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« Douter de tout ou tout croire sont les deux solutions également commodes qui

I’une et I’autre nous dispensent de réfléchir »
Henri Poincaré

La Science et I’hypothése
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SUMMARY

This thesis presents the design and characterization of a novel pulsed miniature
capacitively-coupled Atmospheric Pressure Glow Discharge Torch (APGD-¢)
aimed at localized biomedical applications. Amplitude modulation of the 13.56
MHz carrier signal allows to continuously vary the power level applied to the
APGD-r. Typically, the APGD-t produces a plasma jet with a 150-500 pm
diameter and ~2.5 mm length. Helium (He) is the plasma-forming gas with a flow
rate ranging from 0.5 to 1.5 slm. The use of a small capillary electrode enhances
the electric field, lowering the breakdown voltage (typically 220 Vpk.-0) and
allows the injection of small amounts (0 - 50 sccm) of a source of reactive species
(O,) downstream of the plasma-forming region, in the plasma afterglow. The O,
is electronically dissociated in the plasma afterglow to create atomic oxygen (O)
with no effect on the electrical properties. A ratio of 0.3%"/, O,/He generates a

maximum in O production.

Careful electrical probe measurements and circuit analyses reveal the strong effect
of commercial passive voltage probes on the total load impedance of the APGD-¢
circuit. The larger the probe capacitance and cable length, the larger the
component of the phase angle between the load voltage and circuit current signals
induced by the probe. The calibration of the phase angles induced by the voltage
probes allows to estimate that a resistive power of ~0.24 - 1 W is dissipated in the

APGD-f under nominal operating conditions.

The gas kinetic and atomic He excitation temperatures, and the electron density
near the APGD-f nozzle exit are estimated at ~323 K, ~1914 K and ~10" cm'3,
respectively. This confirms that the APGD-# plasma jet near the nozzle exit is in a
non-thermal equilibrium state. The emission spectroscopy study reveals the

entrainment of air molecules (N, O, and H,O) in the plasma jet, and that their
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excitation by the plasma creates new reactive species (O and OH). A preliminary
survey of the chemical reactions taking place in the plasma afterglow reveals that
metastable He as well as OH, O, O,(a'Ag), 0(b'>g"), N3, N, and Os are plasma
species that can reach and react with organic or biological surfaces located a few
mm downstream of the APGD-¢ nozzle exit. This thesis demonstrates that the

APGD-t is a promising tool for localized biomedical applications.



RESUME

Cette thése décrit le design et la caractérisation d’une mini-torche a plasma pulsé
a couplage capacitif opérant a pression atmosphérique (APGD-f) pour des
applications biomédicales de précision. Une modulation en amplitude du signal
excité¢ a 13.56 MHz permet de varier continuellement la puissance délivrée a
I’APGD-t. Typiquement, I’APGD-¢ produit un jet de plasma de 150-500 pm de
diamétre et ~2.5 mm de long. L hélium (He) est le gaz plasmagéne avec un débit
volumétrique variant entre 0.5 et 1.5 slm. L’utilisation d’un capillaire métallique
comme électrode de puissance amplifie le champ électrique, permettant ainsi une
faible tension de claquage (220 Vime.a-0). 11 permet aussi d’injecter une petite
quantité (0 - 50 sccm) d’une source d’espéce réactive, I’oxygene moléculaire (O,),
en aval de la zone de formation du plasma (post-décharge). L.’O,, injecté dans la
post-décharge, est dissocié par impact électronique pour créer de 1’oxygeéne
atomique (O) et ce, en ne perturbant pas les propriétés électriques de I’APGD-t.

Un ratio de 0.3%"/, O,/He permet de maximiser la production d’O.

Des mesures électriques minutieuses et une analyse du circuit électrique de
I’APGD-f révelent que lutilisation de sondes de voltage passives affecte
I’impédance totale du circuit. En fait, plus grandes sont la capacité électrique et la
longueur de cable de la sonde, plus grand est ’angle de phase mesuré entre le
voltage appliqué sur I’APGD-¢ et le courant du circuit. La calibration de 1’angle
de phase mesuré permet de calculer que la puissance résistive dissipée dans

I’APGD-t se situe entre ~0.24 et 1 W pour des conditions typiques d’opération.

Prés de la sortie de la buse, la température cinétique des gaz plasmagénes, la
température d’excitation de I’He et la densité électronique sont estimées a ~323
K, ~1914 K et 10" cm?, respectivement. Ces estimés confirment que le plasma

de ’APGD-t pres de la buse est dans le régime hors équilibre thermique. La
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spectroscopie d’émission révele que les molécules de 1’air (N3, O; et H,O) sont
entrainées dans le jet de plasma et que leur excitation par le plasma crée des
radicaux libres (O et OH). Une étude préliminaire des réactions chimiques dans la
post-décharge démontre que les metastables d’hélium ainsi que les especes O,
OH, Oz(aIAg), Oz(b12g+), N,, N;" et O3, susceptibles de réagir avec des surfaces
organiques et biologiques situées a quelques mm de la sortie de la buse de
I’APGD-t, sont produites. Cette thése démontre que I’APGD-f est un outil

prometteur pour des applications biomédicales de précision.
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INTRODUCTION

In this introduction, the rationale and objectives of the Ph.D. project are
presented, as well as the structure of the thesis. The Ph.D. thesis is a manuscript-
based document, where essentially, each chapter corresponds to one article

published or accepted for publication in an international journal.

a. Rationale and objectives

A decade ago, very few plasma sources for localized biomedical applications were
reported and neither conference nor workshop was organized on the matter.
Nowadays, we find a dozen plasma sources developed in various laboratories for
localized biomedical applications, while some have already been commercialized.
The interest in those plasma sources is correlated to the phenomenal diversity of

their applications and to their unique capabilities.

During the Ph.D. project, a new plasma source was developed to surpass the
capability of the existing bench scale and commercial plasma sources developed
for localized biomedical applications. Amongst the technological limitations of
the existing plasma sources are 1) the use of heat, 2) the transfer of an electrical
current to the biological surface, 3) the failure to treat surface areas less than 1
mm, 4) the impossibility to treat complex (i.e. three dimensional) geometries and
finally, 5) the incapacity to inject various chemical species in the plasma without

perturbing its electrical characteristics and stability.

The plasma source developed in this project permits the injection of any chemical
species in the plasma in order to treat areas of less than 500 pm width on
biological or organic surfaces with any type of geometries and without heat
damage, electrical coupling with the surface or perturbation of the plasma
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electrical characteristics and stability. The developed plasma source was named
the Atmospheric Pressure Glow Discharge torch, APGD-¢ in short, and this

document reports on all the development steps and characterization work.

The main objective of the Ph.D. project was to develop, characterize and assess
the performance of the APGD-t meant for localized biomedical applications. The
construction of this new plasma source opened the door to a wide and fascinating
field of study, including the afterglow plasma chemistry and plasma interactions
with biological and organic materials, which subjects are likely to be investigated

by plasma scientists for many more decades.

b. Description of the thesis

This thesis is a manuscript-based document containing three articles published or
accepted for publication. The thesis is structured so that one chapter is associated
to one article. At the beginning of each chapter, a short text is written to introduce
the contenf of the chapter and to connect the chapters together. Each chapter
encloses the text of an original article, although the actual location of the figures
and tables differs from the publisher’s presentation (for the Plasma Sources
Science and Technology article). The numbering of the figures, tables and
references is also different from the one seen in the original articles so as to

produce a single, clear and ordered document.

In order to abridge the thesis, the list of references associated to each article has
been withdrawn from the individual chapters and compiled as a global list of
references situated at the end of the thesis. Lastly, appendices are presented at the
end of the thesis to describe additional substantial work done during the Ph.D.

project, but not presented in the articles.



The first chapter consists of a literature review divided in two parts. A first part
describes various non-thermal plasma sources operating at atmospheric pressure,
plasma sources developed for small-scale applications, and plasma sources
developed for localized biomedical applications. The second part reviews the
electrical and optical measurement techniques used to characterize plasma sources

with an emphasis on their limitations.

In the second chapter, the design and a preliminary characterization of the plasma
source developed during the Ph.D. project are presented. This chapter is
composed of an article published in the Plasma Sources Science and Technology

journal in August 2005.

The third chapter details a method to calibrate the phase angle that appears
between the load voltage and the circuit current due to the use of commercial
passive voltage probes. Such method is used to calculate the power dissipated in
the plasma source. This chapter consists of an article accepted for publication in

the Measurement Science and Technology journal in September 2006.

The fourth chapter presents a parametric optimization study for the production of
atomic oxygen. It also presents a survey of the afterglow plasma chemistry in
order to identify the reactive species possibly reaching and reacting with
biological or organic surfaces located a few mm downstream of the nozzle exit.
This chapter consists of an article accepted for publication in the Plasma

Processes and Polymers journal in August 2006.

The fifth chapter reports on an attempt to use the laser-induced fluorescence
spectroscopy technique to investigate the helium metastable states in the plasma
afterglow. Since the technique was not successful with the current APGD-¢ set-up,
comments are made on the technical difficulties encountered and

recommendations are presented in order to improve the technique.



Finally, general conclusions and recommendations for future work are presented.

The appendices regroup research works that have not been published or accepted
for publication in articles. However, they are complementary research outcomes
of the Ph.D. project. In appendix A, the radial electric field distribution in the
plasma glow and at the nozzle exit of the plasma source is presented. Appendix B
presents the LabVIEW™ interface developed for the monitoring and control of
the plasma source, and the instruments used. Appendix C presents the APGD-¢
characteristics obtained using excitation frequencies of 10 kHz, 65 kHz and 13.56

MHz to excite the plasma.



CHAPTER 1

REVIEW OF LITERATURE

This literature review has two main sections. The first section presents a non-
exhaustive review of the existing atmospheric pressure non-thermal plasma
sources, micro-plasma sources and plasma sources developed specifically for

localized biomedical applications.

The second section reviews some current techniques used to obtain the electrical
characteristics of plasma sources as well as two spectroscopic techniques, namely

the optical emission and laser-induced fluorescence spectroscopy techniques.

1.1. Atmospheric pressure non-thermal plasmas

Plasmas are omnipresent in the visible universe: they represent 99% of it. They
are called ionized gases since they consist of a mixture of electrons, ions and
neutrals (atoms and molecules), which are in their fundamental and excited states.
Plasmas contain free charge carriers and are thus electrically conductive; though
at the macroscopic level, they are electrically neutral (the positive and negative
charge densities are balanced). Plasmas are generated when electrical energy is
provided to a gaseous specie, which modifies its electronic structure and produces

excited and ionized states.

Depending on the way the plasmas are generated and sustained, they can be
classified as thermal or non-thermal (“cold”). The two main properties which
allow classifying the various plasmas are the electron density and temperature.
Atmospheric pressure thermal plasmas have a high electron temperature, 7o,

(~5000 — 500 000 K), which is similar to the gas kinetic temperature, 7, and their
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electron density ranges between 10'® and 10% m™. The 7, of atmospheric pressure
non-thermal plasmas (~1000 — 50 000 K) is much higher than their 7, (~300 -
2000 K) [1] and their electron density is usually less than 10" m[2].

Atmospheric pressure plasma sources (APPs) possess some advantages over low-
pressure plasmas that are relevant to this project. For instance, the generation of
low-pressure plasmas requires many pieces of equipment (i.e. vacuum pump,
sealed vessel), which greatly increase the infrastructure and operation costs of the
plasma system. Moreover, more materials can be processed with APPs since no
vacuum vessel limits their size or geometry. Finally, a particular important feature
of APPs, is the fact that atmospheric pressure conditions do not damage
mechanically sensitive materials such as biological samples. Indeed, important
gradients of pressure across the cellular membrane can cause its rupture. Many
applications, first developed with low-pressure non-thermal plasmas, are now
being developed using APPs as it will be seen in sections 1.2 and 1.3 of this

literature review.

Habitually, low-pressure plasmas are non-thermal because the collisions between
electrons and heavy particles are mainly inelastic (excitation and ionization) and
the efficiency of the momentum transfer between the electrons and the heavy
species is low, resulting in low gas heating. When the plasma pressure increases,
the rate of elastic collisions between electrons and heavy particles increases,
bringing the plasma closer to the thermal equilibrium state. However, an
exception exists for the APPs, because they can remain non-thermal. Indeed, if
strong gradients of plasma properties (i.e. particle density and temperature,
electric field) exist in the APPs, the thermal equilibrium between the electrons and
heavy particles is refrained. The departure from the thermal equilibrium state is

particularly strong in APP jets, where strong gradients of electron density and



temperature exist, and thus the high-energy electrons are found in the plasma jet

core and the low-energy heavy particles are found in the plume.

As can be seen in Table 1-1, atmospheric pressure non-thermal plasma sources
(APNTPs) can be classified according to the excitation frequency (f [kHz]) of the
voltage applied on the discharge, since this parameter strongly influences the
velocity of the free charge carriers (ions and electrons), and consequently the
conditions leading to the production of excited and ionized species. The two main
types of excitation are the direct current (dc), including steady state (SS) and
pulsed voltages, and the alternative current (AC), including the low frequency
(<100 kHz), radio-frequency (RF) (100 kHz-100 MHz) and microwave (MW)
(>100 MHz) ranges. At very low f, electrons and ions follow the oscillations of
the electric field. At RF, only electrons follow the electric field oscillations, while
ions are influenced by the averaged temporal value of the electric field in the
plasma. Finally, at MW frequencies, the phenomenon observed at RF is amplified

and the non-thermal equilibrium is more pronounced.

Beside the f parameter, (Table 1-1 presents typical properties and parameters of
plasma sources), other important parameters include the power density (P,
[W/em’],), reduced energy loading (PV/Q, [J/L], V, [em’], Q, [L/s]: gas flow
rate), maximum gas kinetic temperature (Tmax, [K]), gas flow velocity (U, [m/s])

and the discharge electrode gap (D, [mm]).

Several experimental techniques are available to allow APNTPs to reach a non-
thermal equilibrium state: 1) limiting the transit time of the gas in the plasma
region (less heat is deposited in the gas), 2) using cooled electrodes and vessel
walls to increase the diffusional cooling of the gas, and 3) pulsing the power
dissipated in the plasma. On one hand, if Ty is controlled by diffusional cooling,
the maximal temperature is found in the center of the plasma (the furthest point

from the cooling objects). On the other hand, if T, is cooled by limiting the
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transient time of the gas in the plasma, its value increases, while passing across

the plasma volume and reaches a maximum at the plasma end.

Table 1-1: Classification of atmospheric pressure non-thermal plasma sources [1].

PV/Q P Tomax 8] D f
Discharge type
L) | Wiemd)| (K) (m/s) (mm) | (kHz)
Pulsed corona 0.1-100 | 1-50 ~298 <50 <350 | 1-1000
Pulsed glow 100-500 | 10-500 | <600 | 10-200 | 10-50 | 0.05-5
Glow 1-100 | 50-500 | =~298 | 10-150 5-20 SS
Micro-hallow cathode - <10* ~ 2000 Slow 1-2 SS, RF
Plasma torch - ~10* | ~3000 100 20 SS
DBD - 1-50 ~298 Slow 1-5 | 0.05-100
RF - 3-30 | <600 5-10 1-2 13560
MW - - - ~ 10 - 2.45x10°

Several interesting applications have been developed for the APNTPs. However

for the scope of this project, the following section reviews only the APNTPs

developed for small-scale applications reported in the published literature.




1.2. Small-scale atmospheric pressure plasma sources

Over the last two decades, numerous small-scale atmospheric pressure plasma
sources (mAPPs) have been developed and commercialized worldwide. The first
workshop on the subject, “The New World of Microplasmas”, was hosted in
February 2003 by Professor Tachibana (Kyoto University) in Hyogo. Since then,
two international workshops have been organized (2™ International Workshop on
Microplasmas (IWM), October 2004, New Jersey and the 31 IWM, May 2006,
Greifswald).

Microplasmas (also called microcavity plasmas or microdischarges) are
characterized by plasma dimensions smaller than 1 mm and operating pressures
up to and above atmospheric pressure. In addition, the cathode fall dimension is
usually similar to the microcavity radius. On one hand, the short transient time of
the gas in the microplasmas and large ratio of reactor wall area to plasma volume
result in low gas kinetic temperature (~300 — 2000 K). On the other hand, these
characteristics permit the development of strong electric field gradients, which
leads to relatively higher electron densities (10*' -10* m™) [3] compared to the
large-scale APNTPs. Also, due to the strong electric field gradients, the

distribution of the electron energy tends to be non-Maxwellian.

The mAPPs are attracting a growing number of researchers due to their ease of
construction and recently discovered applications. Different mAPPs
configurations, which lead to the production of a small plasma jet, are now briefly
described. Inductively-coupled plasma torches consist of an electrode, which is a
coil of flat metal wound like a spiral or a spring around a plasma chamber as it is
demonstrated in Figure 1-1. Plasma-forming gases flow inside the chamber and a

small plasma jet is produced at the exit of the plasma chamber nozzle.
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Figure 1-1: Schematic of an inductively-coupled plasma torch for mass spectroscopy [4].

Capacitively-coupled plasma torches have two electrodes. In rectangular reactors,
electrodes are flat and located on opposite sides of the reactor. In cylindrical
reactors, electrodes can be in concentric configuration or they are two sheets of
metal wound around the reactor at different locations, which delimit the plasma
volume. An example of a concentric electrodes configuration is illustrated in
Figure 1-2. The plasma-forming gases flow in the inter-electrode gap and produce

a small plasma jet at the torch nozzle exit.
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Figure 1-2: Schematic of a capacitively-coupled plasma torch with concentric electrodes
[5]-
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Single hollow cathode torches can also produce small plasma jets. As presented in
Figure 1-3, the hollow electrode acts as the inlet channel nozzle for the plasma-
forming gases. When the speed of the plasma-forming gases is high enough, a

small plasma jet outside the sharp top of the needle is produced.
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Figure 1-3: Schematic of a single hollow cathode torch [5].

Microwave plasma torches (MPTs) are also developed to produce small-scale
plasma jets. In the configuration as seen in Figure 1-4, the plasma-forming gases

flow inside an inner coaxial conductor and exits through a nozzle exit.

At the laboratory scale, several mAPPs torches have been developed for various
applications. Amongst them, a miniature inductively-coupled plasma (ICP) torch
using an Ar/halogen gas mixture was developed for local and high rate etching of

silicon wafers [6].
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Figure 1-4: Schematic of the “torche i injection axiale” MPT [5].

Miniature capacitively-coupled plasma (CCP) torches, using a mixture of He with
an halogen gas or oxygen, have also been developed for the local etching of
silicon [7] and polyimide [8], the treatment of heat sensitive materials [9], and for
the depletion of contaminants present in liquid hydrocarbons [10]. Several mAPPs
with a single hollow cathode electrode configuration were also reported. The p-
plasma jet from Yoshiki ef al. was used for local removal of photoresist [11] (see
Figure 1-5). The single electrode configuration was also used for silicon oxidation
and synthesis of carbon nanostructures [12], restoration of archeological glass and
metal artifacts, fragmentation of molecules for micro-electrophoresis and plasma

polymerization [13].

12



Stainiess steel
surgical needle

Figure 1-5: Picture of the micro-plasma jet (u-PJ) developed by Yoshiki et al.[11]

The small MPT were developed as excitation sources for atomic spectroscopy for
remote analytical system [14-16]. One example is the MPT developed by Stonies
et al. (see Figure 1-6). The commonalities amongst those sources are: 1) the high-
frequency excitation (RF or MW, except for [10]) which favors the formation of a
non-thermal plasma at atmospheric pressure under low-voltage excitation
conditions (few hundreds volts); 2) the use of He or Ar as the main plasma-
forming gas, 3) the use of minute amounts of an additional gas as the source of
reactive species, and 4) the torch configuration which permits the rapid transport

of excited species to the surface of interest in remote exposure applications.

To date, several mAPPs have been commercialized to produce small non-thermal
plasma streams. To name of few, the handheld PlasmaPen™ [17] and

Plasmabrush® [18] are used to modify, coat or clean heat-sensitive surfaces.
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Figure 1-6: Picture of the smale-scale MPT developed by Stonies et al. [15].

1.3. Plasma sources for biomedical applications

The interest in plasma sources specifically designed for the treatment of organic
and biological materials has grown significantly over the last decade. The plasma-
based treatments so far developed aim at chemical modification and cleaning of
surfaces and deposition of organic or inorganic films. A few examples of
chemical modification of surfaces are in-vitro or in-vivo modification of
biological tissues and surface functionalization of polymeric surfaces. As for
surface cleaning, examples are the sterilization of polymers and metals. Finally,

deposition of inorganic films is used to enhance cell adhesion to surfaces.

Low-pressure plasmas are commonly used for surface functionalization. For
instance, a two-step plasma process was developed to functionalize different
polymeric materials [19]. A low-pressure ammonia MW plasma was used to
functionalize a polymeric surface. A “passivation” step followed, where a
hydrogen plasma flowed through a mask located above the functionalized surface
to remove functional groups at specific locations and creating inhospitable micro-
patterns for cell adhesion. Thin films of diamond-like carbon and silicon were
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also deposited on a surface using a low-pressure plasma and a mask to create

micro-patterns for selective attachment of neuronal networks [20].

The development of non-thermal plasmas operating at atmospheric pressure has
increased the number and diversity of possible biomedical applications. As a
result, APNTPs are currently being tested for sterilization [21,22], surface
functionalization [23], microcontact printing of proteins onto polymer substrates

[24] and preparation of drug delivery systems [25].

The development of such plasma sources is not without challenges. The most
important difficulties encountered are: 1) the difficulty to sustain a stable and
uniform glow discharge over large surface areas in film deposition and surface
functionalization; 2) the need to maintain a high degree of non-thermal
equilibrium to minimize the thermal load to the substrates of interest, while
maintaining a high degree of chemical reactivity, and 3) the extremely rapid
recombination of the reactive species in the plasma afterglow when a torch

configuration is used.

Some mAPPs have been reported for clinical medical applications since the early
1990’s. One of them is the argon plasma coagulation (APC) device, which uses a
small rod as the powered electrode, while the patient is used as the ground
electrode. It was commercialized as a small-scale electrocoagulation tool [26].
The APC produces an electrical discharge between the electrode and the lesion
which desiccates, coagulates, and devitalizes through heat effects [27,28]. It was
demonstrated through clinical trials that the APC caused significantly less damage

to tissues than YAG lasers.

Several experimental techniques (refer to section 1.1 for more details) are used to
bring down the T, close to room temperature, which allows an even broader range
of biomedical applications. It enables the treatment of extremely heat-sensitive

materials such as living cells and tissues. For instance, Stoffels et al. [29-32]
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developed an atmospheric pressure single electrode RF torch, the Plasma Needle,
operating at power levels ranging from 10-100 mW, for localized bio-
applications. A picture of the Plasma Needle is shown in Figure 1-7. Tests
performed on hamster ovarian and human cells of lung carcinoma showed that the
plasma was temporarily altering the cells’ adhesion molecules, leading to cell-
detachment without necrosis. The authors of the study proposed that plasma-

produced radicals and UV radiation are responsible for the detachment

mechanism.

Figure 1-7: Picture of the Plasma Needle developed by Stoffels et al.[29].

Both devices just described (i.e. the APC and the Plasma Needle) involve some
degree of electrical coupling of the plasma source with the surface. Moreover, the
very low-power plasma generated by the Plasma Needle will probably be
quenched when sources of reactive species are added in the plasma-forming
region. Also, its open configuration, as oppose to a confinement tube with a

nozzle exit, does not favor the transport of reactive species to a remote surface.

Several new mAPPs are reported every year. As an example, lately, the so-called
Plasma Pencil, has been developed by Laroussi and Hue [33] for local biomedical

applications. Finally, a mAPPs developed for esthetic applications, the
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Portrait®PSR? [34], has been commercialized for skin regeneration and removal

of aged stains and wrinkles by use of plasma.

1.4. Electrical characterization

Electrical measurements are essential to characterize plasma sources. Nowadays,
a variety of instruments are commercially available ranging from voltage, current
and Langmuir probes [35,36] to integrated monitoring devices such as impedance
monitors [37], power meters ([38], [39], [40] and [41]) and network analyzers.
Electrical measurements are invasive by their very nature and special precautions
are taken to minimize the effects on the measurements and/or to account for these
effects. This task is particularly challenging with today’s miniature capacitively-
coupled plasma sources, which represent, most often, high capacitive loads due to
the small inter-electrode gaps used, the high excitation frequency (MHz to GHz)

and the comparatively small resistive impedance.

Some of the most useful measured electrical plasma properties are the power
delivered to the electrical circuit driving the plasma load and the power dissipated
in the plasma. Common instruments used to evaluate those power levels are bi-
directional power meters and electrical probes. Some examples of their
applications to small-scale plasma sources follow. The power meters can be used
for monitoring the reflected power during plasma etching, thus providing a simple
and inexpensive tool for end-point detection [42]. Stonies ef al. [15] used a power
meter to match a small microwave plasma torch (MPT) impedance to the
generator’s 50 Q output impedance using microstrip circuits. Kieft ez al. [31] used
a power meter to optimize the matching network of the Plasma Needle excited at
13.56 MHz. Another power meter, the Z-scan® RF probe [43], was used by Zhu
et al. [44] to characterize an atmospheric pressure plasma jet (APPJ) excited at

13.56 MHz. Though very useful, power meters have some drawbacks. They tend
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to be expensive, they generally have a narrow measurement range and frequency
bandwidth, and usually, they are not designed to measure low-level and/or pulsed
powers. Moreover,-only the high-end power meters can display signal waveforms,

which are good indicators of signal distortion, saturation and arcing phenomena.

The use of current and voltage probes in combination with a fast digital
oscilloscope appears to be an inexpensive and easy to set up method to electrically
characterize miniature plasma sources ([9], [45] and [46]). Such probes are used
to quantify breakdown, sustaining and operating voltages, circuit current and the
relative phase angles between the circuit current and the load voltage signals.
They have wide measurement ranges and bandwidths, but they too have some
drawbacks. One of their major downsides is the voltage probe capacitive loading.
Indeed, when a voltage probe is connected to a load circuit, the probe capacitance
adds a reactive impedance to it, which induces an additional phase angle between
the circuit current and the load voltage. The probe loading can also reduce the
measured signal amplitude depending on the frequency at which the circuit is

excited.

A second negative effect of voltage probes is the systematic time delay Af induced
by the length of the probe cable. This latter delay is constant in the time domain,
but its equivalent phase angle A@ between the circuit current and the load voltage
signals increases with the excitation frequency f, as revealed by A@= (360°)fAr.
The consequence is a misreading of the phase angle induced only by the
capacitive or inductive nature of the load resulting in a deterioration of the
accuracy on the calculations relying on that measured phase angle. One of the
standard procedures to calibrate the phase angle between signals measured by
current and voltage probes is to take the difference in their nominal propagation
time delays, as provided by the probe manufacturer, subtract this value from the

measured time delay, and convert it into a phase angle. The accuracy of this
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method relies strongly on the uncertainty of the probe characteristics given by the
manufacturer. A more reliable method to calibrate the phase angle was used by
Sobolewski et al. [47]. Instead of taking the propagation time delay given by the
manufacturer, they measured in situ the time delay induced by the probe

capacitance and cable length.

1.5. Optical emission spectroscopy

Optical emission spectroscopy (OES) is a technique widely used to characterize
plasmas and the species present in them. A thorough description of this technique
can be found in several books such as in the book of Vacquié [48]. In this section,
a short description of the OES principles and instrumentation is presented, along

with a method to estimate the electronic temperature in the plasma.

OES is a non-intrusive, easy-to-use and relatively sensitive technique. The basic
principle of OES lies in the fact that when a material is heated to incandescence,
the atoms are excited to elevated electronic states. When the excited electrons fall
to lower energy states, photons with energy equal to the energy difference
between the excited and lower states are emitted. The emitted light is
characteristic of the material being probed and consequently, can be used for
identification and sometimes quantification purpose. Therefore, plasmas, which

are electronically heated, host a variety of excited species and are ideal media for
OES.

The core of the OES detection system consists of a spectrometer, which is used to
disperse the incoming light. Early spectrometers were composed of a prism that
breaks up the light into its constituent spectral colors, which were then
represented on a wavelength spectrum. In modern spectroscopy, the prism has

been replaced by gratings, with high groove densities, which allows to separate
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more precisely the incoming light. A movable slit and a photon detector complete
the spectrometer apparatus and the entire system is controlled by a personal
computer. Lenses and optical fibers can be used to collect and transmit the

emitted light.

The absolute density, n,, of a chemical specie in a given excited electronic level
m can be determined by measuring its emission intensity, €, from the level m to
a lower level n. The parameters which have to be known are the emission line
wavelength, 4., and the atomic transition probability, 4,,,, from the level m to the

lower level # as it is shown in equation (1-1).

hc
£ = A n 1-1
" (4701,”" e ] (-1

If the plasma is in a state of local thermal equilibrium, the electron temperature,
T., can be calculated using the Boltzmann equation (1-2) [48]. However, for non-
thermal plasmas, provided the distribution of the excited level populations obeys a
Boltzmann distribution, its slope is associated to the excitation temperature of the

plasma species, T.x., Which gives an estimate of 7.

g -FE -FE
n_=n, Z—ex =1, U, )= m 1-2
S p(kT ] (T,.) zg,,,eXp[kT j (1-2)

exc exc

exc exc

In o =In| n, he _ Ly (1-3)
4,8, 4=U(T,.) ) kT,
In the Boltzmann equation (1-2), nr is the total density of a particular plasma

specie, gn the statistical weight of the excited level m, and U, the partition

function for the species investigated. 4 is the Planck constant, m, the electron
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mass, k the Boltzmann constant, and E,,, the energy of the level m. By rearranging

equations (1-1) and (1-2) in terms of natural logarithm, equation (1-3) is obtained.

For a given T, nr and U are constant and thus, the first term on the right hand
side of equation (1-3) is constant. By plotting In(gunAmw/Amngm) versus E, for
several excited levels m of a single specie, it is possible to determine 7, from the

slope of the plotted curve (-1/kT,x.).

For a preliminary study of the plasma gas composition, it is sufficient to know the
relative density of the plasma species. To compare the relative density of various
species in the plasma, the only requirement is to calibrate the light transmission of
the optical system and the optical response of the photon detector using a
continuous radiation source such as a tungsten lamp. In addition, if the emission
lines have a Lorentzian line profile, their relative intensities can be compared by
monitoring only their peak intensities, since the peak intensity is proportional to

the total area under each line profile [49].

1.6. Laser-induced fluorescence spectroscopy

The OES can only measure chemical species in electronically excited states, states
which are weakly populated in most laboratory plasmas. Therefore, another
technique, such as the laser-induced fluorescence (LIF), is required to investigate
atoms in the ground states or in metastable states. Well-documented descriptions
of the LIF technique can be found in specialized books on laser spectroscopy such
as the book of Clyne and McDermid [50]. This section describes the LIF history,
theory and principles of operation, detection capability and use for the detection

of the helium metastable state atoms.

21



1.6.1 History

LIF was initially developed by Marvin Minsky in 1957 as an enhancement
approach in confocal imaging microscopy, in order to improve the visualization
capability with biological specimens and materials (solid or liquid) with
dimensions in the sub-mm to mm range [51]. In the 1970s, the LIF technique was
first used to measure the relative populations of individual quantum states in the
gaseous phase [52]. Since then, it has been used as an analytical method to
measure very small concentrations of chemical species. For instance, LIF was
used to measure trace amounts of formaldehyde (HCOH) [53] and hydroxyl (OH)
radicals in the atmosphere [54]. Later on, LIF was used to study the kinetics of
collision-free and elementary collision processes and to measure the lifetime and

relaxation rate of chemical species [55].

It was only in 1975 that LIF technique was first used for plasma diagnostics. Stern
and Johnson [56] used LIF for the determination of the ion velocity distribution in
an argon plasma. Since then, LIF has been used for the detection of molecules and
atoms in the ground and metastable states. For instance, Hu et al. [57] used LIF to
detect ppm levels of nitric oxide (NO) in the ground state in a non-thermal pulsed
corona reactor at pressures slightly above atmospheric pressure. A LIF-derivative
technique, two-photon laser-induced fluorescence (TALIF), which will be
described later, has been used to detect the absolute density of atomic oxygen (O)
in the ground state [58] in a RF excited plasma jet operating in air. Several other
species of importance in the context of the current project have been detected
using LIF, namely hydrogen (H) (using TALIF) [59], the hydroxyl radical (OH)
[60], nitrogen (N) [61], NO [62], and He [63].
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1.6.2 Theory and principles

To observe the fluorescence from a sample, a laser light has to strike this sample
and the laser radiation energy must be tuned to the absorption transition energy
from the state investigated to a known upper electronic state. When the upper
state de-excites to a lower energy state, the resulting photon emission is called

“laser-induced fluorescence”.

The radiative power of fluorescence depends on the population density of the
lower state, the transition probability between the excited and lower states, and
the frequency of the fluorescence photon. As shown in equation (1-4), the
absolute population of a specie in the excited state k is  and can be determined
from the measurement of the fluorescence rate, ng, (# of photons emitted per
second from the reaction volume V%) only if the total spontaneous emission
coefficient, 4, from the level k to all lower levels i is known. In reality, it is very
rare that 4, is known, because the transitions from the k level to lower levels i are

not all quantified and thus, n, value is generally not determined.

B
ny=nAV,=nV, ﬁ (1-4)
ik ki

np can also be measured to determine the population density in a particular
electronic state, »; (right hand side of equation (1-4)). In this case, the laser is
tuned to one specific wavelength so that a photon is absorbed by the transition
i (lower level) > k (excited level) and the fluorescence rate from the level & is
measured. In this case, the parameters that have to be known are p the spectral
energy distribution, Sy the induced-absorption coefficient for the transition from
the levels i » k and Ay the spontaneous emission from the level k to level i.
Under stationary conditions, if one knows which phenomenon between the

spontaneous emission (A4y) or the induced-absorption (fBx) dominates, the
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fluorescence process in equation (1-4) can be simplified and the lower state

population densities (#;) can be calculated.

For a preliminary identification of the ground state and metastable species in the
plasma, a relative intensity measurement is satisfactory and it is easily determined

since it is proportional to the measured fluorescence rate.

Briefly, a modern LIF system is composed of three main components. The first
one is the laser system, which comprises a narrow line width pump laser and a
tunable laser (dye, optical parametric oscillator (OPO), optical parametric
oscillator (OPQ)) that disperses the laser wavelengths (i.e. 350 to 800 nm), from
which any given wavelength can be selected. Optionally, a UV-enhancement
optical system can be added to extend the laser emission to the UV region (i.e.
200 to 350 nm). The second component is the optical system that allows the beam
transport, focusing and collection. The last component consists of a photon

detector (i.e. multiplier tube (PMT) or charge-coupled device (CCD)).

1.6.3 Detection capability

Most of the metallic atoms and light molecules can be detected by LIF. However,
several light atoms and molecules have their first electronic excited state in the
VUV range (A < 190 nm), which corresponds to energies higher than 6.5 eV. In
order to produce laser photons with sufficient energy to induce such transitions, a
technique called two-photon absorption laser-induced fluorescence (TALIF) can
be used. This technique consists of using a UV generator system or an optical set-
up to produce a laser beam whereby two photons are absorbed simultaneously.
This technique is valid as long as the two photons are absorbed in a time-scale

smaller than the spontaneous de-excitation time of the laser-populated state.
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LIF can detect species density as low as ~10* atoms/em’ (typically of ~10°
atoms/cm’), which sensitivity is comparable to the mass spectrometry sensitivity.
In some reported cases, densities as low as ~10° atoms/cm® [64] were detected by
LIF. The spectral resolution of the LIF technique is mainly determined by the
laser line width. A narrow laser spectral line width enables the selectivity of
species. Also, strong laser beam intensity allows the detection of species having

weak absorption cross-sections.

The LIF technique is non-intrusive and its spatial resolution is determined by the
laser beam dimensions at the location of the measurement and the focusing of the
detection system, which beam can be trimmed and focused to reach small

dimensions (i.e. < 1 mm).

Therefore, LIF is a very sensitive non-intrusive technique, which permits the
characterization of species in a specific quantum state with a very good spatial
resolution. It is seen as a complement to OES, since it allows to probe the ground

state density, the most populated one in weakly excited plasmas.

1.6.4 Detection of helium metastable states

Interesting species to investigate in the context of this research project are the
metastable states of He. The first excited states of He are metastable states with
high-energy levels of 19.4 eV for the 2°S state and 20.4 eV for the 2'S state, as
shown in the He energy diagram (Figure 1-8). Radiative transitions from the He
metastable states to the ground state are forbidden and thus, He metastable states

loose their energy only through collisional processes.

In He plasmas, the collisions of metastable He states with other molecules
generate new chemical species and free electrons, which help to sustain the

plasma. According to Tsuchida [65], the dominant processes in a low electron
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density (< 10" cm? ) He plasma are radiation processes and collisional transfers of
electrons as depicted Figure 1-9. However, in a He plasma operating at elevated
pressure (few atm), the amount of He(2’S) atoms detected by LIF could be
underestimated since some He(23S) atoms are used to produce Hez(a3Zu+)

molecules by processes described in equations (1-5) and (1-6) [66]).
He(2’S) + He — He,(°YwH) (1-5)
He(2’S) + 2 He < Hey(*Y\,") + He (1-6)

As can be seen in Figure 1-9, a method to detect the He(2’S) state is to pump this
state with a laser tuned at 388.9 nm to the He(3’P) state and to observe the
fluorescence at the same wavelength. Many researchers have used this method in
low-pressure plasma systems. To name a few, Tsuchida used LIF to measure the
He(2’S) density in the glow of a DC He plasma (~0.4 Pa, n. ~ 10'? em™, T, ~ 7
eV and plasma column radius ~ 1 cm) [65]. Den Hartog et al. used LIF to measure
the He(2’S) density in the glow of a DC He plasma (467 Pa, n. ~ 10" cm, T, ~
0.12 eV, electrodes diameter = 3.2 c¢cm , electrode gap = 0.62 c¢cm) [67]. De
Benedictis ef al. used LIF to detect the He(2’S) density in a parallel-plates pulsed
RF post-discharge of He-N,/O; plasma (6.6 — 400 Pa, n. ~ 10" cm™, T = 0.2-0.6
eV, electrode diameter = 10 cm, electrode gap = 5.5 cm) [63],[68].
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Figure 1-8: Energy level diagram for helium. The wavelength units are Angstrém [69].
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Figure 1-9: Dominant processes for LIF measurement of the He(2’S) state in He plasmas.

Few researchers used LIF to measure the He(2’S) in mm-scale He plasmas at
atmospheric pressure. Boudam [70] used the LIF technique to measure the
He(2’S) state in a MW He and He/N; plasmas (P = 706 kPa, n. = 10" cm?, T, =
n/a, plasma length ~3 cm, plasma diameter < 2 mm) operating in a controlled
environment. According to our survey of the published literature, none have used

the LIF technique to detect mm-scale He plasmas operating in air.

The He(2’S) state can be detected using wavelengths other than 388.9 nm. For
instance, one can pump the He(2’S) state to the (4°P) state using a laser at 318.8
nm and observe the fluorescence at the same wavelength. In addition, the
metastable He state can be detected by considering the fluorescence from the
(3'P) state to the (2'S) state, where the (3'P) state de-excitation generates
fluorescence at 501 nm. However, the (3'P) state also de-excites to the (1'S) state,
generating fluorescence at 53.7 nm, a wavelength which cannot be observed under
atmospheric pressure conditions. Moreover, some researchers [65,71] have found
that the He(2'S) state density is two orders of magnitude lower than the He(2’S)
state density. Therefore, choosing to observe the He(2’S) state gives a better

representation of the He metastable state density.
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A derived technique of LIF, laser-collision-induced fluorescence (LCIF) [72],
can be used to measure the relative density of the He(2’S) state. For instance,
using this technique, the (2°S) state is pumped to the (3°P) state by a laser at 388.9
nm. Then, the (3’P) state de-excites by electron collisions to the (3°S) state, and
the resulting fluorescence from the (3°S-2°P) transition is observed at 706.5 nm.
The (3°P) state is also excited to the (3° D) state and from there, de-excites to the
(2°P) state and fluoresces at 587.56 nm. This technique has the advantage that the

wavelength of the pumping laser differs from the fluorescence wavelength.

29



CHAPTER 2

DESIGN AND CHARACTERIZATION OF THE APGD-¢

This chapter encloses an article written by Prof. Sylvain Coulombe and the Ph.D.
candidate and published in the Plasma Sources Science and Technology journal
[73] in August 2005. It describes the design rationale and the construction details
of the APGD-t. This article also presents the preliminary electrical

characterization and optical emission spectroscopy work done on the APGD-1.

As it will be seen in this article, the APGD-¢ does not fall in a unique category of
APNTPs (see Table 1-1). It has a PV/Q (69 J/L) comparable to the one found in
pulsed coronas and glow discharges; a P (15 W/cm®), which is similar to the one
found in pulsed coronas, pulsed glows, RF discharges and DBD and a T (323 K)
comparable to the one found in pulsed coronas, glow discharges and DBD. Its V'
(85-172 m/s) is like that ¥ found in plasma torches, pulsed glows and glow
discharges and its d (0.822 mm) is lower than that of micro-hallow cathodes, RF
discharges, and DBD. If the APGD-t was to be classified according to those
characteristics, it would lie in a category regrouping mainly pulsed coronas, glow
discharges and DBD. Therefore, it is proposed that the APGD-f belongs to a new
category of pulsed RF glow discharge torch.

In APPs, the gas kinetic temperature can be assumed equal to the gas rotational
temperature, which value can be determined by optical emission thermometry
[74]. Unfortunately, the spectrometer used during this project had a very poor

spectral resolution (1.3 nm), and could not be used to perform thermometry.

Nevertheless, Kim et al. [75] have demonstrated that gas temperature, measured
by a thermocouple and by optical emission thermometry in the plasma afterglow

of a cold RF APGD, were comparable for low plasma powers (<180 W). In our
30



case, powers dissipated in the APGD-¢ are very low (<1 W). Therefore, through
out this project, a thermocouple was used as a quick and cheap way to measure
the gas kinetic temperature in the plasma jet. However, this temperature should be
compared to temperatures obtained using optical emission thermometry and by

other methods, such as liquid crystal temperature strips as Kieft e al. used in [76].

31



Design and Preliminary Characterization of a Miniature Pulsed RF
APGD Torch with Downstream Injection of the Source of Reactive

Species

V. Léveillé and S. Coulombe
Department of Chemical Engineering, McGill University,

Montréal (QC), Canada, H3A 2B2

2.1 Abstract

The design of a miniature low-power Atmospheric Pressure Glow Discharge torch
(APGD-f) and the results of its preliminary electrical and spectroscopic
characterization are presented. A capacitively-coupled pulsed RF (13.56 MHz)
helium plasma jet is formed in a converging confinement tube and O, is injected
downstream in the plasma afterglow region through a capillary electrode. With 1
slm He, the APGD-¢ produced a non-thermal plasma jet of 500 um-diameter and
~2.5 mm-long at power levels ranging from 1 to 5 W. At =1 W, the gas
temperature and He excitation temperature near the nozzle exit were ~50 °C and
slightly below 2000 K, respectively. The breakdown voltage in 1 slm He is
approximately 220 V... Careful electrical probe measurements and circuit
analysis revealed the strong effect of the voltage probe on the total load
impedance. The injection of 10 sccm O, through the capillary electrode led to the
transport of atomic O further downstream in the plasma jet and to a slight increase
of the He excitation temperature, without significant effects on the electrical
properties and jet length. Alternatively, the addition of an equivalent amount of

0O (1 "/,%) to the plasma-forming gas affected the electrical properties slightly,
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but led to a drastic contraction of the plasma jet. The atomic oxygen production
and transport conditions provided by the APGD-t are promising for localized bio-

applications such as the treatment of skin tissues and cells.

2.2 Introduction

The interest in atmospheric pressure non-thermal plasma sources specifically
designed for the modification and treatment of biological and biocompatible
surfaces has grown considerably over the last decade. Such sources offer
convenient means for sterilization [22,77] surface functionalization [23], cell
removal [29], and microcontact printing of proteins onto polymer substrates [24].
The development of such plasma sources is not without challenges though,
especially when one envisions bio-applications. The most important difficulties
one encounters are: 1) the difficulty to sustain a stable and uniform glow
discharge over large surface areas in film deposition and surface
functionalization; 2) the need to maintain a high degree of non-thermal
equilibrium to minimize the thermal load to the substrates of interest, while
maintaining a high degree of chemical reactivity and 3) the extremely rapid
recombination of the reactive species in the plasma afterglow when a torch

configuration is used.

Several devices have been developed to produce relatively small non-thermal
plasma streams at atmospheric pressure. A miniature inductively-coupled plasma
(ICP) torch using an argon/halogen mixture was recently developed for localized
and high rate etching of silicon wafers [6]. Miniature capacitively-coupled plasma
torches using mixtures of He and halogen gases, or oxygen, have also been
developed for local etching of silicon [7] and etching of polyimide [8]. Other
capacitively-coupled plasma torches have been developed for the treatment of

heat sensitive materials [9] and as a source of active species for the depletion of
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contaminants present in liquid hydrocarbons [10]. Single electrode configurations
were also reported for silicon oxidation, synthesis of carbon nanostructures [12]
and removal of photoresist [11]. There have been other miniature sources
developed for remote analytical systems, such as the microwave plasma torch
(MPT), used as an excitation source for atomic spectroscopy [14-16]. The
commonalities amongst these sources are: 1) the high-frequency excitation (RF or
microwave, except for [10]) which favors the formation of a non-thermal plasma
at atmospheric pressure under low-voltage excitation conditions (few hundred
volts); 2) the use of He or Ar as the main plasma-forming gas, 3) the use of
minute amounts of an additional gas as the source of reactive species, and 4) the
torch configuration which permits the rapid transport of excited species to the

surface of interest in remote exposure applications.

In the field of local bio-applications, atmospheric pressure plasma sources have
been scarcely reported since the early 1990°s. The argon plasma coagulation
(APC) device, which uses a small rod as the powered electrode and the patient as
the ground electrode, was commercialized as a small-scale electrocoagulation tool
[26]. It was demonstrated through clinical trials that the APC caused significantly
less damage to tissues than YAG lasers. The APC produces an electrical discharge
between the electrode and the lesion which desiccates, coagulates, and devitalizes

through heat effects [27,28].

Stoffels and colleagues [29-31] developed an atmospheric pressure unipolar RF
“plasma needle”, operating at power levels ranging from 10-100 mW, for
localized bio-applications. Tests performed on hamster ovarian cells and human
cells of lung carcinoma showed that the plasma was temporarily altering the cell’s
adhesion molecules and membrane, without necrosis, leading to cell-detachment.
The authors of the study proposed that the plasma-produced radicals and UV

radiation are responsible for this detachment mechanism.
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Both devices just described (i.e. the APC and the “plasma needle™) involve some
degree of coupling of the plasma source with the surface, and were not designed
to efficiently generate and transport reactive chemicals to the heat-sensitive
surfaces. In fact, the torch configuration discussed previously would be more

appropriate.

We thus present, in this study, the design and results of a preliminary electrical
and spectroscopic characterization of a novel low-power atmospheric pressure

glow discharge torch for local bio-applications.

2.3 The APGD-¢

2.3.1 Design rationale

The applications envisioned for the new plasma source are the etching of skin
cancer cells, the detachment of cells, the removal of skin pigmentation, and the
deposition of temporary organic films. All the above-mentioned treatments are
superficial in nature due to the expected low-penetration depth of the plasma (see
ref. [27]), and because of the low diffusivity of reactive gases into the skin. The
plasma stream formed by this new plasma source needs to be small for localized
treatment. For instance, if aligned mammalian cells (~30 um OD) were treated

with a 500 pm-diameter plasma jet, roughly 15 cells would be affected.

Furthermore, the new source must be capable of producing reactive species from a
variety of reactive gas mixtures in order to accommodate the requirements of each
process. Ideally, the source could easily be mounted on a small robotic arm or

even hand-held, and would operate at low power and voltage levels.
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Those specific requirements defined constraints on the design of the plasma
source, namely: i) The need to use a torch configuration with a concentric
capillary electrode, in order to form a well-defined plasma jet, to separate the
plasma-forming and reactive species production-zones, and to avoid (electrical)
coupling between the plasma and substrate. ii) The need to maintain a stable
plasma at low voltage, in a gas that contains high-energy metastable species,
which allow for the generation of reactive species in the afterglow. iii) The need
for rapid transport of the reactive species formed in the afterglow to the surface of
interest, iv) The need to operate the device at low-power levels suitable for bio-
applications (ex. skin treatment). All those design constraints led us to adopt the
torch configuration presented on Figure 2-la, and b shows a prototype of the

APGD-¢ using He as the plasma-forming gas and discharging into ambient air.

0
a) b)
I'y
Capillary electrode
0.d.= 0.3556 mm N
i.d.=0.1778 mm N,
L=10cm 2 N\
Teflon
fittings
He or He/O; 10cm
—_
Nylon Quartz tube
swagelok 0d. =4 mm
fitting id=2mm
Ground L=5cm
Metallic epoxy
L=2.5cm \-{
Nozzle exit v

i.d. = 0.5 mm —\

Figure 2-1: a) Schematic of the APGD-¢ construction. b) Picture of the APGD-¢ operating
with 1 slm He at =1 W. ¢) Picture of the APGD-f nozzle area (the silver epoxy was

removed to reveal the capillary electrode).
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2.3.2 Details of the construction

From the electrical standpoint, the torch consists of a concentric electrode
capacitor which uses as dielectric medium a quartz confinement tube (2 mm-ID x
4 mm-OD). The plasma-forming gas flows through the confinement tube at
relatively high speed (1 slm He). Figure 2-1c shows the downstream end of the
plasma confinement tube which is shaped into a converging nozzle (500 um exit
ID), in order to impart a high velocity to the plasma stream and to form the jet. An
electrically-conductive silver paste deposited on the external surface of the

confinement tube acts as the ground connection.

The powered electrode is a stainless steel capillary tube, centered inside the
confinement tube. The inside and outside diameters of the capillary tube are
0.0070 + 0.0005” (0.1778 £ 0.0127 mm) and 0.0140 + 0.0005” (0.3556 = 0.0127
mm), respectively. The end of the capillary tube is located approximately 1 mm
upstream from the end of the quartz tube (this parameter can easily be changed).
The gap formed between the external surface of the capillary electrode and the
inner surface of the confinement tube is 822 um-wide in the straight section, and
reduces to 72 um at the nozzle exit (assuming a perfect alignment of both tubes).
The small outside diameter of the capillary electrode allows for the local
enhancement of the electric field and thus, a considerable reduction of the
breakdown voltage requirement. The entire assembly, which is roughly 10 cm-

long, is held together with a Teflon Swagelok® tee.

The plasma-forming gas (He) is fed through the side arm of the tee, while reactive
gases can be injected through the capillary electrode, or added to the plasma-
forming gas. Under typical operating conditions in He, a glow discharge fills the
entire annular space contained between the quartz tube and the capillary electrode.

Helium allows operation at relatively low voltage under atmospheric pressure and
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AC excitation conditions [78], and is known to provide excellent excitation
conditions for emission spectroscopy [79]. Long-lived He metastable states
provide excitation conditions in the decaying plasma: it is known that under low-
frequency excitation (i.e. kHz), the He metastables provide seed electrons for re-
ignition of the discharge every half-cycle. It is also believed that long-lived high-
energy He metastable states (220 eV) can dissociate and ionize light molecules

such as O,.

In a torch configuration with injection of the source of reactive species
downstream of the plasma-forming region, the decaying He metastable atoms will
thus act as an excitation source. Such a configuration was used by Jin e al. [14]
where the analytes to be excited were injected downstream of the microwave
plasma-forming region. Bilgic et al. [16] calculated the electric field at the nozzle
of the microwave torch and, indeed, distinguished a plasma generation region

from the excitation region for the analytes.

Molecular oxygen (0O,), which forms strong oxidizers once injected into a He
plasma, is used as the source of reactive species in the present study (up to 10
sccm). O,-containing plasmas are known to provide efficient sterilization
conditions [80-82] due to their etching capability and, therefore, are of interest for
bio-applications. Atomic oxygen is produced by electron impact dissociation (e- +
0O, — e- + 20) and by dissociative attachment (e- + O, —> O + 0-)[83]. It was
suggested that the impact dissociation of O, by high energy (19.8 eV) He
metastable atoms (He (2°S) + O, — He + 20) is another possible mechanism for
the production of O [45,78,84]. Unfortunately, no reference confirming this
hypothesis is given (laser-induced fluorescence studies are currently underway in

order to verify this hypothesis).

Lastly, an important flow rate of helium is used in an attempt to minimize the

ratio of the gas convection to chemical reaction (recombination) time scales. This
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favors the rapid transport of newly created radicals and excited species to the

surface under treatment.

2.3.3 Flow conditions

In the absence of plasma and at a gas temperature of 25 °C, an annular flow of |
slm of He between the capillary electrode and the nozzle exit gives rise to a mean
gas velocity of 172 m/s, a value that corresponds to a Reynolds number (Re) of
approximately 205 (laminar flow conditions)[85]. If one neglects the presence of
the capillary electrode at the nozzle exit, a flow of 1 slm of He gives rise to a
mean gas velocity of 85 m/s at the nozzle exit and a corresponding Re of 351. At
10 scem in the capillary, O, is injected at a mean gas velocity of 7 m/s. The
corresponding Re is approximately 75. Thus, laminar and subsonic flow
conditions will prevail at the nozzle exit under cold flow conditions. The
important velocity difference between the He and O, gas flow velocities will
cause a significant shear at the injection point, thus favoring the mixing of the two

gas streams.

2.3.4 Auxiliary equipments

A schematic of the APGD-f and associated electrical equipments are presented in
Figure 2-2. The RF signal is generated using an arbitrary waveform generator (HP
33120A, 15 MHz bandwidth) set at a carrier waveform frequency, £, of 13.56
MHz, and which is amplitude-modulated (10-50% duty cycle) by a variable duty-
cycle square wave generator (Racal-Dana model F64 AM-FM-sweep-trig/pulse-
function generator). The amplitude modulation allows for easy control of the
power level at constant torch voltage, and to switch off the plasma for a user-

defined fraction of the cycle. The signal is amplified with a broadband RF
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amplifier (Amplifier Research 75A250, 75W, 10 kHz-250 MHz, 50 Q

input/output impedances).

A homemade series inductor is used in order to provide near-resonance circuit
conditions. The APGD-t is mounted on a 3-axes support, allowing the
micrometric displacements necessary for localized optical measurements and
surface treatments. The torch voltage and circuit current are measured using a
voltage probe (Tektronix P6139A, 10X, 500 MHz, 10 MQ, 8 pF), a current probe
(Tektronix CT-2 current transmitter, ImV/ImA into 50 Q, with a Tektronix
P6041 probe, 1X) and a digital oscilloscope (TDS3054B, BW = 100-500 MHz, 5
GS/s). The voltage and current measurements are transferred to a PC through a
GPIB interface and displayed on a LabView™ interface. A proportional, integral
and derivative (PID) control loop is used in order to regulate the torch power and

monitor the operating parameters.

Helium (99.998 % purity) or a certified mixture of He + 1 v/v% O, (£5 %) is used
as a plasma-forming gas. Extra dry oxygen (99.6 % purity) is injected through the
capillary electrode as a source of reactive species. The gas flow rates are regulated
using thermal mass flow controllers (Qualiflow, AFC 80 MD). The plasma jet
temperature is measured using a 0.5 mm-OD, ungrounded and shielded type K
thermocouple. Pictures and optical emission of the plasma jet were captured with
a telemicroscope (Edmund Optics, 16X) and a low-resolution UV-VIS
spectrometer (Ocean Optics USB2000). A bi-convex lens (50 mm-diameter, 15
cm focal length) was used to collect the plasma emission and to focus it onto a
400 pm optical fiber attached to the spectrometer. The optical response of the
system was calibrated with a tungsten filament lamp (EPT-1373) over the 200-

850 nm wavelength range.
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Figure 2-2: Schematic of the experimental set-up.

2.4 Results and discussion

This preliminary investigation of the APGD-t focused on determining the

breakdown voltage and reasonable impedance matching conditions, measuring the

torch’s complex impedance, observing the effect of the duty cycle on the power

level and jet temperature, observing the effect of O; injection on the plasma jet’s

structure, identifying species present in the jet, and estimating the excitation

temperature. Unless specified otherwise, He (1 slm) was used as the plasma-

forming gas while the duty cycle and pulsation rate of the RF excitation were 10

% and 100 Hz, respectively.

Typical torch voltage and circuit current signals are presented in Figure 2-3. The

current signal reveals the complete extinction of the discharge following every

pulse and the ease of re-ignition.
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Figure 2-3: Representative example of the RF circuit current (i) and voltage pulses (V7)

applied to the APGD-t operating with 1 sim He and 10 % duty cycle.

2.4.1 Breakdown voltage

The breakdown voltage in He was measured by slowly increasing the voltage
applied to the torch until the onset of light emission. At the breakdown voltage,
the discharge ignites around the center capillary electrode were the electric field is
most intense. The discharge spreads inside the volume available as the voltage is
further increased. The breakdown voltage of the torch is approximately 220 Vp.o-
0 (x2 %). This low value is attributed to the geometrical amplification of the
electric field at the capillary electrode surface. In fact, approximate calculations of
the electric field at the breakdown voltage and of the geometrical amplification
factor £ at the surface of the capillary electrode (with respect to the planar
geometry) gave values of ~5x10° V/m and 4.4, respectively. Note that this

breakdown electric field value compares well with the value of ~2x10° V/m
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obtained by extrapolation of the Paschen’s curve data reported for the high-
frequency breakdown of He [86]. As a comparison, the reported sustaining (i.e.
breakdown) voltage for the plasma needle spreads from 100 Vpy.10-0 to 140 Vpy.t-0

[30,31].

2.4.2 Impedance matching and plasma torch impedance

measurement

Figure 2-4 shows a schematic of the electrical circuit considered for the
impedance matching study. According to the usual model [87], the plasma torch is

represented by a capacitor Cr mounted in series with a resistor Ry [Q].

@ CrTm ReS Cp =

Figure 2-4: Schematic of the electrical circuit.

The complex impedance of the torch is thus described as (s = Laplace domain

variable):

Z,(s= joy=—5 _ g, -
T7-S+1 COCT (2_1)
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where 7, = R,C, [s] is the torch’s time constant and @ = 2nf [rad/s] is the carrier

frequency in angular units. The complex impedance of the voltage probe is:

R, R, Rot,
72/

Z (s=jw)= = -
p(5=J0) 7,5+1 1+a)21'f, 1+ o',

2-2)

where 7, = R ,C, is the probe’s time constant. At f= 13.56 MHz, the complex

impedance of the voltage probe (R, = 10 MQ, C, = 8 pF) is Z, = 0.215 — 1467; Q.
This small impedance value implies that the presence of the probe is likely to
affect the dynamics of the electrical circuit and, thus, must be accounted for in the

analysis. The complex impedance of the torch-voltage probe system is given by:

(r,ps+1)
2 T eee
T,7p8" +7's+1

ZT+p(S = Ja)) = Rp

(2-3)
o (1 't fp)z +w’t? [(l_wzrprT +a)27TT')_ a)(T'_TT +wZTpT%) J]
_ T

with7'= 7, + 7, +R,C;. The phase shift, ¢ [°], between the torch voltage,

Vi(=Z;,, -i)and circuit current, i, is given by:
. . 2 2
¢(a))=3—62 tan”! _a)(rer+co ‘rzpr,,) (2-4)
27 l-o't,r, + ot 7'

From the measurement of | Z;, | |=V,_ps / ipys and ¢ during the “ON” phase, the

T+p |
torch’s resistance (Ry) and capacitance (Cr) values can be determined directly

using equations (2-3) and (2-4).

A rudimentary homemade matching network consisting of a constant value
inductor, L [H], mounted in series between the amplifier and the torch was used in
order to achieve near-resonance conditions. No additional variable capacitors

were used (in series or parallel) and thus, the circuit could not be fine-tuned. The
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“cold” capacitance of the torch assembly (i.e. when the glow discharge is not yet
ignited) was used in order to determine a suitable value for L. This capacitance
was estimated by representing the torch assembly as a set of two concentric metal

conductors of length / separated by a dielectric gap:

2rlg,

In(r, /1) N In(, /r,)

Ccsot =( ] ~1.5 pF (2-5)

£, &,

In the above equation, / = 5 ¢cm, &, =1 is the relative dielectric constant of air (or
He), g, = 3.75 is the relative dielectric constant of quartz, », = 0.1778 is the
outside radius of the capillary electrode, while 7, = 1 mm and r; = 2 mm are the
inside and outside radii of the quartz tube, respectively. The circuit resonance is

observed when:
Rt

L = £
1+ 0’ (2-6)

with7 =R, (CE +C, ). Atf=13.56 MHz, one finds L,~14.5 pH. On the other

hand, the actual circuit was slightly de-tuned to accommodate the larger
capacitance values expected when the glow discharge is present, and to account
for the additional capacitive and inductive sources which were not considered in
the analysis (ex. ground leads). It was found that an inductance value of 6.3 uH
(measured with a simple RL circuit (f = 100 kHz and R = 3.3 Q) led to easy
ignition of the glow discharge and electrical stability of the plasma in the desired
torch power range. The inductor was built from a coated copper wire wound onto
a PVC tube using the following design equation [88]:
2 2
L i o
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In the above equation, d [89] is the outside diameter of the PVC tube, n is the
number of turns, and w [89] is the length of coil wound on the tube. Equation (2-
7) indicates that a » = 8.5 turns inductor built with w=1.3 cm on a d = 6 cm tube

has a theoretical inductance value of 6.4 pH, which is close the measured value of

6.3 uH.

Figure 2-5 shows one complete cycle of the 13.56 MHz excitation voltage applied
to the torch and circuit current measured for conditions which are representative
for all situations investigated in this study (with duty cycle DC = 10%). The peak
torch voltage and current are 405 V.00 and 0.46 Apy.0.0 respectively, while the
phase shift between both signals is -83° (£1.5 %). The corresponding modulus of
the impedance and power delivered to the torch-voltage probe system are |Zr.,| =

880Qand P, , =V, ps irs - cOs@ - DC=1.14 W, respectively.

+p=

500 - 0.5

250 - + 0.25
S <
x 0 - +0 =
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Figure 2-5: One cycle of the RF current (/) and voltage (V) signals applied to the APGD-

t operating with 1 sim He.
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Note the absence of current spikes which are associated with the formation of
filamentary discharges, thus justifying the APGD appellation. Note also that the
circuit current leads the torch voltage by a phase angle of -83°, revealing the
highly-capacitive nature of the torch-voltage probe system. An abacus constructed
using equations (2-3)-(2-4), with Ry and C7 as independent parameters, is used to
determine the plasma torch impedance, Zr, from those measurements. The
continuous lines plotted on Figure 2-6 correspond to constant values of |Zr.,|
while the dashed lines are associated with constant values of ¢ in the R~Cr plane.
For |Zr.,| = 880 Q and ¢ = -83°, we find Ry ~ 640 Q and Cr ~ 5.8 pF and
consequently, the complex impedance of the APGD-t is Zr ~ 640 — 2024 Q (at /=
13.56 MHz).

The resistive power dissipated in the torch is calculated using equation (2-8). At
10 % duty cycle, the resistive power dissipated in the torch was 1.14 W.
Consequently, all the power supplied to the torch/voltage probe system is
dissipated in the torch (since Rr<< R,). The power density under those conditions

is 15 W/cm’ (the volume occupied by the glow discharge is ~76 mm?).

2
R
V. iy i
Va russ ( R Z, J
Pr = —R— -DC = R -DC
r r (2-8)

Assuming that all the resistive power is used to heat up a substrate exposed to the
plasma jet, one obtains a heat flux at the nozzle exit of 6x10° W/m”. In reality, this
flux is expected to be significantly lower due to the radiative losses of the torch,

and the spreading of the plasma jet over working distances of 1 to 2 mm.

47



1000 . 7 5y |\ o B50N
900 |- b ‘1 \
- U \
800 |- v ‘ 83 \ 81
- 1| (1 \10 ? \
so0b ] Bl v , .
: 8 | \ & 8 . \ \ 800
600 |- { v \j\
— C V[N
G [ \ \ \
= 500 - AN O 2 N
m*— - \ A\ AN AN N\
1400 \ \ NOS
400 |- L B BN AN N
- \ \ - N8 ~N > ~
u 1200 N ~ ~ ~
300 | ‘\ N I I RN,
- \ b ~ ~7.50\ =~ f gt
200 __ \ ~ - ~ .-86 -85 -~
B N -~ 1T~
u 1100 1000 ™ gg - 00—~
100 | 1300 - B i
O : 1 II ! l L | Il L l L 809 Il | | | 7-:[ ]
0 2 4 8 10

C, [pF]

Figure 2-6: Contour plot of the modulus of the torch-passive voltage probe system
complex impedance, (|Z7.|), and phase shift (¢) versus the torch resistance (R;) and

capacitance (Cy).

2.4.3 Effect of duty cycle

Figure 2-7 presents the measured resistive power delivered to the torch, P,~ P,

and the gas temperature measured by the thermocouple 1.5 mm downstream of
the nozzle exit, as a function of the pulse duty cycle (DC). The results show that
the torch power can be continuously modulated over the 1-5 W range by varying

the duty cycle from 10 to 50%. Since both the torch voltage and circuit current
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during the “ON” phase should not be affected by the duty cycle, one expects a
linear increase of the resistive power with the duty cycle; this is indeed observed

in Figure 2-7 (trend line slope of 0.1 W/% (R*=0.93)).

Also plotted in Figure 2-7 is an approximate measurement of the maximum
plasma exposure time to the skin (z,). This time lapse was obtained by exposing a
finger to the plasma jet, approximately at the same location as the thermocouple,
until a burning sensation was felt. At 10% duty cycle, the gas temperature is 50
(£2) °C, while this number increases to 122 (+2) °C at 50%. It was found that a
gas temperature of 50 °C is tolerable over a 10 second treatment time. As a
comparison, the thermal neutrality zone for human skin spreads from 26 to 36 °C
[24], and exposure to a heat source held at a temperature above 50 °C causes a

burning sensation [90,91].

£
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Figure 2-7: APGD-t power, Py [W] (0), gas temperature, T [°C] (A), and exposure time to
skin, ¢z, [s] (O), versus the RF pulse duty cycle for 1 sim He.
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2.4.4 Effect of O, addition

One important design aspect of the APGD-¢ is the downstream injection of the
source of reactive species in an attempt to de-couple the plasma-forming region
from the excitation region. The addition of 10 sccm O, through the capillary
electrode did not disturb the torch voltage and circuit current characteristics.
However, the addition of the same amount of O, to the He plasma-forming gas led
to a 3% increase of the torch voltage and a 4% decrease of the circuit current
(results not shown here). No appreciable effect to the shape of the electrical
waveforms was observed. It is suspected that the addition of a trace amount of an
electronegative gas to the inert plasma-forming gas causes a reduction of the

electron density and consequently, a reduction of the electrical conductivity.

More dramatic changes were observed with the visual appearance of the plasma
jet. Figure 2-8 shows telemicroscopic images of the 1 W plasma jet discharging
in ambient air for three conditions: a) He (1 slm) as the plasma-forming gas, b) He
(1 slm) as the plasma-forming gas with 10 sccm O; injected through the capillary
electrode and c), He + 1 ¥/,% O, (1 slm) as the plasma-forming gas. The top and
middle figures reveal a whitish plasma cone, its color characteristic of He
plasmas, followed by a bluish afterglow. It is interesting to notice a flow structure
near the nozzle exit, suggesting a transition to supersonic conditions (Figure 2-8a-
b). One can speculate that the additional acceleration of the flow is due to gas
expansion caused by heating, and to some MHD pumping (these effects will be

studied in a subsequent paper).

The injection of O, through the capillary electrode led to a slight elongation of the
plasma cone, without significantly affecting the overall length of the jet. On the
other hand, when a similar amount of O, was added to the plasma-forming gas,
the jet length reduced to less than 1 mm. The plasma jet disappeared completely at
a slightly higher O, flow rate.
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Figure 2-8: Telemicroscopic images of the plasma jet for Pr~1 W. a) 1 slm He, b) 1 slm
He with 10 sccm O, in the capillary electrode, and ¢) 1 slm He + 1 v/v% O, as plasma-

forming gas.

Those observations were confirmed with the optical emission spectra taken 1 mm
downstream of the nozzle exit (Figure 2-9). All emission spectra reveal the
presence of excited He and atomic oxygen in the plasma jet, as well as some
excited air molecules (entrained in the plasma jet). The addition of O, to the
plasma-forming gas led to a significant decrease of the He emission (up to 90 %
for 2°P-3°S transition of He at 706 nm) and air molecules emission, but without
affecting the atomic oxygen emission (3°S-3°P at 777 nm). This suggests that a
significant fraction of the plasma electrons are used to produce O-containing
species from the O, molecules present in the plasma-forming gas (i.e. excited O,
and O, and O-), leaving fewer electrons to collide and excite the He atoms and

entrained air molecules.

The poor spectral resolution of the spectrometer does not permit differentiation of
the spectral emission of N, (309, 316 and 391 nm) and N," (427 nm) from the
Schumann-Runge O, system, OH band heads [92], and O," emission at 427 nm.
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The probable formation paths of O," in a He plasma are direct electron-impact
ionization (e- + Oy — 2e- + O,") and Penning ionization (He(2'S) + He(2’S) + 0,

— He + O, +e- [93,94].

Since N, represents 79 % of air, its emission is likely to be significant with
respect to O, and OH emission. The presence of N; lines (337, 357, 375, 380 and
405 nm) and N, lines (353, 391, 427 and 470 nm) in Figure 2-9 a-b clearly
reveals air entrainment. Those N; and N, lines were reported by other researchers
[10,79],[95]. Massines and Gouda [79] mentioned that N, molecules are very
effective at quenching the He metastables resulting in the excitation of N, and
subsequent spectral emission. For instance, the N, emission at 391 nm is
attributed to Penning ionization of N, with He metastables [96]. Thus, the
emission lines at 391 nm and 337 nm, present up to 6 mm downstream of the
nozzle exit, seen in Figure 2-10a, indicate the presence of He metastables in the

plasma afterglow.

Atomic oxygen emission resulting from the 3°S-3°P transition at 777 nm was
observed on all spectra, including the spectrum of Figure 2-9a, where no oxygen
was voluntarily added, thus confirming the entrainment of ambient air in the

plasma jet.

In Figure 2-10b, each O emission profile showed a maximum at the nozzle exit,
and a monotonic decrease with the distance from the nozzle. In the case of O,
injection in the capillary electrode, the O profile stretched further downstream of
the nozzle exit. This is attributed to the higher density of O, introduced in the

excitation region, and the slightly higher jet momentum (due to the O, flow).

The monotonic decrease of the excited O emission, and the peak in the excited N,
species emission intensities, located downstream of the nozzle exit, are indicators

of the decay of the electron and metastable He atom densities. Finally, it is
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suspected that the density of ground state oxygen atoms is significant in the
plasma afterglow since the 777 nm transition originates from a high energy level
(9.146 eV).
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Figure 2-9: Emission spectra of the plasma jet ~1 mm downstream of the nozzle exit
plane for Pr~1 W. a) 1 slm He, b) 1 sim He with 10 sccm O; in the capillary electrode,

and ¢) 1 slm He + 1 v/v% O, as plasma-forming gas.
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2.4.5 Other species

Other He neutral lines can be identified on Figure 2-9 (3'P-2'S at 501 nmy; 2°P-
3°D at 587 nm; 2'P-3'D at 667 nm and 2'P-3'S at 728 nm). The strong emission
line observed at 656 nm corresponds to the H, line since water vapor molecules
from the ambient air can be entrained and dissociated in the plasma jet [69]. In
fact, emission from the OH molecule at 309 nm was only observed when the 656
nm line was present. OH radicals can be formed by the reaction of excited O with
water vapor (H,O + O* — 20H) and by electronic impact dissociation (H,O + e-

— H+ OH +¢-).

2.4.6 He excitation temperature

The line-of-sight excitation temperature of the He atoms, 7,.(He), was
determined by the Boltzmann plot method to get a feel for the excitation
conditions prevailing in the plasma afterglow near the nozzle exit plane. It was
assumed that the peak intensity of each line was proportional to its total integrated
intensity [48], and that each line was optically thin. The neutral He atomic
emission lines used to construct the Boltzmann plot were the 501 nm, 587 nm,
667 nm, 706 nm and 728 nm. Figure 2-11 shows the Boltzmann plot obtained
with 1 sim He at Pr ~1 W, where T,..(He) was 1573 K. For all conditions
investigated, T,x.(He) was of the order of 2000 K or less.
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Figure 2-11: Boltzmann plot obtained for Pr=1 W, 1 slm He and three different
distances from the nozzle exit: -0.25 mm (0), 0 mm (A) and 0.25 mm (o). The average

excitation temperature is 1573K (R*=0.88).

T..{He) showed a strong dependency on torch power and increased slightly with
the injection of O, both in the capillary electrode and with the plasma-forming
gas, as seen in Table 2-1. The presence in the plasma of O,, a source of
electronegative species, causes an increase of the sustaining voltage and
consequently, of the electric field strength. Therefore, the mean electron kinetic
energy is increased, and this leads to an increase of the excitation temperature.
Low excitation temperatures were also reported with other low-power
atmospheric pressure plasma sources. A T,..(He) of #1900 K was reported for a
capacitive-coupled plasma discharge operating at 5 W with 475 sccm He [97],
~2900 K with a single needle RF discharge operating with 1 slm He at 8 W [12]
and 3000 K for the plasma needle operating at a few hundred mW [30].
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Table 2-1: He excitation temperature (7.x.) for different plasma gas compositions

and torch power levels.

Exp # 1 2 3 4 5
Plasma gas u He + He + He + 10 sccm | He +10 scem
Composition ) 1%v/v0, | 1%vivO, | O2capillaty | O capillary
Pr (W) ~1 ~1 ~1.25 ~0.6 ~1
Texe (K) 1573 1658 1739 1653 1914

2.5 Conclusions

In this study, the design of an atmospheric pressure glow discharge torch (APGD-
1), and the results of a preliminary electrical and spectroscopic characterization
were presented. The APGD-¢ produced a non-thermal plasma jet of 500 um-

diameter and ~2.5 mm-length at power levels ranging from 1to S W.

A methodology for the determination of the electrical figures of the APGD-z (i.e.
complex impedance, resistance, capacitance, and resistive power) from careful
electrical probe measurements was developed. The use of pulsed RF excitations at
low duty cycle (10%) allowed the operation of the APGD-r at a ~1 W power level.
Under these conditions, the gas temperature was ~50 °C, while the He excitation

temperature was less than 2000 K.

The addition of 1 ¥/,% O, to the plasma-forming gas led to a drastic contraction of

the jet. Alternatively, the injection of 10 sccm O, through the capillary electrode
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led to the production and transport of atomic O further downstream in the plasma

jet, without significantly affecting the electrical properties and jet length.

The capability to produce and transport reactive species under non-thermal
plasma conditions is of potential interest for bio-applications where localized
chemical treatments of heat-sensitive materials are involved. The near-future
research activities will focus on the detection of metastable He and ground state
oxygen atoms using laser-induced fluorescence to better understand the reaction

processes. The plasma jet hydrodynamics is currently under investigation.
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CHAPTER 3

DETAILED ASSESSMENT OF THE APGD-¢ ELECTRICAL
CHARACTERISTICS

This chapter consists of an article accepted for publication in the Measurement
Science and Technology journal on September 2006. It presents a meticulous
electrical characterization study that was conducted, in order to assess the impact
of commercial passive voltage probes on the response of the APGD-¢ electrical
circuit and to calculate, with a relatively good accuracy, the resistive power

dissipated in the APGD-¢.

First, an introduction describes various techniques used for the electrical
characterization of plasma sources and a comparison is made of their advantages
and disadvantages. Second, a method to calibrate the phase angle measured
between the torch voltage and the circuit current is presented. This method is
based on a simple circuit model supported by experiments with similar
parameters. The following section describes how the calibrated phase angle is
used to calculate the resistive power dissipated in the APGD-t for typical
operating conditions. Finally, a conclusion and recommendations are presented to
comment mainly on the uncertainty associated with the use of this electrical

characterization method.
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Electrical probe calibration and power calculation for a miniature

13.56 MHz plasma source

V. Léveillé and S. Coulombe
Department of Chemical Engineering, McGill University,

Montréal (QC), Canada, H3A 2B2

3.1 Abstract

The article highlights and provides solutions to the difficulties encountered with
electrical probe measurements performed on a miniature, high capacitive
impedance plasma device excited at 13.56 MHz. It is shown that a proper
calibration of the phase angle between the circuit current and load voltage signals
is required when commercial capacitive voltage probes (Tektronix P6139A and
P5100 models) are used. A method to calculate the electrical characteristics of the
plasma source and accounting for this calibration is described. The P6139A probe,
which has the largest input capacitance and shortest cable length, introduced the
smallest phase angle (-2 + 1°), while the P5100 probe, which is used for higher
input voltages and has a longer cable length, introduced a considerably larger
phase angle (-34 + 1°) for typical resistive loads. Simple circuit models are
developed in an attempt to isolate the phase induced by the probe capacitance and
cable length. The application of the proposed calibration to a miniature
atmospheric pressure glow discharge source considerably reduced the error on the
calculation of the power dissipated in the plasma device, though it remained

relatively high (1 W + 42%) due to the highly-capacitive nature of the device.
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3.2 Introduction

Electrical measurements are essential to characterize plasma sources. Nowadays,
a variety of instruments are commercially available ranging from voltage, current
and Langmuir probes [35,36] to integrated monitoring devices such as impedance
monitors [37], power meters ([38], [39], [40] and [41]) and network analyzers.
Electrical measurements are invasive by their very nature and special precautions
are taken to minimize the effects on the measurements and/or to account for these
effects. This task is particularly challenging with today’s miniature plasma
sources, which represent, most often, high-capacitive loads due to the small inter-
electrode gaps used, the high excitation frequency (MHz to GHz) and the

comparatively small resistive impedance.

Some of the most useful measured electrical plasma properties are the power
delivered to the electrical circuit driving the plasma load and the power dissipated
in the plasma. Common instruments used to evaluate those power levels are bi-
directional power meters and electrical probes. Some examples of their
applications to small-scale plasma sources follow. The power meters can be used
for monitoring the reflected power during plasma etching providing a simple and
very inexpensive tool for end-point detection [42]. Stonies et al [15] used a
power meter to match a small microwave plasma torch (MPT) to the generator’s
50 Q impedance using microstrip circuits. Kieft ef al. [31] used a power meter to
optimize the matching network of the Plasma Needle excited at 13.56 MHz.
Another power meter, the Z-scan® RF probe [43], was used by Zhu et al. [44] to
characterize an atmospheric pressure plasma jet (APPJ) excited at 13.56 MHz.
Though very useful, power meters have some drawbacks. They tend to be
expensive, they generally have a narrow measurement operating range and
frequency bandwidth, and they are not designed to measure low level and/or

pulsed powers. Moreover, only the high-end power meters can display signal
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waveforms, which are good indicators of signal distortion, saturation and arcing

phenomena.

The use of current and voltage probes in combination with a fast digital
oscilloscope appears to be an easy to set up and inexpensive method to electrically
characterize miniature plasma sources ([9], [45] and [46]). Such probes are used
to quantify breakdown, sustaining and operating voltages, circuit current and the
relative phase angles between the circuit current and the load voltage signals.
They have wide measurement ranges and bandwidths, but they too have some
drawbacks. One of their major downsides is their capacitive loading. Indeed,
when a voltage probe is connected to a circuit, it adds a reactive impedance to it,
which induces an additional phase angle between the circuit current and the load
voltage. The probe resistive loading can also reduce the probed signal amplitude

depending on the frequency at which the circuit is excited.

A second negative effect of voltage probes is the systematic time delay Ar induced
by the length of the probe cable. This latter delay, A¢, is constant in the time
domain, but its equivalent phase angle AG@ between the circuit current and the
voltage signals increases with the excitation frequency f as revealed by A8 =
(360°)fAr. The consequence is a misreading of the phase angle induced only by
the capacitive or inductive nature of the load and thus, a deterioration of the
accuracy on the calculations relying on that measured phase angle. One of the
standard procedures to calibrate the phase angle between signals measured by
current and voltage probes is to take the difference in their nominal propagation
time delays, as provided by the probe manufacturer, and subtract this value from
the measured time delay and convert it into a phase angle. The accuracy of this
method relies strongly on the uncertainty given by the probe manufacturer. A
more reliable method to calibrate the phase angle was used by Sobolewski et

al.[47]. Instead of taking the propagation time delay from the manufacturer, they
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measured in situ the total time delay induced by the probe capacitance and cable

length.

This article presents a technique to calibrate the phase angle between the load
voltage and circuit current signals. The calibration technique is applied to a range
of load resistances to test its applicability. A method is also presented for the
calculation of the power dissipated in the miniature atmospheric pressure glow
discharge torch (APGD-r) [73] wusing the calibrated phase angle.
Recommendations to improve the accuracy on the calculation of the power

dissipated in highly capacitive sources are presented.

3.3 Calibration of the phase angle

The phase angle that appears between the circuit current and voltage across a
purely resistive load of resistance value ranging from 50 Q to 1500 Q is calibrated
using two commercial passive voltage probes at an excitation frequency of 13.56
MHz. Six values of load resistance R [€2] are considered: 51.4 £ 0.1 Q, 99.2 £ 0.3
Q,202.3+0.7Q,510.6 0.7 Q, 897 + 0.9 Q and 1501 £ 0.4 Q. Those values are
chosen because they reflect common values of the resistance estimated for a
miniature plasma source [73]. A circuit model is developed to calculate the phase
angle induced by the probe capacitance alone. Experiments are conducted to
measure the phase angle between the circuit current and load voltage signals.
Since the measured phase angle includes both the phase angle induced by the
probe capacitance and the probe cable length, it is then possible to isolate the

phase angle induced by the probe cable length itself.
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3.3.1 Circuit model

A circuit model is developed to determine how the input resistance and
capacitance of a passive voltage probe and the excitation frequency affect the
phase angle between the circuit current and the voltage across different load
resistors. The circuit model is also used to determine the phase angle induced by

the probe cables.

The commercial passive voltage probe is represented by a resistance, R, [Q],
mounted in parallel with a capacitance, C, [F], as shown in the electrical circuit of
Figure 3-1. Depending on the type of probe, the values of R, and C, can vary.
Two commercially available voltage probes are chosen with their respective R,
and Cp: the Tektronix model P6139A (10X £ 0.5%, R, = 10 MQ + 0.5%, C, =8 +
0.8 pF, cable length = 1.36 m, typical propagation delay = 5.5 ns, ground lead
length = 0.15 m with a crocodile clip and BW = 500 MHz), and the high input
voltage Tektronix model P5100 (100X + 1.75%, R, = 10 MQ, C, < 2.75 pF
typical, cable length = 3.1 m, typical propagation delay =14.9 ns, ground lead
length = 0.29 m with a crocodile clip and BW = DC to 250 MHz). In the model,
Cp1is set to 2.75 pF for the P5100 probe.

A Tektronix CT-2 transmitter and the Tektronix model P6041 current probe (1X +
0.3%, cable length = 1.07 m, typical propagation delay = 6.1 ns, BW = 1.2 kHz to
200 MHz) are used to measure the circuit current i [A]. To simplify the model, it

is assumed that the ground lead of the voltage probe has a negligible inductance

Lg[uH].
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Figure 3-1: Schematic of the model electrical circuit.

The MATLAB® software and accompanying Simulink® toolbox [98] are used to
analyze the response of the electrical model. The equations are written in the
Laplace domain, programmed using a transfer function block diagram and the
solution obtained and plotted in the time domain. The probe impedance, Z, [Q],
and phase angle, g,, are given by equations 3-1 and 3-2, where the probe time
constant 7, [s] is R,C,. The equivalent impedance of the resistive load and voltage
probe, Zz+, [€2], is given by equation 3-3. The voltage across the load is Vi [V] =

Zrapi.

R
Z,(s=jo=j2rf)=—2— (3-1)
rps+1

. Im(Z .
6, _360 tan”’ m(Z,) _ 360 tan"l(— rpa)) (3-2)
27 Re(Z,) 2z
R RR, Rz,
Ly, (8)=— , where R'=———and r'= (3-3)
Ts+1 R+R, R+ Rp
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. tm(Z .
360 tan"l( m( R”’)J: 360 tan” (- 7'w) (3-4)

Y og Re(Z,,,)| 2=

3.3.2 Experimental set-up

The electrical circuit is powered by a waveform generator (Hewlett-Packard
33120A, BW = 15 MHz, 50mVp-10V i, 50 Q output impedance, max. power =
250 mW). The source voltage, V, was set to 5 Vpp and the excitation frequency,
f, to 13.56 MHz. The resistor R is connected to the circuit using a short dual
binding post-to-BNC male adaptor to make sure no inductive or capacitive load is
added to the circuit. The waveforms of the voltage measured across R and the
circuit current i are displayed on a high-speed digital oscilloscope (Tektronix

TDS3054B, 500 MHz, 4 channels, 50 Q input impedance).

3.3.3 Results and analysis

The frequency responses of the model P5100 voltage probe as well and the
equivalent impedance of a model 1000 Q resistor + P5100 voltage probe are
presented on figure 3-2. The value of g, decreases drastically to -90° with the
increase of the excitation frequency. At 13.56 MHz, the |Z,| is reduced from its
DC value of 10 MQ to a value of 4268 Q. However, the frequency response of the
model 1000 Q resistor load + P5100 voltage probe is less pronounced. The &g+,
decreases monotonically with the excitation frequency and reaches a value of -13°
at 13.56 MHz. |Zz.,| decreases to 973 Q, confirming that the probe resistive

loading is small at this frequency.
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Figure 3-2: Frequency response of the impedance magnitude and phase angle for a
voltage probe model with R, = 10 MQ and C, = 2.75 pF: Z, and 6, (—) and for a resistor
+ voltage probe model with R = 1000 Q: Zy., and 6g+p (— - —).

The effect of the load resistance, R, and probe capacitance, C,, on the phase angle
between i and V; is now evaluated for both commercial probes used (R, = 10 MQ
for both probes). Equation 3-4 indicates that predicted g+, which takes into
account the probe capacitance but not the cable length, depends on R, R,, C, and f-
In Figure 3-3, it can be seen that 6k, decreases monotonically with rising R. It is
worth remembering that a purely resistive load has no complex impedance and
thus, that it does not introduce a phase angle between i and Vz. The decrease of
Gr+p with the increase in R confirms the presence of probe loading as prescribed
by an increase of the Zp/Z, ratio. Also, the slope of Gz, versus R for the P5100
probe (C, = 2.75 pF) is not as steep as for the P6139A probe (C, = 8 pF), which
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effect demonstrates the dependency on C,. For the P6139A probe, the measured '
and predicted phase angles agree for small load resistance values (<100 Q). On

the other hand, a small discrepancy for larger R is observed.
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Figure 3-3: Phase angle between i and Vg for the P6139A (¢ model, ¢:
measured) and the P5100 (;m: model, o: measured) probes with respect to the load

resistance at 13.56 MHz.

For the P5100 probe, this difference is much larger, even with a load resistance
near 50 Q. This significant difference is associated with the difference in cable
lengths of the voltage and current probes. This difference in cable length is 2.03 m
for the P5100 probe, while it is only 0.29 m for the P6139A probe. The
subtraction of the predicted 6., from the measured €., gives the relative phase
angle Abg+, [°] introduced by the difference in cable lengths. Figure 3-4 shows
that AGr+, is relatively constant with respect to the load resistance for the P6139A
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probe. In fact, considering the measurement uncertainties, it can be assumed
constant over the range of load resistances considered and its value is equal to -2
* 1°. This value agrees with the difference in propagation delays between the
P6139A voltage (5.5 ns) and the P6041 current probes (6.1 ns), Atps;394-Atpsosr =
0.6 ns, with the corresponding difference in phase angles, A8 pg;394- AO peoss =

(360°)f(Atpsi394-Atpspar) = -2.9°.
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Figure 3-4: Relative phase angle AO., introduced by the difference in cable lengths

(current and voltage probes) for the (0) P6139A probe and the P5100 probe with (o) C, =
2.75 pF and (0) C, =4 pF at 13.56 MHz.

Regarding the A6k, behavior for the P5100 probe, one can see that the
measurements do not fit the model prediction as well: we observe a decrease of

the phase angle induced by the probe cables with the increase of R. This deviation
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cannot be accounted for by the measurement uncertainty. This deviation might be
due in part to the parasitic capacitances of the relatively long probe cable (3.1 m)

or to the inaccurate value of C, given by the probe manufacturer (< 2.75 pF).
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Figure 3-5: Phase angle between i and Vp for the P6139A probe (¢: measured and
corrected, ®: model) and the PS100 probe (o: measured and corrected, o: model) as a

function of load resistance at 13.56 MHz.

We decided to modify the value of C, to see if a small modification of it can lead
to a constant A6+, Therefore, the model was executed again while the probe
capacitance value was increased. Using a C, = 4 pF, a relatively constant value of
AbGr+p, (considering the measurement uncertainty) was found, and this value is

equal to -34 + 1° as can be seen in Figure 3-4. From now on, a corrected C, value
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of 4 pF is used for the P5100 probe. The predicted 6., and corrected measured

phase angle 6" g+,’ [°] = (6" r+p - Abg:,) are shown in Figure 3-5.

3.4 Application

The results obtained from the calibration of the phase angle are now applied to
assess the electrical characteristics of a miniature pulsed atmospheric pressure
glow discharge plasma torch, the so-called APGD-t. Briefly, the APGD-f consists
of two concentric electrodes electrically isolated from each other by a plasma
confinement quartz tube (2 mm i.d. and 4 mm o.d.). The central electrode is a
capillary tube (0.17 mm i.d. and 0.36 mm o.d.) and the ground electrode is made
of a silver epoxy layer painted along a 2.5 cm length on the exterior of the quartz
tube. Helium gas flows between the inner electrode and the quartz tube at 1 slm
resulting in an approximated plasma total volume of 76 mm® and jet of ~3 mm
long and 0.5 mm diameter. The estimated electron density and temperature at the
exit of the quartz tube are 10'"' cm™ and 1900 K, respectively (see [73] for a

detailed description of its construction and properties).

The analysis is conducted with an ultimate goal of calculating the resistive power
dissipated in the APGD-¢. Atmospheric pressure glow discharge (APGD) sources
are capacitively-coupled plasma devices which, when miniaturized, represent very
large capacitive loads as compared to other standard-size plasma devices of such
geometry [99,100]. In fact, their small capacitance gives rise to large capacitive
impedance, the magnitude of which increases with rising excitation frequency.
Thus, at high frequency, miniature capacitive sources accentuate the probe

loading effect on the circuit.

In the set-up of the APGD-¢, a homemade series inductor L [pH] is used in order

to best match the complex impedance of the APGD-t + voltage probe system. A L
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= 6.3 uH is used with the P6139A probe, while for the P5100 probe, this value is
increased to L = 12.9 puH. Both arrangements give rise to a system gain (described
as the ratio of the torch voltage to the source voltage, V1 [V]/ V;) close to 10. As
a confirmation of the probe loading effect, the impedance matching become poor
and the gain of the system was reduced by 3 fold when the voltage probe is

withdrawn from the circuit.

3.4.1 Measurements

The RF signal delivered to the APGD- is generated using an arbitrary waveform
generator (Hewlett-Packard 33120A, BW = 15 MHz, 50 mVp-10 Vi, 50 Q
output impedance, max. power = 250 mW) set at a carrier waveform frequency of
13.56 MHz, and which is amplitude-modulated (10-50% duty cycle) by a variable
duty-cycle square wave generator (Racal-Dana F64, AM-FM-sweep-trig/pulse-
function generator). The signal is amplified with a broadband RF amplifier
(Amplifier Research 75A250, 75 W, 10 kHz-250 MHz, 50 Q input/output
impedances). The P5100 voltage probe is used to measure the voltage across the
APGD-t and the CT-2 transmitter with the P6041 probe are used to measure the

circuit current.

Typical measured waveforms of the plasma torch voltage V7 and circuit current i
are presented in Figure 3-6. During the ON phase (of the 10% duty cycle), the
torch voltage and circuit current are 439 Vpi.i0.0 (310 Vims) (£2%) and 287 mA pi-o-
0 (203 mAms) (£2%), respectively. The corresponding plasma torch + voltage
probe impedance amplitude is [Z7.,| = 1527 Q. The measured phase angle &+, is -
115 + 3° (¥3%), which value, before correcting for the cable lengths effect,

appears unrealistic (i.e. higher than -90°). By subtracting the phase angle induced
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by the probe cable length, A6r., = -34 £ 1° (£3%), one obtains a corrected phase
angle of Or.,” = -81 £ 4° (£5%).
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Figure 3-6: Vy (—) and i (- - - ) waveforms for the APGD-t excited at 13.56 MHz.

3.4.2 Determination of the resistive power

An electrical model of the plasma device + probe circuit is developed in order to
calculate the resistive power dissipated in the APGD-t from the measured
electrical characteristics. Capacitively-coupled discharges, such as the APGD-¢,
can be represented by a RC circuit. The resistance and capacitance can be
mounted either in parallel [[99], [31], [101], [72] or in series [46]. The schematic
of the APGD-¢ electrical circuit is presented in Figure 3-7. The plasma torch is
represented by a capacitor, Cr [F], in series with a resistor, R [Q]. Cr represents
the device dielectric layer and the electrode sheaths, while Ry represents the bulk
quasi-neutral region of the plasma. This model is a simple yet reliable

representation of such a device. For cold conditions (no plasma), Ry is removed
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from the circuit and the APGD-¢ is then represented by a pure capacitance Cr =
1.5 pF [73] . When the plasma is ignited, Rr appears due to the formation of an
electrically-conductive region which makes up for most of the plasma volume,

and Crincreases following the compression of the electrode sheaths.

L

Figure 3-7: Schematic of the electrical circuit of the APGD-t.

Equation 3-5 describes the plasma torch impedance, Zr [Q2], in the Laplace
domain, where the plasma torch time constant is zr [s] = RyCr. The voltage probe
impedance, Z,, was given earlier by equation 3-1 and a value of C,= 4 pF is used
(P5100 probe capacitance). The equivalent impedance of the plasma torch
combined with the voltage probe is described by equation 3-6 and the total
impedance of the circuit, Zr,, [Q], is described by equation 3-7. Equations 3-8

and 3-9 describe the basic relations between Vrp, Vs, Vr and i.

7,5 +1

Crs

Z,(s= jo) = (3-5)
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(tps+1)

Z., (s)=R 3-6
ro)=k, (7,7,)8% + (2, + 1, +R,C;)s +1 (3-6)
L ‘+(r,+7, +R,C;)Ls* +(L+ R 1,)s+R
ORELERA AR e S SRR ()
(r,7p)8" +(r,+7, +R,C,)s+1
Vs' = ZTolali (3-8)
Viep = Zpipl =Zr+p_1“Vs (3-9)
Zmra/
° Im[Z
O, = 360 tan™ Z1.,] =...
27 Re[Z;,,]
_ 360° tan_l(RprTa)(zl -7,1,0°) - Rp(r, +1, +R,C, )2“)] (3-10)
2z Rr,0°(r,+7, +R,C)+ R, (1-7,7,07)

From the measurements of Zr,, and 6r.,’, Ry and Cr are determined with the help
of equations 3-6 and 3-10. The resistive power dissipated in the plasma torch is

determined through the following steps:
1. Define the plasma parameters: f[s"'] and duty cycle DC [%].

2. Define the probe characteristics: R, and C,

3. Measure V;_,, =V}, irms, Or+p and calculate &ry,".
4. Caleulate Py, =V,_, i, cos(6r.,)DC. (3-11)
5. Caleulate Z,, , =V, /i,..
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6. Knowing Zr,, and &r.,’, solve equations 6 and 10 to get Rrand Cr.

7. Knowing Rrand Cr, calculate Zr.

8. Calculate V, . = Ryir_,,. = RV, /|Z,]. (3-12)
9. Caleulate B, =Vy _,ip DC =|(V, )2/ R, IDC. (3-13)

The plasma excitation conditions are /= 13.56 MHz and DC = 10.12% (£0.02%).
Consequently, |Zr:p = 1527 Q (¥29%) and 6r.," = -81°(£5%). The power
dissipated in the torch and voltage probe is Pr., =1 W (£29%) with Ry = 979 Q
(£34%) and Cr = 4 pF (£6%) with |Z; = 3100 Q (£2%). The voltage across the

plasma torch resistance is VR,- =98 Vims (£38%) while the resistive power

—rms

dissipated in the plasma is P, = 1 W (£42%). This power value agrees with the

one reported in a previous' study on the APGD-¢ [73], and though the voltage
probe strongly affects the phase angle, the power is completely dissipated in the

plasma torch and not in the voltage probe (Pr:, =P, ). The uncertainty on the

power measurement is considerable, but it is explained by its large sensitivity to
the phase angle value as reported independently by Guo et al [102]. The
uncertainties of 3% and 5 % on 6&r., and 6.,  respectively are relatively small
compared to the uncertainty found in other studies [47]. The uncertainty on the
power calculation is greatly amplified by the use of the cosine of 6., in eq.11.
Also, the difference in uncertainty between Ry and Cr is explained by the
calculation algorithm where Ry does not affect |Zr.,| over a large range of values,
while a small change in Cr has a drastic effect (see [73] for more detailed on this

phenomenon).
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3.5 Conclusions and recommendations

This study reported on the difficulties associated with the use of commercial
voltage probes to assess the electrical properties of a miniature, high-capacitive
impedance plasma source excited at 13.56 MHz. It was found that large probe
capacitance, excitation frequency and difference in cable lengths all introduce a
considerable phase angle between the probed circuit current and voltage signals.
Both experiments and model-based calculations confirm that the phase angle must
be calibrated when high-frequency excitation is used. For the Tektronix P6139A
voltage probe, the averaged phase angle induced by the probe cable was -2 *+ 1°.
For the Tektronix P5100 voltage probe, the resulting averaged phase angle
induced by the probe cable was -34 * 1°.

This paper also presented a practical, economic and reasonably accurate method
to asses the plasma parameters of a miniature capacitive plasma source. The
method requires the measurement of the voltage across the plasma source, the
circuit current and their relative phase angle as well as the knowledge of the probe
capacitance, resistance and their uncertainties. An electrical model of a miniature
plasma source, the APGD-#, was created and the probe calibration methodology
applied. The resistive power dissipated in the torch was estimated at 1 W (£42%).

The torch resistance, capacitance and impedance magnitude were 979 Q (£34 %),

4 pF (£6%) and 3100 Q (£2%), respectively. For a better accuracy on the
calculation of the electrical properties, it is recommended to select voltage probes
with small capacitance and with cable lengths equal to the length of the current
probe cable (if used). Also, probe manufacturers should provide the true value,

not a typical one, of impedance and capacitance for each probe they sell.
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CHAPTER 4

ATOMIC OXYGEN PRODUCTION & PLASMA AFTERGLOW CHEMISTRY

This chapter consists of an article accepted for publication in the Plasma
Processes and Polymers journal in July 2006. The editors of the journal invited
the Ph.D. candidate to submit an article based on the presentation she made at the
17" International Symposium on Plasma Chemistry held in Toronto in August
2005. This article presents essentially an optimization study of the gas flow rates
used in the APGD-f to improve the production of atomic oxygen and a survey of

the plasma afterglow chemistry.

In the first section, an introduction describes various plasma sources used for
biomedical applications. A section presenting the experimental details follows. A
discussion follows on the effect of the helium and molecular oxygen flow rates on
the atomic oxygen production. A survey of the possible reactions paths in the
plasma afterglow is also presented, in order to identify the reactive species that
can possibly react with a remote biological tissue or polymeric surface located a

few millimeters downstream of the APGD-7 nozzle exit.
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4.1 Summary

This article reports the performance of a miniature atmospheric pressure glow
discharge torch (APGD-t) conceived for the production of reactive species
participating in bio-applications. Two operating parameters were varied: the
plasma-forming gas flow rate (0.5-1.5 slm He) and the flow rate of O, (0-50
sccm), which was injected downstream from the plasma-forming zone and used as
a source of reactive species. The production of reactive species (O) was optimized
and the air entrainment in the plasma jet minimized for a He gas flow rate of 1-1.5
slm and an O,/He volumetric ratio of 0.3 vol.-%. A survey of the possible reaction
pathways in the plasma afterglow (plasma jet) suggests that the reactive species
present in the plasma afterglow and possibly reaching a remote substrate are

metastable He(2’S), ground state O, OH, Ox(a'Ag), O2(b'Sg"), N2 and N, " and Os.
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4.2 Introduction

There have been several recent investigations reporting the use of atmospheric
pressure non-thermal plasma sources for bio-applications. Amongst the main
applications we find sterilization, surface functionalization, micro-contact printing
of proteins on polymers, preparation of drug delivery systems and regeneration of
skin [21-24,29,30,103]. An increasing number of novel applications such as
micro-surgery, local removal or modification of cells and surface patterning
require a localized treatment capability. In such situations, large area APGD
(atmospheric pressure glow discharge) sources are being replaced by compact
size, potentially handheld, plasma sources capable, in some instances, of
producing directed plasma jets. Amongst those novel miniature non-thermal
plasma sources, we recognize the “Plasma Needle” of Stoffels and colleagues, the
“Plasma Pencil” of Laroussi and Lu and the Atmospheric Pressure Glow
Discharge Torch (APGD-f) developed in our laboratory by Léveillé and
Coulombe [29,33,73,104].

The APGD-t produces a non-thermal plasma jet that generates and efficiently
transports reactive species towards a remote substrate. Its novelty lies in the use of
a central capillary electrode that both enhances the electric field and allows the
injection of various sources of reactive species downstream from the plasma-
forming region without affecting the plasma characteristics [73]. In this study,
basic performance data and the results of the optimization of the atomic oxygen
(O) production for various plasma-forming gas (He) and O, flow rates are
reported. O; is chosen as the source of reactive species since it is known to be a
powerful oxidant for the etching of organic films and bacterial membranes
[8,80,81]. It is also known to alter the wettability of polymeric surfaces and is

suspected to oxidize the cells” membrane and adhesion proteins [29,105]. Also, a
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survey of potential reaction pathways in the plasma afterglow is presented in an
attempt to identify the reactive species that are likely to reach and react with a

remote substrate.

4.3 Experimental part

The APGD-t is a miniature, handheld, capacitively-coupled dielectric barrier
discharge (DBD) device made up of sterilizable parts (Figure 4-1b). The APGD-¢
construction, presented in details in a previous publication, consists of two
concentric electrodes electrically isolated from each other by a plasma
confinement quartz tube as can be seen in Figure 4-1a [73]. The stainless steel,
central, capillary tube electrode (0.36 mm o.d.) is powered with an amplitude-
modulated 13.56 MHz excitation. Under nominal conditions, square-wave
amplitude modulation at 10% duty cycle and 100 Hz is used. The ground
electrode consists of silver epoxy paste painted over the downstream end of the
plasma confinement tube (see Figure 4-1c). The same end of the quartz tube is
shaped into a converging nozzle with an exit diameter of 500 pm (a torch with a

150 pm exit diameter was also developed).

The plasma-forming gas, helium, is injected through the side arm of the tee
holding the torch assembly together, while the source of reactive species (Oy) is
injected either in the capillary electrode or with the plasma-forming gas (see
Figure 4-1a). It was shown that the injection of the source of reactive species
through the capillary electrode is less disruptive to the stable operation of the
plasma torch and leads to a higher rate of production of O species at the nozzle
exit plane of the APGD-¢ [73]. This configuration was adopted for the present
study. The input voltage to the RF amplifier was kept constant for all conditions
reported in the present study and, thus, the power delivered to the torch adjusted

itself to its impedance.
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Figure 4-1: a) Schematic of the APGD-¢, b) pictures of the APGD-t and c¢) the APGD-¢

plasma jet impinging on the forefinger.

We previously reported on the constraints imposed on a plasma source used in
bio-applications [106]. Most importantly, the jet must have a low temperature,
typically under 50°C, and be able to produce and transport reactive species to the
surface under treatment. Other constraints, such as the need to sterilize the torch
assembly, to avoid contamination of the treated surface due to normal torch
operation, and the formation of a straight jet must be considered as well. Of
particular concern is the erosion of the unprotected capillary electrode. SEM
images of the tip and outside wall of the capillary electrode, aged for
approximately 20 hours under normal conditions, revealed no sign of melting
and/or evidences of arcing. Corroborating the SEM observations, no atomic
emission lines, associated with the metallic constituents of the stainless steel, were

present in the optical emission spectra [73]. Conversely, such atomic emission
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was observed when the APGD-f was operated at low-frequency alternative current

(AC) excitation (~10 kHz) and high voltage (>1 kV) (results not published).

The alignment of the capillary electrode tip along the vertical axis of the torch is
critical for the formation of a long and straight jet, and for the efficient generation
and transport of the reactive species. Unfortunately, achieving the perfect
alignment of the capillary tube proves to be a difficult task and thus, some
variability in the performance data is expected over time. Under typical operating
conditions, the tip is recessed by a few 100 um from the nozzle exit plane. If the
tip end is located outside of the quartz nozzle, other excitation and dissociation
channels involving air molecules are promoted at the expense of exciting He
atoms to metastable states, as well as dissociating and exciting the source of

reactive species injected in the capillary electrode.

Helium (He: 99.998 vol.-% purity) was used as the plasma-forming gas and extra
dry oxygen (O,: 99.6 vol.-% purity) as the source of reactive species. Pictures of
the plasma jet were captured with a telemicroscope (Edmund Optics, 16X) and the
optical emission spectra with a low-resolution UV-VIS spectrometer (Ocean
Optics USB2000) covering the 200-850 nm spectral window (the intensity was
calibrated with a tungsten filament lamp EPT-1373). A bi-convex lens (50 mm-
diameter, 15 cm focal length) was used to collect the plasma emission and to
focus it onto a 400 pum optical fiber (200-800 nm) attached to the spectrometer.

The maximum uncertainty for all relative emission measurements was + 3%.
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4.4 Results and discussion

4.4.1 Optimization of the atomic oxygen production

Telescopic Image of the Plasma Jet

In Figure 4-2, pictures of the plasma jet are presented for three different flow rates
of He (no O, added). Under typical operating conditions (1 sim He), the plasma
jet is approximately 2.5 mm long (the jet’s visible diameter at the nozzle is 500
pm). One can see that the jet is symmetrical, confirming the proper alignment of
the capillary electrode inside the quartz nozzle. The pictures reveal that an
increase of the He flow rate increases the length of the jet, which is beneficial for

the transport of reactive species to a remote substrate.

On the other hand, larger flow rates involve higher He consumption and more
momentum transfer to the substrates which process, in the case of bio-
applications, could also become a constraint (ex. detaching cells from a Petri
dish). The exact cause for the flow structure that develops at 0.5 slm upon mixing
of the plasma jet with the surrounding air (i.e. structure similar to a bow shock) is

currently under investigation.
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Figure 4-2: Pictures of the plasma jet produced by the APGD-# at x1 W for different He

flow rates.
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4.4 .2 Effect of O, flow rate

From the preliminary telescopic image analysis and spectroscopic investigation, it
was demonstrated that the injection of the source of reactive species (10 sccm O;)
in the capillary electrode leads to a negligible reduction of the plasma jet length,
while the injection of an equivalent amount to the plasma-forming gas (mixture of
1 vol.-% of O, in He) quenched the plasma [73]. In order to optimize the O
production, the amount of O; injected in the capillary electrode was varied from 0
to 50 scem. Figure 4-3a shows the effect of the O, flow rate on the relative
intensity of the atomic oxygen line (777 nm), along with the He (706 nm) and N,"
(391 nm) lines measured at the nozzle exit. All emission intensities were
normalized with respect to the maximum emission intensity of the O line (777
nm). The injection of ~3 sccm of O, in the capillary electrode produced a
maximum of emission from the O (777 nm) line. This is referred as the optimum
O,/He ratio from now on; ~0.3 vol.-%. We infer from this observation that a small
amount of O, is required to achieve an optimum production of O and that this
production might be limited by the availability of electrons and other excited
species such as He metastable atoms in the (2'S) and (2°S) states. In this latter
statement, we assume that the increase of the O, flow rate has a negligible effect
on the electron (He excitation) temperature. From this point on, the combination
of the He atoms in the (2'S) and (2°S) mestastable states will be represented by

the unique symbol He .

The He excitation temperature was measured to be ~1914 K, a value which
accounts for a low level of excitation [73]. The very low emission from the N,
ion (391 nm) seems to indicate that the majority of He™ atoms were quenched by
Penning ionization with O, molecules (reaction 10, Table 4-1) and very few were
left for the Penning ionization of the N, molecule (reaction 38). This agrees with

the fact that the quenching rate of He™ atoms by O, molecules is higher than that
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by N, molecules. The rapid spatial decay of the excited neutral He line (706 nm)
indicates that a significant fraction of the plasma electrons recombines through
collision with the O, molecules (reaction 13) and are used to ionize (reaction 16),
dissociate (reactions 17 and 30) and excite the O, molecules (reaction 36) instead

of the He excitation.

Figure 4-3b shows that the corresponding circuit current, torch voltage and
relative phase angle between those two signals are not altered by the O, flow rate.
Since the end of the capillary electrode is only slightly recessed from the exit
plane of the quartz nozzle, the mixing region for the two gas streams occupies a
small volume of the inter-electrode region and thus, the presence of O, in this
small volume does not significantly affect the plasma-sustaining conditions. The

corresponding resistive power dissipated in the torch is ~0.24 W.
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(D) and N, at 391 nm (0) near the nozzle exit, and b) torch voltage V1 (o) and circuit
current i (0) and their relative phase angle (A) for different O, flow rates in the capillary

electrode.
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4.4.3 Effect of He flow rate

He gas flow rate was also optimized to obtain a maximum of excited atomic O
emission at the nozzle exit and to reduce the air entrainment in the jet. During this
series of experiments, the O,/He volumetric ratio was kept constant at the optimal

value of 0.3 vol.-%, while the He flow rate was varied.

Figure 4-4a and b shows the normalized intensity of selected emission lines as a
function of the distance to the torch nozzle exit plane. As can be seen with Figure
4-4a, an increase of the He flow rate leads to an increase of the emission intensity
of the O (777 nm) line. This phenomenon is directly attributable to a more
significant convective transport along the jet axis. The He (706 nm) line follows a
similar trend, though the effect is not as pronounced and, in fact, the intensity of

this line tends to reach a plateau at high He flow rates (Figure 4-4b).

It is interesting to note that Kieft e al. did not observe this phenomenon with the
“Plasma Needle”, where the He intensity remained constant over the same range
of flow rates [31]. We also attribute this phenomenon to a more significant
convective transport in the APGD-t configuration, while this effect is not as
important with the “Plasma Needle” since the plasma fills only a tiny fraction of
the gas flow channel. Thus, in the APGD-t, the production of excited O is not
limited over the range of He flow rates considered. This can be explained by the
fact that the upper energy level of the O (777 nm) is lower than the upper energy
level of He (706 nm) (10.74 eV and 22.72 eV, respectively).
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Figure 4-4: Axial distribution of the normalized peak emission intensity of a) O at 777
nm), b) He at 706 nm, ¢) N, at 337 nm and d) N, at 391 nm for 0.5 (0), 0.75 (0), 1 (D),
1.25 (A) and 1.5 (+) slm of He.
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Air entrainment in the plasma jet is confirmed with Figure 4-4c showing emission
from N, molecules. Two phenomena are observed: 1) the emission intensity
increases for all axial positions as the He flow rate is decreased and 2) the peak in
emission intensity tends to shift toward the nozzle exit with the decrease of the He
flow rate. The first observation can be explained by the diffusive entrainment of
air into the plasma afterglow which, at a particular location in the afterglow,
scales with the ratio of the species diffusion to gas convection time scales; i.e. the
mass transfer Péclet number (Pe,=UR/D,, where U is the characteristic bulk
velocity, R the characteristic dimension and D;, the mass diffusivity of species 7).
The lower the gas velocity, the lower the Péclet number and thus, the more
significant the extent of species diffusion is with respect to convection. The
excitation temperature might play a role in the second observed phenomenon.
Indeed, one expects the isotherms to recess back towards the torch nozzle as the

He flow rate is reduced.

Intuitively, the He  (~20 eV) atom density distribution should follow a similar
optical emission trend as that of the excited He (706 nm) atoms. However, since
the He atoms have a longer lifetime than the other excited states, one can
postulate that such species would be found further downstream in the plasma
afterglow. To verify this hypothesis, the emission from the N, (B%Y,") state (391
nm) was monitored as N," ions are produced mainly by Penning ionization with
He' atoms in the afterglow (reaction 38) [72]. F igure 4-4d shows the effect of the
He flow rate on the N,* (391 nm) emission line intensity. It was observed that the
N," emission is the highest at the lowest He flow rate (Figure 4-3). Interestingly,
the peaks in the N," emission intensity coincide for all He flow rates. Also, the
effect of the He flow rate on the emission intensity is weak for flow rates in the
0.75-1.5 slm range. Furthermore, the location of the peaks of the N," emission
intensity for all He flow rates investigated is closer to the nozzle exit than what

was observed with the N; (337 nm) line. Those results indicate that the He" atoms
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are produced but that the corresponding upper energy state is rapidly depopulated
upon contacting with the N, molecules (and likely O, molecules too) from air.
The fact that the N, (391 nm) emission line intensity does not vary significantly
with the He flow rate (for flow rates > 0.75 slm) is an indicator that the He’

production does not increase with an increase of the He flow rate.

4.5 Afterglow plasma chemistry

This section of the article presents a survey of reaction pathways leading to the
formation of reactive species in the He/Ny/O,/H,O plasma afterglow, that are
likely to be transported and to react with a remote substrate exposed to the plasma

stream, such as cells or polymeric surfaces.

To get a feeling of the excitation capability of the APGD-t, the average electron
density (n.) in the plasma-forming region was estimated from the plasma
resistance and assuming T, ~ 1914 K (the He excitation temperature at the nozzle
exit) [73]. Its value was ~10'" cm™. This estimate for n, compares well with the
value of ~10"" cm™ reported by Kieft er al. for the “Plasma Needle” operating at
power levels in the 10 -100 mW range [31]. Also, this estimated value further
supports the claim that the APGD-¢ produces a non-thermal plasma, since its #,

value lies in the typical range for non-thermal plasmas (10®-10"* cm™) [107].

The measured excitation temperature at the nozzle exit plane was ~1914 K
(~0.165 eV) for typical operating conditions [73]. Assuming an electron
temperature of ~1914 K for a Maxwellian electron energy distribution, one finds
that, near the nozzle exit plane, roughly ~0.2 electron/cm’® (~0.0001%) have
enough energy to ionize the He atoms to the first ionization level (24.6 V) and
~4x10° electrons/cm’ (0.003 %) have enough energy to produce He atoms in the

(2°S) state (19.8 eV). This latter percentage is extremely small, but Gorse et al.
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demonstrated that a ratio of [He(2’S))/[He ground state] as low as 0.0001%
affects the EEDF in an He/N, post discharge [108]. Thus, it is not expected that
ionized He will be present in the plasma afterglow. However, it is expected that
the APGD-7 will produce a small concentration of He™ atoms, He(2’S) or He(2'S)
states, that should affect the EEDF and participate to the plasma chemistry.

A non-exhaustive list of reactions possibly taking place in the afterglow of the
APGD-t is presented in Table 4-1. These reactions have been chosen because their
kinetic reaction rate constants are significant under the typical operating
conditions (pressure, gas nature and temperature, electron temperature, electron
and gas densities) of the APGD-t. The reactions were considered for three zones
in the plasma: (1) in the inter-electrode plasma glow (0-2.5 cm upstream of the
nozzle exit), (2) at the nozzle exit plane and (3) in the plume of the plasma jet
(few mm downstream from the nozzle exit). Reactions in zone (1) are mainly
determined by the magnitude of the electric field. It is assumed that reactions in
zone (2) occur at an electron temperature of 0.165 eV while reactions in zone (3)
involve heavy species only; thus their rate constants are calculated for a
temperature that is as close as possible to the neutral gas temperature found in the
APGD-t afterglow (#313 K). For the sake of clarity, all atoms and molecules in
the ground state were written without their electronic configuration (for instance,

ground state O(3 P) atom is written O).

Usually, the He" specie is formed by electron impact excitation with a rate
constant proportional to the electric field (reaction 1). Two types of He™ atoms can
be formed: He(2'S) and He(2’S). Some experimental studies have demonstrated
that the He(2'S) atom density is usually much lower than its He(2*S) counterpart
[65,71].
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Table 4-1: Reactions occurring in the plasma glow and afterglow, with their

respective rate constants calculated for specific Teor Tg.

# Reactions Rate constant, k Ty / Te Pressure | Ref.
(cm’mol.'s™) (K/eV) (bar)
He plasma
1 He +e—> He' +e Function of (E/N) - - [66]
2 He+e—>He +2e Function of (E/N) - - [66)]
3 He'+ 2 He — He, + He 2.0x10* cm®s™! n/a n/a [66]
4 He' +2 He — He," + He n/a n/a n/a [109]
5 He; +M—>2He+M 1.0x10% ™! n/a 1 [66]
6 He,"+e — He' + He 8.9x10” n/a 1 [66]
7 2 He, — 2He + Hey '+ e 1.5x10° n/a n/a [66]
8 2He" — He," +e 1.5x10° n/a n/a [66]
9 2He —> He' +He + e 8.7x10°"° n/a n/a | [110]
He/O,/ H,0 plasma
10 He + 0, > He+ 0, +e 2.4x10™° n/a n/a [66]
11 He;, +0;, > 2He+ 0, +e 1.0x10™"° n/a 1 [111]
12 He,' + 0, > 2 He + O," 1.0x10° n/a 1 [111]
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13 0, +e— 20 4.8x107 n/a n/a [66]
14 He'+O > He+ 0" +e 4.3x1071° 500 n/a [84]
15 0,+0"50,"+0 2.0x107° n/a na | [112]
16 O;+e—>2+0;" 3.3x10°"° 298 na | [112]
17 | 0y+e—e+[0('D)orO('S)]+ 0O 1.8x107" n/a n/a | [113]
18 O('D) + 0, 03 2.4x10° 298 0.01 | [114]
19 | 03 +O('D) > 0,+ [20 or 0,(%, V)] 3.8x107"° 298 n/a | [115]
20 0;+0O('D) - 0; + O 3.5x1071° 300 0 [116]
21 O('D) + H,0 - 2 -OH 2.2x107"° 200-350 n/a | [117]
22 03+ 0('D) - 20, 1.2x10°"° n/a n/a | [115]
23 0;+H — -OH + 0, 2.9x10! 300 n/a | [118]
24 0('D)+ 0, - O +0,(°Z, V) 4.0x10™" 298 n/a | [117]
25 O('D) + 0, » O +0,(b'Yg" 7.4x10™" 298 n/a | [115]
26 0,'D) + H - -OH + O <3.0x107" 298 na | [119]
27 | O('D)+0x(b'Lg") -0 + Oya'Ag) 8.1x107" n/a na | [120]
28 03 + 0- - 20, 1.9x10™" 385 0.13 | [121]
29 He + O('D) - He + O- <1.5x10™" 300 0 [116]
30 0,+e—20 +e 7.1x10! wa n/a | [113]
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31 O,(a'Ag) + 0, > O3 + O 2.9x10! 298 0 [122]
32 0,+H > -OH + O 2.5x10%! 300 n/a | [123]
33 Oya'Ag)+e > O +0 2.3x10% n/a n/a | [124]
34 0; + H,0 - H,0, + 0, <1.1x10% 296 0.97 | [125]
35 O-+H,0 > 2 -OH 4.5x10% 300 na | [126]
36 0, +e—> 0,(b'Tgh +e 3.1x1072¢ 0.165 eV n/a | [127]
37 He+O; >He+0,+0 2.3x1072¢ n/a n/a [66]
: He/Oszz plasma
€‘38 | Nz +He——> N2+ + He +e 6.9310'” 298 1.06 | [128]
39 N;+ He;—> N;" + 2He + ¢ 3.0x10™" n/a 1 [129]
40 N+ He,"—> N," + He, + ¢ 1.4x107 n/a 1 [129]
41 N, + O('D) > O +N, 5.4x10"! 298 n/a | [115]
42 Na+ 0O —->NO+N 3.9x10% >1400 na | [123]
43 N; > N+N 1.0x10 >3390 1 [130]
44 N+ N 5> N,  +N 9.4x10% 313 n/a | [131]
45 No+e—>2N+e 2.1x107° 0.165 eV wa | [131]
46 N+e—> N'+2e 9.3x10™ 0.165e¢V | wa |[131]
47 No+e — Ny" + 2e 4.0x10™* 0.165 eV n/a | [131]
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In order to determine if the He(2’S) specie was present in the plasma jet, we made
an attempt to observe it by laser-induced fluorescence (LIF) spectroscopy with the
round trip (i.e. wavelength of pumping laser is the same as the fluorescence
wavelength) involving the He (2°S —2°P, 388 nm) transition. Unfortunately,
due to the very small size of the APGD-¢ jet, the low plasma density and the
heavy collisional quenching associated with the atmospheric pressure plasma
conditions, the observed LIF signal was very weak and it was impossible to

recover it from the noise.

An indirect method to detect He(2’S) atoms is to observe the optical emission
from the N,"(B?Z, v=0) molecule, since this molecule is produced by Penning
ionization with He(2°S) (reaction 38) [63,72,132]. In order to excite the ground
state levels of N, molecule and N," ions to the N2+(B22u, v=0) level, energies as
high as 18.8 eV and 3.17 eV, respectively, are required [124]. The reaction rate
constant for the electronic ionization of N, molecules (reaction 47) is negligible
compared to the one for the Penning ionization of N molecules in the afterglow.
The other N;" production mechanisms, which involve He, (reaction 39) and He,"
(reaction 40), have similar reaction rate constants compared to the Penning
ionization with He(2’S). However, the He, production implies the presence of
He(2’S) (reaction 3) and the He," production implies the presence of He" (reaction
4) atoms, which specie has been found to be present in a negligible amount at the
nozzle exit plane. Therefore, Penning ionization dominates the N2+(B22u, v=0)
ions formation and we deduce from this that the He(23S) specie is present in the
APGD-t afterglow. The lifetime for the He(2S) state is much shorter than for the
N, (B*E, v=0), thus the He(2’S) atoms are less likely to reach a substrate placed a

few mm downstream from the nozzle exit [132].

In the previous section it was estimated that almost no electrons have enough

energy to ionize He atoms (confirmed by a numerical study of an APG) [133].
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Also, the He" specie is lost by recombination with ground state He specie to form
the He," at atmospheric pressure (reaction 4). Therefore, it is suspected that He"

will not play an important role in the plasma afterglow chemistry.

The helium dimer molecule, Hex(a’Y,"), is produced mainly from the collision of
He in the ground state with He™ (reaction 3), but it dissociates rapidly through
impact with another collision partner (reaction 5), by Penning ionization with N;
molecules (reaction 37) and by ionization of O, molecules (reaction 12). A study
showed that a partial pressure of 200 mTorr N; in 1 atm of He was enough to
consume all Hey(a’Y,") molecules, and that its presence could thus be neglected
in the plasma [134]. Since the plasma generated by the APGD-t is discharged in
air (79 vol.-% of N,), the helium dimer is most likely to disappear. As a
confirmation of this hypothesis, no emission from the strongest Hez(a32u+) band
around 465 nm is observed by OES. Therefore, the Hex(a’Y.,") molecule is most
likely to be consumed rapidly in the plasma afterglow and thus, will not react with

a remote substrate.

Another molecule, He,", is produced by the dissociation of Hey(a’Y,") (reaction 7)
molecules. The He," ions could also be produced from the collision of two He'
atoms with one He" ion (reaction 4) and by the impact of two He" atoms (reaction
8). However, He," ions formed will be quenched by dissociative recombination
with electrons (reaction 6), dissociative charge transfer with O, molecules
(reaction 12) and by charge exchange with N, molecules (reaction 40). To support
this hypothesis, a 2-D numerical study of an APG in He with N, as an impurity
revealed that the He,(a’y,") and He,” atom densities were two orders of
magnitude lower than He" and N," atom densities [133]. Based on those results,
we conclude that the Hez(a3 >.") and He,” molecules must be produced in the
plasma zone but are quickly quenched by air molecules to form new chemical

species such as N, and O, in the plasma afterglow.
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The injection of O, molecules in the core of the plasma afterglow and the
presence of entrained air provide a series of new reactions. The production of O,"
ions can be accomplished through Penning ionization with He' atoms (reaction
10), by a charge transfer reaction involving O, molecules and O molecules
(reaction 15), by dissociative charge transfer with He,' (reaction 12) and by
electron impact ionization (reaction 16). No emission from O, at 560 nm (strong
band head) was observed by OES in the afterglow of the APGD-¢ [73]. This
indicates that O," ions in high energy states might recombine to give O atoms

(reaction 13) or that very few of them are generated in the plasma afterglow.

In the plasma afterglow, the metastable states O('D) and O('S) could be formed.
They are mainly produced by electronic impact dissociation (threshold energy > 5
eV) (reaction 17). However, the quenching rate constants of O('D) atoms by O,
molecules (reaction 18) and by O; molecules (reaction 19) are very high. No
emission from O('D) at 630 nm or 636 nm (P -'Dy), nor O('S) at 557.7 nm was
observed by OES [73]. Thus, we believe that O('D) and O('S) atoms are not
appreciably present in the plasma afterglow and will not react with a remote

substrate.

Regarding the ground state OC’P) specie, it could be produced in the afterglow
through several reaction paths (reactions 13, 15, 17, 19, 20, 24-27, 29-33 and 37).
In a previous paper, we mentioned that He  atoms could directly dissociate O,
molecules (He" + O, — 2 O) [73]. However, in the O, and O," energy diagram, no
dissociation energy corresponds exactly to the upper energy levels of He* atoms
and, thus He™ atoms should not dissociate O, molecules by a one-step reaction
[135]. In fact, the most probable channel of formation of O atoms through a
reaction with He" atoms is the Penning ionization of O, molecules (ionization
energy ~12 eV) (reaction 10), followed by the electron impact dissociation of O,

ions (reaction 13) [135]. Since excited O atoms (777 nm) were detected by OES
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up to a few mm downstream from the nozzle exit and, logically, the
corresponding ground state O atom density should be much higher, we infer that

ground state O atoms are present far downstream from the nozzle exit plane.

The O" ion is formed mainly by the collision of He" with O atoms (reaction 14),
but it is also quenched by O, molecules (reaction 15). Based on the similarity of
the reaction rate constants of formation and quenching of O" ions, we cannot
conclude on the impact of this ion on the plasma chemistry. On the other hand, no
O" emission was observed (at 465 nm) in the plasma afterglow, even very near the
nozzle exit plane of the APGD-¢ [73]. Therefore, we assume that this specie will

not play a role in surface reaction.

Singlet Ox(b'Yg") and Oa(a'Ag) species are known to oxidize biomolecules and
molecular functional groups (i.e. amines, amino acids, phospholipids, fatty acids,
nucleic acids proteins, vitamins, etc.) [136]. The Ox(b'Yg") specie is produced by
the collision of O('D) atoms with O, molecules (reaction 25), and to a much
smaller extent by the electronic excitation of O, molecules (reaction 36). It
disappears when it collides with O('D) specie to create O,(a'Ag) (reaction 27).
The O(a'Ag) specie is quenched by O, molecules (reaction 31) or disappears by
electronic dissociative attachment (reaction 33) although the reaction rate
constants associated with those processes are very weak (~1072'-10? cm’mol.”'s
". It was found that O,(b'Yg") molecule concentration is usually much less
important than that of its O,(a' Ag) counterpart [136]. No emission from O, (a' Ag)
at 634 nm or 703 nm, nor from O,(b'Yg") at 762 nm was detected by OES [73].
However, since those emission bands are weak in the visible spectral region, it is
possible that the O,(a'Ag) and O,(b'Yg") molecules, to a lesser extent, are present
in the plasma afterglow of the APGD-¢ and will react with a remote biological

surface.
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The main formation path of O3 molecule consists of the collision of an O('D)
atom with the O, molecule (reaction 18). We tried to measure the O3 density by
absorption spectroscopy using a standard argon-mercury lamp (6035Hg/Ar,
Oriel), but encountered difficulties due to the small volume of the plasma jet.
Since O3 is one of the most important molecules formed in a dielectric barrier
discharge in air and in O,, we presume that it is produced in the APGD-t
afterglow and that it will react with a remote organic substrate or with

biomolecules [137,138].

Concerning the OH radical, this specie is formed mainly through the collision of
water molecules with O('D) atoms (reaction 21), and by the collision of Os
molecules with atomic hydrogen (reaction 23). Since trace amounts of OH have
been detected by OES in the APGD-¢ afterglow several mm downstream from the

nozzle exit [73], OH is a reactive specie likely to react with a remote substrate.

The effect of nitrogen species on the plasma afterglow chemistry is now
considered. It is observed that N, and N," molecules were present a few mm
downstream from the nozzle exit (Figure 4-4). Another nitrogen species, N(*S),
could be produced by electron impact dissociation (energy threshold ~9.5 eV)
(reaction 45) at the nozzle exit. However, it cannot be produced by collision of a
N; molecule with an O atom (reaction 42) since this reaction requires 7, > 1400
K, and T; in the plasma jet of the APGD-¢ is only near 313 K. Furthermore, it
cannot be produced by thermal dissociation of N,, since this reaction requires 7, >
3390 K (reaction 43). Since no significant emission from N(*S) at 575 nm or 746
nm is observed at the nozzle exit, we do not expect this specie to be present or to

react with a remote substrate.

The NO molecule is formed by the collision of N; with an O radical (reaction 42).
However, this reaction occurs at 7, > 1400 K, a temperature that is much higher

than Ty~ 313 K of the APGD-¢ plasma afterglow. Furthermore, no emission from
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this molecule was observed by OES, and thus its potential participation in the
surface chemistry is ignored. Another specie, N*, is not likely to be present in the
APGD-¢ afterglow, since the N ionization energy threshold is 14.53 eV and the
first N energy level lies above 24 eV [139]. In fact, no emission from N* was
observed in the 200-800 nm spectral window, even near the nozzle exit of the

APGD-1.

In summary, the species present in the He/O, APGD-t jet discharging in air which
are likely to reach a remote substrate are metastable He(2’S) atoms, ground state

O atoms and Ny, N,", O5(a'Ag), O,(b'Yg"), OH and O; molecules.

4.6 Conclusions

This article outlined the results of an optimization of gas flow rates in a miniature
atmospheric pressure glow discharge torch (APGD-¢) in an attempt to maximize
the production of reactive species playing an important role in remote exposure
surface treatments. The injection of O, in the APGD-¢ afterglow using a capillary
electrode did not affect the plasma-sustaining conditions. Indeed, the circuit
current, torch voltage and their relative phase angle were not altered by the O;
flow rate. A plasma-forming gas flow rate (He) of 1-1.5 slm and a volumetric
ratio of 0.3 vol.-% Oy/He allowed a maximum production of atomic oxygen with
minimum air entrainment in the plasma jet. The electron density in the plasma-
forming region was estimated to be ~ 10'' cm™, a value which lies within the non-
thermal plasma range. An analysis of the afterglow plasma chemistry suggests
that the metastable He(2’S), ground state O, OH, O(a'Ag), 0y(b'Tg"), Na, Ny
and O; molecules produced by the APGD-f are able to reach a remote substrate
located a few mm away from the torch’s nozzle. In future work, further

characterization of the cells and polymeric surfaces treated by the plasma jet is
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required in order to clearly identify which reactions occur at the surface and to

elucidate which reactive species are participating.
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CHAPTER §

ATTEMPT TO USE THE LASER-INDUCED FLUORESCENCE
SPECTROSCOPY TECHNIQUE FOR MEASUREMENT OF THE
METASTABLE HE ATOM DENSITY

This chapter reports an attempt to use the laser-induced fluorescence (LIF)
spectroscopy technique to detect helium atoms in their metastable states in the
plasma afterglow of the APGD-¢. An introduction presents the rationale for using
LIF to detect the He metastable state, which is followed by a description of the
LIF experimental set-up. Some preliminary LIF measurements and a discussion

on the limits of application of the LIF technique are also presented.

5.1 Introduction

He metastable atoms are very useful in the plasma afterglow because they act as
an energy reservoir sustaining plasma excitation and they participate to the
creation of reactive species. In Chapter 3, it was found that the detection of N,
(391 nm) molecules by OES in the APGD-¢ afterglow was an indicator of the
presence of He metastable atoms since N,' (391 nm) can be produced by Penning
ionization of N,. However, N, can also be produced by electron impact
ionization of N, and molecules in lower energy levels of N,* and by collisional
impact ionization of N, with He; or He,". Therefore, direct measurement of the
density of He metastable atoms in the plasma afterglow would help understanding

the plasma afterglow chemistry.

Since the first metastable energy levels of He do not permit radiative transitions to
the ground state, they are not observable by OES. Such energy levels can

potentially be probed by LIF, whereby electrons from metastable energy states are
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excited to higher energy levels which allow radiative transitions to lower energy
levels. An attempt was made to probe the He atoms in the (2’S) metastable state

using LIF. The results are presented in this chapter.

5.2 Experimental set-up

The schematic of the LIF set-up is shown in Figure 5-1 and the time diagram for
laser synchronization with the plasma pulse is shown in Figure 5-2. For all
experiments, the typical operating conditions of the APGD-t are 870 Vi, 650
mAppk, power modulation frequency of 100 Hz, duty cycle of 10%, and 1 slm of
He. A digital pulse generator (BNC 565, 500 ps resolution) is used to trigger (12
V, 1 ms, 100 Hz) the function generator (Racal-Dana F64, 100 ns fall time in 50
), which modulates the carrier waveform signal (13.56 MHz) itself generated by
a waveform generator (Hewlett-Packard 33120A, 15 MHz bandwidth). The
resulting output is amplified by a RF amplifier (Amplifier Research 75A250,
75W, 10 kHz-250 MHz, 50 Q input/output impedances) and delivered to the
APGD-t. The pulse generator also triggers (5 V, 1 ms, 10 Hz) the flash lamp of

the laser system, itself triggering the oscilloscope recording.

The LIF system consists of a pulsed NdYAG pump laser (Quantel Brillant B, Q-
switched, 10 Hz, 5 - 6 ns pulse, 1064 nm fundamental harmonic, 2" and 3%
harmonics generators, 850 mJ/pulse max, 8.5 W max) and a tunable dye laser
(Quantel TDL 90, UV extension, 200 - 750 nm spectral range, line width = 0.08
cm’). A remote control box is used to control the flash lamp voltage and
synchronization mode as well as the delay between the flash lamp and the Q-
switch firings. The dye laser wavelength scanning, scan speed and mode are

controlled using another remote control box.
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Figure 5-1: Diagram of the LIF experimental set-up.

The electron density was estimated to be ~10'' cm™ in the plasma-forming region
of the APGD-#, which value is relatively small (see Chapter 4). For such low
electron density plasma, the 2-level system presented in Figure 1-2 accurately
represents the processes occurring in the APGD-t plasma. The atoms in the
He(2’S) metastable state are excited by a 388.9 nm laser to the (3°P) upper state
and fluorescence at 388.9 nm is observed. To generate a laser beam at the
wavelength of 388.9 nm, the frequency-doubled fundamental harmonic of the
pump laser beam (532 nm) is used to pump the Rhodamine 640 dye, and the
resulting laser beam is (frequency) mixed with the residual IR laser beam at 1064
nm. The determination of the exact dye laser wavelength required for frequency
mixing is done using equation (5-1). The wavelength A is the desired resulting
laser wavelength (388.9 nm), X, is the IR laser wavelength (1064 nm) and 4, is

the dye laser wavelength to be determined. The resulting A, is equal to 612.80 nm.
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The dye solution is prepared by dissolving 0.2 g of Rhodamine 640 perchlorate
(Exciton, Inc. max A = 602 nm, A range = 589 - 623 nm) into 250 ml of 100%
pure anhydrous ethyl alcohol (Commercial Alcohols Inc.). This latter solution is
gradually diluted in ~500 ml of the anhydrous ethyl alcohol to get the right
concentration (g/L) of dye in the laser system. The final dye concentrations in the

oscillator and in the amplifier circulation systems are ~0.1 g/ L and ~ 0.05 g/ L,

respectively.

The resulting UV laser beam at 388.9 nm has a diameter of 5 mm, which is then
trimmed using a 1 mm diaphragm. A UV lens (Newport, SBX058, focal distance
= 15 cm, diameter = 50 mm) is used to focus the laser beam onto the plasma jet at
a perpendicular angle with respect to the torch axis. A second pinhole is placed
just in front of the focal point of the lens in order to cut the laser beam down to
0.5 mm in diameter. The laser energy at 388.9 nm is measured by an energy meter
(Gentec-EO, QE12SP-H-MB-DO, efficient surface = 12 mmz, 0.19 - 20 pm, 8 pJ
- 840 mJ, 10 V/J). The laser energy measured after the pinhole is ~2 mJ when a
minimum delay between the Q-switch and flash lamp firings is used (214 ps). A
second UV lens (Newport, SBX022, focal distance = 50.2 mm, diameter = 24.5
mm) is used to focus the laser-induced fluorescence onto a photomultiplier tube
(PMT) (Hamamatsu, H6780-20, 300 - 900 nm, rise time = 0.78 ns, gain =106). A
UV filter (Newport, P10-390-F, 390 nm + 2 nm, band pass = 10 nm, & = 25 mm)
is placed just in front of the PMT to cut all light except the 388.9 nm laser light.
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Figure 5-2: Time diagram of the laser synchronization with the plasma modulation signal.
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The relative peak fluorescence intensity (PFI, [mV]) of the LIF signal is measured
since it is a simple and accurate way to monitor the relative density of He atoms
in their metastable state, as long as the laser has a short rise time [65]. The PFI
measurements are made in the plasma jet at distances, d, of 3 mm and 1.5 mm
from the nozzle exit. The PFI captured by the PMT is displayed on the scope and
averaged over 3 samples of 64 cumulated waveforms. The measured PFI signal
includes a strong signal coming from the stray laser light (SLL, [mV]). SLL is
also measured before the plasma was ignited at the same location as the PFI

measurements, in order to extract the LIF signal only.

5.3 Results and discussion

Table 5-1 presents typical results of LIF measurements. It can be seen that SLL
signal is very strong and that the resulting corrected PFI signal is weak. The level
of signal noise for those conditions was ~1 mV. When the laser beam is focused at
a distance very far from the nozzle exit, no SLL is observed. At d = 3 mm, some
SLL is present and at d = 1.5 mm, SSL is more than the double of the level
observed at d = 3 mm. These observations indicate that one of the causes of SLL
is reflection of the laser beam on the nozzle walls; the reflected rays are then

captured by the PMT, resulting in the SLL signal.

Table 5-1: LIF signal measured at two different distances from the nozzle exit.

d (mm) | SLL (mV) | PFI+SLL (mV) | PFI (mV)

1.5 110+ 1 129+3 18+4

3.0 48.7+ 0.8 55.9+0.2 72+09
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Another source of SLL is diffraction of the laser beam when it crosses the 0.5 mm
pinhole opening. Some of the rays diffracted by the pinhole might be directed
toward the PMT causing the SLL observed signal. No laser scattering due to dust
is found. In addition, the operation of the APGD-¢ in an air and at atmospheric
pressure provides ideal conditions for severe quenching of the He metastable

atoms by the air molecules (O,, Ny).

To be able to use the LIF technique for the detection of He metastable atoms,
modifications of the present experimental set-up are required. These
modifications are mainly the increase of the plasma volume, the increase of the
power level and the operation of the APGD-¢ in a He (or other inert gas)
environment. However, behavior of the He metastable states in the present and in
a modified experimental set-up would be very different and comparisons and/or
extrapolations might not be useful or even meaningful. The single modification
that will preserve the plasma properties is operation of the APGD-f in a He
environment. By doing so, the density of He metastable atoms produced in the
plasma jet would be much higher since those species would not suffer from any
quenching. However, this modification of the plasma system set-up makes the
laser alignment quite difficult and, therefore it was decided not to pursuit LIF
measurements in the plasma afterglow of the APGD-¢ since it would have

extended this Ph.D. project considerably.

5.4 Conclusions

In this chapter, the experimental set-up, preliminary results and the application
limits of the LIF technique for the characterization of the He metastable in the
APGD-t plasma jet were described. The LIF spectroscopy system was set up to
detect the relative density of He(2'S) metastable atoms in the He plasma

afterglow of the APGD-¢ operating in air. The detection of metastable He(2’S)
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atoms in the plasma jet was unsuccessful due to unfavorable plasma operating
conditions. Indeed, the small size (0.5 mm) of the laser light absorption volume,
the strong intensity of stray laser light and the operating in air make the LIF

measurements very difficult.
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FINAL CONCLUSIONS

The main objective of this Ph.D. project was to design, develop and perform a
preliminary characterization of an atmospheric pressure glow discharge torch for
localized biomedical applications. This objective has been met, along with several

sub-objectives, which are now reviewed.

In Chapter 2, the design of the atmospheric pressure glow discharge torch, and the
results of a preliminary electrical and spectroscopic characterization were
presented. The mini-torch produces a non-thermal plasma jet of 500 pm-diameter
and ~2.5 mm-length. A methodology for the determination of the electrical
characteristics of this mini-torch from careful electrical probe measurements was
developed. The use of pulsed RF excitations at low duty cycle (10%) allowed the
operation of the mini-torch at a 1 W power level. Under these conditions, the gas
temperature was ~50 °C, while the He excitation temperature was less than 2000
K. The addition of 1 /% O, to the plasma-forming gas led to a drastic
contraction of the jet. Alternatively, the injection of 10 sccm O, through the
capillary electrode led to the production and transport of atomic O further
downstream in the plasma jet, without significantly altering the electrical

properties and jet length.

Chapter 3 presented difficulties associated with the use of commercial passive
voltage probes to assess the electrical properties of a miniature, high-capacitive
impedance plasma source excited at radio-frequency. It was found that large
differences in cable length, probe capacitance and excitation frequency resulted in
the introduction of a considerable phase angle between the probed signals (circuit
current and load voltage). Both experiments and model calculations confirmed
that for each voltage probe, the phase angle must be calibrated when high-

frequency excitation is used. This chapter also presented a practical, economic
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and reasonably accurate method to assess the plasma parameters of the
atmospheric pressure glow discharge torch. The resistive power dissipated in the
torch was 1 W (£42%). For a better accuracy on the measurement of the electrical
properties of the plasma device, it is recommended to select voltage probes with
the smallest capacitance and cable lengths equal to the length of the current probe
cable (if used). Furthermore, probe manufacturers should provide true values (not

typical values) of the probe impedance and capacitance.

Chapter 4 outlined work done to optimize the operating conditions of the APGD-¢
toward localized biomedical applications. The parametric study considered a He
flow rate ranging from 0.5 to 1.5 slm, and 0 to 50 sccm of O, was used as the
source of reactive species. The injection of O, in the capillary electrode to
produce atomic oxygen, the reactive species, had negligible effects on the visual
appearance of the jet and electrical properties of the APGD-#. A He gas flow rate
of 1-1.5 slm and a volumetric ratio of 0.3 vol.-% O,/He led to a maximum
production of atomic oxygen with minimum air entrainment in the plasma jet. A
survey of the afterglow plasma chemistry suggested that some reactive species
produced in the afterglow such as metastable He, O, OH, Oz(alAg), 0,(b'Y¢g, N,

and N, and Os should be able to reach a remote substrate and react with it.

In Chapter 5, the laser-induced fluorescence technique, its experimental set-up,
some preliminary results and its application limits were described. Laser-induced
fluorescence spectroscopy (LIF) was set up to detect the relative density of helium
metastable state (2°S) in the He plasma afterglow of the APGD-f operating in air.
The fluorescence intensity corresponding to metastable He(2’S) states was weak
due to the small size of the laser light absorption volume and operation of the

plasma source at low-power levels in air at atmospheric pressure.

116



CONTRIBUTIONS TO KNOWLEDGE

This research project made significant contributions to knowledge. This report

reveals that we:

1. Designed and constructed a bench-scale miniature atmospheric pressure plasma
source, the APGD-t, for localized biomedical applications. The main design
novelty is the use of a metallic capillary tube that acts as the powered electrode
and also as an injection channel for the source of reactive species. The APGD-f is
a hand-held device and its input power can be amplitude-modulated from 0.24 W
to 5 W, giving rise to gas kinetic temperatures ranging from 40 to 120°C. The

plasma jet produced has a diameter of 0.5 mm and a length of 2-3 mm.

2. Developed a calibration method for the phase angle that appears between the
plasma load voltage and circuit current, as measured by electrical probes. It was
found that the accuracy of the measured phase angle is strongly affected by the

voltage probe capacitance and cable length, and by the excitation frequency.

3. Developed a methodology based on a simple circuit model of the plasma source
to calculate the power dissipated in a highly capacitive plasma load. The method
requires the measurement of the plasma load voltage, circuit current and relative

phase angle.

4. Determined the optimal flow rates for the plasma-forming gas (He) and the
source of reactive species (O,) for the production of atomic oxygen. The He flow
rate must range from 1 to 1.5 slm and 3 sccm of O, must be injected through the

capillary electrode.

5. Identified several excited species, such as O, He, OH, N, and N;” by means of
optical emission spectroscopy and analyzed the plasma afterglow chemistry. The
presence of excited O atoms about 1 mm downstream from the nozzle exit
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suggests that ground state O atoms might be found further in the afterglow and
reach a remote surface. The rapid extinction of the excited He reveals the fast
depletion of electrons in the plasma afterglow. OH, N, and N," molecules found
very far (5-6 mm) from the nozzle exit indicates that these species can reach a
remote surface. Also, the presence of N," far into the afterglow indicates that
metastable He atoms are probably present at such a distance. The theoretical
analysis of the plasma afterglow chemistry has shown that other species such as
0,(a'Ag), 0,(b'Yg") and O3 might also reach and react with bio or organic remote

substrates.

6. Identified some experimental difficulties associated with the use of the laser-
induced fluorescence (LIF) technique to investigate the He metastable state 2°S)
in a small He plasma jet (3 mm x 0.5 mm) discharging in air at atmospheric
pressure. The encountered difficulties were the low density of He metastable state
atoms in such a small plasma volume, in addition to the strong quenching by air

molecules.
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RECOMMENDATIONS FOR FUTURE STUDIES

In order to continue assessing the properties and potential biomedical applications
of the APGD-¢, additional research work needs to be carried out. It would be
interesting to continue 1) characterization of the plasma afterglow, in order to
identify and if possible to quantify reactive species present a few mm downstream
of the APGD-t nozzle exit, and 2) development of localized biomedical

applications for the APGD-.

a. Characterization of the plasma afterglow

The identification and, if possible, quantification of reactive species present a few
mm downstream of the APGD-f nozzle exit is essential to gain more knowledge
on the species that will reach a remote surface and react with it. In a parallel
research project conducted by Miss Sara Yonson, the APGD-r was successfully
used to locally remove mammalian cells from a polymeric surface, to temporary
permeabilize human liver (HepG2) cells and to functionalize well-defined areas
on a polymeric (polystyrene) surface to increase its hydrophilicity and, thus to
enhance the adhesion of human mammalian cells (HAAE-1) [140]. However, as
mentioned in the plasma afterglow chemistry analysis (Chapter 4), only the
presence of OH, N, and N," molecules has been confirmed at the location of a
remote surface using optical emission spectroscopy (Chapters 2 and 3). Therefore,
we propose as future work to investigate the presence of ground state O atoms and
O3 molecules at the location of a remote surface since those species, which have
strong oxidative capabilities, should react with remote biological or organic

surfaces.
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One method to detect O atoms is to use LIF with a laser wavelength in the UV
region (i.e. 226 nm) to excite the O atoms and then to observe the resulting
fluorescence at 844 nm [58]. In order to generate this UV wavelength, the energy
of two photons must be added using the TALIF technique. The TALIF and LIF
set-ups are similar (see section 1.6 and Chapter 5 for more details), but differ in
the way the laser beam is generated. Since the spatial resolution of the TALIF
technique is determined by the laser beam diameter, according to our knowledge,
it is the only technique that can detect ground state O atoms with a resolution in
the order of magnitude of less than a millimeter. However, measurements will still

give a relative O atoms density.

O; molecules are probably reaching a remote surface since they are an important
product of the reaction of O atoms produced in the plasma with O, molecules
from the air (see Chapter 4 for more details). However, due to the very small
absorption volume of the APGD-t plasma jet, a low concentration of Os is
produced and; therefore, a very sensitive absorption technique, such as cavity-

ring-down spectroscopy (CRDS), is needed to detect the low concentration of Os.

b. Development of localized biomedical applications

As mentioned before, the APGD-tr was tested for localized biomedical
applications [140]. First, the APGD-¢ was used to functionalize well-defined areas
(150-500 pum) of a polystyrene (Petri dish) surface to create preferential paths for
the adhesion of HAAE-1 cells. In future research studies, different types of
surface could be treated with the APGD- to compare their capability to act as a
matrix for preferential cell adhesion. Moreover, the APGD-¢ could be used to
perform the inverse treatment: well-defined areas repelling adhesion of cells could
be created. These treatments could be useful in the fabrication of small-scale

biological drug delivery systems, artificial human cell networks for fundamental
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cell studies, and as a tool to prepare plates for the immobilization of cell lines for

bio-molecular research analysis.

The APGD-t was also used to remove, with good spatial resolution (<1 mm),
HAAE-1 cells from a polystyrene (Petri dish) surface. This study could be
continued by testing different cell lines and different types of surface, in order to
test the APGD-¢ as a universal tool for cell removal. This treatment could be
valuable in cell pathology research, cancer therapy and thin layer analysis of

biological tissues.

One promising biomedical application of the APGD-#, which was tested by Miss
Yonson, is permeabilization of cells membrane. We define cells permeabilization
as a change in the molecular structure of lipids or proteins composing the cells
membrane, which creates temporary pores in the membrane. The preliminary
results of Miss Yonson showed that HepG2 cells, which were plasma-treated
using the APGD-#, were able to detach from a culture dish and adhere to a new
dish without necrosis. In order to test if the membrane was altered by the plasma
treatment, a fluorescence biological marker, propidium iodide (PI, 668 D), was
added to the cells medium of the new dish at different times after plasma
treatment. It was found that PI diffused in all cells a few minutes after plasma
treatment. However, when PI was added at longer time points after plasma
treatment, less cells allowed PI penetration. This seems to indicate that the cell
membrane was permeabilized right after plasma treatment but resealed itself after.
Therefore, as an extension of this research work, the APGD-f could be tested to
permeabilize the most common cell lines for the transport of macromolecules with
different sizes and morphologies, such as DNA plasmid, proteins, quantum dots
and biological markers. This future work will determine the extent of applicability

of the APGD-¢ as a tool to insert materials in the cells.
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We are currently developing a hand-held APGD-¢, with a portable control unit, so
that biomolecular scientists and engineers can test the potential applications of the
APGD-t in their laboratories. This research and development project is founded
by the Natural Sciences and Engineering Research Council of Canada, through

the Idea to Innovation (I121) — Phase I program.

122



APPENDIX A : ELECTRIC FIELD CALCULATIONS

The radial distribution of the electric field, E, inside the APGD-t has been
calculated at two positions: in the plasma-forming region and at the nozzle exit.
The center (powered) electrode is a stainless steel capillary tube having an outside
diameter of 0.3556 mm. The ground electrode is a ~1.5 mm-thick silver epoxy
layer painted onto a quartz tube having a 4 mm outside diameter in its straight
section, and the downstream end is tapered into a converging nozzle ending with a
3 mm outside diameter. In helium at 1 slm, the breakdown and operating voltages
were 220 V-0 and 405 V0.0, respectively. Table A-1 presents the variables
used to calculate E as well as their values and units. The E distributions calculated
in the straight section of the quartz tube, and at the converging nozzle exit are
shown in Figure A-1. The average E at any position in the straight section of the
quartz tube (plasma-forming region) is 233 kV/m and at the nozzle exit it is 322
kV/m. The use of a tapered nozzle at the end of the quartz tube allows a 38%
increase in the average electric field compared to that in the straight tube

geometry.

Table A-1: Data for the calculation of the electric field distribution.

Data Symbol Value Units
Radial distance between electrodes r Variable mm
Breakdown voltage Vi 220 \%
Operating voltage Vi 405 \%
Ground electrode voltage \'A 0 \Y
Capillary electrode outside radius R¢ 0.1778 mm
Quartz tube outside radius (straight section) Red 2 mm
Quartz tube outside radius (nozzle tip) R 1.5 mm
Electric field E(M) | -(Vie-Vo)/(rIn(Re/Ryq)) | KV/m
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Figure: A-1: The radial distribution of the electric field, E, in the APGD-¢.
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APPENDIX B : THE LABVIEW™ INTERFACE

All the instruments used to operate and characterize the APGD-t are controlled
using a virtual instrument (VI) programmed in the LabVIEW™ 6.1 environment
(National Instrument™). Figure B-1 shows the block diagram with connections
between the LabVIEW™ interface, the computer (Hewlett-Packard, Intel Pentium
IV, 256 MB RAM, Windows 2000) and the instruments. A RF signal is generated
using an arbitrary waveform generator (Hewlett-Packard 33120A, 15 MHz, 0.1-
10 Vppk, 12 bit, 40 MS/s) set at a carrier waveform frequency of 13.56 MHz, and

which is amplitude-modulated by a variable duty-cycle pulse generator (Racal-

Dana F64, 10-50% duty cycle).

RS 232 cables MFC 1

1
i RG58U cabl
current ———M RF ampifier
probe [_ MN
RGSSUTcables
A APGD-t waveform
voltage © generator
1 -
probe J = § RGS 8UT cables
ﬁ P g pulse
* g O generator
(&)
S GPIB cables
oY > GPIB-PCI card
&) I
TM
DAQ-board |—| PC {a—p| BOVIEW
software

Figure B-1: Block diagram of the LabVIEW ™ interface and instrumentation.
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The signal is then amplified with a broadband RF amplifier (Amplifier Research
75A250, 75 W, 10 kHz-250 MHz, 50 Q input/output impedance) and the load
impedance is matched to the generator impedance using a homemade matching

network (MN).

An oscilloscope (Tektronix TDS3054B, digital, 4 channels, 500 MHz, 5GS/s), a
passive voltage probe (Tektronix P5100, 100X, 500 MHz, 10 MQ, <2.75 pF) and
a current probe (Tektronix CT-2 current transmitter, ImV/ImA into 50 Q, with
Tektronix P6041 probe, 1X) are used to record the torch’s voltage and circuit
current, respectively. A PCI-GPIB card (National InstrumentTM, IEEE-488, 1.5
Mb/s) and GPIB shielded cables allow communication between the computer, the
waveform generator and the oscilloscope. The GPIB-USB IEEE-488 drivers NI-
488.2 v2.1 and NI-VISA v.3.01 (National Instrument™) are required to
communicate with the scope and the waveform generator, respectively. The
Measurement and Automation Explorer software (National Instrument™') is used

to configure the National Instrument™™ hardware and software.

In addition, LabVIEW™ VI is used to control two mass flow controllers (MFC).
The MFC 1 (Qualiflow, digital, AFC 80 MD, 0-5 VDC and 0-10 slm) is used to
control the helium flow rate, and the MFC 2 (Qualiflow, digital, AFC 80 MD, 0-5
VDC and 0-50 sccm) is used to control the oxygen flow rate. The MFC are
connected by RS 232 shielded cables (Sub-D 15 pins) to a PCI-DAS6025 board
(Measurement Computing'™, 16 A/D 12 bits single-ended channels, 200 kS/s, 32
digital I/O with 8 bits, 2 counters with 16 bits). LabVIEW™ VI allows to impose
set-points for the flow rates of helium and oxygen and the actual (written as
“present” on the VI panel) values of flow rate read by the MFCs are displayed as
it is shown in the middle top section of the front panel (Figure B-2). The
InstaCal™ and Universal Library software (Measurement and Computing™) are

used to configure, test and calibrate the DAQ board.
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The power delivered to the torch is controlled using the LabVIEW™ PID control
toolset box in PI mode only, The PID parameters are set using the front panel and
a waveform chart on the front panel helps to visualize the controlled process
dynamics. The following aspects are considered for the PID controller tuning: (a)
Minimum deviation of the actual power from the set-point, (b) avoidance of
excessive variation of the PID output; (¢) process control robustness for large
disturbances such an important increase in gas flow rates or power; and (d)

minimum offset between power set-point and actual power.

The peak-to-peak values of the torch’s voltage, circuit current and calibrated
phase angle between them (see Chapter 3 for more details) are recorded on the
oscilloscope and averaged over 256 samples to reduce the measurement noise.
Their values are displayed in the upper left corner of the LabVIEW™ VI panel.
The estimate of the actual power is calculated as the product of the torch’s
voltage, circuit current and cosine of the calibrated phase angle. The PID
controller compares the estimated actual power to the set-point value and the PID
voltage output, proportional to the difference between the actual and set-point
values, is sent to the waveform generator. Consequently, the torch’s voltage
changes until the actual power equals the set-point. A PID control output range
(0.05 — 1.5 Vp) is set to avoid exceeding the input voltage of the waveform
generator. The bias voltage of 0.05 Vpy is added to the PID output in order to

always generate a positive voltage output.

The PID controller can be set to operate in automatic or manual mode: if set to the
automatic mode, the control is done via a close loop where the PID settings are set
by the user. In the manual mode, the control is done via an open loop, where the
user changes the PID output directly. The response of the plasma is extremely fast
(R,Cp = 1 ns), thus the plasma responds instantaneously to a change in its voltage

input. The PCI-GPIB card sampling rate is 10Mb/s, which corresponds to a
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sampling period of 1 pus. The PID VI sampling period is determined by the VI
while loop execution speed, which is 1 ms by default. Those periods are much
longer than the plasma time constant. To avoid any offset of the actual power, an
integral action is added and the actual PID tuning parameters used are P = 0.08, I
=0.1 and D =0.

A VI for the LIF measurements was also built to calculate and display the
numerical integration of the laser-induced fluorescence (LIF) signal. The LIF is
measured by a photomultiplier tube (Hamamatsu H6780-20, 300-900 nm, rise
time = 0.78 ns, 1 MQ and 22 pF cable output) and recorded on the oscilloscope.
The oscilloscope signal is sent to the LabVIEW™ interface through a shielded
GPIB cable. Another VI was built to monitor the laser energy simultaneously with
the LIF signal. The laser energy.is measured from a laser energy detector (Gentec-
EO, QE12SP-H-MB-DO, 12 mm?, 0.19-20 um, 8 pJ-840 mJ, 10 V/J) and the
measured signal transferred to the LabVIEW™ interface using a mini USB cable.

The laser energy measurements are displayed directly on the energy detector or on

the LabVIEW™ front panel.
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Figure B-2: Screen shot of the LabVIEW ™ front panel.
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APPENDIX C : EFFECT OF THE EXCITATION FREQUENCY ON THE
APGD-T CHARACTERISTICS

At the beginning of this research project, excitation frequencies of 10 kHz and 65
kHz were used, in order to quickly and easily generate a plasma in the APGD-.

This step was required to obtain an estimate of the plasma properties.

Figure C-1 presents a picture of the APGD-¢ electrical set-up using plasma
excitations at 10 kHz and 65 kHz. A low-frequency power generator (Eni Power
System, EGR 800, 800 W max., 9-110 kHz) (not shown on the picture) is used
and two voltage transformers (donated by Plasma Technics, Inc.) are used for
plasma excitation at 10 kHz (1:120, 100 W max., 6 kV max.) and 65 kHz (1:59,
100 W max., 4 kV max.).

Figure C-1: Electrical set-up of the APGD-¢ for plasma excitations at 10 kHz and 65 kHz.
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The torch voltage is measured using a high-voltage probe (Tektronix P6015A,
1000X, 75 MHz, 100 MQ, 3 pF). The circuit current is obtained by measuring the
voltage across a resistance (16.5 - 33 Q), placed in series with the APGD-#, using
a voltage probe (Tektronix, P6139A, 10X, 500 MHz, 10 MQ, 8 pF). A different
set-up is used for plasma excitation at 13.56 MHz (for details, see Chapter 2). In
the set-up at 13.56 MHz, an amplitude modulator is used to reduce the average

power (P) dissipated in the APGD-t and consequently, the plasma gas temperature
(Ty).

A closer look at the APGD-# constructions and the plasma jets produced using the
three excitation frequencies are presented in Figure C-2. One can observe a drastic
reduction of the plasma jet size when excitation frequency moves toward higher

frequencies.

Figure C-2: Pictures of the APGD-¢ excited at 10 kHz (left), 65 kHz (middle), and 13.56
MHz (right).
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Table C-1 presents a comparative summary of some characteristics of the APGD-¢
excited at 10 kHz, 65 kHz and 13.56 MHz. The APGD-¢ construction is the same

for plasma excitations at 10 kHz and 65 kHz. However, the capillary electrode

diameter (od) used for plasma excitation at 13.56 MHz is smaller. This change

enables a geometrical enhancement of the electrical field at the electrode tip. Also,

for an excitation frequency of 13.56 MHz, the quartz tube thickness (od - id) is

increased in order to build a more robust APGD-¢, and the length (L) of the

capillary electrode is reduced, in order to decrease the total length of the APGD-z.

Table C-1: APGD-¢ characteristics at different plasma excitation frequencies.

Properties Units 10 kHz 65 kHz 13.56 MHz
Q slm 5 3 1
Quartz tube od/id/L (mm) |4/3/50 4/3/50 4/2/50
0.5 mm nozzle
Capillary od /L (mm) 1.068 /150 1.068 / 150 0.3556/ 80
electrode
Grounded od /L (mm) ~4 /30 (sheath) | ~4 /30 (mesh) | ~4/25 (epoxy)
electrode
U/Re ms” /(-) 12/188 7/113 172 /206
Jet d/L (mm) ~5/50 ~1-2/40-50 ~0.5/2-3
T, °C ~30-35 ~30-35 ~25-50
Vop/ Vi Vims ~1335/513 ~636 /382 ~286/156
| MA ms ~1.5 ~24 ~200
p W ~2 ~17 ~1
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For all three excitation frequencies, helium is the plasma-forming gas and a
minimum flow rate (Q) is necessary to produce a plasma jet. This flow rate is
decreased from 5 slm to 1 slm when the excitation frequency changes from 10
kHz to 13.56 MHz.

The quartz tube used for the case where the plasma is excited at 13.56 MHz is
tapered into a 0.5 mm nozzle exit, in order to elongate the jet and accelerate the
flow. The resulting velocity (U) is increased by 10 fold compare to velocity
obtained with the configuration without nozzle. The use of a nozzle also reduces
the plasma jet diameter, which is beneficial for localized applications. For all

cases, the flow regime is laminar (see Reynolds number in Table C-1).

Figure C-3 presents the torch voltage and circuit current waveforms for the
APGD-¢ excited at 10 kHz. One can see small current spikes on the circuit current
waveform, represented by aligned data points at random locations along the
waveform. It is important to note that theses waveforms were acquired with the
fastest acquisition (no averaging) rate of a 500 MHz bandwidth oscilloscope,
which rate corresponds to a sampling period of 2 ns. These current spikes are not
observed on the circuit current waveform when an excitation frequency of 13. 56

MHz is used (see Chapter 2 for an example of such waveforms).

On one hand, the increase of the plasma excitation frequency allows one to reduce
the breakdown voltage (V1) and operating voltage (Vp), which low voltage values
favor a safer operation of the APGD-¢. On the other hand, the circuit current (I)
increases by 100 fold when the plasma excitation frequency increases from 10
kHz to 13.56 MHz. An increase of the current in the APGD-t plasma is not
suitable for biomedical applications. Elevated plasma currents can desiccate and
even burn biological tissues. However, amplitude-modulation of the current signal
reduces in a controllable manner the averaged current passing through biological

tissues.
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It is also observed that the phase angle between the torch voltage and circuit
current increases for an increasing excitation frequency. The phase angle
measured at an excitation frequency of 10 kHz is ~3.5° (see Figure C-3) and ~80°
for an excitation frequency of 13.56 MHz (see Chapter 2 for a description of the
phase angle measurement). Simple models of the APGD-t electrical circuits
excited at 10 kHz and 13.56 MHz reveal that an increase of the phase angle is due

to an increase of the amplitude of the reactive part of the plasma impedance.
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Figure C-3: Torch voltage and circuit current signals for the APGD-¢ excited at 10 kHz.
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