of species in the plasma can usually be estimated
using the line intensity ratio method assuming local thermal equilibrium con-
ditions, when the population densities of the different excited states follow a
Boltzmann distribution at a single excitation temperature Texc. In that case,
the latter is frequently assumed as an approximate measure of the electron
temperature [4,59]. Five well-pronounced atomic lines at 53.70, 52.22, 51.56,
51.2, and 58.4 nm were chosen to estimate Texc. Close lines were chosen in
order to mitigate the dependence of the system wavelength response, which was
taken as constant across the small spectral region encompassing the chosen lines.
The corresponding wavelengths λj, transition probabilities Aji, and statistical
weights gj are presented in table 6.2. Experimentally the excitation temperature
can be determined using the so-called Boltzmann plot method [178,179], i.e.,
from the slope of the logarithmic fitting to a set of spectral line intensity, plotted
as a function of the excitation energy Uj:

ln

(
εjλj
Ajigj

)
= C − Uj

kTexc
(6.1)

Here, C is a constant, εj = hcAjiNj/4πλj is the corresponding emission
coefficient (with h the Planck constant and c the light speed), and Nj is the
population density of the upper level, assuming that the population density
of the level follows a Boltzmann distribution. The Boltzmann plot obtained
for a 350 W discharge at 0.32 mbar is shown in figure 6.6. The excitation
temperature obtained is about 2.3 eV. At low-pressure conditions, the plasma
is not in local thermal equilibrium and more than one temperature is needed
to characterize the excitation spectra. A fitting including only the three most
energetic transitions (23.5–24.5 eV), for instance, results in a lower excitation
temperature.

Table 6.2: Characteristics of the spectral transitions used in the experimental
determination of the excitation temperature Texc.

Transition j → i λj (nm) Aji (s−1) Uj (eV) gj

21P → 11S 58.43 1.80× 109 21.22 3
31P → 11S 53.70 5.66× 108 23.09 3
41P → 11S 52.22 2.44× 108 23.74 3
51P → 11S 51.56 1.26× 108 24.05 3
61P → 11S 51.21 7.32× 107 24.21 3
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Figure 6.6: Boltzmann plot of the helium atomic lines in the excitation energy
interval 21–24.5 eV.

The kinetic temperature of excited helium atoms as a measure of the gas
temperature has been determined by measuring the Doppler broadening of the
helium singlet line at 667.8 nm (31D → 21P transition), as illustrated in figure
6.7a and previously described in section 3.3.2 [60, 62]. The temperature was
found to remain constant at approximately 2000 K for the same range of applied
microwave powers (figure 6.7b).

6.7 Electron density estimation

The electron density has been estimated from the Stark broadening of the Hβ

line at 486.1 nm resulting from traces of hydrogen present in the discharge. To
this end, the diagnostic tables of hydrogen Stark broadening obtained from the
theoretical model of Gigosos and Cardeñoso [113,114] were used as a reference
for the theoretical Stark broadening, with extrapolations to electron densities
as low as 1012 cm3 performed as in the work of Palomares [118]. The resulting
electron density was found to be about (4.6 ± 0.4) × 102 cm−3 assuming an
electron temperature of 2.3 eV when the microwave power delivered to the
launcher is 350 W and the pressure is 0.23 mbar. An alternative approach based
on the intensity ratio of two helium atomic lines at 667.9 nm and 728.3 nm, as
described in the works by Muñoz Burgos and Schmitz [180–182], has also been
applied to estimate the electron density (see table 6.3).
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Figure 6.7: (a) Line profile of the helium singlet line at 667.8 nm (31D → 21P
transition) and corresponding fit, measured for a discharge at 400 W and 0.23 mbar;
(b) Kinetic temperature of helium atoms, measured at the launcher position, as a
function of the microwave power at a constant pressure of 0.23 mbar.
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The solutions of the detailed collisional radiative model are presented as
electronic density and temperature maps containing lines along which the ratio
between two helium lines are constant. Electron density values estimated with
these solutions are twice as large as the ones obtained from the broadening of
the Hβ line as seen in Table II. These values were, however, retrieved near the
limit of the solution space, where the electron density is particularly sensitive
to changes in the electron temperature. A slightly higher estimation for the
electronic temperature would result in a better agreement between the electronic
densities obtained with each of the methods.

P (W) Te (eV)
IHe(667.9nm)

IHe(728.3nm)
Ne (cm−3) ∆λStark(Hβ) (Å) Ne (cm−3)

300 5.57 1× 1013 ... ...
350 ∼ 2.3 4.93 9× 1012 0.0454 (4.6± 0.4)×1012

400 5.51 1× 1013 ... ...

Table 6.3: Intensity ratios of the He I lines (667.9 nm/728.3 nm) obtained for three
different values of applied microwave power at 0.23 mbar and the respective electron
density as obtained from the dataset presented in references [180–182] and Stark
broadening of the Hβ line (486.1 nm).

6.8 VUV and EUV radiation from helium-hydrogen
discharges

The influence of hydrogen addition to helium discharges on the observed VUV
and EUV spectra has also been studied. The lines observed in these wavelength
regions where measured again in helium discharges with small percentages of
hydrogen, up to 10% of the total gas flow. The corresponding spectra obtained
for discharges operating at a pressure of 0.2 mbar and microwave power delivered
to the launcher of 400 W are presented in figures 6.8 and 6.9a, where they are
compared to spectra from a pure helium discharge at the same operational
conditions. The comparison demonstrates that helium lines become less intense
with the addition of hydrogen to the background gas. Moreover, varying the
percentage of hydrogen showed that the helium lines’ intensity decreases with
the increase of hydrogen content in the discharge, while the intensity of the
Lyman-α (121.6 nm) and Lyman-β (102.6 nm) hydrogen lines increases. For
gas mixtures with 10% hydrogen, the rise of spectral emission from hydrogen
Lyman and Werner molecular bands can even be distinguished (figure 6.8b),
although quite weak compared to the atomic lines of helium and hydrogen. Note
that the intensity of all the spectral lines in the wavelength range 30–125 nm
presented in figure 6.8 are normalized to one.
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Figure 6.8: (a) Comparison of VUV spectra emitted by helium and helium-hydrogen
plasmas at a pressure of 0.2 mbar and microwave power delivered to the launcher of
400 W, in the wavelength region dominated by helium spectral lines; (b) Wavelength
region dominated by hydrogen spectral emission. The addition of hydrogen to a
helium discharge clearly influences the spectral intensity of the helium and hydrogen
lines. Note that the intensity values were normalized to one in both figures.
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Figure 6.9: (a) Comparison of EUV spectra emitted by helium and helium-hydrogen
plasmas at a pressure of 0.2 mbar and microwave power delivered to the launcher of
400 W; (b) Integral intensity of the He+ line at 30.4 nm as a function of the hydrogen
content in the mixture.

124



6.8. VUV and EUV radiation from helium-hydrogen discharges

The EUV spectrum in the wavelength region 8–32 nm was also measured in
the same plasma operational conditions. A comparison between spectra of a
pure helium and a helium-hydrogen (95% -5%) discharge is presented in figure
6.9a. Again, the intensity of the helium lines in this region is found to decrease
with the addition of hydrogen to the background gas (figure 6.9b). This is
expected since the atomic hydrogen levels giving origin to the Lyman-α,β lines
have lower excitation thresholds than the helium levels emitting in the VUV and
EUV regions. For example, the Lyman-α line originates from a transition from
the hydrogen level n = 2 with energy 10.19 eV, while the atomic helium line at
58.4 nm originates from a transition from the level 2p with energy 21.2 eV. The
same goes for the hydrogen Lyman and Werner molecular bands, whose first
levels have excitation thresholds around 11 eV. When hydrogen is added to the
background gas, most of the microwave power absorbed by the plasma electrons
is channelled into the population of hydrogen atomic and molecular levels, thus
resulting in more intense hydrogen spectral emission and weaker atomic and
ionic helium lines. The electron temperature is also likely to change with the
addition of hydrogen, hence influencing the plasma excited species and thus
their spectral emission. Nevertheless, the intensity of the helium lines remains
much stronger than the hydrogen lines, since only a few percent of hydrogen is
added to the mixture.

Previous investigations in microwave plasmas in mixtures of helium-hydrogen
(98 - 2%) working at 1 Torr suggested the emission of novel spectral lines in the
EUV region, at wavelengths 13.03 nm, 10.13 nm and 8.29 nm [55–57]. Attempts
to measure these spectral lines were carried out in the present operational setup.
The microwave power delivered to the launcher was pumped up to 750 W in
order to obtain high spectral intensities (as shown previously, both atomic and
ion spectral emission from helium and hydrogen species increase with the power
delivered to the launcher). The experimental spectra measured in the EUV for
helium-hydrogen (98 - 2%) discharges operating at high powers are presented
in figure 6.10. Three of the measured spectra for powers ranging from 600 W to
750 W show some spectral features in the 8–20 nm region (figure 6.10a).

However, consecutive measurements in the same operational conditions
confirmed that these spectral variations do not correspond to emission lines but
rather to fluctuations of the background noise, as evidenced in figure 6.10b. The
percentage of hydrogen in the gas mixture was then varied up to 10% of the total
gas flow, at constant pressure (0.2 mbar) and microwave power (700 W). The
same background fluctuations were observed in the 8–20 nm region, as shown
in figure 6.11. It should also be noted that the apparent increase in intensity
near 8 nm is due to the detection limit of the system, since the spectrometer
working range in the present configuration is 8–125 nm. In summary, no novel
emission lines were detected in the EUV region for wavelengths below 20 nm in
the present low-pressure conditions, even for high applied microwave powers.

125



Chapter 6. EUV radiation emitted by helium microwave plasmas

8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 6 2 8 3 0 3 20

4

8

2 0

4 0

6 0

8 0

 

 
Int

en
sit

y (
a. 

u.)

W a v e l e n g t h  ( n m )

H e  -  H 2  ( 9 8  -  2  % )
p  =  0 . 2  m b a r

 P  =  6 0 0  W
 P  =  7 0 0  W
 P  =  7 5 0  W

H e  I I  
2 5 . 6  n m

  H e  I  

   H e  I I  
3 0 . 4  n m

  H e  I I  
2 4 . 3  n m

 H e  I I  

(a)

8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 6 2 8 3 0 3 20

4

8

2 0

4 0

6 0

8 0

Int
en

sit
y (

a.u
.)

W a v e l e n g t h  ( n m )

H e  -  H 2  ( 9 8  -  2  % )
p  =  0 . 2  m b a r
P  =  7 0 0  W

 m e a s u r e m e n t  1
 m e a s u r e m e n t  2

H e  I I  
2 5 . 6  n m

  H e  I  

    H e  I I  
3 0 . 4  n m

   H e  I I  
2 4 . 3  n m

 H e  I I  

(b)

Figure 6.10: (a) Comparison of EUV spectra emitted by helium-hydrogen (98
- 2%) discharges at a pressure of 0.2 mbar and microwave power delivered to the
launcher ranging from 600 W to 750 W; (b) EUV spectra of helium-hydrogen (98 -
2%) discharges measured consecutively, at 0.2 mbar and 700 W.
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Figure 6.11: Comparison of EUV spectra emitted by helium-hydrogen discharges
with hydrogen percentages up to 10% of the total gas flow, at a pressure of 0.2 mbar
and microwave power delivered to the launcher of 700 W.

In order to further investigate this spectral region, the spectral response
of the system should first be improved. Increasing the discharge pressure
could also be done using the present experimental setup. A few attempts
were made with helium-hydrogen mixtures at 0.5 mbar), resulting in very noisy
spectra where even the well-pronounced helium lines in the EUV become barely
distinguishable from the background noise. Besides that, the experimental
constraints of operating high power discharges in helium-hydrogen mixtures at
higher pressures in the present configuration should also be taken into account.
In particular, the higher absorption of EUV photons by the plasma which
becomes optically thick for radiation in this range. As the pressure is increased,
the number of absorbers increases and the effect of self-absorption has to be
taken into account.

6.9 Summary

Emission spectroscopy was applied to study the extreme ultraviolet radiation
emitted by wave-driven helium plasmas operating at 2.45 GHz. Both atomic
and ionic spectral lines were detected in the 23–60 nm range and their intensities
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were found to scale linearly with the applied microwave power per unit volume.
Furthermore, the intensity of all the ionic spectral lines in the EUV range
decreases by nearly one order of magnitude as the pressure is raised from 0.2
to 0.5 mbar. The addition of small hydrogen percentages to the background
gas results in the appearance of hydrogen atomic and molecular emission lines,
whose intensity increases as the percentage of hydrogen is raised, whereas the
intensity of helium atomic and ion spectral lines decreases in the EUV and
VUV regions.

Most of the microwave power absorbed by the plasma electrons seems to be
channelled into the population of hydrogen atomic and molecular levels, which
have lower energy excitation thresholds compared to helium levels emitting
in these spectral regions. A deeper understanding of the main mechanisms
governing the EUV radiation emitted by helium plasmas at low-pressure con-
ditions is nonetheless required. In this regard, further experimental research
of plasma radiation in this spectral range, along with theoretical studies on
the main processes leading to the population of upper high energy levels of
the helium ions, and the corresponding channelling of the microwave power
into population of these levels, is being considered. On the other hand, the
development of a comprehensive model describing EUV radiation emitted by a
microwave helium discharge depends strongly on the availability of reliable data.
The lack of such data, e.g. cross-section for inelastic processes of electrons with
He ions, transition probabilities for some of the lines as well as the peculiarities
of the radiation transport in the EUV spectral range (e.g. interaction with the
wall), are some of the challenges yet to be tackled in order to develop a solid
model. However, the novel results presented here for the radiation of helium
microwave plasmas in an insufficiently investigated EUV spectral range can be
instrumental in the generation of such data.
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Chapter 7

The effect of the Ar/O2 ratio on
the electron density and
temperature

In this chapter, the properties of Ar-O2 microwave driven surfatron plasmas are
studied as a function of the Ar/O2 ratio in the gas mixture. The key parameters
are the plasma electron density and electron temperature, which are estimated
with Thomson scattering for O2 contents up to 50% of the total gas flow. A
sharp drop in the electron density from 1020 m−3 to approximately 1018 m−3

is estimated as the O2 content in the gas mixture is increased up to 15%. For
percentages of O2 lower than 10%, the electron temperature is estimated to be
about 2 – 3 times higher than in the case of a pure argon discharge in the same
conditions (Te ≈ 1 eV) and gradually decreases as the O2 percentage is raised
to 50%. However, for O2 percentages above 30%, the scattering spectra become
Raman dominated, resulting in large uncertainties in the estimated electron
densities and temperatures. The influence of photo-detached electrons from
negative ions caused by the typical Thomson scattering laser fluences is also
likely to contribute to the uncertainty in the measured electron densities for
high O2 percentages. Moreover, the detection limit of the system is reached for
percentages of O2 higher than 25%. Additionally, both the electron density and
temperature of microwave discharges with large Ar/O2 ratios are more sensitive
to gas pressure variations.1

1The results presented here were published as The effect of the Ar/O2 ratio on the
electron density and electron temperature in microwave discharges, S Espinho, S. Hofmann, J.
M. Palomares and S. Nijdam, 2017 Plasma Sources Sci. Technol. 26(10) 105008 [183].
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7.1 Introduction

Deposition processes play a key role in many industrial and scientific applications.
Nowadays, the production of technical components (hardware, microelectronics,
optical fibers, etc) relies on the use of etching and deposition processes for
the modification and coating of surfaces. The successful use of such processes
strongly depends on the understanding of the underlying chemistry and physics.
Plasma based technologies are often used to this purpose due to their hability
to tailor the final product characteristics by tuning the discharge conditions
and the initial gas mixture. In most cases, the thickness and homogeneity of
the end product are key parameters for specific applications. Such is the case
of deposition and etching of thin films where mixtures of reactive and rare
gases are commonly used [184,185]. In order to achieve the desired selectivity,
etch profile and rate, most processing discharges use mixtures of two or more
gases. A mixture commonly used in plasma processing is Ar-O2. It is well
known that the composition of Ar-O2 mixtures used in the plasma influences the
composition and properties of thin films during the deposition process [186,187].
The composition of the gas mixture also plays a key role in the production of
optical fibers, where a microwave induced plasma is used to deposit SiO2 layers
on glass [188,189]. The process involves the admixture of silicon tetrachloride
(SiCl4) and oxygen in the plasma along with a buffer gas, such as argon.
The characteristics of Ar-O2 discharges in a variety of plasma reactors can
be found in the literature [190–194]. However, the results available for the
particular case of microwave driven discharges in Ar-O2 mixtures are quite
scarce, most of them consisting of theoretical investigations focusing on the
afterglow region at low pressures [195–197]. From an application point of view,
microwave driven discharges offer several advantages over other plasma sources,
the most important ones being their versatile operation and the high power
coupling efficiency leading to high densities of excited species [35,101,104]. The
intrinsic properties of microwave driven discharges combined with the active
species created in Ar-O2 mixtures confers this kind of discharges great potential
for applications. Among the dominant species in Ar-O2 discharges, one can
distinguish the active oxygen species, such as O(3P, 1D) atoms and metastable
molecules O2(a1∆g,

1Σ+
g ), as well as the presence of argon atomic metastable

Ar(3P2,3P0) and resonant states Ar(3P1,1P0), and Ar+ energetic ions.

Previous investigations focused mostly on pure Ar and O2 discharges. Mi-
crowave driven surfatron plasmas in Ar have been the subject of many exper-
imental and theoretical investigations before. The variation of the electron
density and electron temperature with the discharge operational conditions,
such as power and pressure, has been studied extensively in previous works
using both passive and active emission spectroscopy techniques. Iordanova et
al. performed absolute measurements of the continuum radiation to determine
the electron density in a microwave-induced argon plasma [198]. They obtained
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electron densities in the order of 1019 m−3 for typical operation pressures of
15 mbar and microwave powers of 60 W. De Vries et al. performed Thomson
scattering measurements on low-pressure surface wave sustained plasmas in
argon [199]. They estimated an electron density of about ne ' 4× 1019 m−3 and
corresponding electron temperature Te ' 1.2 eV, for a discharge with pressure
10 mbar and power 50 W. Carbone et al. also used Thomson scattering measure-
ments to study the radial contraction of argon microwave driven plasmas in the
same surfatron configuration at low and intermediate pressures [105]. A more
detailed study of the properties of argon microwave driven discharges using both
passive and active spectroscopy techniques can also be found in the theses of de
Vries, Hübner and Carbone [61, 179,200]. Oxygen discharges have been applied
in plasma processing for many years [201, 202] and the kinetics/chemistry of
oxygen plasmas have been the subject of many theoretical investigations paired
with experiment studies [203–208]. The characterization of a low-pressure
oxygen discharge created by surface waves over a large range of operational
conditions can be found in the work by Granier et al. [209]. The creation of
atomic oxygen consumes most of the microwave power, but the atomic oxygen
concentration remains small, only a few percent of the neutral density, due to
losses through recombination at the tube wall. Measurements of the electron
and negative ion densities in a radio-frequency inductively coupled plasma were
also performed at low pressures and further compared to the predictions of
a kinetic model by Stoffels et al. [210]. The electron density in this oxygen
discharge is ne ' 1015 m−3 and the negative ion density is about five to ten
times higher. The O− ion is the dominant ion in the discharge. As O2 is an
electronegative gas, negative ions (O−, O−2 and O−2 ) are expected to contribute
significantly to the total charge balance in an oxygen plasma.

Experimental studies of Ar-O2 plasmas generally focus on low-pressure
conditions in a variety of plasma reactors. In the work of Gudmundsson et al.,
the authors measure the electron density, electron temperature, plasma potential
and the electron energy probability function in an Ar-O2 planar inductive
discharge at low pressures [190]. They analyze their experimental results in
the light of a global model, and find that the electron density increases with
increased argon content and increases more steeply with increased argon content
after the ratio Ar/O2 reaches 50/50. They also find the electronegativity of the
discharge to decrease as the argon content increases, and they attribute this to
the reduced source of negative ion generation (dissociation of O2 molecules) and
the additional loss mechanism for negative ions through surface recombination
of oxygen atoms. Surface recombination is an important loss mechanism for
oxygen atoms. As shown by Czerwiec et al. in their investigation of Ar-O2

and Ar-O2-H2 flowing microwave discharges, the addition of H2 increases the
concentration of O atoms in the discharge because of the H atom adsorption on
the tube walls that inhibits surface recombination sites for O atoms [211]. In his
later works, Gudmundsson updates the global model to study the dissociation
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processes and the presence of negative ions and metastable species in a low
pressure high density Ar-O2 discharge [194]. Similar to the experimental
results [212], an increase in the fractional dissociation of the O2 molecule
with an increased argon content is observed. The authors attribute this to an
increase in the reaction rate for electron impact dissociation of the O2 molecule,
due to an increased electron temperature with the addition of argon (which
has a higher ionization potential than molecular and atomic oxygen). The
team of Kutasi found a similar trend in their theoretical investigation of the
early afterglow of Ar-O2 surface-wave microwave discharges operating in the
pressure range 0.5–25 mbar [197]. They found that the highest dissociation
degree of O2 molecules occurs in the higher Ar content mixture, exhibiting a
different pressure dependence with the mixture composition. According to their
model predictions, the addition of a relatively small content of oxygen into
pure Ar can be enough to significantly alter the electron energy distribution
function (EEDF), and, consequently, the electron ionization and excitation rate
coefficients [195]. Following the previous works on low-pressure argon surface
wave discharges, de Vries et al. also investigated the effect of a small oxygen
admission into an argon plasma [61]. They compared the electron density and
the electron temperature of an Ar-O2 discharge containing 5% O2 to the values
obtained for a pure argon plasma, with both active and passive spectroscopy
techniques. They report a decrease in the electron density with the admixture of
a small O2 percentage as well as an increase in the electron temperature, which
they atribute to extra energy losses in the Ar-O2 plasma such as molecular
dissociation or vibrational and rotational excitations. To further understand
this behaviour in surface-wave driven discharges, it is essential to study in more
detail how the admixture of O2 influences the plasma properties. As shown in
the above mentioned references, the plasma parameters, such as the electron
density and electron temperature, behave differently depending on the quantity
of O2 introduced in the plasma. Therefore, the aim of this work is to study the
variations of the plasma electron density and electron temperature for different
percentages of O2 in the plasma, reaching Ar/O2 ratios up to 50/50.

The electron density and the electron temperature of a surfatron plasma
have been determined experimentally as a function of the Ar/O2 ratio in the
gas mixture. The plasma source consists of a microwave driven discharge
operating at 2.45 GHz, working at intermediate pressures in the range 15–
38 mbar at 100 W. The diagnostics include laser scattering measurements
performed with the triple grating spectrometer (TGS) available at the Eindhoven
University of Technology [213, 214]. Thomson scattering measurements are
performed to estimate the plasma electron density and electron temperature for
O2 percentages up to 50% of the total gas flow. This active spectroscopy method
relies on the scattering of laser photons by the free plasma electrons [64–66].
In the case of molecular gases, like mixtures of Ar-O2, the spectra include
contributions from Thomson and Raman scattering, which is the rotational
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(a) (b)

Figure 7.1: (a) Picture of a surface wave driven discharge in the surfatron configu-
ration in argon; (b) Picture of a surface wave driven discharge in a mixture of 90%
argon and 10% oxygen at 38 mbar and 100 W

scattering from molecules. Optical emission spectroscopy measurements are also
performed to identify the main active species in the plasma [198,199]. A brief
description of the experimental setup is given, as well as a detailed description of
the main diagnostics used in this work, i. e. laser scattering spectroscopy. The
obtained electron density and electron temperature are discussed as a function
of the gas pressure and of the oxygen percentage in the Ar-O2 plasmas.

7.2 Laser scattering spectroscopy: experiment and
spectral analysis

Laser scattering measurements were performed on the surfatron plasma previ-
ously described in section 2.3.1 to determine the electron density ne and the
electron temperature Te. The plasma source consists of a microwave driven
discharge operating at 2.45 GHz in argon-oxygen mixtures, at intermediate
pressures (15 - 38 mbar) and 100 W. The percentage of oxygen in the back-
ground gas mixture was varied up to 50% of the total gas flow. Pictures of
microwave discharges in the surfatron configuration in argon and in a mixture
with 90% argon and 10% oxygen, operating at 38 mbar and 100 W, are shown
in figure 7.1. As can be seen from these pictures, the addition of oxygen to the
argon background gas directly influences the length of the discharge, making it
much shorter even for small percentages added. The plasma is confined inside
a 68 cm long quartz tube with inner radius rinner = 3 mm and outer radius
router = 4 mm. For the particular case of laser diagnostics, the whole surfatron
setup is mounted upon a specially designed table that can be translated along
its own axis as indicated by the black arrows in figure 2.4 of chapter 2.
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Figure 7.2: Schematic view of the experimental setup for laser scattering and optical
emission spectroscopy diagnostics.

Figure 7.3: Picture of the experimental setup for laser scattering spectroscopy in
operation.
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By means of micrometer screws, the plasma can be positioned radially with an
accuracy of 50 µm, while it can be moved in the axial direction with an accuracy
of 1 mm [215]. The height of the table can also be regulated to align the whole
discharge tube with the laser beam.

The Thomson scattering (TS) signal originated by the scattering of laser
photons by the free plasma electrons, as well as the Raman scattering (RS)
signal originated by rotational scattering from O2 molecules were measured
for various operational conditions. In TS, the number of scattered photons is
directly proportional to ne, whereas the Doppler broadening of the scattered
photons gives insight into the electron energy distribution and therefore Te

(assuming a Maxwellian electron energy distribution function for the bulk part
of the electrons). Raman scattering, on the other hand, is associated with a
change of the rotational state of a molecule, that results in Stokes or Anti-Stokes
scattering patterns. The rotational transitions lead to peaks in the Raman
scattering spectrum that appear overlapped with the TS signal. An overview
of the principles and challenges of TS as well as a detailed description of the
experimental setup for this laser diagnostic method is given in the paper by
Carbone and Nijdam [66]. The TS and RS signals are detected by a specially
designed triple grating spectrometer (TGS) in the Eindhoven University of
Technology [213, 214]. A schematic view of the experimental setup used for
laser scattering diagnostics is presented in figure 7.2 and a picture of the system
in opertion is shown in figure 7.3. A more detailed description of the setup
can be found in [64–66,179,200]. The purpose of the three gratings is to reject
stray light and Rayleigh scattering from atoms and molecules, while collecting
light scattered from free electrons as well as rotational Raman scattering from
molecules. The scattered light from the plasma is collected by an optical system
of two achromatic lenses that focus the photons onto the entrance slit of the
TGS. The entrance slit is horizontal and parallel to the axis of the laser beam,
to obtain spatially resolved images in the axial direction of the plasma column.
Inside the TGS, the beam has to be rotated (note the image rotator in figure
7.2) so that the slit appears vertical. The first two gratings and the mask form
a notch filter in order to block the central laser wavelength (the high intensity
of the laser beam would obscure the TS and RS signals). The notch filter
reduces the resulting laser stray light transmission by a factor of approximately
106 [213], hence rejecting the omnipresent Rayleigh and stray light signal. The
third grating and respective optical system act as a usual spectrometer and
resolve the actual spectral information. The emitted TS and RS signals are
then collected by an iCCD camera (Andor iStar743) giving spectral information
in the horizontal direction and spatial information in the vertical direction.
Each iCCD frame covers a length of 1.2 cm inside the plasma volume. It is
important to note that these measurements deliver the plasma properties in the
small detection volume that is formed by the intersection of the laser beam and
the optical axis of the detection system, instead of delivering radially averaged
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results such as usually the case in spectroscopic methods. The laser used for
scattering diagnostics is a frequency doubled Nd:YAG laser (Continuum Laser,
Model Precision II 8010) generating pulses of typically 100 mJ at 532 nm (the
maximum pulse energy is approximately 700 mJ at 532 nm). The laser pulse
duration is about 8 ns with a repetition frequency of 10 Hz. Each measurement
is obtained using 30 minutes of accumulation time (corresponding to 18000 laser
shots) in order to achieve a good signal-to-noise ratio. Note that dark current
and background measurements of the plasma light (when strong light emission
from the plasma occurs) are subtracted from the total scattering spectrum, so
as to obtain pure TS and RS signals. A pixel binning process is applied in
spatial and spectral direction in order to further reduce the noise and smooth
the spectra, as shown in figures 7.4b and 7.5b.

In order to calibrate the intensity and the wavelength of the spectra, Raman
scattering measurements in nitrogen gas are performed at fixed temperature
and pressure. In practice, this is done by filling the quartz tube with nitrogen
gas at room temperature and at a given pressure [66, 105]. In this case, the
measured Raman scattering signal is directly fitted to calibrate the signal. The
wavelength calibration is done using a multi-component fitting which takes into
account 30 rotational transitions of N2 [65, 179]. The operational conditions
(laser power, exposure time, alignment, axial position) are the same as for
the measurements in Ar-O2 plasmas. After the absolute calibration, a fitting
of the experimental TS signal is performed in order to derive simultaneously
the electron density and the electron temperature of the plasma. A typical
scattering spectrum from a pure Ar plasma is shown as example in figure 7.4a,
measured at λ < 531.5 nm and λ > 532.3 nm because of the Rayleigh block in
the TGS. In the case of an Ar plasma, the scattering signal that is measured
comes purely from TS. As seen in figure 7.4b, the spectrum has a Gaussian
shape and is then processed to find the best Gaussian fit: the width of the
resulting fitting curve is used to determine Te and the respective area of the
curve is used to determine ne. The fitting of the total scattering signal is done
by calculating the least square difference using the Matlab function fminsearch,
which makes use of a multivariable search method [216]. The process involves
the fitting of six variables: ne, Te, Trot(O2), pN2+O2 , pN2/pO2 and a constant C.
The pressure of the discharge measured during the experiment is given as input
parameter to the fitting. More detail about the code can be found in the works
by van Gessel et al. [64,65]. In the case of a plasma with a mixture of Ar-O2,
the measured spectrum is a convolution of TS and RS from O2 molecules. A
typical image from a plasma mixture of Ar-O2 with 50 % Ar and 50 % O2 is
shown in figure 7.5. The spectrum is clearly Raman dominated. In this case,
both the contributions from RS and TS are fitted simultaneously in the same
wavelength region as before (as in the case for a pure Ar plasma as shown in
figure 7.4b), assuming Gaussian line shapes for each of the O2 rotational lines.
The fitting procedure can resolve the contribution from TS and RS signals to
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Figure 7.4: (a) Two dimensional image of the Thomson scattering signal measured
on an Ar plasma at 38 mbar and 100 W. The inhomogeneity in the vertical direction
is mainly due to the sensitivity of the optical system; (b) Vertical binning of the
spectrum (blue dots) with the corresponding Gaussian fit (red line). The central part
is excluded from the fit (green dots). This central dip in the image is caused by the
notch filter that removes the central wavelength of the laser.

the total scattering signal. Thus, it is possible to extract ne and Te values from
the TS signal even for high percentages of O2. However, for O2 contents above
30 %, the intensity of the Thomson signal becomes very small compared to
the Raman signal. It is the case of the spectrum shown in figure 7.5b, where
the ratio of Raman scattering corresponding to Thomson scattering is indeed
too large. It is discussed later in the error analysis (7.5) that the weakest
signal of the two should be at least 10 % of the strongest in order to obtain
accurate values from the fitting of Thomson and Raman signals. Therefore,
larger uncertainties for ne and Te are expected for O2 percentages above 30 %.
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Figure 7.5: (a) Two dimensional image of the Thomson and Raman scattering
signals measured on an Ar-O2 plasma with 50% Ar and 50% O2. The gas pressure
was 38 mbar and the power delivered to the plasma was 100 W. The inhomogeneity in
vertical direction is mainly due to the optical system sensitivity; (b) Vertical binning
of the spectrum (blue dots) with the corresponding fit (red line). The green lines
correspond to the contributions of the Thomson and Raman signals to the total
spectrum. As before, the central part of the image is excluded from the fit (green
dots).

As a complementary diagnostic, optical emission spectroscopy was used to
monitor the spectra of Ar-O2 discharges with variations of the O2 percentage in
the mixture. The emission spectra were collected by an optical fiber connected
to an Avantes spectrometer (AvaSpec 3648) with wavelength range 200–1100 nm.
The optical fiber is positioned perpendicularly to the quartz tube and is movable
along the axial direction of the plasma column as shown in figure 7.2.
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7.3 The influence of the Ar/O2 ratio on the plasma
electron density and temperature

The properties of Ar-O2 microwave driven surfatron plasmas were investigated
as a function of the O2 content. In order to do so, O2 percentages up to 50%
of the total gas flow were added to the gas mixture. The measurements were
performed for a gas pressure of 38 mbar and for microwave powers delivered to
the launcher between 90 and 100 W. For low contents of O2 in the gas mixture
(<10 % of the total gas flow), the main contribution to the measured spectrum
is essentially from TS. This can be seen in figure 7.6b where the measured
spectrum of a discharge containing 95% Ar and 5% O2 is very similar to a pure
Ar plasma. However, note the presence of a peak at 533 nm. As confirmed
by optical emission spectroscopy measurements, this peak corresponds to an
atomic oxygen transition emitting at 533.07 nm (see figure 7.7). Note also the
drop in the intensity of the scattering signal as O2 is introduced in the gas
mixture, contributing to a lower signal-to-noise ratio in the measurement. The
rise of the Raman scattering signal from O2 molecules as the percentage of
O2 gas is increased in the plasma also plays a role. As the percentage of O2

in the discharge is increased, the spectra become dominated by RS from O2

molecules and the atomic oxygen emission line at 533.07 nm can no longer be
distinguished. An example of typical scattering signals measured for a gas
mixture containing 60% Ar and 40% O2 is shown in figure 7.8. In this figure,
both scattering signals with and without plasma are presented. It is clearly
visible that for the same gas pressure (38 mbar), the intensity of the signal is
much stronger in the case where there is only an Ar-O2 gas mixture inside the
quartz tube. This stems from the high gas temperatures achieved in the plasma
(see figure 7.9), resulting in lower densities, whereas the gas mixture without
plasma is at room temperature. With the presence of plasma, scattering of the
laser photons on free electrons in the plasma occurs and the measured signal
has the contribution of both TS and RS. The addition of O2 content in the
plasma leads to an increase of the RS signal intensity. Without plasma only
RS from O2 molecules is detected. Experimentally, the length of the plasma
column decreases with the percentage of O2 present in the gas mixture for the
same power and pressure conditions, resulting in an increase of power per unit
volume.

The electron density and electron temperature were determined from the
measured TS signals for different percentages of O2 in the plasma. The results
for Ar-O2 plasmas with pressure 38 mbar and microwave power 90 - 100 W are
shown in figure 7.11. For comparison, measurements in pure Ar plasmas were
performed in the same conditions, and the respective ne and Te values obtained
are also presented. As can be seen in figure 7.11, the electron density drops
sharply from 1020 m−3 to approximately 1− 2× 1018 m−3 as the O2 content
is increased from 0 to 15% of the total gas flow. It then keeps approximately
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Figure 7.6: (a) Experimental Thomson spectrum (after vertical binning) obtained for
an argon plasma at 38 mbar and microwave power 100 W; (b) Experimental Thomson
spectrum obtained for an Ar-O2 plasma with 95% Ar and 5% O2 at the same operating
conditions. The TS signal is similar to the one obtained for pure argon plasmas but in
this case one can distinguish the contribution of the atomic oxygen line at 533.07 nm.

constant as the O2 content is increased up to 50%. The position of the mea-
surements along the plasma column also plays a role in the observed electron
density and temperature behaviours. The decrease in the electron density for
O2 percentages up to 15 % can be linked to the position of the measurements
along the plasma column (figure 7.11). The larger the distance from the end of
the plasma column, the smaller the estimated electron density is. The length
of the plasma column decreases as O2 is added to the mixture. Therefore,
when changing the mixture and keeping the position of the measurements
constant relative to the launcher, different positions on the ne profile are hit.
It is well known that ne decreases towards the end of the plasma column in
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surfatron plasmas, so this can explain the drop in electron density observed
for O2 percentages up to 15 %. Also, the electron densities obtained for O2

percentages above 15 % are very similar for every O2 percentage. For these
higher percentages, the length of the plasma column is practically constant and
therefore the position of the measurements relative to the end of the column is
practically constant too. The electron temperature, however, is clearly affected
by the O2 content in the discharge. As seen in figure 7.11, Te decreases from
approximately 3 eV to 0.5 eV as the O2 percentage is raised from 25 to 50%,
for measurements at the same position near the end of the plasma column.
For small percentages of O2 in the plasma, the electron temperature is found
to be higher than of a pure Ar plasma under the same power and pressure
conditions (for which Te ' 1 eV). This is in good agreement with the previous
study of de Vries [61], where the plasma electron temperature is found to
increase as 5% O2 is added to an argon surfatron discharge operating in similar
conditions. It is interesting to note that a similar trend in electron density
and electron temperature is observed upon the admixture of N2 to an argon
microwave discharge, even though N2 and O2 are two molecular gases with
quite distinct characteristics (like the electronegativity for example). Hübner
investigated the relaxation of molecular loaded argon plasmas in a quasi-steady
state regime. The electron temperature obtained for an argon discharge with
1% O2 (Te ' 1.30 eV) is similar to the one obtained in an argon discharge with
1% N2 (Te ' 1.25 eV) [179]. In the light of a global model based on a simplified
electron particle balance, he attributes these higher Te values when compared
to a pure Ar discharge to more recombination channels as N2 or O2 is added to
the plasma. The increase of Ar content in the plasma leads to reduced diffusion
losses, so that the electron temperature needed to sustain the plasma can be
lower [217]. When considering constant power density, as is here the case, the
diffusion reduction also leads to the increased ne values obtained in higher
Ar-content discharges.

As shown in figure 7.11, Te decreases from 2 eV to approximately 0.5 eV as
the O2 content in the discharge is varied from 5 to 25% of the total gas flow
(100 sccm). For higher gas flows, the same trend is observed and Te is found to
decrease from approximately 3–0.5 eV, when increasing the O2 content from 5
to 50% of the total gas flow (200 sccm). Previous experiments in inductively
coupled plasmas (ICP) described a similar effect in Ar-O2 mixtures [194],
where a decrease in Te is observed as the content of argon in the plasma is
reduced. In their theoretical study of Ar-O2 microwave driven discharges,
Kutasi et al. also report a sharp drop in Te as fractions of O2 are added to
the plasma [195]. They claim that the addition of a relatively small content
of oxygen into pure Ar is enough to significantly alter the electron energy
distribution function (EEDF), and, consequently, the electron ionization and
excitation rate coefficients. According to Gudmundsson et al., the electron
temperature is higher for higher contents of argon in the discharge because
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Figure 7.9: Rotational temperature of O2 molecules as determined from the si-
multaneous fitting of the Thomson and Raman scattering signals, for different O2

contents in the mixture at 1.5 cm from the launcher position z. The error estimation
is discussed in the following section 7.5.

argon has a higher ionization potential (15.76 eV) than molecular (12.06 eV)
and atomic (13.61 eV) oxygen. The higher electron temperatures cause an
increase in the reaction rate for electron impact dissociation of the oxygen
molecule, resulting in a higher degree of dissociation of O2 [218]. Following
the discussion from Gudmundsson et al., this results in an increased electron
density as well as in an increased oxygen metastable O(1D) density for higher
argon content in the plasma [194, 212]. This is in good agreement with the
electron density results shown in figure 7.11 and could explain the sharp drop in
ne as the percentage of O2 is increased. The presence of the atomic oxygen line
at 533.07 nm in the TS and in the optical emission spectra for low percentages
of O2 (see figure 7.7) can also be due to the increased oxygen metastable O(1D)
density in that case, since the majority of the ground state atomic oxygen
O(3P) originates from O(1D) through electron impact deexcitation (and also
partly from electron impact dissociation of O2 molecules) [194]. For higher O2

contents, the drop in electron density and temperature, as well as the increase of
the RS signal intensity (see figure 7.10), suggest that the power delivered to the
plasma is mainly channelled into the population of vibrational and rotational
levels of O2 molecules. However, it is important to note that the previous works
mentioned in this discussion refer mostly to radio-frequency discharges. Since
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Figure 7.10: Intensity of the Raman emission from O2 molecules as a function of
the O2 percentage in the discharge and distance to the launcher z. The values were
obtained from the fitting.

the power absorption mechanism and electron heating in radio-frequency and
microwave discharges are different, different effects are to be expected in what
concerns the electron density and temperature behaviour. Therefore, a detailed
theoretical study for the particular case of microwave driven Ar-O2 discharges
is necessary to further clarify the effects of O2 addition on the electron density
and temperature.

7.4 Dependence on the gas pressure for different Ar/O2

ratios

The pressure dependence of the electron density and electron temperature of
Ar-O2 plasmas was also investigated for pressures from 15–38 mbar. The results
obtained for discharges containing 7% and 40% O2 are presented in figure
7.12. As expected from the previous discussion, both the electron density and
temperature are lower for a higher percentage of O2 in the plasma. Besides the
O2 content in the discharge, the position of the measurements relative to the
plasma length can here again influence the electron density and temperature
results. As seen in figure 7.12, the measurements for high O2 percentage are
performed near the end of the plasma whereas the ones for low O2 content are
performed near the middle of the plasma column.
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This can of course contribute to the higher electron densities observed with
7 % O2 in the discharge, since higher electron densities are expected closer to
the launcher. The electron density of a 100 W Ar-O2 plasma containing 7%
O2 is found to be approximately 1019 m−3 for pressures between 15 - 25 mbar
and decreases to 3× 1018 m−3 at 38 mbar. In the case of an Ar-O2 plasma
containing 40% O2, the electron density is found to be approximately constant
1.5× 1018 m−3 for pressures between 15 - 38 mbar. Again the variation of Te

with pressure is less significant for higher content of O2: it is nearly constant
(' 1.25 eV) for pressures between 20 - 30 mbar and slightly decreases to 0.8 eV
at 38 mbar. Similar trends for ne and Te in the same range of pressures
are described in previous works in the case of an ICP plasma operating at
150 W [219]. Again, one should keep in mind that the power absorption
mechanism and electron heating in ICP and microwave discharges are different,
so different effects are to be expected in what concerns the electron density and
temperature behaviour. Overall, both ne and Te of Ar-O2 plasmas with low
contents of O2 seem to be more sensitive to gas pressure variations. This is
likely due to the dissociation degree of O2 molecules in the discharge. According
to Kutasi et al., the dissociation degree of O2 molecules exhibits a different
pressure dependence with the mixture composition. Their calculations were
performed for the critical electron density for the surface-wave propagation,
which occurs at the end of the plasma column. They found that the dissociation
degree of O2 molecules does not vary monotonically with pressure, but passes
through a minimum [197].

7.5 Error analysis

The error analysis in this work is similar to the ones described by Palomares [215]
and by Carbone in [105], since the experimental setup is essentially the same.
A more detailed description can be found in the paper by de Vries [199], where
the analysis is made for the same setup containing a different iCCD camera
(smaller pixel size and therefore a higher number of pixels per nanometer). The
total scattering signal is fitted using an optimization algorithm with a very
good convergence [64,65]. To obtain absolute values of the fitted parameters,
the signal must be absolutely calibrated, as explained previously in section
7.2. The uncertainty in the measured electron densities is determined mainly
by the inaccuracy of this calibration, resulting in a systematic error estimated
at 8% (caused entirely by the numerical value of the cross-section for Raman
scattering) [220]. The fitting of the area under the Gaussian profile also
contributes to the uncertainty of the electron density. In the case of Te, the
uncertainty is mostly affected by the accuracy of the fit, where plasma spectral
emission can always induce systematic errors [66]. In the case of a pure argon
plasma, the random error for any Thomson scattering measurement is estimated
to be 8% for the electron density and 6% for the electron temperature. As the
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O2 content in the discharge is increased, the intensity of the Raman contribution
becomes dominant (shown previously in figure 7.5). To obtain reliable values
for the fitting parameters from both Raman and Thomson signals, the weakest
signal of the two must be at least 10% of the strongest [64]. For plasmas with
more than 30% O2, this condition is no longer satisfied, resulting in larger error
estimations for the electron density and temperature. These errors are hard to
quantify but expected to increase with O2 content in the gas mixture since this
leads to an increase of the Raman contribution to the total scattering signal.
One way to increase the Thomson signal for high O2 percentages would be to
increase the integration time of the measurements. However, this would result
in a stronger total scattering signal for which the contribution from Raman is
still expected to be dominant. Besides, the accuracy of the measurements would
also be more affected by the drift in the plasma or laser power in time. One way
to test if the fit is converging to a global optimum is to compare the rotational
temperature of O2 molecules obtained from the fit to experimental values. The
fitted rotational temperatures Trot, shown previously in figure 7.9, are very
close to the wall temperatures obtained from infrared pyrometry measurements.
These wall temperature measurements are not accurate for the determination of
the gas temperature but they give a good indication whether the values for Trot

obtained from the fitting are plausible. As an improvement, the gas temperature
as well as the rotational temperature of O2 molecules should be determined
experimentally and compared to the fitted Trot. The gas temperature can be
determined from Rayleigh scattering measurements, whereas the rotational
temperature of O2 molecules can for example be determined with emission
spectroscopy.

Besides the uncertainties inherent from the fitting of TS and RS signals, it
is necessary to consider the influence of photo-detached electrons from negative
ions on the measured plasma electron densities. This effect increases the
measured electron densities compared to the case without the Thomson laser
pulse. The negative ions are easily photo-detached by laser photons whose
energy exceeds the electron affinity of the negative ions. Therefore, the negative
ions along a laser path for typical laser TS measurements are completely
photo-detached at an initial rising period of the laser pulse and the resulting
electrons scatter a major part of the laser pulse by TS, which is subsequently
spectrally resolved and detected [221]. For the typical laser fluences used in
Thomson scattering, complete photo-detachment of all negative ions is expected,
even in strongly electronegative plasmas [66]. This is likely to result in an
overestimation of the plasma electron densities since the measured values would
then correspond to the density of the plasma electrons plus the photo-detached
electrons from negative ions. According to previous studies in low temperature
oxygen plasmas, the O− ion is the predominant negative ion species in oxygen
discharges [210, 221]. Noguchi et al. estimated the density of this negative
ion with TS measurements in Ar-O2 glow discharges for O2 percentages up to
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25% and compare it to the plasma electron density [221]. The effect of the
negative ion density on the measured electron densities is then accounted for
in the error bars by extrapolating their results for O2 percentages up to 50%.
The negative ion density is expected to be higher at higher O2 percentages,
resulting in a larger overestimation of the ne values.This can be seen in the
asymmetric error bars for ne in figures 7.11 and 7.12 as the percentage of O2 is
increased. Nevertheless, the influence of the O− ion density on the measured
electron densities should be determined for the present experimental conditions.
This could be done as Noguchi et al. by subtracting the Thomson scattering
spectrum coming from negative ions via probe-laser photo-detachment.

Another factor to consider is the detection limit of the measurements. The
lowest electron density at which Thomson scattering can be applied in the
surfatron setup is roughly 1018 m−3 in the center of the quartz tube [66,105],
mostly limited by the background signal caused by plasma emission and false
stray light. As can be seen from figure 7.11, values of the electron density are
found close to this limit for O2 percentages above 20%. This contributes to
a larger uncertainty on the electron density for high percentages of O2 in the
discharge. For this reason, other diagnostic methods for the electron density
should be considered when adding high percentages of O2 to the plasma, as
for example Microwave Cavity Resonance Spectroscopy (MCRS) [222–224]. In
MCRS measurements, a standing microwave is excited in a cylindrical cavity
placed around the quartz tube where the plasma is created. The resonance
frequencies depend on the geometry of the cavity and on the dielectric constant
of its contents. When a plasma is created inside the cavity, the free electrons
will modify this dielectric constant and thereby shift the resonance frequencies,
allowing the estimation of the space-averaged electron density in the cavity for
values as low as 1016 m−3.

7.6 Summary

The electron density and electron temperature of Ar-O2 microwave driven
surfatron plasmas were estimated with Thomson scattering. As the percentage
of O2 in the discharge is increased up to 15%, a sharp drop from 1020 m−3 to
approximately 1018 m−3 is observed in the electron density values. Then, as the
O2 content is raised to 50% of the total gas flow, the estimated values for the
electron density reach approximately constant values of 1− 2 × 1018 m−3. For
small percentages of O2 in the plasma, the electron temperature is estimated
to be about 2 - 3 times higher than for a pure argon discharge in the same
conditions (Te ≈ 1 eV). However, it gradually decreases to nearly 0.5 eV as the
percentage of O2 is raised to 50% of the total gas flow. This is probably due
to the fact that argon has a higher ionization potential than molecular and
atomic oxygen, resulting in higher electron temperatures as the Ar/O2 ratio
in the gas mixture increases [194, 212, 218]. Hence, for low O2 percentages,
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the higher electron temperatures lead to an increased dissociation degree of
oxygen molecules as predicted in previous theoretical investigations [194,197].
For higher O2 contents, the drop in electron density and temperature, as well
as the increase of the Raman scattering signal intensity, suggest that the power
delivered to the plasma is mainly being channelled into the population of
vibrational and rotational levels of O2 molecules. It is also important to note
that, besides the O2 content in the discharge, the position of the measurements
relative to the plasma length influences the electron density and temperature
results. The measurements performed at higher O2 percentages near the end of
the plasma column result in lower electron density values. Additionally, it was
estimated that both the electron density and temperature of Ar-O2 plasmas
with low content of O2 are more sensitive to gas pressure variations. One way
to validate these assumptions would be to compare the experimental results
to model predictions for the present experimental conditions. Although Ar-O2

microwave plasmas have been the subject of previous theoretical investigations,
in most of the cases low-pressure conditions are considered and the region of
interest is normally the end of the plasma column or the aftgerglow, not the
region near the launcher that is considered in this work. Furthermore, the gas
temperature as well as the rotational temperature of oxygen molecules should
be determined experimentally.

As a final remark, there are a few aspects that should be kept in mind for
the interpretation of the results obtained in this work. For low percentages of
O2 (< 10 % of the total gas flow), the main contribution to the total spectrum
is essentially from Thomson scattering. As the percentage of O2 in the dis-
charge is increased, the spectra become dominated by Raman scattering from
O2 molecules, making it more challenging to resolve the Thomson scattering
signal. Given that the electron density and temperature are calculated from
the Gaussian fitting of the Thomson scattering signal, this contributes to larger
errors in the estimation of these parameters for high O2 contents (> 30 %). One
should also keep in mind that the detection limit of the electron density in the
triple grating spectrometer (TGS) for the surfatron setup is roughly 1018 m−3 in
the center of the quartz tube [66,105]. Hence other methods for electron density
diagnostic might be more suitable when considering high percentages of O2 in
the gas mixture. Microwave Cavity Resonance Spectroscopy (MCRS) would be
good alternative method to estimate the electron density in that case [222–224].
The influence of the O− ion density on the plasma electron density should
also be determined for the present experimental conditions since for the laser
fluences used in Thomson scattering, complete photo-detachment of all negative
ions is expected. This is likely to result in a large overestimation of the mea-
sured plasma electron density for high percentages of O2 in the discharge. The
negative ion densities can be estimated by subtracting the Thomson scattering
spectrum coming from negative ions via probe-laser photo-detachment like in
the work of Noguchi et al. [221].
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Chapter 8

Photoluminescence of plasma
produced graphene quantum
dots

Graphene quantum dots (GQDs) are nanometer sized fragments of graphene,
generally with dimensions smaller than 10 nm, that demonstrate unique proper-
ties and show significant potential for many applications, ranging from energy
storage and conversion, to nano-medicine. Among these properties, their tun-
able photoluminescence makes them extremely promising for bio-sensing and
bio-imaging applications. In order to produce GQDs, free-standing graphene
sheets were synthesized using microwave-driven plasmas, operating at 2.45 GHz
stimulating frequency and at atmospheric pressure [2, 68]. HRTEM analysis
confirmed the presence of a few structures with dimensions smaller than 10 nm,
i.e. GQDs, in the produced samples. Nevertheless, the dominant structures
produced with this method remain graphene sheets with average lateral dimen-
sions of 450 nm. A chemical process has then been applied to oxidize and cut
the synthesized graphene sheets and obtain higher concentrations of GQDs,
so as to observe their photoluminescence. To this end, graphene sheets were
dissolved in an acid environment and subjected to a mild sonication for up to
20 hours. Cleaning and neutralization processes were applied to obtain a GQDs
suspension in deionized water. The suspension was irradiated by light at 410 nm
emitted by a commercial blue LED and the GQDs’ photoluminescence was
evidenced by the rise of a broad peak centered at 510 nm, following the main
one. Furthermore, preliminary results suggest that the synthesis methods based
on harsh chemistry, such as the most widely used solvothermal methods, can
be avoided: photoluminescent GQDs were synthesized from plasma produced
graphene sheets, using the highly reactive plasma environment to cut and reduce
the size of the sheets.
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8.1 Introduction

Graphene consists of a flat monolayer of carbon atoms tightly packed into a
two-dimensional honeycomb lattice [69]. It is the basic structural element of
many other allotropes of carbon, such as graphite, diamond, charcoal, carbon
nanotubes and fullerenes. Since it was isolated in 2004 by Geim and Novoselov,
awarding them the Nobel prize, graphene has attracted great attention in
multidisciplinary fields of science and engineering due to its impressive phys-
ical properties [70, 71]. The extraordinary properties of this material and its
derivatives makes them desirable for a large number of applications including
electronic and mechanical devices, transparent conductive films, chemical sen-
sors, bio-sensors, energy conversion and storage, among others [72,73,75–77].
However, graphene is a zero-bandgap semiconductor, which limits its electronic
and opto-electronic application [69]. Due to the lack of a bandgap, no optical
photoluminescence is observed in pristine graphene. A bandgap, however, can
be engineered into graphene quantum dots (GQDs) due to quantum confine-
ment [225,226] and edge effects [87]. GQDs possess one or few-layered graphene
sheets with lateral dimensions smaller than 100 nm, usually with sizes below
10 nm. Recently, these nanometer-sized fragments of graphene sparked the
interest of the scientific community precisely due to their tunable photolumi-
nescence which constitutes a major advantage in applications in the fields of
opto-electronics and nano-medicine [78, 79]. Photoluminescence, often referred
to as fluorescence, consists of light emission by a material after excitation at
a given frequency: excitation occurs by the absorption of photons at a given
wavelength and during the relaxation processes following it, photons with differ-
ent energies are radiated by the material. GQDs exhibit wavelength dependent
photoluminescence where the emission spectra shift as the excitation wavelength
changes. This tunable photoluminescence, paired with their unique characteris-
tics such as photostability, biocompatibility, low-toxicity and water solubility,
make them extremely promising for replacing commonly used semiconductor
nanocrystals in light-emittance, photovoltaics, photocatalysts, bio-sensing and
bio-imaging [80]. As compared with conventional organic or inorganic fluo-
rophores, the key advantage of GQDs include non-blinking photoluminescence
and excellent photostability. The former enables single-molecule tracking while
the latter permits long-term real-time imaging [227]. Due to their small size
and biocompatibility, GQDs also show great potential as effective carriers for
drug delivery while simultaneously monitoring the drug’s release [228].

Photoluminescence of GQDs: origin and properties

However, the tunable photoluminescence properties of GQDs are not com-
pletely understood, mainly because of inconsistent experimental observations
caused by the heterogeneity of carbon nanostructures produced using the same
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synthesis method. GQDs exhibiting photoluminescence ranging from UV to
red, and most commonly blue and green, have been synthesized. Undesirable
for multi-colour imaging, most of these nanostructures show broad emission
spectra because of the large heterogeneity (in size and chemical composition)
resulting from poorly controllable synthesis processes. Understanding the pho-
toluminescence of GQDs is challenged by the fact that the photoluminescence
properties are highly sensitive to a number of factors. As a result, the origin of
GQDs’ photoluminescence has been attributed to several mechanisms includ-
ing excitons of carbon, emissive traps, quantum confinement effects, aromatic
structures, oxygen containing groups, free zigzag sites, and edge defects [80–85].
Oxygenated functional groups of GQDs render them hydrophilic and provide
convenient chemical characteristics for functionalization. On the other hand,
these groups act as emissive traps compromising the photoluminescence effi-
ciency [227]. The properties of GQDs can hence be tailored by controlling
the degree of oxidation. It has been consistently reported that the emission
of GQDs bulk samples changes with the excitation wavelength [229]. Some
works attribute this shift in photoluminescence to changes in energy levels that
scale with the size of GQDs [82,230] or doping of the GQDs [80,231]. Other
investigations propose that a single GQD particle contains multiple emissive
states leading to the excitation wavelength dependent emission [88,89,232]. It
has also been suggested in previous studies that separate particles might be
responsible for the emission at different excitation wavelengths rather than a
single particle emitting at multiple wavelengths [84,233]. Theoretical studies
using density-functional theory (DFT) and time-dependent DFT calculations,
suggest that the photoluminescence of GQDs is essentially originated from the
quantum confinement of conjugated π-electrons in the sp2 carbon network and
can be sensitively tuned by its size, edge configuration, shape, attached chemical
functionalities, heteroatom doping and defects [227]. Sk et al. showed that
zigzag-edged pristine GQDs emit from deep UV (235.2 nm) to near infrared
(999.5 nm) while varying their diameter from 0.46 to 2.31 nm [234]. The authors
also state that armchair edge and pyrrolic N-doping cause a blue-shift in the
GQD photoluminescence emission, whereas chemical functionalities and defects
cause a red-shift.

The effect of nitrogen doping on the photoluminescence of GQDs has also
been consistently studied, since GQDs have relatively low quantum yields and
the doping process is one of the most accessible and efficient routes for im-
provement [235]. Nitrogen has been widely used to change the electronic and
optical properties of GQDs, since nitrogen atoms have a comparable atomic
size to carbon [80]. N-doping of GQDs has been reported to enhance their
photoluminescence and quantum yield [90,236,237]. Blue or red-shifted pho-
toluminescence caused by N-doping has also been reported in other studies,
the mechanism for such shifts remaining unclear up to now. A comprehensive
theoretical study of optical absorption and emission mechanisms of N-doped
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GQDs can be found in [80], giving insight on these photoluminescence shifts
and showing that edge and center N-doping, as well as the solvent used in the
process, induce different effects.

Synthesis of graphene quantum dots: current state

Electrical, mechanical and optical performance of graphene crucially depend
on its structural characteristics. The same goes for GQDs. Their properties are
essentially defined by their assembly method. Currently, the existing methods
to synthesize GQDs fall essentially in two categories: top-down and bottom-up
approaches [74, 78, 81]. The top-down approach consists in breaking C-C bonds
of a large carbon source. Top-down methods for the synthesis of GQDs are quite
widespread and will be here described in more detail. They have the advantage
of abundant starting material and simple operation, ideal for mass production.
Moreover, the prepared GQDs usually contain functional groups at the edge,
which facilitates their subsequent chemical modification [74]. However, these
methods present a few disadvantages such as low yield, property damage on
the aromatic carbon framework, as well as lack of control on morphology. The
first step is usually the conversion of a graphite-based starting material such as
large-sized graphene oxide (GO) sheets, carbon fibers, carbon black or graphite
into small-sized GQDs via chemical, electrochemical and physical approaches.

The most common techniques include acidic exfoliation and oxidation
[228, 238–241], hydrothermal and solvothermal reactions [86, 87, 90, 242–245],
microwave-assisted synthesis [246–248] and electrochemical oxidation [246,249,
250]. The acidic exfoliation and oxidation methods unavoidably introduce nega-
tively charged oxygenated groups onto the GQDs, making them hydrophilic and
defective in graphitic structure. The produced GQDs always contain carboxyl
groups, which is an asset for further modification. However, the size distribution
of the obtained GQDs is large and the excess of acid oxidizing agent produced
by the preparation process is difficult to remove. The time needed for acid
exfoliation and oxidation is also a drawback since the process is very long. GO
sheets are usually used as starting material in hydrothermal and solvothermal
methods. In hydrothermal procedures, the first step is to induce epoxy and
carbonyl groups on the graphene basal plane, through oxidation of the GO
sheets with oxidizing agents, such as H2SO4, HNO3 and ozone. Then, GQDs
are prepared in hydrothermal conditions by chemical cutting and deoxidation
in an alkaline medium (NaOH, ammonia). This procedure can prepare GQDs
with a narrow size distribution. However, GO sheets, which are generally used
as starting material, are produced in complicated treatments and lengthy acidic
oxidation procedures: they are typically synthesized from oxidation of bulk
graphite powders via a series of chemical reactions, which typically take several
days and involves harsh chemical reagents. The so-called modified Hummers
method is often used for this purpose [91]. In solvothermal methods, starting
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materials are added into a solvent which is used as weak reduction agent. Then
a hydrothermal process is applied to obtain GQDs. In general, hydrothermal
and solvothermal involve long centrifugation, filtration and dialysis treatments,
as well as a low yield of GQDs. Microwave-assisted synthesis provides rapid
and uniform heating for the reaction medium, shortening the reaction time
and improving the GQDs yield. This method has been used for exfoliation
and reduction of GO in a few minutes obtaining a high yield of graphene.
GQDs with sizes less than 10 nm can been obtained. A drawback of this
procedure is the need for sophisticated equipment. Electrochemical oxidation
treatments often provide high yield of GQDs using a simple procedure for which
a variety of electrochemical starting materials exists. These techniques rely
on applying a potential to oxidize water in order to generate hydroxyl and
oxygen radicals, acting as electrochemical ‘scissors’to release GQDs. Other
methods have been pursued such as magnetron sputtering and photo-Fenton
reactions [74, 251, 252]. The first one relies in preparing GQDs directly from
graphite via magnetron sputtering followed by acid treatment and dialysis, while
the second relies on the reaction of micrometer-sized GO sheets with Fenton’s
reagent (Fe2+/Fe3+/H2O2) under UV irradiation or ultrasonication. Most of
these top-down methods induce varying degrees of damage to the structure of
the GQDs. The bottom-up methods rely in the synthesis of GQDs from small
organic molecules. They introduce fewer defects and offer precise control of the
morphology and size distribution of GQDs, but they are less widely used due
to disadvantage of complex synthetic procedures and special organic precursors.
Among the existing bottom-up techniques, the most common ones are pyrolysis
and carbonization [253–255], step-wise organic synthesis [88,89,226] and cage
opening of fullerenes [256].

In order to achieve defined and desired photoluminescence properties of
GQDs, the current synthesis or post-synthesis strategies focus on three main
concepts: size and shape control, surface engineering and heteroatom doping
(usually nitrogen doping) [227]. The most widely used top-down and bottom-up
synthesis strategies of GQDs with adjustable size and properties are reviewed
by Li et al. in [74], highlighting the main advantages and disadvantages of each
method as well as the starting material, size and photoluminescence observed.
A summary is given in table 8.1. A major issue remains to achieve homogeneity
in the produced GQDs: there is a lack of control on the size and morphology
of synthesized GQDs and these characteristics strongly influence the GQDs’
properties. A method capable of effectively controlling the dimension and
morphology of GQDs at the stage of production and at the same time produce
these structures in quantity is yet to be developed.
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Table 8.1: Summary on the top-down and bottom-up synthesis strategies of GQDs
with adjustable size and properties, taken from [74].

Microwave plasmas for the synthesis of photoluminescent GQDs

Microwave-generated plasmas may be an alternative synthesis method, given
their remarkable potential to effectively provide a reactive environment and
electric fields in sheath domains that strongly influence the assembly pathways
across different temporal and spatial scales, including the atomic ones. The
plasma acts simultaneously as a thermal and chemical reactor, as well as a
catalyst. This allows the implementation of singular assembly pathways and
unique atomic-level arrangements of nanostructures via appropriate tailoring
of the plasma source. Recently, microwave-induced plasmas have been used to
successfully produce high quality free-standing graphene sheets and may become
an alternative method to produce GQDs: this single-step synthesis method
relies on the optimization of the plasma environment, controllable during the
process, to achieve the production of desired graphene structures [2, 68]. By
adapting this synthesis method, it might be possible to produce small-sized
graphene structures like GQDs with desired morphology and size.

In the present work, free-standing graphene sheets were synthesized using
microwave plasmas driven by surface waves at 2.45 GHz stimulating frequency
and at atmospheric pressure as described in detail in [2, 67, 68]. A chemical
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route has been applied to oxidize and reduce the size of the graphene sheets,
so as to obtain GQDs in aqueous solutions. The photoluminescence of these
structures was evidenced by the rise of a broad peak at centered at 510 nm after
irradiating the solutions with a soft-UV light (410 nm). Preliminary results
suggest that the synthesis methods based on harsh chemistry can be avoided:
photoluminescent GQDs were synthesized from plasma produced graphene
sheets, using the highly reactive plasma environment to cut and reduce the size
of the sheets.

8.2 Synthesis of GQDs

Free-standing graphene sheets were synthesized using microwave plasmas driven
by surface waves at atmospheric pressure [2, 67, 68]. A carbon precursor is
injected through a microwave argon plasma environment, where decomposition
of the precursor takes place. Free gas-phase carbon atoms and molecules
created in the ‘hot’plasma region diffuse into the colder zones of plasma reactor
and aggregate into solid carbon nuclei. The main part of the solid carbon is
gradually withdrawn from the ‘hot’plasma region in the outlet plasma stream
where carbon nanostructures assemble and grow. The concept is illustrated
in figure 8.1a. The experimental setup is shown in figure 8.1b and it consists
of a waveguide-surfatron-based setup used to generate surface-wave sustained
plasmas at 2.45 GHz stimulating frequency. The microwave power was provided
by a generator operating at that frequency and whose output power was varied
from 500 to 900 W. The discharge takes place inside a quartz tube with
internal/external radii of 7.5/9 mm, respectively, which is inserted vertically
and perpendicularly to the waveguide wider wall. The background argon gas
is injected into the discharge tube at a flow rate of 1200 sccm under laminar
gas flow conditions. The carbon precursor was ethanol and its partial flow was
set at 100 sccm. The precursor is vaporized by passing argon gas through a
tank filled with liquid ethanol (99.99% purity), with accurate control of the
precursor temperature (T = 40◦C). The total flow passing through the discharge
consists of the direct argon flow plus the combined flows of argon bubbling in
the precursor liquid and the vaporized precursor. The wall temperature in the
assembly zone of the plasma reactor, i.e., the plasma afterglow zone, was actively
controlled by a cryostat system. The cooling/heating fluid circulates, with a
constant flow rate, between the cryostat and a tubular heat exchanger placed
immediately after the end of the discharge active zone. The nanostructures
were collected with a membrane filter system coupled to an Edwards BS2212
two-stage vacuum pump. The collection system usually accumulates up to
around 1–2 mg of material until the filter permeability for the gas begins to
decrease [257]. After removing the material, the nylon membrane filter can be
reused.
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Figure 8.1: (a) Schematic illustrating the synthesis of graphene sheets with a
single-step microwave plasma method at atmospheric pressure; (b) Experimental
setup [68].

The characterization of the nanostructures as produced is outside the scope
of this thesis, as well as the optimization of the experimental setup to produce
the desired free-standing graphene sheets. These topics have been addressed
in previous investigations and can be found in [67, 68, 258]. The produced
graphene sheets have been analysed with Raman spectroscopy, scanning electron
microscopy (SEM), high resolution transmission electron microscopy (HRTEM)
and x-ray photoelectron spectroscopy (XPS) elemental analysis. In summary, the
graphene sheets obtained are less than 1 nm thick, their average size corresponds
to 450 nm, the percentage of monolayer sheets is higher than 40%, the oxygen
content is less than 1% and the number of sp3 carbons is less than 10%. SEM
and HRTEM images of the produced graphene sheets are presented in figures 8.2
and 8.3. As can be seen from the SEM analysis, it seems that small nano-sized
structures are also present in the synthesized samples. They can be seen as
pointed by the arrows in figures 8.2b and 8.2c. Further analysis with HRTEM
confirmed the presence of small-sized structures with lateral dimensions on
the order of 3–4 nm in the produced graphene samples. These can be seen
highlighted in figures 8.3a and 8.3b. Compared to the size of graphene sheets,
also shown in the figures, these structures have sizes smaller than 10 nm. Their
shape and dimension are similar to the ones shown in HRTEM images of
GQDs presented in [259], and this suggests that these structures are very
likely to be GQDs. In fact, the interplanar distance (interlayer spacing) of the
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observed structures is 0.24 nm, which corresponds to (1 1 2 0) lattice fringes of
graphene [90, 239,260]. This shows that their crystalline structure corresponds
to that of graphene and further confirms the assumption that GQDs are being
produced in the microwave plasma setup used for the synthesis of graphene
sheets. Nevertheless, the dominant structures produced with this method
remain graphene sheets with average lateral dimensions of 450 nm.

Therefore, a chemical treatment in acid environment has been applied to
reduce the size of the synthesized graphene sheets in order to obtain GQDs in
larger quantities. The procedure followed in this work was inspired by the papers
of Pan [86] and Lingam [83]. Nitric acid (HNO3, 35%) and acetic anhydride
([CH3CO]2O) were added in equal proportions to a small quantity of graphene
(see figure 8.4a). The acids were left to act on the graphene material under

5 mm

(a)

200 nm

(b)

100 nm

(c)

Figure 8.2: (a) TEM image of the synthesised graphene sheets [258]; (b) TEM
image of the synthesised graphene sheets with higher resolution. The arrows point at
structures suggesting the presence of GQDs [67]; (c) Same TEM image with higher
resolution.
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Figure 8.3: (a) HRTEM image of the synthesised graphene material. Graphene
sheets are pointed out by the arrow while the highlighted region shows the presence
of small-sized structures likely to be GQDs; (b) HRTEM image of another graphene
sample produced in the microwave plasma setup. The highlighted regions point out
once again the likely presence of GQDs in the sample.

mild sonication at 35 kHz. Two different batches were prepared, one left in
sonication for 15 hours and another for 20 hours. The obtained acidic solutions
were then neutralized with sodium bicarbonate (NaHCO3) in the presence of
deionized water. Suspensions containing graphene particles of several sizes were
obtained. After neutralization, the aqueous solutions were left to rest until the
large-sized particles deposited at the bottom of the container. The top part of
the solutions, containing small-sized particles, was then separated into another
container. Pictures of the top and bottom parts of the obtained solutions are
shown in figure 8.4b.

8.3 Evidence for the photoluminescence of GQDs

The suspensions obtained after the chemical treatment were irradiated by
soft UV light emitted by a commercial blue LED at 410 nm, as depicted in
figure 8.5. The emission spectrum of the LED dispersed in the solution was
collected by an optical fibre connected to the Jobin-Yvon 1250M spectrometer
coupled to a photomultiplier (for more details concerning the detection system,
refer to section 3.2.2). Both the suspensions containing small-sized and large-
sized particles (shown previously in figure 8.4b) were irradiated with the LED
light, but as expected only the ones containing smaller structures showed
photoluminescence. This effect is evidenced by the rise of a broad peak centered
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(a) (b)

Figure 8.4: (a) Graphene material as synthesized in the microwave plasma setup;
(b) Aqueous solutions obtained after the chemical treatment of graphene sheets. The
bottle on the left contains the top part of the suspension with small sized particles, as
can be seen from the lighter colour of the solution. The bottle on the right contains
the part of the solution with larger particles, which deposited at the bottom of the
container.

at 510 nm, following the main one emitted by the LED, as shown in figure
8.6. The emission spectra obtained irradiating the chemically treated solutions
is compared to the one obtained irradiating a reference solution (shown in
blue), containing graphene sheets as synthesized in deionized water, i.e. without
treatment. As observed, and as expected, graphene sheets as synthesized do not
show photoluminescence since this effect is characteristic of structures smaller
than 100 nm, i.e. quantum dots. Even though GQDs are already present
in the plasma-produced samples, as shown previously, their concentration is
clearly not enough to observe photoluminescence when irradiating the reference
solution containing graphene material as synthesized. The chemically treated
suspension, however, definitely exhibits photoluminescence when irradiated
with the LED, and this originates from the quantum dots obtained by cutting
the plasma-produced graphene sheets. This confirms then that GQDs can be
obtained with the chemical treatment of plasma-produced graphene sheets. The
duration of the treatment with acids in mild sonication also seems to affect
the intensity of the observed photoluminescence. A comparison of the emission
spectra obtained upon irradiation of suspensions treated for 15 and 20 hours
in sonication is presented in figure 8.6. The solution prepared with longer
sonication time seems to exhibit stronger photoluminescence upon excitation
with the LED. This is expected since a longer prevalence time in an acidic
environment will likely contribute to a higher concentration of nano-sized
structures exhibiting photoluminescence: the effect of the acids in reducing

164



8.3. Evidence for the photoluminescence of GQDs

the size of plasma-produced graphene sheets is expected to increase with the
treatment time. Nevertheless, a more detailed study should be carried out in
order to optimize the acidic treatment duration so as to obtain the highest
content of GQDs in the suspensions. The whole chemical process should then
be re-evaluated and adapted in that sense.

However, there might be an alternative to the chemical route used here
to demonstrate that GQDs can be obtained from plasma-produced graphene
sheets. Preliminary results suggest that the chemical route might be avoided
in the synthesis of GQDs by using a microwave plasma environment: the
idea is to produce graphene sheets using the microwave-plasma setup, as
presently, and then reintroduce them in the plasma environment to cut and
reduce their size. As can be seen in figure 8.7, the emission spectrum of an
aqueous solution containing these plasma-treated structures after irradiation
with the LED (using once again the setup from figure 8.5) seems to show
the rise of a narrow peak near 490 nm. This is evidenced when comparing
to the reference solution, as previously. This indicates that these structures
exhibit photoluminescence around 490 nm. The observed photoluminescent
peak seems to be about two-times narrower than the one obtained with acid
treatment (figure 8.6), resulting in a more monochromatic photoluminescent
effect. It is also blue-shifted. A possible explanation is that less oxygen
groups are attached to the plasma-treated nanostructures, while such oxygen
groups are usually found attached to chemically synthesized GQDs [86–89]. As
previously mentioned, the photoluminescence of GQDs is strongly influenced
by functional groups [81] and their presence in these nanostructures results in
different photoluminescent behaviours. Although very weak compared to the
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Figure 8.5: (a) Experimental setup used to study the photoluminescence of GQDs
in aqueous solutions; (b) Spectral emission of the LED with central wavelength λ =
410 nm, in a reference solution containing graphene sheets as synthesized.
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Figure 8.6: Photoluminescence of the aqueous solutions obtained after the chemical
treatment of plasma-produced graphene sheets upon irradiation with a soft-UV LED.
This effect is evidenced by the rise of a broad peak centered at 510 nm, following the
peak of the LED at 410 nm. The emission spectrum obtained upon irradiation of
a suspension treated for 15 hours in sonication (shown in red) is compared to the
one obtained upon irradiation of a suspension treated for 20 hours (shown in green).
Both the emission spectra obtained irradiating the chemically treated suspensions
are compared to the one obtained irradiating a reference solution (shown in black),
containing graphene sheets as synthesized, i.e. without treatment.

photoluminescence obtained from chemically-synthesized GQDs (figure 8.6), this
result shows potential to pursue the synthesis of GQDs in a microwave-induced
plasma environment. If successfully adapted to produce GQDS, this method can
bring several advantages when compared to chemical approaches used nowadays
in the synthesis of these nanostructures, the biggest one being the ability to
control the properties of nanostructures at the stage of production by tailoring
the plasma environment instead of using abrasive chemical procedures. This is
nowadays successfully applied in the synthesis of graphene free-standing sheets
and could potentially be adapted to GQDs. Besides, the plasma source setup
can be readily adapted for large-scale production. Another asset would be the
doping of GQDs with nitrogen, as this has been reported to affect the electronic
and optical properties of these nanostructures, increasing their quantum yield for
photodetectors, for example [232]. The N-doping of graphene sheets synthesized
in the microwave plasma setup used here has been successfully achieved in a
plasma environment [261], opening the path for the possible N-doping of GQDs
in a similar procedure.
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Figure 8.7: Photoluminescence of the aqueous solutions obtained after reintroducing
the plasma-produced graphene sheets in the plasma environment upon irradiation
with a soft-UV LED. The emission spectra obtained irradiating the plasma treated
suspension (shown in blue) is once again compared to the one obtained irradiating
a reference solution (shown in black), containing graphene sheets as synthesized,
i.e. without treatment. For comparison, the previously shown photoluminescence
spectrum of GQDs obtained after a chemical treatment for 15 hours is also presented
(shown in red).

8.4 Summary and future perspective

Free-standing graphene sheets were synthesized using microwave-driven plasmas,
operating at 2.45 GHz stimulating frequency and at atmospheric pressure [2,68].
HRTEM analysis of the produced samples confirmed the presence of structures
with lateral dimensions on the order of 3–4 nm. The interplanar distance of the
observed structures was found to be 0.24 nm, which corresponds to (1 1 2 0)
lattice fringes of graphene [90,239,260]. This confirmed that the observed struc-
tures correspond indeed to GQDs. Nevertheless, the concentration of GQDs in
the samples was not enough to detect any photoluminescence, as expected since
the dominant structures produced with this method remain graphene sheets
with average lateral dimensions of 450 nm. Therefore, a chemical treatment
under acidic conditions has been applied to oxidize and reduce the size of the
synthesized graphene sheets.
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It has been demonstrated that GQDs in aqueous solutions exhibiting photo-
luminescence can be obtained after the chemical treatment of plasma-produced
graphene sheets. The suspensions were irradiated by soft UV light at 410 nm
emitted by a commercial blue LED and the GQDs’ photoluminescence was
evidenced by the rise of a broad peak centered at 510 nm, following the main one
emitted by the LED. The observed photoluminescence confirmed the presence of
quantum dots in the solutions, since pristine graphene, like the plasma-produced
graphene sheets, does not exhibit such behaviour.

Although at a very early stage, it has also been demonstrated that microwave-
driven plasma sources should be considered for the synthesis of GQDs, as
an alternative to harsh and multi-step solvothermal methods. Preliminary
results show that the chemical treatment can be avoided in the synthesis of
GQDs by using the plasma highly reactive environment to cut and reduce the
size of graphene sheets. The plasma environment provides high densities of
energetic heavy particles, charged species, photons, heat, and strong electric
fields, making it simultaneously a thermal and chemical reactor as well as a
catalyst. Photoluminescence of GQDs in aqueous solutions was also observed
in this case, even though the effect was not so pronounced as with the chemical
treatment. The photoluminescence peak was not as broad as the one observed
with the chemically treated solutions, suggesting that the plasma obtained GQDs
structures have less oxygen groups attached to their scaffold, hence resulting
in a more monochromatic peak that is blue-shifted. This result paves the way
for exploring the synthesis of photoluminescent GQDs using microwave-driven
plasmas.

In any case, both the chemical approach and the microwave plasma treatment
have many aspects that should be further studied and improved to effectively
produce GQDs from plasma-synthesized graphene sheets. First of all, both
methods need to be optimized to increase the production of GQDs. Their
photoluminescence can be used as an indication of the presence of these struc-
tures in aqueous solutions. It is expected to increase in intensity as higher
concentrations of GQDs in the suspensions are achieved. The steps of both
processes need to be optimized in order to achieve viable production of these
structures. In the case of a chemical treatment, the effect of sonication times
on the photoluminescence signal should be further studied. In the case of
a plasma treatment, the optimal experimental conditions need to be defined
and their effect on the structure of the synthesized GQDs has to be analysed.
The observed photoluminescence should also be studied in more detail since it
gives an indication on the dimensions and morphology of the GQDs. Indeed,
a structural characterization of the synthesized structures needs to be carried
out. As referred in the literature, GQDs’ photoluminescence is tunable with the
excitation frequency and this seems to be related to the size of the structures
or to their doping. Studying this effect might then shine some light on the
structure of synthesized GQDs. At present, an investigation on the effect of
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the excitation wavelength on the observed photoluminescence is being consid-
ered by irradiating aqueous solutions containing GQDs with different LEDs.
Nitrogen doping of GQDs is also being considered, since it has been reported
to enhance their photoluminescence and quantum yield [80, 90,236,237]. Blue
or red-shifted photoluminescence caused by N-doping has also been reported
in other studies, the mechanism for such shifts remaining unclear up to now.
Further experimental data is still essential.

In summary, the experimental study of GQDs’ photoluminescent properties
relies on the controllable synthesis of well-defined carbon nanostructures, which
is currently lacking. The photoluminescence of GQDs remains a state-of-the-art
topic, intertwining research in physics, chemistry and material sciences. A
fundamental study of this effect can lead to enhanced applications in nanotech-
nology, namely in the fields of bio-imaging and sensors. The great potential
of microwave plasmas in the synthesis of photoluminescent GQDs should be
considered for further studies on this subject.
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Chapter 9

Conclusions

This chapter contains a summary of the most relevant results obtained in this
thesis. The most relevant insights are highlighted and recommendations for
future works are proposed.

Extreme and vacuum ultraviolet radiation emitted by microwave dis-
charges

Extreme and vacuum ultraviolet radiation (EUV and VUV) emitted by microwave-
driven plasmas operating at 2.45 GHz and low-pressure conditions was studied
using emission spectroscopy from 8 to 125 nm. Hydrogen, argon, helium and
mixtures of argon-hydrogen and helium-hydrogen were used as background
gases. The intensity of the measured spectral lines has been investigated as a
function of the background gas and of the plasma operational conditions.

Hydrogen wave-driven discharges emit a rich spectrum in the 80–125 nm
region, composed by the spectral emission from both atomic Lyman series and
molecular Lyman H2(B1Σ+

u –X1Σ+
g ) and Werner H2(C1Πu–X1Σ+

g ). Lyman-α
and Lyman-β atomic lines, at 121.6 nm and 102.6 nm respectively, are easily
identified at low pressure (0.2 mbar), while lines corresponding to the higher
order atomic transitions cannot be easily resolved from the molecular bands
in this spectral region. When increasing the pressure up to 2 mbar, the VUV
emission spectra become entirely determined by molecular Lyman and Werner
bands. The measured intensities of the latter increase with the microwave power
applied to the launcher while keeping a constant pressure of 2 mbar, in good
agreement with the predictions from a self-consistent collisional-radiative model.
This behaviour correlates with the variation of the electron number density,
the main population mechanisms of the excited states being electron driven
processes [chapter 4].
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Microwave-driven argon plasmas also emit VUV radiation. The strongest
spectral lines at 104.8 nm and 106.7 nm originate from resonant transitions of
the 1s2 and 1s4 excited atomic levels, with respective energies 11.83 eV and
11.62 eV. Prominent emission lines of Ar+ excited ions were observed as well
at 93.2 nm and 92.0 nm, originating from transitions of the excited Ar+(3s3p6)
state, with energy 29.2 eV. Other atomic spectral lines were also detected
at 86.9 nm and 87.9 nm (resonant transitions from the 2s2 and 2s4 excited
Ar(5s) states, respectively) and at 86.6 nm, 87.6 nm and 89.4 nm (resonant
transitions from the 3d′1, 3d2 and 3d5 excited states of the Ar(3d) configuration,
respectively). Atomic lines at lower wavelengths are also present in the spectrum,
including lines with no information concerning energy levels in the well-known
NIST database [36]. The intensity of all the spectral lines falling in the 86–
106.7 nm wavelength range was investigated with variations of the microwave
power delivered to the launcher at a constant pressure of 0.36 mbar. A good
agreement between the obtained experimental results and the calculations of a
self-consistent collisional-radiative model [96,108] was obtained, thus validating
the model predictions. The detailed analysis of the main population and loss
mechanisms considered in the model for the excited argon atom and ion states
emitting in the VUV range showed that the processes contributing the most to
the emission of VUV radiation by these excited levels are essentially electron
driven, including step-wise processes. In what concerns discharges containing
mixtures of argon-hydrogen, a more detailed study needs to be carried out.
The intensity of the Lyman-α line was found to decrease as the hydrogen
percentage was raised, while the Lyman-β line intensity remains nearly constant
for hydrogen contents up to 30%. Different non-linearly coupled processes may
be playing a role in the population of the H(n = 2, 3) levels originating the
Lyman-α,β lines, depending on the Ar-H2 mixture composition [chapter 5].

Helium wave-driven discharges emit radiation in the VUV but also in the
EUV. The strongest spectral lines in each region correspond to the atomic
line at 58.4 nm and to the well-known He+ line at 30.4 nm. Other atomic and
ionic lines were also detected in the 23–60 nm range, including lines previously
unreported in microwave-driven plasmas. Their intensities were found to scale
linearly with the amount of applied microwave power per unit volume. Further-
more, the intensity of all the ionic spectral emission lines in the EUV region
decreased by nearly one order of magnitude as the pressure increased from 0.2
to 0.5 mbar. The addition of small hydrogen percentages to the background
gas results in the appearance of hydrogen atomic and molecular emission lines,
which increase in intensity as the percentage of hydrogen is raised, whereas the
intensity of helium atomic and ion lines decreases in the EUV and VUV regions.
Most of the microwave power absorbed by the plasma electrons seems to be
channelled into the population of hydrogen atomic and molecular levels, which
have lower energy excitation thresholds compared to helium levels [chapter 6].
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The effect of the Ar/O2 ratio on the electron density and temperature

The electron density and electron temperature of Ar-O2 microwave driven
surfatron plasmas operating at 100 W and pressures between 15–38 mbar were
estimated with Thomson scattering. As the percentage of oxygen in the dis-
charge increased to 15%, a sharp drop from 1020 m−3 to approximately 1018 m−3

is observed in the electron density values. Then, as the O2 content is raised
up to 50% of the total gas flow, the estimated values for the electron density
reach approximately constant values of 1− 2 × 1018 m−3. For small percentages
of oxygen in the plasma, the electron temperature is estimated to be about
2 to 3 times higher than for a pure argon discharge in the same conditions
(Te ≈ 1 eV), decreasing gradually to about 0.5 eV as the percentage of O2 is
raised to 50% of the total gas flow. This is probably due to the fact that argon
has a higher ionization potential than molecular and atomic oxygen, resulting
in higher electron temperatures as the Ar/O2 ratio in the gas mixture increases.
For higher oxygen contents, the drop in electron density and temperature, as
well as the increase of the Raman scattering signal intensity, suggest that the
power delivered to the plasma is mainly being channelled into the population of
vibrational and rotational levels of O2 molecules. It is also important to note
that, besides the O2 content in the discharge, the position of the measurements
relative to the plasma length influences the electron density and temperature
results. The measurements performed at higher O2 percentages near the end of
the plasma column result in lower electron density values. Additionally, it was
estimated that both the electron density and temperature of Ar-O2 plasmas
with low content of O2 are more sensitive to gas pressure variations. One
should keep in mind that for low percentages of O2 (< 10 % of the total gas
flow), the main contribution to the total spectrum is essentially from Thomson
scattering. However, as the percentage of O2 in the discharge is increased, the
spectra become dominated by Raman scattering from O2 molecules, making
it more challenging to resolve the Thomson scattering signal. Given that the
electron density and temperature are calculated from the Gaussian fitting of the
Thomson scattering signal, this contributes to larger errors in the estimation of
these parameters for high O2 contents [chapter 7].

Photoluminescence of plasma produced graphene quantum dots

Free-standing graphene sheets were synthesized using microwave-driven plas-
mas, operating at 2.45 GHz stimulating frequency and at atmospheric pressure.
HRTEM analysis of the produced samples confirmed the presence of structures
with lateral dimensions on the order of 3–4 nm. The interplanar distance of
the observed structures was found to be 0.24 nm, which corresponds to (1 1
2 0) lattice fringes of graphene. This confirmed that the observed structures
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correspond indeed to GQDs. To increase the concentration of GQDs, a chemical
treatment under acidic conditions has been applied to oxidize and reduce the
size of the synthesized graphene sheets. The obtained solutions were irradiated
with soft-UV light at 410 nm and the photoluminescence of GQDs was evidenced
by the rise of a broad peak centered at 510 nm. Although at a very early stage,
it has also been demonstrated that microwave-driven plasma sources should be
considered as a contender in the synthesis of GQDs since they show potential
to replace the commonly used solvothermal methods, which rely on multi-step
heavy chemical procedures. Preliminary results here obtained suggest that
these synthesis methods based on harsh chemistry can be avoided: photolumi-
nescent GQDs were synthesized from plasma produced graphene sheets, using
the highly reactive plasma environment to cut and reduce the size of the sheets.
The observed photoluminescence peak is less broad than the one measured
previously with the chemical treatment. This suggests that less oxygen groups
are attached to the GQDs structures hence resulting in a monochromatic peak.
This paves the way for exploring the synthesis of photoluminescent GQDs using
microwave-driven plasmas [chapter 8].

Summary and recommendations

• The richness of the emission spectrum, combined with the reliability
of surface-wave based plasma sources confers this type of discharge the
potential to become an attractive alternative in EUV/VUV radiation
assisted applications.

• The predominant VUV radiation of hydrogen microwave-driven plasmas
originates from molecular transitions (Lyman and Werner bands) and
from atomic transitions (Lyman series) in the spectral range 90–125 nm
[chapter 4].

• Argon microwave plasmas also emit radiation in the VUV spectral range,
the strongest spectral lines corresponding to the well-known atomic reso-
nance lines at 104.8 nm and 106.7 nm. Spectral emission lines of Ar+ ions
were observed as well at 93.2 nm and 92.0 nm. Other atomic spectral lines
were also detected in the spectral region 80–90 nm, including lines with
no information concerning energy levels in the well-known NIST database
[chapter 5].

• Microwave-driven discharges in helium emit radiation both in the VUV
and EUV regions. The strongest spectral lines in each region correspond
to the atomic line at 58.4 nm and to the well-known He+ line at 30.4 nm.
Atomic and ionic lines were also detected in the 23–60 nm range, including
lines previously unreported in microwave-driven plasmas [chapter 6].
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• The Ar/O2 ratio affects the electron density and electron temperature of
microwave plasmas. The increase of oxygen percentages in the discharge
up to 15% of the gas flow results in a sharp drop of the electron density,
whereas the electron temperature is estimated to be about 2 to 3 times
higher than for a pure argon discharge in the same experimental conditions,
for which Te ≈ 1 eV [chapter 7].

• Photoluminescence of plasma-produced GQDs in aqueous solutions has
been observed after irradiation with soft-UV light. Preliminary results
suggest that GQDs can be synthesized from graphene sheets using the
highly reactive microwave plasma environment to cut and reduce the size
of graphene sheets. Given this, microwave-driven plasmas show great
potential to become an alternative method for the synthesis of GQDs,
instead of the extensive and harsh solvothermal methods commonly used
[chapter 8].

The results presented in this thesis show significant advances in the topics here
considered. Nonetheless, the following recommendations should be kept in mind
for future works in these topics:

• Further experimental investigations on the EUV and VUV regions should
be carried out. For that, several experimental improvements should be
considered to eliminate some of the setup current constrains. An increase
in the signal to noise ratio is expected, allowing the exploration of lower
wavelength regions. For example, using narrower slits in the EUV/VUV
spectrometer will allow a more detailed spectrum of the detected molecular
bands, in the case of hydrogen, and of the 80–86 nm region, in the case of
argon, for example. However, one should keep in mind that reducing the
size of the slits reduces also the amount of radiation that can reach the
detector, resulting in signals with lower intensity. A compromise between
slit width/intensity at the detector is necessary.

• A deeper understanding of the main mechanisms governing the EUV
and VUV radiation emitted by low-pressure microwave-driven plasmas is
required. On this regard, further experimental investigations of plasma
radiation in these spectral regions along with a theoretical study on the
main processes leading to the population of upper high energy levels and
the correspondent channelling of the microwave power into population of
these levels is being considered for hydrogen and argon. The development
of a comprehensive model describing EUV radiation emitted by a mi-
crowave helium discharge depends strongly on the availability of reliable
data. The lack of such data, e.g. cross-section for inelastic processes of
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electrons with He ions, transition probabilities for some of the lines as
well as the peculiarities of the radiation transport in the EUV spectral
range (e.g. interaction with the wall), are some of the challenges yet
to be overcome in order to develop a solid model. However, the novel
results presented here for the radiation of helium microwave plasmas in
an insufficiently investigated EUV spectral range can be instrumental in
the generation of such data.

• It would be advantageous from an application point of view to quantita-
tively determine VUV and EUV photon fluxes. Previous works report
experimental calibrated methods to achieve this in the VUV [44,46,140].
Since calibration lamps for these spectral regions are unavailable, the
methods rely on using filters or scintillators to determine the flux of
photons reaching the detector. The potential to adapt such methods to
the present experimental setup and conditions should be considered in
the future. In the same sense, the calculation of VUV radiation fluxes
should be considered in the models, implementing ray tracing.

• The detection limit of the electron density in the triple grating spectrom-
eter (TGS) for the surfatron setup is roughly 1018 m−3 in the center of
the quartz tube. Hence, other methods for electron density diagnostic
might be more suitable when considering high percentages of O2 in the gas
mixture. Microwave Cavity Resonance Spectroscopy (MCRS) would be a
good alternative method to estimate the electron density in that case. The
influence of the O− ion density on the plasma electron density should also
be determined for the present experimental conditions since for the laser
fluencies used in Thomson scattering, complete photo-detachment of all
negative ions is expected. This is likely to result in a large overestimation
of the measured plasma electron density for high percentages of O2 in the
discharge.

• GQDs were synthesized from plasma produced graphene sheets using a
microwave plasma environment to reduce the size of the sheets. Further
experimental research is necessary, in order to understand and optimize
the process. The first step is to increase the concentration of GQDs in the
produced samples. Then, a detailed analysis on their size and shape in pair
with the plasma experimental conditions is essential to tailor the plasma
source for the synthesis of desired structures. The photoluminescence of
GQDs should also be studied in more detail since it gives an indication
on the dimensions and morphology of these structures. As referred in
the literature, GQDs’ photoluminescence is tunable with the excitation
frequency and this seems to be related to the size of the structures or
to their doping. Studying this effect might then shine some light on
the structure of synthesized GQDs. At present, an investigation on the
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effect of the excitation wavelength on the observed photoluminescence is
being considered by irradiating aqueous solutions containing GQDs with
different excitation wavelengths. Nitrogen doping of GQDs is also being
considered, since it has been reported to enhance their photoluminescence
and quantum yield [90,236,237].
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