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Abstract

Sheath is a non-neutral region which is ubiquitously formed at the surfaces of
macroscopic bodies in contact with a plasma. Charged particles from the plasma
then interacts with the surfaces due to the electric field present inside this non-
neutral region. The physical phenomena associated with the sheaths is of interest
primarily due to its immense applications in plasma assisted technologies, plasma-
wall interaction in tokomaks, plasma based ion sources and in electrostatic probe
diagnostics. Sheaths in low temperature plasmas containing negative ions is one of
the fundamental areas of research which has relevance in production and extraction

of negative ions from a plasma source.

In this study, sheaths in the presence of negative ions has been investigated with
primary motivations to study the effect of surface produced negative ion emission
on the sheath/ bulk plasma properties and application of sheaths in negative ion
diagnostics. A simple one-dimensional model has been developed to study the nature
of a collision-less, non-neutral sheath region at a planar electrode and its adjacent
quasi-neutral pre-sheath region for the case of a negative ion emitting electrode. The
analytical model is found to reproduce popular results and it also shows qualitative
agreement with more rigorous particle-in-cell simulation by other authors. Some of
the key highlights obtained from the analytical model suggests that counter-flowing
negative ions injected from the quasi-neural plasma boundary increases the potential

drop inside the pre-sheath. Increase in negative ion emission leads to the thickening

Xvil



of positive ion rich sheath, while maximum amount of negative ions flux emitted
from the surface is actually governed by the positive ion flux that enters the sheath
boundary from the bulk plasma. The analytical model also reveals the space charge

effects and its dependence over the ion mass.

Negative ion density and temperature are the two most crucial parameters which
are required in the modelling of a negative ion source. The well-known methods to
determine these parameters are based on pulsed laser photo-detachment and cavity-
ring-down spectrometry. These are largely sophisticated and expensive techniques.
The electric probes are relatively simple and easily adaptable to any plasma systems.
However, interpretation of negative ion parameters based on electrical probes are
subjected to various errors associated with measurements and the various sheath

theories related to it.

In the thesis, two important diagnostic techniques based on conventional Lang-
muir probe and a DC biased resonance hairpin probe to determine negative ion
parameters in an oxygen discharge has been demonstrated. The Langmuir probe
method based on the saturation current ratio has been combined with the floating
potential information to estimate both electronegativity parameter « (density ratio
of negative ions to electron) and negative ion temperature 7, simultaneously. The
DC biased resonance hairpin probe has been developed to measure the sheath width
around the cylindrical probe along with the electron density, negative ion density
and the electron temperature in an argon and/or oxygen discharge. To apply these
diagnostics, a DC discharge device has been developed using a constricted anode

and parallel plate cathode.
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Chapter 1

Introduction

In recent decades, industrialization of low temperature plasmas has rapidly hap-
pened due to its vast applications in semiconductor industries for etching of silicon
wafer |[1] and depositing anti-reflection coating on glass substrates |2]. These plasmas
are created using electronegative gases which have a very high probability to form
negative ions. The Negative hydrogen ions produced using low temperature plasmas
are also required to generate MeV range neutral beams by charge exchange collision
between the extracted negative ion beams from the plasma with the background
gas neutrals [3]. Neutral beam injection (NBI) is one of the primary heating source
in ITER fusion device [4, 5|]. Plasmas containing negative ions have unique prop-
erties. Since the negative ions are colder and are quite massive than the electrons,
it has a direct impact on the screening electric field inside the Debye sheaths and
the ambipolar electric field inside the plasma. In addition to this, the ion acoustic
speed, which is largely governed by electron temperature in an electron-positive ion
plasma system, is determined by the temperature of negative ions assuming the role

of electron in ion-ion plasma [6].

The presence of negative ions reduces the ambipolar electric field inside the bulk

plasma. This property enables to achieve a flatter density and potential profile |7, §].
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Besides, the negative ions impact the behavior of the non-neutral region that occurs
between the plasma and the substrate [9]. This non-neutral region, also regarded
as ‘Sheath’; is of phenomenal importance in plasma processing applications. The
positive ions in the sheath region are accelerated towards the substrate with a kinetic

energy proportionate to the potential drop in this non-neutral region [10].

Negative ions inside the discharge are produced by two primary mechanisms.
The first mechanism involves production of negative ions in the bulk due to electron
attaching process. This involves either direct attachment of electrons to an elec-
tronegative atom/molecule or by a two-step dissociative attachment (DA) process
[11]. In the DA process, gas molecules are excited by the energetic electrons inside
the discharge, which are then dissociated by capture of a low energy electrons to

form negative ions.

The negative ions are also produced from low work function, oxide or caesium
coated surfaces |12|. In this process electrons from the Fermi-level of a low work
function surfaces transfer an electron to the incoming positive ions or neutrals bom-
barding the material surfaces. This mechanism is predominantly found in hydrogen
negative ions sources [13]. In magnetron discharges, surface produced negative ions
of oxygen can be extremely energetic as they carry the energy corresponding to the
potential drop in the cathode sheath [14]. These energetic negative ions is generally
a point of concern because it can sputter the depositing films grown on the substrate
placed in line of sight along the target. The negative ions originated from a high
voltage electrode can modify not only the non-neutral region around the surface, but
it can also affect the pre-sheath potential inside the bulk plasma. The pre-sheath
is the region which provides acceleration to the positive ions towards the sheath
boundary. Therefore the negative ions in the discharge has a tremendous influence
on the equilibrium properties of bulk plasma. So far the effect of surface emitted

negative ions on the pre-sheath potential; and its connection with the positive ion



Section:1.0

speed entering the non-neutral region has not been established. The emission of
negative ions is relevant for both the floating [15, 16] and an electrically biased elec-
trode [17] in negative ion sources. In the present study, the effect of negative ion
emission on the equilibrium properties of sheath and pre-sheath due to negative ion

emission from an electrode surface has been investigated theoretically.

Sheath due to negative ion emission from an electrode has been researched by
a few authors based on analytical models [18-20] and numerical simulation [21,
22]. One of the crucial results addresses negative space charge creation near an ion
emitting electrode. The space charge region inhibits the further emission of negative
ions from the electrode surface. Although sheaths in presence of volume negative
ions has been extensively researched in context of electronegative discharges [11];
however, the role of negative ions emission on sheath width, the pre-sheath potential
drop and its consequence on positive ion speed at the sheath boundary has not been
adequately addressed. The sheath properties fundamentally depends on the positive
ion speed and ion density at the sheath edge. The positive ion density at the sheath
edge is again related to the potential fall across the pre-sheath region inside the bulk
plasma. The sheath width is also an important parameter required in the analytical
modelling of plasma devices like in ion extraction grids [23]. There exists no direct

means to quantify the sheath width experimentally.

One of the fundamental application of sheaths in presence of negative ion arises in
the diagnostic of negative ions based on electrostatic probe techniques [24-28|. The
electrical probes provide a cost-effective solution for determining plasma parame-
ters. In this study, two promising electric probe techniques based on a Langmuir
probe [29] and resonance hairpin probe [30, 31|, has been developed and character-
ized to determine negative ion parameters and sheath width experimentally in an

electronegative oxygen discharges.

Before we proceed to the subsequent chapters, here we present a brief overview
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of the basic properties of plasma & the non-neutral sheath region in presence of

negative ions.

1.1 Plasma state

Plasma is a quasi-neutral collection of freely moving charged particles, yet they
are bound together by long range coulomb forces. Plasma can be naturally occurring
like in stellar matters [32], the stars [33|, gaseous nebulae [34], exosphere of earth’s
atmosphere [35] etc. or it can be created artificially in the laboratory by electric
discharge. Florescent lamps and electric arc used for welding of metal joints are
some commonly used plasmas in our daily life. It is estimated that 99% of the
matter in the universe exist in plasma state. Plasma technologies have tremendous
applications that spans from processing of thin film in semiconductor industries [1]

to space, military and in auxiliary plasma heating systems in fusion devices [36].

The charged particles inside plasma have a very high temperatures in the range of
10’s of thousands of degree kelvin. As a result, the kinetic energy associated with the
plasma particles enable them to exist freely against the attractive coulomb forces.
This unique property of plasma allows a considerable number of charged particles
to organize themselves collectively to shield any electric field created due to charge
imbalance inside plasma. The motion of charged particles can also generate currents
and magnetic fields associated with them and intern can influence the dynamics of
the neighboring charges. The collective behavior is one of the fundamental proper-
ties, which is responsible for a wealth of physical phenomena occurring inside the
plasma. This property ensures that the motion of charged particles is not only gov-
erned by the local conditions but also depends on the state of the plasma that is far

away from the point of interest.

The naturally occurring plasma that are found in earth’s exosphere are created by

4
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photo-ionization by the cosmic rays from space [37]. In contrast, laboratory plasmas
are created in an evacuated discharge chamber by electron impact ionization of
background gas neutrals, by providing electrical energy from a radio-frequency (RF)
or direct-current (DC) sources [38]. Due to lighter mass, the electrons efficiently
absorb energy from the applied electric field. The fractional energy transferred
from electrons to gas neutrals is very small (= 2m./m, ~ 107%), as a result the
electrons remain at an elevated temperature 7, than the positive ions (7,) which
usually tend to remain in thermal equilibrium with the background neutrals (7}).
Such types of plasmas in which T, > T, are commonly regarded as non-equilibrium
plasmas. Typically, all the industrial plasmas and low temperature plasma created
in laboratories falls under this category; whereas fusion plasmas are close to thermal

equilibrium since T, ~ T,.

The degree of ionization, n,/n, is given by Saha’s equation which states that the
fractional ionization of the gas atoms increases with the rise in the gas temperature.
Here n, and n, are number density of ionized atoms and gas neutrals respectively.
Based on the degree of ionization, plasmas can be classified in to weakly and strongly
ionized. The DC discharges created at low pressures have fractional ionization < 1%;
whereas wave heated plasmas like helicon |39] and ECR plasmas 40| can achieve

ionization efficiency close to 90%.

1.1.1 Some basic properties

(a) Debye shielding

Plasma is considered to be macroscopically neutral. However, there exist enough
free energy in the system which can spontaneously create a local charge imbalance.
Hence the perfect shielding gets locally violated and an intrinsic electric field ex-
ists locally inside the plasma. The charged particles then quickly reorganize to

screen this electric field with in a characteristic length defined as Debye length Ap.
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This screening effect is known as Debye shielding. The Debye shielding is one of
the fundamental collective property of plasma which is responsible to assure charge
neutrality inside plasma. In the case of a non-equilibrium plasma, the positive ions
are assumed to be cold, therefore the shielding process is mainly carried out by the
randomly moving electrons. The Debye length is given by A\p = ,/%; where
ne & T, are density and temperature of electrons. For a spherically symmetric dis-
tribution of shielding charged particles around a test charge, the Debye length Ap
is typically the radius of sphere over which the potential due to test charge falls

exponentially and almost vanishes at a radius r > A\p.

(b) Plasma frequency

If the plasma is instantaneously disturbed against a uniform background of ions, an
electric field will be set up due to charge separation. The electric field will exert a
restoring force to re-establish the neutrality of the plasma by pulling the electrons
back to their initial equilibrium position. However in this process, the electrons
will results in an inertial overshoot and begins to perform a periodic oscillation
about their equilibrium position. The frequency of such oscillations is characteristic

of a plasma and is known as plasma frequency wy.. For electrons, it is given by

Nee
wpe = —=

2 . . .
P where n, and m,. are density and mass of electrons. A similar charac-
e

teristic frequency can be defined for the case of positive ions of mass m, and density

Np as Wp; =

(c) Plasma criteria

Plasma is an ionized gas, however not all the ionized gases can be called as plasma.
To qualify for a plasma, certain criterion needs to be satisfied. The first criteria states
that the characteristic length L of a plasma column has to be much larger than the

Debye length Ap, i.e. A\p < L; otherwise the quasi-neutrality property of plasma
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cannot exist. In the region outside of Debye sphere, the plasma is generally neutral
having almost equal numbers of positive and negative charges per unit volume. The

quasi-neutral condition is mathematically expressed as;

Ne + Z Npi = Z Zjnpj (11)
i J

Where n,,; represents the densities of negatively charged species, n,1, 1,2, n,3 etc.
And Z;n,; denotes the densities of positively charged species, n,1, np, nps etc.

having corresponding charged state Z;, Z,, Z3...on them.

The second criteria states that the number of charge particles inside the Debye
sphere given by Np = %77)\31’)71 should be sufficiently large (Np > 1) to provide
effective shielding of the test charge. The electron plasma frequency should be high
compared to frequency of electron-neutral collision. If 7 be the mean time between
the electrons collision with the neutrals, then the third condition for an ionized gas

to be qualified as plasma is given by wp. > 1.

1.2 The Sheath

Sheath is a thin, non-neutral region of strong electric field that exist between the
plasma and a material object in contact with it. Sheath is ubiquitously formed over
all the material bodies that are exposed to plasma. The common examples are the
vacuum chamber walls, discharge electrodes, probes introduced for plasma diagnos-
tics and spacecraft body in ionospheric plasma. In outer space, the sheath formed
around cosmic dust particles is responsible for dust coagulation process resulting the
proto-planetary disc formation [41, 42]. Moreover, exposure of planetary bodies and
space ships to the solar wind plasma and ultraviolet radiation leads to the surface

charging and formation of sheath above the surface [43].

7
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Since the electrons have a lighter mass, their mobility and thermal speed are
relatively very high as compared to positive ions. Therefore, some plasma electrons
immediately escape to the walls and leaves an excess of positive ions inside the
plasma. This phenomena gives rise to an outwardly directed electric field, which acts
to counter the further escape of electrons towards the boundaries, whereas it speeds
the ion to match the electron flux leaving the plasma boundary. In equilibrium, both
electrons and ions fluxes diffuses towards the walls at the same rate. This mechanism
is called ambipolar diffusion. The ambipolar electric field inside plasma volume over
the length scale [ is typically of the order of ~ (KgT./el). However, it increases in
magnitude towards the walls. Therefore plasma always remain at a relatively higher
potential with respect to the walls of the container which is commonly regarded as

plasma potential.

A similar charging mechanism also appears when a conducting or a non-conducting
electrode is introduced inside the plasma. Due to high mobility of electrons, the elec-
trode gets quickly charged to a negative potential relative to the plasma. As the
electrode reach an equilibrium potential, the net current collected by the electrode

is zero. This potential is commonly referred as floating potential.

In fig-1.1, a spherical metallic ball biased at a negative potential with respect
to a reference electrode, which is also in contact with the plasma, is schematically
presented. The reference electrode can be the grounded wall of the vacuum chamber
or the plasma itself far from the spherical object. The spherical ball is assumed to
be much smaller than the plasma volume so that perturbation/disturbance caused

by the object at a distance far away can be ignored.

Due to negative potential on the object, the electrons are repelled away, while
it creates a non-neutral space charge region consisting of positive ions around the
spherical ball. Let us assume that r,,,, is the largest radius of sphere which could

spontaneously become depleted of electrons due to the applied negative potential to
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Plasma

Figure 1.1: Formation of sheath around spherical object biased at a negative poten-
tial with respect to a reference electrode; 7,4, is maximum distance over which the
quasi-neutrality is violated

the ball. However, complete depletion of electrons inside the sphere can occur if all
the electrons originally in the presumed sphere vacate the sphere and move out to its
surface. In this situation the electrons at the surface of sphere would have to come
to rest because if it is not, they would still have available thermal kinetic energy
which could then be used to move them outward to even at larger radius, and this

would violate our assumption that r,,,, is the radius of maximum non-neutrality.

The electric field due to uniform distribution of ions inside the sphere at radius
7 < Tmae 18 B, = ner/3eg; where n is the number density of ions in the spherical
volume. Therefore, the electrostatic energy W, stored in the sphere due to the
electric field E,. will be equal to the work done Wy;,, by the equal number of electrons

on leaving the sphere. These are given respectively as;

Tmazx E2 2 2,2
W, = / 0 (4mr?)dr = ren (1.2)
0 2 4560
3 4
ka = §nKBT (gﬂ'?”gwx> (13)

From (1.2) & (1.3), equating the electrostatic energy W, stored in the sphere to the

9
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initial thermal energy Wy, of electrons, we get;

2 g5olteT

max

- (1.4)

This gives rpee =~ TAp. Thus the maximum radius of sphere that could sponta-

neously becomes depleted of electrons is of few Debye length.

The above situation of charging of sphere and forming the sheath around it is
extremely artificial. It is because of the reason that the electrons possess ther-
mal energy and therefore there would always be an availability of electrons inside
the spherical volume due to their thermal agitation. The distribution of electrons
would then have an explicit dependence on spatially varying potential ¢(r) inside
the spherical volume and therefore r,,,, is expected to have a functional dependence
on ¢(r). In equilibrium, the distribution of electrons inside the presumed sphere is
Maxwellian [11]. Therefore, the extent up to which the spherical volume remains
non-neutral is basically obtained by finding the potential distribution ¢(r) using

Poisson’s equation;

v’ o(r) = — (ne —ny) (1.5)

Above equation can be solved by using appropriate boundary condition. For ap-
proximation let us assume that the scale length over which ¢(r) varies is R. Then

on substituting 7% ~ 1/R? in Poisson’s equation, we get;

R% (n,
~— | ——1 1.6
% () (16)

From (1-6), it can be observed that the ratio

ep
KBTe

cannot be much greater than
Ble

1. Tt is because when a large potential is applied to the spherical object, a cloud

of charge having opposite polarity will immediately buildup around the object to

10
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shield out the potential disturbance. In the main body of plasma, ¢ would vary
over the distance depending on the plasma size. For a typical laboratory plasma
considering T, ~ 5 €V and n, ~ 10"m =3 the Debye length can be calculated as
Ap = H0um. If the average size of plasma is taken to be order of ~ 100 cm, the
ratio (R/Ap)> ~ 10% is so large that the density n, should be approximately equal
to electron density n. in the bulk of the plasma in order to make the LHS of (1.6)

reasonably small.

Inside the sheath region where the length scale R ~ Ap, the density ratio n,/n.
need not be near to unity and therefore quasi-neutrality is primarily violated inside
the sheath. We also observe from (1.6) that n, > n. inside the sheath even for a

small value of ¢. This is the primary condition for a positive ion sheath to exist.

1.3 The Bohm speed: Requirement of pre-sheath

In between the region of sheath and the bulk plasma, there exists a transition
region of weak electric field, called the pre-sheath. The pre-sheath is created due to
the influence of ionizing collisions leading to production/loss of particles or due to
momentum transfer collisions between ions and neutrals. In low pressure, the pre-
sheath region can become comparable to plasma dimension. However the electric
field inside the pre-sheath is weak enough so that the quasi-neutrality is not quite
violated. Therefore the electron density must be approximately equal to ion density.
But the ambient electric field inside the pre-sheath allows the positive ions to get
accelerated from the bulk plasma while it retards the flow of electrons. The scale
length of sheath is few Debye length s ~ \p, whereas the scale length of pre-sheath
is of the order of ion-neutral mean free path [ ~ X;,. In equilibrium, the common
plasma density at any location inside the pre-sheath is always lower than the bulk

plasma density nqg.

11
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Sheath edge
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Figure 1.2: One dimensional representation of sheath, pre-sheath and bulk plasma.
The potential on the electrode ¢, is with respect to the sheath edge defined at
a distance x = s from the electrode (z = 0). The electrons and ions have almost
equal density in pre-sheath i.e. n. ~ n,, but smaller than the common density ng
in bulk plasma.

In order to get an insight in to the pre-sheath region, we consider a planar elec-
trode immersed inside the plasma as shown in fig-1.2. The positive ion rich sheath is
formed extending up to distance s from the electrode. The artificial vertical dashed
line designated as the sheath edge separates the sheath region from the quasi-neutral
plasma. For the sake of convenience, the potential at the sheath edge is usually as-
signed to be 0. The spatial potential ¢(x) inside the sheath is negative with respect
to the sheath edge. The electrons are assumed to have a Maxwellian distribution,

hence their density decays exponentially inside the sheath as follows;

ne e

= 1.7
Nes P (KBT6> ( )
Where, n.; is electron density at the sheath edge. The positive ions inside the sheath

12
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are continuously accelerated towards the electrode. In absence of collision, the ion
flux remain conserved throughout the sheath. Therefore according to the equation
of continuity;

NpUp = NpsUp (1.8)

In (1.8), n,s and up are density and speed of positive ions at the sheath edge.

On the other hand, conservation of energy for ions gives;

1 1
5 Vs = Empu% —ep (1.9)

Equation (1.8) & (1.9) can be solved to obtain an expression of positive ion density

inside the sheath as a function of ¢;

—1/2
T _ (1 - 26¢2> (1.10)

Tps mpUp

Since inside the sheath, n, > n. should be satisfied for even a small value of ¢,

therefore the Taylor expansion of (1.7) & (1.10) gives;
ep . & n ep

=1 . £ =1 1.11
Nes + KgT, + Nops + m,,uQB + ( )

For ¢ to be negative inside the sheath, the condition n, > n. immediately gives;

KT, 1/2
uB>( b ) (1.12)

mp

This gives a necessary condition for the existence of sheath and popularly known
as Bohm criteria [44]. It implies that the positive ion should enter into the sheath
with a speed which should be greater or equal to the positive ion sound speed. The
requirement to have Bohm speed for positive ions at the sheath edge clearly indicates
that there must be a potential drop of the order of e®, = %mpu% = %KBT8 between

the sheath edge and main body of the plasma [see fig-1.2].

13
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In conclusion, a plasma can coexist with a material boundary if a thin sheath
is created between them. The sheath isolates the bulk plasma from the material
surface. Inside the sheath, there is a coulomb barrier of magnitude several time
KpgT, which repel the electron and accelerates the positive ions to the material

surface.

1.4 Fluid description of plasma and sheath

In fluid description |44], the individiual species (electrons and ions) are considered
to be seperate fluid, described by a specific energy distribution. Then the ensemble
average of these particles over their thermal motion results in fluid like equation
for the density, temperature, flux etc. The fluid description of plasma is generally
suitable for discharges operated at high pressure where collisions are more frequent
such that the collision mean free path is small compared to the length scale of the
system. As a result of this, individual species is able to sustain a local equilibrium
distribution function, so that each species behave as a fluid described by a local
density, macroscopic velocity and local temperature. The plasma is then considered
as a mixture of two or more inter-penetrable fluid, depending on the number of
different species considered. In addition to the usual electrodynamic equations,
there is a hierarchy of hydrodynamic equations expressing conservation of mass,
conservation of momentum and energy to describe the dynamics of each species

fluid inside the plasma.

In contrast, kinetic model is applied when the inter-particle collisions are rel-
atively infrequent so that the deviation from local thermodynamic equilibrium is
maintained for longer times [45]. The description based on kinetic model requires
the knowledge of distribution function for the system of particles and then solving

the appropriate kinetic equations that govern the evolution of the distribution func-

14
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tion in the phase space. The kinetic simulation is relatively more exact as it rely
on the position and the momentum of individual charged particle inside plasma and
track their path in a given electric and magnetic field. However, tracking a huge

number of particles via computer is often cumbersome.

In the fluid model, there are two important assumptions to describe the sheath
at low pressure. First, the electrons are in equilibrium with the sheath electric field
and secondly, the ionization inside the sheath can be neglected. The first condi-
tion gives the Boltzmann relation for electrons in a repelling potential inside the
sheath; whereas in the second assumption is necessary to apply the flux conserva-
tion of positive ions inside the sheath. There are various kinds of sheath models
[46-49] available in the literature such as (a) continuous plasma-wall model (b) dif-
fuse electron boundary model (c) step-front sheath models and (d) matrix sheath

models.

In continuous plasma-wall model, the fluid equations are solved with definite
production /loss balance in the plasma. The boundary conditions are usually defined
at the center of the discharge and at the wall considering the whole plasma volume
as a single entity. This is shown in fig-1.3(a) in which the charge imbalance increases

towards the electrode defined at origin.

In diffused electron boundary model, the transition of quasi-neutral plasma to the
sheath region is clearly identified by locating the plasma-sheath boundary at a loca-
tion where the positive ions acquire the characteristic sound speed ¢, = \/m
(Bohm criteria) [44]. This is shown in fig-1.3(b). In step front sheath model, the
electron density inside the sheath is totally neglected [see fig-1.3(c)|. This is applied
when the potential across sheath is much larger than electron temperature 7,. Fi-
nally, in the matrix sheath model, the sheath is assumed to be completely electron
free and the positive ion density are uniformly distributed inside so that a matrix

of positive ions is created inside the sheath as shown in fig-1.3(d).

15



Section:1.5

Ny
(@) , (b) no
1
1
1
1
1 >
Z|Mp > Me n,Ene £
2] c
o : 2
o | o
1
1
1
1 1
0 Distance 0 Distance
n
(©) 0 (d)
— . no
- Nes = nps : :
=~ : ! = 1
2 1 Py np =MNg 1
[] 1 _ : ‘n 1
8 L mp=ne ! ) . :
1 1 o ' 1
1 — ! —
! ' n,=0 ! n, =n, |
1 : 1 !
1 | 1
0 Distance 0 Distance

Figure 1.3: Different sheath models namely (a) continuous plasma-wall model, (b)
diffuse electron boundary model, (¢) step-front sheath model and (d) matrix sheath
model depending on the density distribution of electrons (red) & positive ions
(black); ng is bulk plasma density, n.s and n,, are density of electrons and posi-
tive ions at the sheath edge respectively.

1.5 Dielectric description of plasma

Plasma being a dispersive medium, its constituent particle’s (electrons & ions)
response to an externally applied time varying electric field varies as a function of
frequency. Since the electrons and ions reacts at different time scale to the applied
field, they can get polarized and behaves as a dielectric. The polarization produces
an intrinsic electric field which counters the applied field. The dynamic of charged

particles inside the plasma is dependent on the frequency of applied field.

Consider a uniform plasma in one dimension, excited by a low amplitude time
varying electric field E,(t) = E,coswt = Re(E,e™'). Due to lighter mass, the
electric field induced oscillation of electrons is of much higher amplitude than the
ions. To a first approximation, the electrons oscillation can be assumed with respect

to stationary ions in the background, provided w > wy;.

The electrons equation of motion in time varying electric field F,(t) can be written
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as;
Ou(t)
et

= —eE,(t) — mevoug(t) (1.13)

Where v, is electron-neutral collision frequency.
Substituting F,(t) = E, coswt in equation (1-13) and solving for the velocity u,(t),
we get;

e 1 -

Uy = _EmEx(t) (1.14)

The total current J;, flowing through the plasma dielectric is given by the sum of

conduction current J, due to electron’s motion and the displacement current & 8(?;;
0FE
Jw = S+, 1.15
t €0 at + ( )
For cold plasma approximation (7, > 7)), we have;
J, = —englly (1.16)
Substituting 2= = Re(jwEe™") and J, from (1-16) into (1-15), we get;
~ (,L}2 ~ ~
Jo = jweg |1 — —2 | B = jwe, B, 1.17
In (1-17), €, is the complex plasma dielectric given by;
— o |1 e (1.18)
RO w(w — jre) .

The ratio € = ¢,/eq is termed as dielectric constant of plasma. It has practical
importance while launching electromagnetic wave inside the plasma. Considering
collision-less case (v, < w), it can be seen from (1.18) that the dielectric constant is
positive for w > wye (w typically in GHz). Therefore, an electromagnetic wave can
propagate into plasma. However for w > wp, the electromagnetic wave launched

inside the plasma gets reflected, as the dielectric constant becomes negative.
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1.6 Brief overview of various Sheath theories and

its application to Langmuir probe

One of the most prominent applications of sheath physics applies to electric probes
used in plasma diagnostics. Electric probes comes in a wide variety of forms like
single [29], double [50] or triple [51] Langmuir probe, emissive probe [52], pin-plane
probe [53], directional probe [54] etc. The most commonly used Langmuir probe
is a piece of cylindrical metallic wire made from a high refractory materials like

tungsten.

Various sheath theories developed for a cylindrical /spherical Langmuir probe can
be broadly classified into collision-less and collisional regimes, depending on whether
the ion/electron collision mean free paths are respectively greater or less than the
sheath dimension. The collision-less and collisional regime are further distinguished

on the basis of relative dimension of sheath with the characteristic Debye length.

The impact on ion current due to relative size of the probe with respect to sheath
dimension and ion-neutral collisions can be described by two dimensionless param-
eters namely the Debye number D) = r,/Ap and Knudsen number K.; = \;./rp ;
where 7, is probe radius and ), . are ion-neutral/electron-neutral collision mean free
path. Another factor that influence the ion collection to a probe surface is the ratio
T = T./T, of electron temperature (7.) to the ion temperature (7). Depending
on the above three parameters, there are various probe theories that describes the

motion of ions approaching towards the probe.

1.6.1 Ion collection by Langmuir probe for Collision-less sheath

Mott Smith & Langmuir (1926) [55] developed a theory to describe the ion/electron

motion inside the sheath and their collection to the probe surface. The theory was
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initially developed for collision-less case by considering the orbital motion of ions
around the axis of a cylindrical /spherical probe. The ions were assumed to have a
finite angular momentum when they enter into the sheath region of a biased cylindri-
cal /spherical probe. Due to this, the grazing incidence of ions on the probe surface
limits the ion current collected by the probe. Therefore popularly known as Orbital

Motion Limited (OML) theory.

Assuming the conservation of angular momentum and energy, the ion current

collected by the probe as per OML theory is given by [56];

_ 2 (KT, \"?
= e () .
D

Where, n = —dXBB—_T‘:”); Vi & V), are respectively the probe bias and plasma potential

with respect to a reference electrode and T, is ion temperature. In the limit 7, — 0,

the current 4, becomes [57];

9 B 1/2
ip = Apnoe—= <M> (1.20)
VT myp

26314277,2
L0 Therefore,
P

From (1.20), it is seen that i2 vs Vjp is a straight line whose slope is —-~

by measuring the slope from ig vs Vg plot of probe characteristic, the plasma density

can be easily found.

Although OML theory provides a straight forward measurement of plasma den-
sity, however the assumption of orbital motion in most of the plasma, particularly at
high pressure are not always satisfied [58, 59]. The ions entering the sheath region
of cylindrical/spherical probe can have radial component of velocity greater than
that in the azimuthal direction, so that the impact of angular momentum on the
ion motion becomes insignificant. Moreover, there may exist an ‘absorption radius’
greater than the probe dimension, so that the only charged particles (ions & elec-

trons) which are inside the absorption radius are destined to hit the probe surface
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and get collected |56, 60].

In another approach proposed by Allen et al (1957) [60], also known as ABR
model, the ions were assumed to be cold (7}, = 0) and therefore their motion inside
the sheath were assumed to have strict radial motion while moving towards the
probe surface. The radial variation of potential inside the sheath was obtained by
solving Poisson’s equation. The ABR model was originally derived for a spherical
probe. But later on, the model was extended for cylindrical geometry by Chen

(1965b) [61], and popularly recognized afterwards as ABR-Chen model.

Bernstein and Rabinowitz (1959) [62] incorporated both the radial and orbital
motion of ions by considering the isotropic distribution of mono-energetic ions. Their
theory was further refined by Laframboise (1966) by including a Maxwellian ion
distribution at temperature 7, and recognized as BRL (Bernstein, Rabinowitz &
Laframboise) theory after their name [63]. The generalized form of dimensionless

ion current according to Laframboise theory is expressed as;

KgT,
2mmy,

1/2
iLZGApno ( ) [L (’I],D)\,T) (121)

Where I, (n, Dy, 7) is dimensionless current as a function of n, D, and 7. The details

of form of I, can be found in the original article [63].

The Laframboise theory accounted for all the factors affecting the ion motion, and
therefore applicable to a wide range of Debye number D) and 7 = T, /T,. The theory
has been experimentally verified in a variety of conditions by numerous authors |64,
65]. However, the Laframboise theory is difficult to apply directly in experiments as
it involves a lot of computations. Several approximate fits to the Laframboise theory
have been made by different researchers to determine the plasma density from the
experimentally measured ion current for a wide range of operating gas pressure [58,

66-69]. By using these approximate fits, the plasma density from the experimentally
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measured ion current can be determined for a wide range of operating range of gas

pressure.

D Bohm (1949) [10] proposed that the ions enters the sheath boundary with char-
acteristic sound speed ¢, = \/m; which depends on the electron temperature
(T.) and positive ion mass (m,). This is popularly recognized as Bohm criteria. It
is satisfied for moderately dense plasma, in which the thin sheath approximation
(D, > 1) usually holds. The ion current collected by probe is known as Bohm

current and is given by;

iBohm = 0.616710143\ / KBTe/mp (122)

Where, A, is sheath area and the numerical factor 0.6 appears due to pre-sheath
correction [44]. The above formula is often applied due to its simplicity, however
its application in low density plasma (D, < 1) may result severe overestimation of
plasma density. Narasimhan et al. (2001) [69] compared the Bohm current with
that given by Laframboise theory and recommended that the ion density should
be found using Laframboise theory for D, < 35; whereas for D, > 35, the Bohm

description of ion current (equation-1.22) is more appropriate.

1.6.2 Ion collection by Langmuir probe for Collisional sheath

As the neutral density increases due to rise in gas pressure, the ion-neutral col-
lision mean free path is considerably reduced compared to the sheath dimension.
This can affect the ion collection to the probe surface in two different ways: (a) The
frequent collisions of ions with the neutrals can destroy the ion orbits leading to
increase in ion current |70, 71] and (b) The momentum loss collision between ions
and neutrals can leads to the elastic scattering of ions from their original direction

of motion, leading to reduction in ion current [72].
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One of the earliest theory to address the elastic scattering of ions during collision
with neutrals was proposed by Chou & Talbot et al [73, 74]. Their result predicts the
reduction in ion current and was found to be valid for a wide range of Knudsen num-
ber. The ion current in presence of scattering collision was obtained as a correction
to the normalized Laframboise current I for collision-less case [equation-1.21|.This
is expressed as;

I, =9I, (1.23)

The correction factor 7 is given by [74];

7172\ 1
~ = (1 + ‘”LTT> (1.24)

Where J; is integral over reduced potential between the unperturbed plasma and
the probe surface.

Zakrzewski & Kopiczynski (1974) [71] considered both the opposing mechanism of
ion-neutral collision i.e. the increase in the collected ion current due to destruction
of ion orbit and reduction due to scattering. They proposed that in collision-less
limit, the current collected at the probe is given by Laframboise theory (I1,); whereas
at the sheath edge, it should be obtained from ABR theory (I4). Therefore, the
residual ion current associated with destruction of ion orbit inside the sheath is
given by (14 — I1). The general expression for ion current according to Zakrzewski
& Kopiczynski is obtained as;

[p = ’71’72[[/ (125)

Where, 7 is the rate with which the ion current collected by the probe increases
due to destruction of ion orbit and 7, is the decreasing rate due to scattering. They
obtained both in terms of X;, the number of ion-neutral collisions inside the sheath

as follows;
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1+Xi<§—/2—1> for X; < 1

La for X; > 1
L

3—2exp(—X;) )
Tit2x; for Xz <1

3—ex (—XL)
W for Xz Z 1

In the above equations, the number X; of ion-neutral collisions occurring inside the
sheath can be calculated by dividing the sheath thickness (s) by ion neutral mean
free path A\, = 1/n,0;; n, is neutral gas density and o; is ion-neutral collision cross

section.

The correction factor v, derived by Zakrzewski & Kopiczynski [71] was limited
for few collision inside the sheath i.e. for lower K; values. Their results were exper-
imentally tested by Rousseau & Teboul et. al. |[75] with microwave interferometry

measurement and was found in good agreement.

The theory given by Zakrzewski & Kopiczynski [71] was further extended for an
arbitrary Knudsen number (0 < K; < oo) by Tichy et al. [76]. It was done by
replacing -, to 7 as proposed by Talbot & Chou [74]| and therefore often known as
‘modified Talbot & Chou model’ |76]. It is given by;

I, = w9l (1.28)

The ion current determined from the above ‘modified Talbot & Chou model” was
tested with simulation [77] as well as in experiment [78]. The measured electron

density was found to match with the ‘modified Talbot & Chou model’.

The ion current I, collected to the probe according to various probe theories de-

scribed above [see equation- 1.21, 1.23, 1.25 & 1.28| can be written in the generalized
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Figure 1.4: Bryant’s plot representing the scaling of various probe theories based on
parameters Dy = r,/Ap, Ke; = Nio/rp and 7 =T, /T,.

form as;

I, = Cply, (1.29)

Where Cr = 1 for collision-less Laframboise theory (equation-1.21), Cr = 7 for
theory of Talbot & Chou (equation-1.23), Cr = 717, for theory of Zakrzewski &
Kopiczynski (equation-1.25) and Cr = 7777 corresponds to modified Talbot & Chou

model (equation-1.28).

Figure-1.4 graphically shows the scaling of various probe theories on the basis of
three parameters (K;, Dy, 7) in collision-less and collisional regimes and known as
modified Bryant’s plot [79]. From Bryant’s plot, the appropriate theory for using

Langmuir probe in a given plasma can be decided to estimate plasma parameters.

In our case, the plasma density varies from 10'° to 10'® m™=3 and electron tem-
perature in the range 0.5 — 1.5 ¢V with respect to the pressure range 1.4 — 7.0 Pa.
Therefore, the corresponding Debye number D, and Knudsen number K; are found
to be in the range ~ 2 to ~ 7 and ~ 6 to ~ 28 respctively. Therefore, the sheath

should be described collision-less under thin sheath limit; since Dy > 1 & K; > 1.
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1.7 Plasma containing negative Ions

There are situations when apart from electrons and positive ions contributing
to the bulk plasma quasi-neutrality, presence of negative ions inside this system
will dramatically change the equilibrium properties of the bulk plasma and the
phenomenon leading to formation of the sheath. Such types of plasma, known as
electro-negative plasma, can be easily seen in surface processing applications |1, 80,
81], where electron-attaching gases having very high electron affinity is used during
etching and oxide coatings |2, 82]. There are two principle mechanisms by which
negative ions can be created inside a discharge: (a) Volume process: for strongly
electro-negative/ electron-attaching gases; (b) Surface process: common in weakly

electro-negative gases.

1.7.1 Volume production

Electron attaching gases such as Hy, Oy, Cly, CCly, C'Fy etc. have a very high
affinity to form negative ions. The production of negative ions is a two-step pro-
cess that involves dissociative attachment (DA) of the electrons to the neutrals.
The first step is a resonant attachment in which the parent atom/molecule of the
gas is attached with high energetic electrons and get converted into excited state
atom/molecule. Further, the excited state of the parent atom/molecule stabilizes
by colliding with low energy electrons and gives the final product as negative ions

in the second step.
Step-1: e~ + AB — (AB)*+ AE Step-2: (AB)* — A+ B~

The energy AFE is the sum of internal energy and electron affinity of AB, and
electron energy. Another low probability process is auto detachment in which the

original parent atom/molecule is retained during de-excitation of resonant state.
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The above dissociative-attachment is generally favored by lighter molecular species
like Hy & O;. However for heavier molecular species, the energy in the resonant
state is internally redistributed into its vibrational & rotational modes via non-
dissociative attachment [83]. Dissociative attachment generally occur at the ground

vibrational state; however it may be from higher vibrational states like in Hy [84].

The negative ions produced in the volume process is generally lost by detach-
ment of electron in course of collision with the electrons or excited neutrals and
recombination with positive ions. These losses are basically dependent on the gas
pressure as well as the relative density of negative ions to electrons in the discharge
[11]. The recombination loss dominates the detachment loss at relatively low gas
pressures and for high electro-negativity gases like Cly and I [85, 86|; whereas at
high pressure and for low electro-negativity discharge, the detachment loss exceeds

the recombination loss as in case of O, gas [8].

The production & loss process involving negative ions in oxygen plasma can be

mathematically expressed in particle balance equation as [11];

<V Ly = Kaungne — Kreenpiy, — Kgerngnyg (1.30)

Where n, is neutral gas density, n, is density of electron or excited species involved
in detachment process of negative ions; Ky, K,.. and Ky are respectively the rate

constant for attachment, recombination and detachment.

In electro-negative discharges, electron-positive ion recombination loss is generally
less probable than recombination loss due to positive and negative ions. It is because
the threshold energy of the former is always higher than the later [11]. On the
other hand, the relative importance of negative ion loss, whether by recombination
or detachment, depends on the gas pressure as well as on the concentration of

negative ions itself [8]. At low pressures or for high negative ion concentration,
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the dominant loss mechanism is the recombination loss, whereas a relatively small
loss can be attributed due to detachment with excited neutrals [7, 87]. With the
increase in pressure or at relatively low negative ion concentration, the detachment
loss supersedes the recombination loss at quite modest pressure, since the electron

density in the discharge increases [8].

In this thesis, an oxygen dc discharge has been produced in the pressure range
10 — 50 mTorr and discharge power in range 20W to 200W. The dominant contri-
bution of ions are assumed to be O~ and O . Using Langmuir probe and resonance
hairpin probe in the discharge, the relative fraction of negative ion to the electron
is measured and compared with the global electro-negative discharge model as well

as with the experiments [88, 89|.

1.7.2 Surface production of negative ions

Another important mechanism of negative ion formation is based on surface pro-
cesses, in which positive ions/ neutral atoms during interaction with a low work
function substrate captures an electron from the conduction band of the substrate
through quantum tunneling (Augur process) and form a negative ions [90, 91|. Very
close to the substrate, the electron affinity level of bombarding particles (positive
ions and neutrals) moves towards lower value close to the work function and overlap
with the Fermi level of substrate. Finally, the electron from the Fermi level of the
substrate tunnel into affinity level to form negative ions. The negative ions formed
at the substrate are attracted by the bulk plasma which is usually at a positive

potential relative to the electrode surface.

Lowering down the work function by depositing a few monolayer alkali/alkaline
metals like caesium & barium at the substrate can increase the probability of surface

production of negative ions [92-94]. The dependency of work function (W) on
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surface production of negative ions was studied in the work by Verbeek et al. [95]
in which three metallic surfaces namely Ta (W = 5.6eV), Au (W = 4.8¢V) and
ThOy (W = 2.0 eV) were considered. It was found that only those neutrals and
positive ions can form negative ions upon reflection from the electrode, which have
energy greater than the threshold value Ey, = W — E4; where E 4 is electron affinity
of positive ions or neutrals. The bombarding particles having energy lower than
E}, cannot form negative ions. It was also found that the relative density of H~
produced at these metallic surfaces due to bombarding protons increases when the
surface was changed from Ta to ThO,. This implies that lower the work function of
the substrate, smaller will be the threshold energy and therefore greater would be

probability of negative ion formation.

Since the emitting surface is usually negatively charged [96], hence the newly
created negative ions are accelerated due to sheath electric field and enters in to
bulk of the plasma. This technique is employed in plasma based negative ion sources
to produce high energy /flux of negative ions. The surface production of oxygen
negative ions is also found in magnetron sputtering discharges during the oxide
coating of a substrate [97, 98|. Since these negative ions are produced inside the
sheath, therefore they are ballistically accelerated due to sheath electric field and

effectively alter the quality of growing thin films on a substrate.

It is experimentally verified that the negative ions are actually emitted with finite
distribution in their energy, which is basically inherited from the energy distribution
of impinging background neutrals and positive ions on the electrode [94|. According
to the study by Lee & Seildl [12], the flux of emitted negative ions can be calcu-
lated as a function of impinging flux of neutral on the electrode. For a Maxwellian
distributed neutrals having temperature 7}, the impinging flux I'; at the electrode
is given by [12];

KgT,

g
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This flux I is related to the initial flux j,, of negative ions emitted from the electrode
as;

Jn =Y (Ty)T, (1.32)

Where, Y (T,) is negative ion yield for a Maxwellian distributed neutrals having tem-
perature T,. The variation of Y (T}) as a function of inverse of neutral temperature,

borrowed from the work by Lee & Seildl [12], is presented in fig-1.5.
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Figure 1.5: Total H~ ion yield, Y(T}) as a function of neutral temperature. Cour-
tesy: Brian S Lee and M Seidl. “Surface production of H~ ions by hyper-thermal
hydrogen atoms”. In: Applied physics letters 61.24 (1992), pp. 2857-2859.

The survival of surface produced negative ions in the bulk plasma depends on
their initial energy/flux as well as the plasma conditions. These negative ions are
destroyed in the discharge through electron detachment and recombination with
positive ions. It plays a very significant role in negative ion beam extraction from
plasma based negative ion sources [99]. Thus the negative ions in the bulk plasma

not only influence the sheath properties, but their production inside the sheath can
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also implicitly affect the bulk plasma characteristics.

In Chapters-3 & 4 of the present thesis, an analytical study has been conducted
on the sheath and pre-sheath associated with a planar electrode that emits negative
ions. The analytical models provide insight in to the space charge effects due to
negative ion emission, its influence on the characteristic length of the sheath and
the pre-sheath and most importantly impact of negative ion emission on the char-
acteristic speed of positive ions entering at the sheath edge. The analytical models
have been compared with the particle-in-cell simulation works as well as experiments

reported in the literature.

1.8 Boltzmann distribution of negative ions

At low pressures, the electro-negative discharges can be approximately described
by using the Boltzmann distribution of negative ion similar to electrons. This can
be qualitatively explained from one dimensional drift-diffusion equation for both

electrons and negative ions as follows:
— — NeplenF (1.33)

Here D, , are diffusion constants and n., are the density of electrons and negative
ions respectively; p., are mobility for electrons and negative ions respectively such
that pe > p,; E is ambient electric field inside the plasma.

Since for electrons, the pressure gradient force <De%§ ) exactly balances the electric

force (nep.E) so that the net electron flux I, is zero. Therefore from (1-33);

dn,.

D,
dx

= Nt (1.34)
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Substituting D, = (u.KpT,)/e from Einstein relation & E = —% in (1-34), we get;

1 dn, d ep
— = — 1.35
Ne dx dz (KBTe) ( )

With boundary condition ¢(0) =0 & n.(0) = ng, (1-35) gives;

ne(z) = np exp ( KfTe) (1.36)

Therefore, the electrons are described by Boltzmann distribution.

In case of negative ions, since T, < T.; the flux due to pressure gradient force

D, df; = (%) ‘Z—L; is relatively small as compared to the electrons. Therefore

Boltzmann description of negative ions is generally not valid.

In low pressure electronegative discharges, usually the negative ion loss due to
local recombination with positive ions is relatively small as compared to the am-
bipolar diffusion loss of negative ions. This condition is satisfied when characteristic
time of electron attachment (ionization process) is small compared to the ambipolar
diffusion time of negative ions [100]|. Therefore, the ambipolar diffusion of negative
ions across the discharge gives rise to a non-zero flux arising from pressure gradient

force Dvdg—z’“.

dn.,
dx

At low pressures, (1) the density gradient term can be sufficiently large; and
also (2) D, = 28I s Jarge, owing to fall in the collision rate v, with decrease in

pressure. Hence similar to the electrons, an equilibrium can be established between

dnv and the intrinsic electric

negative ion fluxes due to pressure gradient force D,

field (n,u, E) developed inside the discharge volume.

Fig-1.6(a)&(b) respectively shows the density profile for negative ions in a chlorine
discharge for pressures (a) 30 mTorr and (b) 300 mTorr. The discharge length is
l, = 0.45 cm and the central density is ne = 10'® m™3 [87]. From fig-1.6(a), it can

be seen that for low pressure case at 30 mTorr, the negative ion density profile can
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Figure 1.6: One dimensional density profiles for chlorine discharge of discharge
length [, = 0.45 cm, electron density n, = 10 m™ at pressure (a) 30 mTorr
and (b) 300 mTorr. The density gradient % for low pressure case (30 mTorr) is

slowly varying function of x; while for high pressure case % ~ 0 in the center of

the discharge. Courtesy: A J Lichtenberg et al 1997 Plasma Sources Sci. Technol.
6 437
be approximated by a parabola (Ch-10 in [11]). Therefore, the density gradient %=

is a slowly varying function with x.

On the other hand at high pressure (300 mTorr), the diffusion constant D, = £zl
reduces due to increase in collision frequency v,,. Therefore D, (At low pressure)
> D, (At high pressure). Moreover, the parabolic solution does not adequately

describe the solution to the ambipolar diffusion equation but give rise to a central

flattening of density profile with parabolic edge region such that dd% ~ 0 in the center

of discharge [see fig-1.6(b)]. This results D, % negligible at higher pressure so that

D, %= is not exactly balanced by the force term n,u, E in (1-33). Therefore it can be

concluded that Boltzmann distribution is not valid for high pressure electronegative

discharge.

1.9 Electric probes for determining negative ion pa-

rameters

From various application point of view, the physical nature of electronegative

plasma is important to understand. This has been largely achieved by analytical
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modeling [6, 101-103|. However this requires information of different plasma param-
eters inside the discharge including the negative ion density and the temperature.
The density ratio of negative ions to electrons i.e. « = n,/n., and the temperature
ratio of electrons to the negative ions, defined as v, = T, /T, are the two important
parameters in electro-negative discharges. The popularly used method to determine
them is based on laser assisted photo-detachment methods [104-106], however the
associated diagnostics is generally restricted to line-of-sight region along the laser
beam path. Beside, the laser system is a sophisticated instrument and it is inacces-

sible for general use.

On the other hand, the Langmuir probe is an adorable device for experimental
plasma physicists and it has also been used to determine negative ion parameters
[24-28, 107, 108]. The Langmuir probe allows to measure the local density and
temperature from the current-voltage I — Vp characteristic of the probe using a
relatively simple experimental setup. The underlying idea behind application of
Langmuir probe to determine negative ion parameters and their limitations is pre-

sented below:

1.9.1 Measurement based on electrostatic probes

There are two methods for finding the relative concentration of negative ions to
the electron in an electro-negative plasma; (a) The Druyvesteyn’s second derivative
method and (b) the saturation current ratio method. These methods are briefly

described below:
(a) The Druyvesteyn’s second derivative method

In Druyvesteyn’s method, the second derivative of the probe current I(Vz) can
be used to determine negative ion density in a discharge. As shown in fig—1.7,

the double derivative of probe current I (V) shows two distinct peaks in curve
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corresponding to electrons and negative ions respectively. The slope of In(/ N) vs Vg
curve gives the negative ion temperature 7,. The negative ion density, on the other
hand, can be obtained in terms of ratio ayg = n,o/ne by measuring the electron

saturation current. The detailed description of this method can be found in [24].

Figure 1.7: The second derivative of probe current (curve A) with respect to probe
bias showing two distinct peak (solid curves) corresponding to electron and negative
ions. Courtesy: Amemiya, H, Journal of the Physical Society of Japan, 57(3), 887-
902 (1988).

However, this method has some limitation. The distinguishability in the peaks
observed in 1" (V) curve is highly sensitive on the density and temperature ratio of
electrons and negative ions. In the limit 7, < T, and n,/n. > 1, the negative ion
distribution is masked with electron distribution so that identifying different slope

of I"(Vp) curve is almost impossible.
(b) The saturation current ratio method

To overcome the above limitations, the saturation current method is generally
applied. In this method, the saturation current ratio R due to negative charges
(electrons & negative ions) and positive ions is determined from the probe charac-
teristics. In an electro-positive plasma, where the only negative charges are electrons,
this ratio R is a constant value R =~ \/W, which simply depends on the pos-

itive ion mass only [29]. However, in case of an electronegative plasma, the ratio R
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not only depends on m, but also on the density and temperature ratio, n,/n. and
T, /T, respectively. By measuring R experimentally, one can determine the density

ratio n,/n. for a given T, /T,.

Amemiya (1987) [24] presented the comparative study about the applicability of
the two method in A, + I, mixture and concluded that the Druyvesteyn’s second
derivative method loses its credibility for highly electro-negative plasma. Whereas
the saturation current ratio method cannot be applied for weakly electro-negative
plasma because of uncertainty involved in finding the correct electron saturation

current.

The method of finding negative ion concentration «g from the measured satura-
tion current ratio of a Langmuir probe had been adopted by various authors in the
past. M Bowes and J W Bradley (2014) [107] investigated the negative ion formation
in afterglow region of a pulsed oxygen plasma in a HiPIMS discharge and applied
the saturation current method to find g in the afterglow region with the help of
a cylindrical Langmuir probe. M. Shindo (1999) [27] used the same technique to
find the negative ion density for mixture of Ar/CyFg in ECR plasma, however, in
their calculation of «g, the modification in ion saturation current due to presence
of negative ions was not considered. S D You et al (2010) [108] compared the ag
value obtained from the saturation ratio in a pulsed dc- magnetron with the more
direct method of laser photo detachment and found that aq value obtained from two
method agree with in a factor of 2 to 5 for varying oxygen partial pressure. The
mismatch between the two methods was found to be manifested with the under-
estimated values of saturation current ratio. A similar comparative analysis of «y
between the two method was done by A G Nikitin et al (1995) [25] using a planar
and cylindrical probe in a hybrid multi-cusp plasma generator in which the negative

ion concentration could be varied over a wide range.

Another study by P Chabert et al (1999) [28] involves the finding of aq in a
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diffusion chamber of an SFg helicon reactor using a planar probe assisted with a
guarded ring configuration. The planar probe was used to measure the positive ion
flux, while guarded ring measures the electron flux. The ay values was thus found
from the saturation current ratio and compared with that obtained from the floating
potential condition of the probe. However, in their study the electron to negative
ion temperature ratio was assumed a priory and used to find the best fit between

the two methods.

In all the above study, one point was common that the negative ion tempera-
ture was assumed a priory. In Chapter-5 of the present thesis, a floating potential
method has been developed to determine the electro-negative parameter oy as well

as negative ion temperature in electro-negative oxygen discharge.

1.9.2 Application of hairpin resonator probe

In addition to Langmuir probe, the resonance hairpin probe had been used for de-
termining negative ion density in the discharge using following ways; (1) Pulse laser
photo-detachment (2) pulse-biasing method. In pulse photo-detachment method,
the hairpin probe is synchronized with pulsed laser beam to collect the time-resolved
electron density data arising from photo-detached electrons from negative ions [105,
106]. The difference between the excess electron density created in the photo-
detachment region and the background density provide a direct measure of negative
ion density population in the volume. The main advantage of using hairpin probe
is that the electron density measurement is repeatedly accurate and perturbation to

the plasma is small as the probe is electrically floating.

In the pulse-biasing method, a train of negative voltage pulse is applied to the
hairpin to create a rapid expansion and collapse of cylindrical sheath around the

hairpin-tips [109]. The electron density characteristic shows a time-dependent be-
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havior due to disparity in electron and negative ion response time towards the probe
at the instance of withdrawal of negative voltage from the probe. As a result a peak
in electron density is observed which corresponds to positive space charge around the
probe. Though the concept is highly elegant but it requires the support of analytical

model as well as benchmarking by other known methods.

In Chapter-6, an independent concept of using a dc biased hairpin probe for
determining negative ion parameters in the discharge has been demonstrated. The
method enables to find a range of plasma parameters inside the discharge; including
electron temperature, density of negative ions, and plasma potential. In addition,

the sheath width around the cylindrical wire can be found.

1.10 Outline of the thesis

The present thesis primarily focuses on two important aspects associated with
non-equilibrium sheaths involving negative ions; (i) Sheath properties during nega-
tive ion emission from surfaces and (ii) development of probing techniques to deter-

mine negative ion parameters which are based on underlying probe theories.

The sheath due to negative ion emission from an electrode is an imminent prob-
lem in negative ion sources. Due to cesium deposition on the chamber walls and on
ion-acceleration grids, the potential structure inside the sheaths can dramatically
affect the emission and transport properties of negative ions from these surfaces.
The surface produced negative ions can also affect the pre-sheath potential drop.
Although some recent analytical works have been performed on sheaths with a neg-
ative ion emitting electrode, however the effect of negative ion emission on the pre-
sheath properties has not been adequately discussed. The pre-sheath is the region
where the positive ions are accelerated towards the sheath boundary. Furthermore

the previous works did not account for the role of negative emission on the sheath
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width.

Determining negative ion parameters in a discharge is one of the key issues in
research of negative ions. The conventional electrical probes are based on sheath
theories. In the present thesis, a brief account of various limitation associated with
the conventional probe techniques has been provided and a comprehensive work
has been dedicated to develop concepts how to utilize the conventional probes to
determine negative ions parameters. Two major contributions in this area are the
development of a floating potential method to determine negative ion parameter
using a Langmuir probe and introduction of a DC-biased hairpin resonator probe
that enable to find a wide range of plasma parameters such as electron density,
electron temperature, plasma potential, negative ion density and the sheath width

etc.
The thesis has been organized as follows:

Chapter-2 details specifically designed experimental setup and diagnostic tech-
nique for diagnosing the negative ion parameters in an argon/oxygen dc discharge.
In Chapter-3, the fluid model for a planar sheath of a negative ion emitting electrode
is presented. In particular, the chapter deals with the parametric study of Bohm
speed for positive ions as a function of negative ions flux emitted from the electrode.
In continuation with the result obtained in chapter-3, the impact on pre-sheath
potential distribution and its characteristic length are discussed when a constant
flux of negative ions is assumed to enter into pre-sheath, oppositely moving to the
positive ions. The increase in positive ion Bohm speed due to emission from the elec-
trode surface has been explained in conjunction with the increase in potential drop
across the pre-sheath. The floating sheath characteristics for emitting/non-emitting
electrode are presented in Chapter-5. Using the floating potential characteristics
of a cylindrical Langmuir probe, the negative ion temperature is determined in an

oxygen plasma. It is found that the temperature ratio of negative ions to the elec-
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trons lies in the range ~ 8 to ~ 12 for the typical discharge parameters considered
in the experiment. A qualitative discussion is given to explain the observation. In
Chapter-6, the technique based on a dc biased hairpin probe is demonstrated. It
is shown that using this technique not only the absolute electron density can be
measured, which the resonance hairpin is popular for, but a range of other plasma
parameters such as electron temperature and negative ion concentration can also be
determined. Finally, Chapter-7 present a summary of important results along with

conclusion and future scope of work.
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Chapter 2

Experimental set-up and diagnostics

This chapter describes the experimental setup developed to investigate the appli-
cation of electric probes for negative ion diagnostics in low pressure, non-equilibrium
plasma, created using a DC discharge with a constricted anode and a pair of paral-
lel plate cathode. The chapter provides a comprehensive description about the DC
plasma source and the probe techniques based on Langmuir probe and resonance

hairpin probe.

Section 2.1 provides a brief background of negative ion sources. The description of
the experimental setup is given in section-2.2. The performance of the DC discharge
is presented in section-2.3. A comprehensive description of Langmuir probe and

hairpin probe is provided in sections 2.4 and 2.5 respectively.

2.1 Plasma sources for Negative Ion production

Electro-negative plasmas are mainly produced with highly electron attaching
gases like oxygen and halogen, as a result these gases readily produce negative
ions by attaching electrons from the ambient plasma [11, 110]. Therefore the re-

active plasmas that are typically used in semiconductor industries for anisotropic

41



Section:2.2

etching of silicon wafer [1, 80, 111], thin film deposition |2, 82, 112, 113|, clean-
ing or activation of material substrate [114, 115] etc. have a large concentration of
negative ions. The negative ions inside bulk plasma are produced by dissociative
attachment, as the vibrationally excited molecules gets dissociated and captures an
electron to form negative ions [81, 116]. In this process, the electron temperature
has an important role in the excitation of the gas molecules. This will be briefly
introduced in section-2.2.1. Another mechanism of negative ion production is based
on interaction of positive ions and neutrals with a low work function surface. As
these particles interact with the substrate surface, they bounce back as negative ions

after capturing an electron from the Fermi-energy level of the metal. [117-119].

To create negative ions, the foremost requirement is to produce a plasma, which
can be achieved by various mechanism. In laboratories, the non-equilibrium plasma
(T. > T,) at low pressures can be conveniently created by hot cathode filament [120].
The Kamaboko Ion Source is one such example, which provides primary source of
H~ ions [121]. Bi-polar pulsed-DC magnetrons [14, 122] and HiPIMS discharges
[97, 98] are examples of other types of negative ion sources which are widely used
in industries for sputter deposition of oxide films on substrates. These sources use
external permanent magnets to confine the plasma locally near the cathode surface
which gives rise to high density plasma near the sputtering target. The magnetic field
also helps to create a strong electron temperature gradient in the region adjacent to
the cathode [123]; hence it is also favorable for the volume production of negative
ions. Helicon plasma sources have also been used in negative ion production for

thruster application [124].

2.2 The experimental setup

In the present experiment, we have chosen the oxygen as the primary gas. Oxygen
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being an electronegative gas, it readily forms negative ions by dissociative electron
attachment to the neutrals [...]|. It is easily available, and relatively less corrosive
than other halogen gases. In literature, widely found data is also available for oxygen

85, 89, 125, 126].

While considering the various possibilities to create oxygen plasma, the mag-
netron discharges was one of the viable mechanism to produce non-equilibrium DC
discharges at low pressures [104, 127]; however plasmas created by DC magnetron
are composed of metal ions inside bulk plasma; and therefore the life-time of diag-
nostics probe can be severely impaired due to deposition of insulating oxide films
on the probe tips [128]. On the other hand, the discharges based on hot cathode
filament have the limitation in oxygen environment due to maintenance issues, as
the tungsten filaments are quickly oxidized and broken, therefore need frequent re-
placement. The RF discharges are much cleaner, but electric probe diagnostics can
be very challenging due to large fluctuation in plasma potential. Hence looking at
various limitations, a simple DC discharge based on a constricted anode and a pair
of parallel plate cathode has been designed. This set-up is similar to the one re-
ported in [129], however in our setup a weak axial magnetic field (B < 3mT) has
also been introduced between the cathode plates which consist of a pair of annulus

plates. The schematic of the discharge setup is shown in fig-2.1.

2.2.1 The Plasma Source

The schematic of the plasma source is shown in figure-2.1. In this source, a high
DC voltage up to 1.0 kV is applied between the cathode (C) and the constricted
anode (A) [see fig-2.1|. The electrodes are made of stain-less steel (SS-304) and are
electrically isolated from the grounded vacuum chamber. The cathode plates with
circular cutout in the center have the outer diameter OD = 142 mm and inner diam-

eter ID = 40.0 mm; while they are separated by a gap of 27.0 cm. A weak magnetic
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Figure 2.1: Schematic of discharge setup showing the constricted anode and pair of
annular cathode plates. Axial magnetic field is generated by two external electro-
magnet coils EM1 and EM2 arranged in Helmholtz configuration.

field (B < 3.0 mT) has been applied to partially magnetize the electrons (Larmor
radius rp. &~ lmm), while positive/ negative ions remain un-magnetized since their
larmor radius ~27cm, which is comparable to chamber dimension. The working gas
(argon and oxygen) is introduced through the anode tube. The constricted hollow
anode is encapsulated inside a ceramic tube, except for the small tip through which
the discharge current completes the circuit. Due to the constricted anode surface, an
intense electric field is developed around the anode tip which facilitate a DC break-
down at low filling pressure (1.0 Pa - 7.0 Pa). As the DC discharge is sustained, a

bright glow is seen around the anode region [see fig-2.6].

The mechanism of plasma formation in this set-up can be explained as follows.
Generally in a DC discharge, the secondary electrons emitted from the cathode helps
in self-sustainment of discharge at low pressures [130]. In the present configuration,
a significant fraction of electrons that are emitted from the cathode surface gets
trapped between the opposing high voltage cathode plates. The weak axial magnetic
field between the plates helps to intensify the population of such electrons. However,
the ionizing electrons can reach the central region by random walk process. Therefore

the population of hot ionizing electrons is higher between the parallel plate cathodes,
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whereas the central plasma region constitute of low temperature electrons which
arrives from the outer region through cross-field diffusion across axial magnetic field
line. In the experiment, typical electron temperature found in central region varies

from 0.5 eV to 1.5 eV with gas pressure.

The characteristic feature of the source can be summarized as follows: (1) the
energetic electrons are confined between the parallel plates, allowing the discharge to
operate at low pressures; (2) The discharge constitute of two temperature electrons,
which is favorable for the dissociative-attachment process [110], and (3) the plasma
potential is relatively close to grounded electrode, hence electrical probe diagnostics

can be conveniently applied to this system.

2.2.2 Experimental Vacuum chamber

Figure 2.2: Experimental setup with circular electromagnetic coils in Helmholtz
configuration.

The experimental system shown in figure-2.2 consists of a cylindrical vacuum
chamber made of stainless steel (SS-304). The length is 70.0 cm and inner diameter
is 26.6 cm. For inserting various probes inside the source, a number of 40 KF vac-

uum feed-thru ports are provided at specific position on the chamber surface. Base
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pressure of 3 x 10~° Pa is achieved inside the vacuum chamber with a combination of
turbo molecular (Pfeiffer make HiPace-700) and a rotary pump. The base pressure
inside the chamber is continuously monitored using a combination of hot cathode
pirani/penning gauge (Pfeiffer: Model-No D-35614 Asslar). A precision gas dosing
valve is used to regulate the pressure inside the discharge chamber. All the experi-
ments are carried with 99.9% pure argon and oxygen gas. To maintain the working
pressure, the rpm of TMP was reduced at 50% of its total capacity to reduce excess

loading on the TMP vanes.

The pair of electro-magnets shown in Fig- 2.2 have a mean diameter of 37 cm.
These magnets are placed outside the cylindrical vessel in Helmholtz configuration.
In the operating pressure range of 1.4 Pa to 7.0 Pa, the plasma density range from
~ 106 —10'"m =3 and electron temperature T, ~ 0.5 — 2 €V respectively. The mean
free path length for the ion-neutral momentum transfer in argon varies from ~ 2.8
mm to ~ 0.57 mm corresponding to the pressure variation from 1.4 Pa to 7.0 Pa. The
electron-neutral collision frequency v, is typically in the range of v, = 3 — 30 x 10°

Hz.

2.2.3 The Discharge Circuit

Figure-2-3 shows the schematic of the floating DC power supply used for produc-
ing the discharge. The circuit basically comprises a 1.0 kV step-up transformer, a
bridge rectifier, a current limiting resistor and filter capacitors of 100’s of microfarad
at the output terminal. The output DC voltage is varied by controlling the 50 Hz

current in the primary side of the transformer.

The positive output terminal of the DC source is connected to constricted an-
ode and the negative terminal is connected to the cathode plates. Furthermore,

two different circuit configuration has been applied in the experiment, which are
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Figure 2.3: Schematic of unregulated power supply. In the figure Dy, Dy, D3 and
D, are diodes, C' is capacitor and V. is output DC voltage.

schematically shown in fig-2.4. In setup-I, the constricted anode was grounded to
the vacuum chamber via a high wattage 1k() resistor; whereas in Setup-II, a voltage
divider circuit was introduced between the anode and the cathode. In this case

external resistance across the anode to grounded chamber is 0.5 k€.

50002 [’] J:* T . I
. /\/\/\/ (Sk;)) W J_

gl
Lais

Setup-1 Setup-II

Figure 2.4: Schematic of discharge circuits: In setup-I, the anode is grounded
through a high resistance value 1k§2, while in setup-II, the voltage is divided be-
tween cathode and anode with respect to the grounded chamber.

The discharge current primarily flows between the cathode and the anode, but
with above configuration, a small fraction of the discharge current also flows through
the grounded chamber. This helps to shift the anode potential closer to the ground.
In setup-I, due to the high resistance (1k2) connected between the anode and the

grounded chamber, the maximum discharge current I, therefore flows through the
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constricted anode. In setup-2, the resistors R; and Ry can be varied to regulate
the anode and cathode potential with respect to ground. In the entire experiment,
the voltage drop measured across 20§2 resistance provides the discharge current Iy
which is observed in the range of 200 mA. The above current is mainly limited by
the resistance Ry which restrict the discharge current from going in to arc mode [38].
The plasma potential was typically in the range of +3.0 to +15.0 V for a pressure
range of 1.0 Pa to 7.0 Pa.

2.2.4 DC plasma Characteristics

Figure-2.5 (a) & (b) plots the variation in discharge current I, against discharge
voltage Vs for both setups-I &-II respectively. The discharge voltage Vy;, is mea-
sured between cathode and anode. The plasma impedance can be estimated in the

range of a few k), and it decreases with the increase in gas pressure.

350+
| —=—4 Pa 200+ —a— 1.4 Pa
300{——5Pa { —e—1.6Pa
| ——6Pa 1604 —— 1.8 Pa
250 ===TFa : | ——2.0Pa
L, 2001 (mA) 120+
mA) | ]
150 80
100 ]
] 40-
50
650 700 750 800 850 700 800 900 1000
Vs (V) ViV)
(a) Discharge characteristic for Setup-I (b) Discharge characteristic for Setup-II

Figure 2.5: Plot of discharge current verses discharge voltage for setup-1 and setup-
II.

In above figures, discharge current increases with the applied voltage, showing a
positive plasma resistance, observed when DC discharge operates in abnormal glow

region [38].
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Figure 2.6: The anodic glow or fireball structure around the anode in oxygen plasma.

2.3 Electric Probe Diagnostic

For the experiments, two types of electric probes were developed; (a) Langmuir
Probe and (b) Hairpin probe. The underlying principle behind these probe tech-
niques are presented in the following sections. These probes have been used to
obtain the plasma parameters and also applied to study the characteristics of DC
sheath around the cylindrical wire. In chapter-5 & 6, the above probing techniques

have been discussed exclusively for determining the negative ion parameters.

2.3.1 Langmuir probes

(i) The underlying concept

A Langmuir probe is simply a piece of tungsten wire which is inserted inside a
plasma to determine various plasma parameters. The probe is essentially biased
with respect to a reference electrode, usually the grounded vacuum chamber, which
is assumed to be in contact with plasma. The total current drawn by the probe is
basically the sum of individual currents contributed by electrons and positive ions.
Depending on the polarity of the probe with regard to the plasma potential V), the

electrons and positive ions are either collected or they are repelled from the probe
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surface. Figure-2.7 shows a schematic, how the individual currents due to electrons

I, (mA)

(Electron Saturation)

\.“a,_ .- VP
= j/\ / Vi (Volts)

~1,@Vg 4--’/' (Ion Saturation) \\

Figure 2.7: A schematic of Probe current I verses applied bias Vz applied on the
cylindrical Langmuir probe, shown in solid black line. The red dotted line corre-

sponds to the current due to electron, while the positive ion current is shown by the
black dotted line.

and positive ions varies as the probe bias Vp changes. Conventionally, electron
current is plotted along the +Y-axis, while the positive ion current is plotted in the
negative —Y-axis. The total probe current, [ is the summation of both components,
i.e. I(Vp) = I, + I, which is shown by the solid black line.

Electrons are assumed to follows Maxwellian distribution; hence for Vp < Vg, the
electron component of the current is given by;

I, = I.,exp (@) (2.1)

In equation (2.1), I is saturation value of the electron current at the plasma po-

tential i.e. Vg = V},; which is given by;

1
I, = ZeApneo(ve> (2.2)

Here A, is probe area, n. unperturbed density of electrons in the bulk; (v.) =

@/BWK—WBLGTC is the average thermal speed of electron having mass m. and temperature
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T..

When Vg is sufficiently negative with respect to plasma potential V},, then probe
dominantly collects positive ions and quickly attains a saturation value I, which is
shown by black dotted line. The positive ions collected by the probe remains almost
constant for all Vp values varying up to V,. Above V), the probe begins to repel
positive ions; however a negligibly small positive ion current due to their thermal
motion characterized by ion temperature 7}, is collected. For an electro-positive

argon plasma, the ion saturation I, current is determined by the Bohm flux [11];

I,s = eAsnpsup (2.3)

Where, n,, is the positive ion density at the probe sheath edge; A is the area of the

probe sheath and Bohm speed ug = % The sheath edge density n, is always
smaller than the bulk density n, due to presence of pre-sheath, over which the ions

are accelerated to achieve Bohm speed ug. They are related by;

Nps = 0.61np0 (2.4)

It is important to note that while writing the positive ion current in (2.3), the col-
lecting area of probe has been considered to be the sheath area A;. This is because
the positive ion flux remains conserved throughout the sheath region, therefore it is
convenient to define it in terms of Bohm current at the sheath edge rather than at
the actual probe surface [58]. However for electron saturation current, the collecting
area of probe has been assumed to be the geometrical area A, of the probe. This
correction is only valid for a collision-less sheath around the cylindrical probe, as
the sheath width increases due to the application of negative bias [131].

A typical I(Vp) characteristic of a cylindrical probe obtained from the present ex-
periment is shown in figure-2.8. Using this plot a number of plasma parameters can

be determined. This has been described below;
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(a) Plasma Potential (V,) : The plasma potential can be estimated from the
inflexion point of first derivative of the probe current with respect to Vz. As shown
in fig-2.8, the plasma potential corresponds to Vg =V, = 4.2.

(b) Floating potential (V) : This is the potential at which the net current
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Figure 2.8: A typical I(Vp) characteristic (black curve) using a cylindrical probe of
length 6 mm and diameter 0.2 mm in experimental setup-I. The maxima observed
in first derivative of the probe current (red curve) corresponds to plasma potential
Vp, = 4.2 V. The typical discharge parameters are P = 5 Pa and P, = 86 watts.

drawn by the probe is zero, i.e.

Ie(vf) = Ip(vf) (2~5)

On substituting Vg = V; in (2.1) and using (2.2), (2.3) and (2.4) the floating po-

tential can be obtained as;

Vi=V,+T.In

061<f5) 2 (2.6)

Ap mp

In (2.6), A is the sheath area when the probe is at floating potential V. For planar

probe A; = A,, however for cylindrical probe As > A, always [131]. In spite of this
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fact, the sheath area is generally considered to be equal to the probe area in thin
sheath limit.

(c) Ion and electron saturation currents : The expansion of sheath around
the cylindrical probe leads to error during estimation of ion saturation current.
However, as suggested by Chen et al [131], this error can be minimized if it is
measured at the floating potential. Therefore the technique to find I, involves
fitting a straight line in ionic part of I(Vp) curve and extrapolating it to the floating
potential Vg = V. This is shown in figure-(2.9) in which ion part of the I(Vp) curve
in figure-(2.8) has been zoomed-in to clearly visualize the ion saturation current.

Once I, is determined, then the electronic part of the probe current can be obtained
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Figure 2.9: The ionic part of I(Vg) characteristic curve. The straight line fit of
the ion current and extrapolating up to floating potential V; = 1.6 V gives the ion
saturation current [, = 54 pA.

by subtracting I,,; from the total probe current, i.e. I, = I — I,,.
(d) Electron Temperature: On taking the natural logarithm of electronic part

of the current equation-(2.1), we get;

Inl, =Inl, + (@) (2.7)
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Since plasma electrons are assumed to have a Maxwellian electron distribution, hence
semi-log plot of I, vs Vg is straight line. The inverse of the slope gives the electron
temperature T.. The semi-log plot of the data corresponding to figure-2.8 is plotted

in figure-2.10. In the above figure, the two slopes namely AB and CD can be identi-

15 10 5 0 5 10 15
Vg (Volts)

Figure 2.10: The semi-log plot for electron saturation current with respect to the
probe bias V. The straight line fit namely AB and CD indicates the presence of
bi-Maxwellian electrons having temperature 7T,, and T, respectively.

fied. The inverse of these slopes provide the electron temperature corresponding to
the hot and the cold electron population T,;, and T, respectively. Once T,;, and T,
are known, then it is possible to determine the corresponding plasma densities be-
longing to hot and cold plasma electrons by extrapolating the straight lines AB and
CD in the semi-log plot to the plasma potential V,,. The presence of hot electrons in
the central region suggests that some of the hot electron population originated from
the region between the parallel cathode plates crosses the magnetic field to reach
the central region after undergoing collisions with the background atoms.
Figure-2.11 shows the relative fraction of the hot and the bulk electron popu-
lation as a function of discharge power, for argon operated in pressure range of 4.0
pa to 7.0 Pa. It is found that the hot population of electrons maximally constitute

only ~ 1% of the total electron population. Furthermore, with increase in discharge
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Figure 2.11: The plot for percentage fraction of hot population electrons with respect
to pressure and discharge power.

power and pressure, these hot electron fraction decreases drastically due to increase

in electron collision with background neutrals.

ii. The Langmuir Probe Circuit

Figure-2.12 shows a typical electrical circuit for Langmuir probe. The plasma has
been assumed to be in good electrical contact with the grounded vacuum chamber
having area Ag. As the probe is biased above the ground potential, the probe draws
an electron current whereas an electron repelling sheath gets created at the opposing
grounded electrode. The ground sheath impedance R can be roughly estimated by
Ra ~ Mc‘/ﬁ; where, ¢, is ion-sound speed and n,s is positive ion density at the

sheath edge of the grounded electrode.

Similarly, a sheath resistance R, will also appear at the probe tip. The resistance

R, will vary according to the applied probe bias Vz. When Vp = V), the probe
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sheath resistance should be ideally vanishing and the collected current at the probe
surface is mainly contributed by the flux of thermal electrons. The current drawn
by the probe for any other bias Vz <V}, is returned by the positive ions collected at

the grounded electrode. If grounded electrode area is small, then the ground sheath

TET T F T T
+ g T | R,
[
(. 19,’ Ip—» [ ]
- — Ap

+
.Z -
— +

+l++

|
R
- &
I —_—

S Ko
Sheath
= I=L+1, L

Ground

(a) (b)

Figure 2.12: (a) A typical Langmuir probe circuit showing a cylindrical probe inside
a plasma biased at a positive potential with respect to the (Grounded) reference
electrode. (b) Equivalent circuit is shown in which R,,, R, and R¢ are respectively
the current measuring resistance, resistance of the probe sheath and the resistance
between the plasma and the Grounded reference electrode.

resistance Rg limits the net current drawn by the probe. In addition, the current
sensing resistor R, also appears in series with the probe circuit; which limits the
maximum electron current drawn by the probe. Ideally R,, + Rg < R,so that the
probe is able to draw maximum electron saturation current I.,. From the probe
characteristic shown in figure-(2.8), assuming I, ~ 3 mA and V, ~ +4.0 V, the
ground resistance Rg ~ 1.0 k). The current measuring resistance in the above

experiment was R,, = 2202 which is smaller than the ground sheath resistance.

However, if the plasma is poorly in contact with the grounded reference electrode,
for example- due to contamination on the chamber walls or when an external mag-
netic field is applied, then in such cases, electron saturation current can attain a

lower value, which will directly underestimate the plasma potential.

Equating the thermal electron current collected to the probe (equation-2.2) with
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positive ion current collected at the grounded reference electrode (equation-2.3),
gives a relation that how much should be the collecting area of a reference electrode

for collecting maximum probe current. For argon discharge, it is given by;

A = 180 (n,/ns) Ay (2.8)

In above equation, Ag and A, are respectively the surface area of the reference
electrode and the probe surface in contact with the plasma. The densities n, and
n, are plasma densities in the vicinity of probe surface and at the grounded sheath
respectively. Equation-2.8 implies that the area of grounded electrode should be at

least ~ 180(n,/ns) times the probe area.

To minimize the effect of measuring resistor R,, on the performance of (V)
characteristics, an I — V' converter circuit has been used, as shown in figure-2.13.
This circuit takes the advantage of high input impedance of the Op-Amp, which
maintains a constant voltage irrespective of the current drawn by the probe as a

function of probe bias V3.

In the experiment, the probe bias Vg is provided using an operational amplifier
(PA-85) and typically varied in the range of —80V to +20V in step of 0.25V. The
differential voltage across the input and the output of I — V' convertor (PA-85) is
measured using a differential amplifier (AD-629). The advantage of this circuit is
that the loading effect due to the external circuit resistance can be avoided. The

data acquisition is done using NI-DAQ controlled by a Lab-View program.

The above Langmuir probe circuit is calibrated by performing an open circuit test
(i.e. in absence of plasma). It gives a small DC current (~ pA) which increases with
biasing voltages as shown in figure-2.14(a) (black). These are the DC noise signals
due to capacitive loading of the cables connected to the probe. The DC background

signals are removed by subtracting it from the final I(Vp) traces obtained in the ex-

o7



Section:2.3

LP

DAQ

[-V Converte

PAS8S
LHV HV ?

2200

DAQ

-15V

Figure 2.13: Schematic of Langmuir probe circuit. DAQ represents data acquisition,
OP-AMP denotes operational amplifier.

periments. Therefore, as shown in figure 2.14(a), the current collected by the probe
after calibration reduces to zero as expected for open circuit test in the absence of
plasma. Figure 2.14(b) compares the measured I(Vp) traces with and without cali-
bration. It can be seen that without calibration, the measured I(Vp) trace results in

the overestimated values of the ion current with variation in ion saturation current

by < 10 %.

1 . — Calibrated I(V,) trace
6'_ (a) 6 Uncalibrated (V) trace (b)
4 {—— Before Calibration —— After Calibration 1 LA
21 51 1o
- phm vttt — 4
] _2_- [ -40
(nA)-41 (mA) 3180
-61 5 1-120
-84 -90 -60 -30 0
-10 _ 1 ) v, (V)
-12] WWMMH o]
-141 0
-80 -60 -40 -20 0 20 40 -80 -60 -40 -20 0 20 40
V. V) VoY)

Figure 2.14: (a) Open circuit signal with (Red) and without (black) subtraction of
the background. (b) Plot of I(Vp) trace with and without calibration.

iii. Effect of electron temperature on V, measurement
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For a single electron temperature plasma, the plasma potential V}, and the floating
potential V; are uniquely related to electron temperature 7, by the relation given
in (2-6). In principle, if 7, and V; are measured accurately, then V,, can be found

from the relation (2-6).

For a thick cylindrical sheath, it is possible to find V,, using OML theory intro-
duced in chapter-1. According to this, the probe current is related to the applied
voltage Vg as follows [60];

V2 (e\vp—vBr>“2 29)

I(Vg) = eApn7 m

Hence I? vs Vp plot gives a straight line, where the intercept at V axis corresponds

to plasma potential V,.

Fig-2.15 shows a comparison of plasma potential obtained by different techniques,
i.e. namely (1) inflexion point on the first-derivative, (2) intersection of semi-log
plot of probe current below and above Vp. (3) from floating potential and (4) from
OML theory.

In the figure, V},; has been obtained from the first derivative of the probe current;
Vp2 is obtained from the semi-log plot of the electron current; V)3 is obtained by
measuring the floating potential and finally V)4 is found from OML theory. From
above figure, the first three methods gives a reasonable measure of Vp and they are
closely in agreement. However OML gives an excessively overestimated values of V,.
Hence it can be concluded that the OML theory is not applicable in the presence

case.

2.4 Hairpin resonance probe

The hairpin resonance probe is an electromagnetic resonator, alike to a quarter-
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Figure 2.15: Comparison of plasma potential by different method. Here V), is
obtained by st derivative of probe current, V) is obtained by locating the inflection
point in semi-log plot of electron current, V)3 is obtained from floating condition of
the probe and V)4 is obtained from OML theory.

wavelength parallel wire transmission line, whose one end is shorted and other end is
open. Hence the structure resembles a hairpin as shown in fig-2.16(a). The probe is
excited by coupling a small amplitude micro-wave signal to a loop antenna, placed
adjacent to the short-circuited end of the hairpin. The probe exhibits resonance
at a particular value of frequency, typically in GHz range, such that its quarter
wavelength becomes equal to the physical length [ of the hairpin and a standing
wave is supported between its two ends. This can be understood from its mechanical
analog- the tuning fork experiment. In this case a loud sound is produced when the
length of the air column L, becomes multiple of the quarter wavelength (2n + 1)3

of the sound wave.

The propagation constant k£ corresponding to the wavelength A along the length
[ of the hairpin is given by;

k="Va="7 (2.10)

Here c is speed of light, w = 27 f, is angular frequency and ¢, is the relative permit-

tivity of the medium surrounding the hairpin.
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Figure 2.16: (a) The schematic of floating hairpin resonator probe and (b) The organ
pipe experiment showing the standing wave pattern due to resonance

If the probe is immersed in a dispersive plasma medium, it gives rise to resonance
at a frequency f,. such that the resonance condition A\ = 4/ is satisfied. Substituting

the resonance condition A = 47 in (2-10), we get;

¢ __Jo (2.11)

IRV

fr

Here fo = ¢/4l is resonance frequency in the vacuum (e, = 1).

Thus the resonance frequency f, is inversely proportional to the square root of the
relative permittivity of plasma medium €,. It is also inversely proportional to the
length of the hairpin. In the collision-less limit, the plasma permittivity e, is related
to electron plasma frequency f, by €, = 1—(f2/f?); which on substituting in (2-11),
we get;

r=r-1f (2.12)

Here, f, = (n.e?/4m2e,m.)"/? is electron-plasma frequency.
From equation (2-12), it is straightforward to determine the electron density n. by
measuring f,. and f;p in the experiment and substituting in the formula:

21

Ne = W X 101677173 (213)
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Here f, and fy are in GHz.

2.4.1 Resonance signal determination

(0—10V)
Function
Generator
BE block Directional 50 Q . Loop
Coupler Coax line Antenna
\ \ Plasma
Sweep Freq. I:I SHEHEHE
Oscillator
(2-18 GHz) Diode\
Hairpin
Reflected
Signal
L

Figure 2.17: Schematic of the floating hairpin measurement circuit

Fig-(2-17) gives the schematic of resonance detection circuit for hairpin probe.
The probe is excited by varying the microwave frequency in the loop antenna, typ-
ically in the range of 2.0 to 4.0 GHz. For this purpose, a voltage controlled YIG
oscillator (VCO) is used, which provides a variable frequency from 2.0 GHz to 18.0
GHz by controlling the input voltage between 0 — 10 volt. A 502 coax line carries
the microwave signal from the YIG oscillator to the loop antenna via a directional
coupler. At the resonance frequency f,, a strong coupling takes place between the
loop antenna and the hairpin; and gives rise to maximum power transfer, hence the
reflected rms signal undergoes a minimal. The corresponding resonance frequency
is determined by observing the minima of the reflected signal using the directional
coupler and a Schottky diode (PE 2210-10). The rms value of the reflected mi-
crowave signal is acquired in a digital storage oscilloscope (DSO Tektronix 3034C).

Fig-2-18(a) shows the rms value of reflected microwave signal (red) when the
probe tip is in vacuum. The observed peak in the reflected signal corresponds to
the vacuum resonance frequency fy = 2.46 GHz on the X-axis. The length of the

hairpin is [ = 30.0 mm, corresponding to which the vacuum resonance frequency can
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Figure 2.18: (a)The reflected signal by hairpin probe when the probe is in vacuum
(red) and in plasma medium (black). (b) the reflected signal subtracted from the
vacuum resonance signal. The typical discharge parameters are P = 1.4 Pa &
P,=172W.

be found from (2-11) as ~ 2.50 GHz. This is close to the experimentally measured
value. In presence of plasma, the resonance peak shifts to a higher frequency at
fr = 2.72 GHz (black), since ¢, < 1. In the fig-2.18(b), the resonance freqency sig-
nal corresponding to f, has been subtracted from the signal acquired in the absence
of plasma. Therefore the vacuum resonance frequency fy = 2.46 GHz is corresponds
to downward peak in the above plot. Once fy and f, are measured, the electron

density ny can be determined from (2-13).

Figure-2.19 plots the electron density for a typical argon plasma discharge. The
electron density is found to increase with power and pressure. The error in deter-
mining the resonance frequency is about 3MHz, corresponding to which the error in

measured value of electron density is found to be around ~ 2 to ~ 4 %.
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Figure 2.19: The electron density measurement with the help of a floating hairpin
probe in argon plasma with regards to discharge power for a range of gas pressure.

2.4.2 Limitation of hairpin probe diagnostic

Though the hairpin probe is simple and straightforward technique to determine
electron density, however it is unable to provide other plasma parameters in low
pressure plasma. This limitation has therefore motivated researchers to broaden its
scope by introducing additional refinements to the conventional hairpin [104, 105,
132-143|. For example Haas and Braitwaite et al [144], determined plasma potential
by applying a DC potential to the hairpin. It was shown that the sheath around the
hairpin gets reduced as it approaches towards the plasma potential. The authors
also introduced a step-front-sheath model to calculate the sheath width [31]. Using
this method the sheath capacitance around the cylindrical wire was determined and
applied for the correction of electron density using hairpin probe. However, electron
temperature required in the model as an input to the above method was separately

measured by a Langmuir probe.

In-spite of above promising developments, application of hairpin probe to provide
other plasma parameters in addition to electron density remains an outstanding

problem. In chapter-6 a DC bias hairpin probe has been introduced to determine
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electron temperature and negative ion concentration in oxygen discharge.
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Chapter 3

Sheaths associated with Negative ion

emitting Electrode

Negative ion emission from an electrode surface is a common phenomenon occur-
ring in both laboratory as well as in industrial plasma devices. A few examples are
oxides of metal ions generated from a sputtering target [98, 127, 145]; or the negative
hydrogen ions emission from a substrate coated with low work-function element like
cesium or barium in hydrogen negative ion source [90, 93, 118]. A major influence
of negative ion emission is on the sheath potential structure; which can get modified
due to a negative space charge created inside the sheath as similar to an electron
emitting surface. Although electron emission from a hot cathode LaBjg plate of an
ion source [146, 147] and electron emitting probes [52, 148, 149| have been widely
reported, however negative ion emission from an electrode and its impact on positive

ion flow towards the electrode surface has not been adequately addressed.

In this chapter, the space charge region in front of a planar, negative ion emitting
electrode has been investigated theoretically by formulating a 1-dimensional fluid
model, in which the emission flux and potential drop across the sheath have been

varied independently. In particular, the effect of negative ion emission flux on the
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potential distribution inside sheath and its impact on positive ion speed has been

addressed.

In Section-3.1, a brief survey of various theoretical works pertaining to space
charge region adjacent to a negative ion emitting electrode are presented. The
analytical model and methodology to determine the potential structure inside the
sheaths is then introduced in Section-3.2 for the case when; (i) emission is below
the space charge limit and; (ii) when a virtual cathode is formed inside the sheath.
The following sections-3.3 and 3.4 presents the impact of negative ion flux on the
positive ion speed and sheath width respectively. A comprehensive discussion of
results is given in section-3.5. Finally the major outcome of the chapter has been

summarized in section-3.6.
3.1 Space charge region near a negative ion emit-

ting electrode

Sheath in front of a negative ion emitting surface has a major impact on the
energy and flux of negative ions entering in to the bulk plasma region. In magnetron
discharges, highly energetic metal oxygen ions have been detected by means of mass-
energy analyzer system, positioned directly in front of the sputtering cathode target
[150, 151]. These negative ions are the ones which are created at the target’s sheath
and travels towards the substrate. Likewise, in negative ion sources, cesium is
deposited in the entire vacuum chamber walls and negative ion extracting grids;
hence these surfaces become the local source of negative ion emitter in the discharge
[90, 94]. These negative ions are transported towards the bulk plasma with a kinetic
energy proportionate to the potential drop across the sheath [152]. Therefore the
role of sheath in negative ion transport is a fundamental problem in context to the

aforesaid applications.

One of the problem that directly affects the negative ion transport relates to
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virtual cathode formation inside the sheath [18-22, 153]. The existence of virtual
cathode is fundamentally similar to the negatively charged cloud inside the sheath as
seen in the case of electron emitting surfaces and probes [17, 52, 149, 154]. However,
the effect is expected to be much more pronounced in case of negative ion emission
due to large mass ratio of negative ion to electron. Mc-Adams et al [18] addressed
this problem by formulating a planar 1-dimensional model of sheath with negative

ion emitting electrode as shown in figure-3.1.

c qbsI:O

+—L—— Positive 100S

< ‘?'r— Bulk negative ions

?— Electrons

Figure 3.1: A schematic of sheath in front of an electrode emitting negative ions.
The arrows indicate the flow of surface produced negative ions and other plasma
species such as electrons, volume negative ions and positive ions.

The model was based on a similar treatment as done for the case of electron
emitting sheath by Amemiya [149]. Since negative charge density inside the sheath is
approximately \/m times greater than its corresponding value for an equivalent
electron emitting sheath. Therefore, comparatively a lower negative ion emission
flux would greatly change the monotonic nature of potential fall inside the sheath.
Moreover, there will be a greater density contribution of negative ions in deciding
quasi-neutrality condition at the plasma-sheath boundary compared to the equal
flux of electron emission. Therefore, the Bohm flux for positive ions entering the

sheath edge from the bulk plasma will also get influenced.
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Referring to figure-3-1, the sheath edge has been defined at x = 0; whereas
the electrode is situated at * = x,. The potential on the electrode ¢. < 0 is
defined relative to the sheath edge (¢5 = 0) and is considered to be sufficiently large
compared to the electron temperature (¢. > T.), so that a positive-ion rich sheath
is developed in the region x > 0, up to x = x,. The arrows respectively shows
the direction of electrons, positive ions, bulk negative ions and surface produced
negative ions. The curved arrows indicates a fraction of charged particles that are

reflected or returned towards its origin.

One of the major findings by Mc-Adams [18] was formation of virtual cathode
during negative ion emission from the electrode surface. This is schematically shown

in figure-3.2.

Sheath-edge Sheat;h»edge

| o
—

! Positive ions 3 E Positive ions
' 2
o
= :
; N ! o o 1 Bulk negative ions |
1 Bulk negative ions ' Negative ions 1 Pl :
Negative ions | 9 Plasma ! %‘3 ' asma :
| E |
: Electrons Electrons
X n= 0 : X
; Im
_ n="c '
n=ne | / e
n n
(a) Below space charge limit (a) Above space charge limit

Figure 3.2: Schematic representation of potential distribution in front of a negative
ion emitting electrode for the cases when (a) the emission is below the space charge
limit and (b) above space charge limit. In the case (b) a virtual cathode of depth
Nk is created, which separate the entire sheath into two region namely A & B. The
potentials are normalized with electron temperature, i.e. n = ep/KgT,

In the above figure, the potentials have been normalized with electron tempera-
ture. The electrode is at fixed potential 7.. The potential fall shown in fig-3.2(a) is
initially monotonic but it modifies into a potential well or a virtual cathode having

depth n, = 1, — 1. with respect to the electrode as shown in fig-3.2(b) [region-B].
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Outside this region, potential profile becomes monotonic again [region-A|.

Potential distribution inside the sheath can be analytically found by solving the
Poisson equation. The positive ion density inside the sheath can be expressed using
flux and energy conservation across the sheath. On the other hand, electrons and
volume negative ions are described by Boltzmann distribution [155]. When the
potential fall is monotonic in nature as in fig-3.2(a), then negative ions emerging
from the electrode surface will see an accelerating force towards the sheath boundarys;
whereas after the formation of virtual cathode as shown in fig-3.2(b), a fraction of
the negative ions will get reflected towards the electrode surface from the potential

minima 7 and eventually get absorbed at the electrode surface.

S Shah et al [19] demonstrated an analytical model of a negative ion emitting
sheath by associating the negative ion production as a fraction of positive ions
impinging the electrode surface; however, the scope of that study was limited for ex-
amining the behavior of multi-valued solution of sheath edge potential as a function
of positive to negative ion conversion factor. Moreover, the model had a limitation
as it did not accounted for negative ions production by energetic neutrals interacting
with the electrode surface, which is usually a dominant mechanism in low pressure
discharges [118]. The negative ions are actually emitted from low work function
surfaces with finite spread in their energy, basically inherited from background neu-
trals and positive ions bombarding the surface [94]. Under normal conditions, the
negative ion distribution at the surface can be considered to be Maxwellian [156]

[see section-1.7.2 of Chapter-1]|.

In Mc Adams model, negative ion emission flux from the electrode surface was
assumed to be an independent parameter [18]. While the model provided a limiting
value of negative flux that could be transported across the sheath; however his
simplistic model did not account for its impact on positive ion speed at the sheath

edge.
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The virtual cathode formation due to a negative ion emitting electrode had also
been reported by D Wiinderlich et al using particle-in-cell simulation of a plasma
grid in H~ negative ion source [22]. The study mainly focused on space charge
saturated emission of H~ & D~, which was found to differ due to difference in
their masses. PIC simulation study by S. Mochalskyy & A. F. Lifschitz [157] found
that the virtual cathode limits the maximum extracted negative ion current from a
plasma grid in the hydrogen negative ion source; whereas Osamu Fukumasa et al
[158] showed that the extracted H~ current from a negative hydrogen ion source is
also dictated by extraction potential on the grid and intrinsic parameters inside the

bulk plasma.

For virtual cathode to exist, there are following three requirements;

(1) The emerging flux of negative ions must exceed the space charge limited value.
[18, 22].

(2) The negative ions should be emitted with a finite energy from the electrode [94],
and

(3) The emitted flux of negative ions should have spread in their energy [156].
Because if the emitted negative ions are mono-energetic, then according to flux
conservation equation, it may lead to an infinite density buildup in the virtual

cathode not allowing the negative ions to reach at the sheath edge.

However the above studies did not reported: (1) how the entering speed of posi-
tive ions at the sheath boundary is affected due to negative ions emission from the
electrode surface? (2) What is the effect of negative ion emission on the character-
istic sheath width? (3) How the space charge limited current density will depend

on the potential drop across the sheath?

To address the above mentioned points, this chapter briefly re-visits the under-
lying model by Mc¢ Adams et al [18] for low pressure case, in which the sheath was

assumed to be collision-less and the flux and energy of ions were assumed to be
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conserved throughout the sheath region.

3.2 Analytical Model: Sheath with Negative Ion

Emitting electrode

3.2.1 Potential distribution inside sheath below space charge

limited emission

Referring to fig-3.1, density distribution of electrons and volume negative ions

inside the sheath are described by Boltzmann distribution [100, 155]:

Ne = Neg XP (K6¢T > (3.1)
Ble

Ny = Nys EXP (K6¢T > (3.2)
Biwv

where n., and n,, are density of electrons and volume negative ions respectively at
the sheath edge; Kp is Boltzmann constant and T , denotes respective temperatures

of electrons and bulk/volume negative ions.

A constant flux 7, of negative ions having initial average kinetic energy FEj are
assumed to be emitted from the electrode surface. These negative ions are acceler-
ated towards the sheath boundary z = 0 due to negative ion repelling potential ¢,
at the electrode. On the other hand, the cold positive ions (7, < T; T}, is positive
ion temperature) with mass m, enters the sheath edge at a finite speed v,,, and are
accelerated towards the electrode.

In the presence of potential field ¢(z) = ¢, positive ion density density n,(z) = n,
and corresponding speed v,(x) = v, can be derived from the following continuity

and the momentum equations;

d d
ny (%) +u, (%) —0 (3.3)
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MmNyt <%) = —en, (%) (3.4)

Furthermore, if n,, and n,s are the respective densities of negative ions at the

electrode surface (or wall) and at the sheath edge; then the flux j, and energy F

of these negative ions can be expressed accordingly as:
ENnwUnw = ENpsUns = enn(l')’l)n(x) = ]n (35)
1 2
Ey — ep. = —myuv; — e (3.6)

2

In (3-5), v, and v, are respectively speed of negative ions at the electrode and the
sheath edge.
From (3-6), negative ions speed v,(z) = v, at any arbitrary location x and at the

sheath boundary (v,s) can be obtained as:

= (Bt e (6 6] (37)
- mi (B, — e (3.9)

On substituting (3-7) and (3-8) in (3-5), the negative ion density n,(z) = n,, in the

potential field ¢ can be expressed in terms of ¢, and Ej as;

M = s/ (By — €de) | By + € (¢ — ¢c)] (3.9)

Furthermore, the quasi-neutrality condition is also satisfied at the sheath edge;

Nps = Mes + Nys + N (310)

Finally, the Poisson equation inside the sheath is given by;

2

€00y = —e(ny, — Ny — Ny — Ne) (3.11)
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Introducing the following dimensionless quantities:

Nevn,p Nys Nps Te Up Uns
Ne,v,n,p: y Xg = 7532 771):_7‘/1):_7‘/715: )
Nes Nes Nes Tv Cs Cs
KBTe x T Ups (b ch In
CS: aX:_7Xs:_>‘/ps:_777:_7nc:_71]n: N
my >\Ds )\Ds Cs Te Te ENesCs

Eb m
S = b = m—p (3.12)

n

In (3-12), densities are normalized by n.,, the speeds of ionic species are normalized
with characteristic sound speed c,, potentials ¢. and ¢ are normalized by electron
temperature KgT, and the position coordinates  and x, are normalized by Debye

length Aps defined at the sheath edge. Hence (3-1 to 3-11) reduces to dimensionless

form as:

N. = exp (1) (3.13)
N, = asexp (7,n) (3.14)

d

dv,  dn
0 ~1/2
N,, = B {1 + —] 3.17
G (317)
d*n

Tz = (N + Ny + N = N,) (3.18)

In (3-14) and (3-17), a and f; are the normalized densities of negative ions at the
sheath edge, wherein o, corresponds to volume negative ions and [, corresponds
to surface produced negative ions. The parameter 7, = T,/T, is the normalized
electron temperature corresponding to volume negative ions.

The density [, is related to the dimensionless negative ion flux J,, = j,/en.scs as

follows;

Bs = Jn (2/ubpn)71/2 (ep — 770)*1/2 (3.19)
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Where, fi,, = m,/m, is mass ratio of positive ion to the negative ion.

The positive ion density N, in (3-18) can be obtained by integrating equation (3-15)

and (3-16) with the boundary conditions; 7(0) = 0,N,(0) = N, and V,(0) = V,s =

Up; where Up and N, is the dimensionless speed and density of positive ions at the

sheath edge, respectively. Therefore, the Poisson’s equation (3-18) can be rewritten

in terms of the respective densities as follows:
d*n

T = a4, 2p) " (&4 — 1) + 1)

-1/2 NpsUB

—(Ué - 217)1/2 (3.20)

In (3-20), the positive ion density N, satisfies the quasi-neutrality condition at the
sheath edge,

Npy =1+ ag+ J 20pm) "% (€5 — 1)~/ (3.21)

Integrating equation (3-20) with boundary condition 1 (0) = 0 gives the electric field

inside the sheath as;

E(n) =
2(en—1)+2(%) (6%77—1)+B< 1+ﬁ—1)+14<1/1—é—%—1>

(3.22)

The parameters A and B are defined as; A = 2NpsU123 and B = \/Z;LL\/&, — 7e-

The Poisson’s equation (3-20) can be solved to find the potential profile inside
the sheath provided the appropriate boundary conditions are given. One of the
important boundary condition is the entering speed for positive ions or Bohm speed

Upg which is determined as follows.

3.2.2 The positive ion Bohm speed

The positive ion speed Ug corresponds to a minimal ion speed for which F () =0
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at the sheath edge. Palacio et al [159] determined the Bohm speed by directly solving
the matrix differential equation corresponding to (3-15) and (3-16) as;
N, V,(dN,/dn av,/dX
p P ( p/ ) p/ _ 0 (323)
NpVp Ny dn/dX
The above equation has a singularity at the plasma sheath boundary (n = 0), which

is determined by equating the determinant of the above matrix to zero, i.e.

Ny (0)ly=0 — [Np (n) V() 577(77)} =0 = 0 (3.24)

In the immediate vicinity of the sheath edge (n = 0), it is possible to express N, by

assuming a quasi-neutral approximation:

—1/2
N, = exp (n) + asexp (V1) + Bs (1 + - nn ) (3.25)
b~ 1le

From (3-25), N, (n)|,=0 and %M:O are found in the limiting condition n — 0 and

substituted in (3-24) to obtain the positive ion speed V,(0) = Up at the sheath edge

UB:\/ L+a.+ 5 (3.26)

14 QYo — % (gb - nc)_l

as follows;

In (3-26), Up is modified Bohm speed of positive ions due to a negative ion emitting

electrode.

Furthermore, the parameter (5, expressed in terms of negative ion flux J, = £V,

[c.f. (3-19)]; will give

1 S /—Jn — e _1/2
. + o, + — (€b — Me) .
B Jn —3/2 (3.27)
1+Ofs'7v_2\/m (517_776)

Where Vs = /24 (€5 — 770)1/2 lc.f. (3-8)] is negative ion speed at the sheath
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edge. From (3-27), it can be seen that the Bohm speed Up not only depends on the
negative ion flux J, and initial energy ¢, but it is also a function of the electrode

potential 7.. On substituting J, = 0 (i.e. in absence of emission), equation (3-27)

14+as

reduces to the Bohm speed Up = /7752

in an electronegative plasma [11]. On
further substituting o, = 0, one can obtain the original Bohm speed (Up = 1) for

the case of a pure electro-positive plasma [10] .

3.2.3 Space Charge Limited Current

The Poisson’s equation (3-20), being a second order differential equation, requires
two boundary conditions which are given as 1 (0) = 0 and 1 (X;) = 1. Since X, is
unknown, therefore (3-20) can be iteratively solved with above boundary condition
to find a value of X until it satisfies the condition 7' (0) = 0, i.e the electric field at

the sheath edge must vanish.

Fig-3.3 shows some typical plots of spatial potential distribution for J, = 0,0.7
and 0.95. The electrode potential in the model has been fixed at n. = —10. From
the plot, it can be seen that the potential falls monotonically towards the electrode.
However at a particular value of J, = J,e = 0.95, the electric field E,. at the
electrode surface becomes zero i.e. the derivative (—dn/dX) at n = 7, vanishes at
the electrode surface. This is familiar Child-Langmuir limit for space charge limited
condition [160]. The flux J,nq, is the maximum negative ion flux below which all
negative ions emitted from the electrode can cross the sheath and eventually reach

at the sheath boundary.

On substituting E. = 0 in equation (3-22), the corresponding value of J,,q, can be

obtained as;

1/2
NpsU3 {(1 - ?B) - 1} (e - 1)+ (3—) (€7 —1)

- C\1/2
2 (24tm) " (g5 — 1e)"? {1 - (1 * (ebn—cnc)> }

(3.28)

Jnma:p -
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Figure 3.3: Spatial distribution of potential inside the negative ion emitting sheath
for three distinct values of J, = 0,0.7 and 0.95. The parameter used here are
N = —10,e, = 0.2 and a;, =0

It is seen that in (3-28), both N, and Ug are also a function of Jyme, [cf. (3-21) &
(3-27)]. Therefore for a given set of parameters (g, and 7.), equation (3-28) can be
numerically solved to obtain a unique value of J,,4.. Once Jymae is known, then it
is possible to find the density IV, and the positive ion speed Up corresponding to

space charge limit by substituting J,, = Jumae in (3-21) and (3-27) respectively.

3.2.4 Transported negative ion flux above the space charge

limiting current

The case refers to the situation when J,, > J,n4.; that is when the injected flux
of negative ions from the electrode is greater than the space charge limiting value.
In this situation, a virtual cathode of depth 7, near the electrode surface is formed,
as is shown schematically in fig-3.2(b). Due to presence of virtual cathode, only a
fraction of the emitted negative ion flux J,,., whose energy is greater than n, will

be able to cross the potential minima to reach at the sheath edge.

In the region between the electrode surface and potential minima, since the neg-
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ative ions experiences a repulsive potential. Therefore, the flux J,,. reaching at
the potential minima with average energy ¢, can be described by an exponentially
falling function of 7 [18].This is related to the injected negative ion flux .J,, through
the relation;

Jnvc - Jnenk (329)

In order to determine the transported negative ion flux .J,,. across the sheath,
let us assume a hypothetical electrode [shown by the vertical dashed line in fig-
3.2(b)|, having a potential n,, defined with respect to the sheath edge such that
Nm = Ne + Nk. The dashed line separates the sheath in to two distinct regions. On
the right of virtual electrode (Region-A), a monotonic fall in potential is observed
between potential minima and the sheath edge. On the left (Region-B), the potential

rises towards the electrode.

Since the electric field at the minima of virtual electrode is zero, therefore this
situation is similar to space charge limited value J,,,,4z, as if the electrode is virtually
shifted at the potential minima 7,, and it emits negative ions with flux J,,.. The
flux J,,. shall remain conserved in the region-A. Therefore on replacing J,,,4. and
Ne in (3-28) by Jype and 7, respectively, the amount of transported negative ion flux

Jave crossing the sheath for the case J, > J,mee can be obtained as;

1/2
Jnve = (3.30)

—1/2 1/2 m 2
2 (2,Upn) / (Eb - 77m> / |:]' - (1 + (Ebzﬁm))

It is to be noted that average energy of negative ions ¢, remain unchanged while
moving from electrode surface to potential minima. This is because of the fact that
the average energy corresponding to a Maxwellian distribution moving through a
retarding potential remains constant [161|. Thus for a given values of J,, and ¢, at

the electrode, equations (3-29) and (3-30) can be simultaneously solved to obtain
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Figure 3.4: Plot of (a) negative ion flux J,,. transported at the sheath edge and
(b) depth of the potential minima as a function of J,. The parameters used are
ep = 0.2, ag = 0 and 7. = —10.

Fig-3.4 shows the plot for (a) transported flux J,,. and (b) the virtual cathode
depth 7 as a function of emitted flux J,, from the electrode. From fig-3.4(a), it is
seen that on increasing the injected negative ion flux J,, from the electrode surface,
the transported flux J,,,. increases linearly up to a critical value J,,q, = 0.95. This
marks the origin of the virtual cathode inside the sheath. In this limit no potential
well exist, as n, = 0 observed in fig-3.4(b). The slope = 1 observed in J,,. vs J,
plot suggests that all the emitted flux is transported totally across the sheath when
the emission is below the space limited value. However, as soon as the injected
negative ions crosses the space charge limiting current value, i.e. J, > Jymaz, there
is a monotonic increase in 7, as J, increases. On the other hand, there is only a
marginal increase in transported flux of negative ion across the sheath. The reason
is because the potential well only allows a fraction (J,,./J,) of energetic negative
ions to cross the potential well, which is an exponentially falling function of depth 7
[c.f. (3-29)]. This phenomena is also commonly observed in the case of an electron

emitting surfaces [149, 154].

Likewise, below space charge limited emission i.e. J, < Jumaz, the density [

transported to the sheath edge increases linearly with J,,; as s = J,,x Const [c.f.(3-
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Figure 3.5: The plots showing (a) density s and (b) speed V,, of transported
negative ions at the sheath edge. The typical parameters are ¢, = 0.2, oy = 0 and
n. = —10.

19)]. However, it continues to decrease when J, > Jyne. In this case negative

1/2 —-1/2

charged density 5 depends on J,,,. by the relation 85 = Jhue (2p4pn) " 7 (€6 — 1)
The overall variation in f, as a function of J,, is shown in fig-3.5(a).

Similarly as shown in fig-3.5(b), the negative ion speed Vs at the sheath edge
remains essentially constant for J, < Jumae as Vips = (2,upn)1/2 (ep — nc)l/z; but it

increases for the case J,, > J,mae t0 commensurate with the increase in depth of the

potential well 7.

3.2.5 Potential distribution due to virtual cathode

The virtual cathode separates the entire sheath in to two regions; (a) the region
between the sheath edge and minima of virtual cathode and (b) region between the
virtual cathode to the electrode. Hence to get the entire spatial potential distribu-
tion between the emitting electrode and the sheath edge, the potential distribution

obtained independently in these regions are stitched together.

(a) Potential distribution between sheath-edge and the potential minima

of virtual cathode (i.e. 0 < 7(X) < n,,)

This is the region between a permeable hypothetical electrode situated at the
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potential minima of virtual cathode and the sheath edge. The potential of the
hypothetical electrode can be assigned as 1,, = 1. + 7, in which n; is already
determined in figure-3.5(b). Considering J,,. as the negative ion flux crossing the
virtual cathode with average energy ¢, then Poisson’s equation-(3-20) is iteratively
solved to obtain the spatial potential distribution inside the sheath, with the new
boundary condition n(0) = 0 and 1(X,) = 7,,; where X,, is the position of virtual
cathode with respect to sheath edge. The position X, is uniquely determined by

inspecting the electric field at the potential minima 7' (X,) = 0.

(b) Potential distribution between virtual cathode and electrode (i.e.

N < (X)) < 1c)

The electrons and volume negative ions enters the region-B and see an accelerating
potential (1. — 7,,) towards the electrode. Therefore the speed of the electrons will

vary according to,

2e (¢m B ¢)

2 2
v, = (Ve)” —
(ve) e

e

(3.31)

Where, (v.) = (/2EELe is average thermal speeds of electrons. At the potential

minima, thermal flux of electrons is given by;

=1 Pm
Je = J€Nes XD (Te > (ve) (3.32)

Since the electron flux j. is continuous throughout the sheath, therefore from (3-31)
and (3-32), the electron density n.(z) in this region is obtained on dividing j. by

eve(x);

ne(r) = (3.33)

In the dimensionless form, it is given by;

(1m — 77)] o exp (Mm)  for  nm <n(X) <ne (3.34)

1
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A similar consideration also applies to volume negative ions, which is expressed

in normalized form as follows;

1/
Yo (M — 77)] 1 2eXp (Yolm) — for  mm <n(X) <ne
(3.35)

m
4

The negative ion density in the region ¢,, < ¢(X) < ¢. is obtained from flux

conservation as;
) ¢>7¢c
Jnexp ( S5

ny(x) = 3.36
@) e (2Ey/my,)"? (336)

In the dimensionless form, it is given by;
N, (X) = Jnexp (0 = ) (3.37)

ey (241 ) 112

In contrast to above, positive ions experience a repelling potential (7. — 7,,,). There-
fore from the ion flux conservation, positive ion density can also be expressed in the

normalized form as follows:

N, U
p(X) = — 2 (3.38)
(UB — 2n)

In (3-38) N,s and Up are expressed according to the equation (3-21) and (3-27)

respectively, in which 7). has been replaced by n,, and J, by Jp., i.e.

Ny =14 s+ —25 (g, — ) 2 (3.39)
Hpn
Lt 2 (e — 1)~
Up = = (3.40)

J'nmc

372
1+Ozs%—2\/77(5b—77m) /

Equation (3-39) and (3-40) gives the normalized values of density and speed
for positive ions at the sheath edge when virtual cathode has formed. Hence the

potential distribution in the region 7,, < n(X) < 7. is found by solving the Poisson’s
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equation (3-20) iteratively with the boundary condition n(X,) = n,, and n(X;) = 7..
It gives an unique value of X, such that '(X,) = 0 is simultaneously satisfied.

Fig-3.6 shows a typical plot of potential distribution inside the sheath for three
0 .
o
41

nx) 07
-8-

_10
-12 -

-14- " T % T ¥ T ¥ T ¥ T 4 1
30 25 20 15 10 5 0

Figure 3.6: The plot of potential distribution inside the sheath for J, = 2,6 and 12.
The parameter used here are . = —10, ¢, = 0.2 and a; = 0. The electrode position
is defined at X = 30.

distinct values of J,, = 2,6 and 12. The electrode potential is kept fixed at n. = —10.
As can be seen from the figure, the depth of the potential minima 7 increases with
J, in order to accommodate more negative ions inside the sheath. It is also seen
that the position of potential minima shifts away from the emitting electrode on
increasing J,, as it requires a greater distance to accommodate a higher negative

ion flux inside the sheath.

3.3 Bohm speed during Negative Ion Emission from

the electrode

Equation (3-27) & (3-40) respectively provides the Bohm speed Ug for the case
Jn < Jumaz (below the space charge limit) & J,, > Jumae (above the space charge

limit). A similar result was also obtained by Palacio et al [159] and Amemiya et
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al [149] for the case of an electron emitting electrode. However their results were

restricted below space charge limiting current.
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Figure 3.7: The variation of Bohm speed Ug of positive ions as a function of emitted
flux J,,. The typical parameters are £, = 0.2 and oy = 0. The electrode is at constant
potential 7. = —10

Figure-3.7 plots the Bohm speed Up as a function of negative ion flux J,. It is
seen that Up increases linearly with J,, below the space charge limit i.e. J, < Jumae-
Above this limit Up decreases slightly and then it attains a constant value as J,

increases.

The reason for observing a linear rise in Upg in the limit J, < Jyne: can be
explained on the basis of quasi-neutrality requirement at the sheath boundary. As
observed from fig-3.5(a), since the parameter 3, at the sheath edge increases linearly
with .J,,; therefore the normalized positive ion density N, at the sheath edge should
also increase according to quasi-neutral equilibrium; Nps = nys/nes = 14+ a5+ . If
contribution of volume negative ions at the sheath edge is neglected temporarily, i.e.
as = 0, then the normalized positive ion density ratio N,s = n,s/n.s at the sheath
edge would also vary linearly, as the negative ion emission flux J, increases. Hence

to maintain a constant positive ion density at the sheath edge, it requires that the
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electron density should proportionately decrease at the sheath edge,

nps(constant) = nes () + Mns (1) (3.41)

The electron density and potential at the sheath edge is related by the Boltzmann
distribution i.e. n.s ~ exp(n). Thus a fall in electron density at the sheath edge
will be associated with a corresponding increase in the magnitude of 7 (in a small

boundary layer close to the sheath edge).

Whereas, in the limit when J, > Jumae, Os at the sheath edge decreases [see
fig-3.5(a)|. Therefore according to (3-41), electron density should correspondingly
increase. The increase in electron density at the sheath edge requires a lower poten-
tial drop within an infinitesimally small region close to the sheath. This potential

could alter the positive ion speed at the sheath entrance.

The above observations suggest that the variation in positive ion Bohm speed
due to negative ion emission depends on the electron density at the sheath edge,
which is actually associated with the potential drop across quasi-neutral pre-sheath
region. In Chapter-4, a more detail description of the positive ion speed at the sheath
boundary is provided, which analyze the pre-sheath region that is responsible for

the acceleration of positive ions towards the sheath boundary.

Fig-3.8(a) & (b) shows the effect of electrode potential 7. on density 5 and speed
V,.s of negative ions at the sheath edge for a constant flux J,. The corresponding
variation in Bohm speed has been plotted in fig-3.8(c). It is seen that the speed V4
increases monotonically with 7.. According to the flux conservation J,,. = 5sVas,
it is then expected that the negative ion density s should fall at the sheath edge
which is observed in fig-3.8(a). As a result, the corresponding value of N,; =1+ 3,

will also reduce.

The above condition can be satisfied only if electron density n.s increases at the
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Figure 3.8: The variation of (a) the negative ion density S (b) the speed V,s and
(c) Up as a function of electrode potential 7. for constant initial energy &, = 0.2 and
flux J, = 12.

sheath edge, which demands for a smaller potential drop within the small region
close to the sheath edge. Consequently positive ions at the sheath edge Ug should

also reduce as seen fig-3.8(c).

3.4 Sheath width characteristics

The 1-dimension model of sheath presented in section-3.2 can be applied to esti-
mate the sheath width X in front of the negative ion emitting electrode. Here X
is the normalized distance from the sheath edge up to the point where the potential
approaches n.. When the negative ion emission is above the space charge limit, the
sheath width is found by summing the spatial distance of potential minima 7,, from

the sheath edge and the distance between the electrode and the potential minima.

In Fig-3.9(a), the sheath width X for a negative ion emitting electrode has been
plotted (the solid line) as a function of the electrode potential .. It is found that the
sheath width increases monotonically with negative potential 7. on the electrode.
To compare the trend, the sheath width for a non-emitting electrode is also plotted

which are calculated using approximate Child-Langmuir (CL) solution (Ug = 0)
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Figure 3.9: Variation of sheath thickness with respect to (a) electrode potential 7,
for constant J,, = 4 and &, = 0.2 and (b) emitted negative ion flux J,, for a constant
electrode bias 7. = —10. A comparison with Child-Langmuir (CL) sheath-width is
shown; the dotted and the dashed curve correspond to the approximate CL solution
(Ug = 0) and exact CL solution (Ug # 0) respectively. The typical parameters
o = 0 is assumed.

and exact CL solution (Ug # 0) respectively [11].

The dashed curve corresponds to the case J,, = 0, which is obtained by substitut-

ing the parameters A =2, B =0, N,; =1 and Ug = 1 in (3-22). This reduces the

equation to dn/dX = /2[(1 — 2n)1/2 — 1]. On integrating with boundary condition
n(0) = 0 and n(Xs) = 7., an analytical solution for the sheath width can be found

as follows;

X, = V2/32+ VIt 2y -1+ 1+ 20 (3.42)

In the second case (dotted curve), positive ion speed at the sheath edge is ne-
glected i.e. Ug = 0. This approximation reduces the above expression of X to the
conventional Child-Langmuir law as, X2 = (4v/2/9)n" [116]. The trend in X in
case of emitting electrode resembles the conventional Child-Langmuir sheath width;
however its magnitude is found to be consistently higher compared to non-emitting
electrode [fig-3.9(a)]. The reason for observing a consistently higher sheath width

for a negative ion emitting electrode can be qualitatively discussed as follows:
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The emission of negative ions from an electrode can be considered as an equivalent
positive ion current entering the sheath. As the analytical model suggests that the
negative ion density at the sheath edge has a decreasing trend with increase in the
electrode potential [fig-3.8(a)]. Hence the number density of positive ions at the
sheath edge will also decrease in order to conserve the quasi-neutral equilibrium.
However to shield the negative potential on the electrode effectively, the sheath
must expand to bring in more positive ions inside the sheath region. As a result a

higher sheath width is possible for a negative ion emitting electrode.

A similar argument can be also given for observing higher sheath width in fig-
3.9(b) due to increase in initial average energy of negative ions. In this case, more
number of negative ions can overcome the potential barrier of the virtual cathode
to reach the sheath edge. As a result the negative ion contribution at the sheath
edge increases, while the supply of positive charges to the electrode decreases. This

results in the sheath expansion for shielding the potential at the electrode surface.

3.5 Discussion

The planar 1-D analytical model of a negative ion emitting electrode provides
a simple link between flux and energy of the injected negative ion and the spatial
potential distribution adjacent to the emitting electrode. This problem has relevance

to plasma & ion extraction grids of a negative ion source.

G. I. Dimov et al [162] investigated the effect of negative ion emission in a penning
type negative ion source, in which an independently biased emitter, as shown in
figure-3.10(a), was considered. When the emitter surface was very close to the
plasma (§ = 0.1 mm), it was reported that the transported flux of H~ ions from
the emitter surface increases with the emitter bias and tends to saturate as the bias

was further enhanced. A similar qualitative behavior has also been observed using
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Figure 3.10: (a) The cross sectional view of a penning type negative ions source
with an independent biased emitter placed at a variable spacing ¢ from the plasma
edge. (b) The extracted H~ current as a function of emitter bias U, for two different

spacing 0 = 0.1 mm and 0.7 mm from the plasma column edge. Courtesy: Belchenko,
Y. I et al (2018)

our present 1-dimensional model shown in fig-3.11.
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Figure 3.11: The variation of transported flux J,,. of negative ions at the sheath
edge as a function of electrode potential 7.. The injected flux J, = 12, oy = 0 and
initial kinetic energy ¢, = 0.2 are assumed as parameter.

From the analytical model [c.f. 3-30], it can be seen that for a very large value
of 7., the transported negative ion flux J,,. across the sheath tends to a value

Jnwe — (Vpn) (1 + o) /(L4 as) [ (1 + asve) = (\/Fon) X (NpsUp). This is found
to be proportional to y/m,/m,, times the positive ion flux entering the sheath edge.

Therefore, the analytical result predicts that the extraction of surface produced

negative ions across the sheath is not only limited due to formation of virtual cathode
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but it also greatly depends on the positive ion flux that is available at the sheath
edge. Hence, merely by increasing negative ion emission from the electrode will
not improve the extraction of negative ions across the sheath due to the virtual
cathode formation. On the other hand, the transported flux of negative ions can
be increased by applying a higher negative biasing to the electrode. However the
maximum transported flux is limited by the amount of positive ion flux determined
at the sheath edge. This implies that the negative ion emission will be more in
the case of a denser plasma having higher population of positive ions presence in
the bulk. This behavior has also been qualitatively addressed in another simulation

work [21].

From application point of view, the present analytical model can be suitably used
to compare the PIC (particle-in-cell) simulation results of a self-consistent H~ ion
production from a biased plasma grid (planar electrode) due to impinging neutrals
H and H; and their transport across the extraction region of a hybrid negative
ion source [21]. In this negative ion source, both volume and surface production
of negative ions were considered. The schematic of the simulation setup and the

related details are given in fig-1 of ref-[21].

In the PIC simulation, the spatial domain extends from a fixed point inside the
bulk plasma x = 0 up to the plasma grid position zs; = lcm, similar to situation
described in fig-3.1. The plasma grid is biased at 20 V with respect to the plasma

potential ¢, ~ 22V. Thus the relative potential of the plasma grid is ¢, = —2V.

The neutral density of H and Hs that were considered in the simulation are
ng = 1 x 10¥ m™3 and ng, = 3 x 10" m™3 with corresponding temperatures
Ty = 0.6 ¢V and Ty, = 0.15 eV. In addition, plasma parameters assumed in the
above simulation at z = 0 are n., = 9 x 10"%m™3, n,, = 2.5 x 10"%m=3, T, ~ 1eV

and Ej ~ 0.6eV.

With the help of above parameters, the emitted current density of negative ions
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from the plasma grid can be calculated using the formula j, = eYo(I'y + I'y,) =~

498 Am~2; in which Ty p, = %nH,HM / % are the thermal flux of neutrals H and
s 112

H, impinging the plasma grid respectively, Yy ~ 0.15 [12] is conversion efficiency of

both neutral species to form H™ ions.

For comparing with the simulation results, we apply the following dimensionless
quantities: n. = -2, J, = 6.86, ay, = 0.27, v, = 1 and ¢, = 0.6 as input parameter

in to our model.
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Figure 3.12: The plot of potential distribution inside the sheath for J, = 6.86. The
parameter used here are 1. = —2,6, = 0.6, gy = 0.27 and 7, = 1. The electrode
position is defined at X = 31.

Figure-3-12 shows the plot of spatial potential distribution. From the figure,
the depth of potential minima with respect to the grid is found to be n, ~ —1.67.
Furthermore, the flux of negative ions crossing the sheath, has been calculated using
(3-29) ie. Jupe = Jne™ = 1.29. Therefore the percentage fraction of transported
negative ion flux across the sheath amount to (‘{]"—Z X 100) ~ 19% ; which implies
that the remaining ~ 81% of the flux will get reflected towards the plasma grid due

to the formation of virtual cathode near the electrode surface.
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In the PIC simulation, the reflected flux was found to be as high as (~ 90%),
whereas the position of the potential minima was found to be ~ 0.Imm from the
plasma grid. It is interesting to observe that our analytical model predicts the po-
tential minima at ~ 0.07mm (corresponding to dimensionless value ~ 2.4); which is
found to be reasonably in good agreement with PIC simulation reported in Ref-[21].
The small difference can be because our model considered only single positive ion
H™ in contrast to PIC which considered all the species H™, H," and H, . The above
examples shows that a simple 1-dimension analytical model of a planar electrode can
very well explain the behavior of negative ion emitting electrode in both experiments

as well as in simulation.

3.6 Summary & Conclusion

In this chapter, a simple analytical model for a negative ion emitting electrode
has been revisited and the modelling results have been validated by comparing with
the experimental and PIC simulation results published by different authors. The
negative ion emission from an electrode is similar to an electron emitting sheath
originally developed by Amemiya [149] and later extended for the negative ions by
McAdam et al [18]. The findings in those works mainly focused on the analyti-
cal derivation of spatial potential distribution inside the sheath leading to virtual

cathode due to negative ion emission from the electrode surface.

In this work, an analytical formula for positive ion Bohm speed has been obtained.
It is found that the Bohm speed becomes a function of the applied potential on the
electrode surface and emission flux of negative ions. An important observation finds
that the negative ion flux crossing the sheath cannot exceed the positive ion flux
entering into the sheath, irrespective of applied potential on the electrode. The

Bohm speed is found to increase linearly with the negative ion emission flux below
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the space charge limit. However, it slightly decreases above space charge limit and

attains a constant value as emission is further increased.

Another important result from this study shows that the sheath width is enhanced
due to emission of negative ions from the electrode surface. The sheath width is
an important parameter to optimize the appropriate grid size during 2D /3D PIC-
MCC (particle-in-cell with Monte-Carlo collision) simulation techniques [99]. Its
significance can also be realized by the fact that the information of sheath width
can be critical to optimize the geometry of the ion extracting grids for a negative
ion beam source. Presence of negative space charge adjacent to the plasma grid can
adversely affect negative ion extraction from the plasma [163]. The present model
can also be applied in a typical experiments where set of electrical grids are biased
to extract beams of positive /negative ions [23]. Thus negative ion emission from an
electrode and its consequence on the plasma sheath region has been demonstrated

in view of applications associated with negative ion sources.
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Chapter 4

The Pre-Sheath region of a negative

lon emitting electrode

Pre-sheath is a weak electric field region that connects the quasi-neutral plasma
to the non-neutral sheath region near the electrode. Its significance arise because
it provides a directed flow to the positive ions towards the sheath boundary. The
characteristics of pre-sheath region has been widely reported for the case of electro-
negative plasmas using analytical models [6, 102, 164-166|; however the pre-sheath
due to a negative ion emitting electrode has not been adequately addressed. In
chapter-3, we found that during negative ion emission from the electrode surface,
the positive ion speed was found to increase at the sheath boundary. Therefore the
pre-sheath potential structure due to negative ions injected from the plasma sheath

boundary towards the bulk plasma needs to be examined.

In this Chapter, the pre-sheath region has been explicitly solved, in which a
constant flux of negative ions with initial energy corresponding to the potential
on the electrode are injected from the sheath edge towards the bulk plasma. The
negative ions are further accelerated as they traverse across the pre-sheath. The

analytical model is then applied to investigate the spatial density and potential
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distribution inside the pre-sheath region.

In section-4.1 a brief outline on the pre-sheath involving negative ions and its
application to a negative ion emitting electrode is provided. The 1-D fluid model
is presented in section-4.2. The analytical results with discussion are provided in

section-4.3 & 4.4. Finally, the work is summarized in section-4.5.

4.1 Pre-sheath in negative ion plasma

The behavior of pre-sheath in negative ion containing plasma has been widely
reported |6, 102, 103, 116]. The bulk negative ions have lower mobility than elec-
trons, as a result they mostly remain confined within the bulk plasma. Therefore
an increase in negative ion population will have a diminishing effect on pre-sheath
potential. This will further reduce the positive ion speed at the sheath edge. There
are several factors which can influence the pre-sheath length and the magnitude of
potential drop across it. lon-neutral and electron-neutral collision inside the pre-
sheath region is one of the important factor, which can increase the potential fall in
the pre-sheath region [167]; besides, presence of a transverse magnetic field can also

affect the pre-sheath[168].

In the present perspective, the negative ions which are emitted from the surface
will gain acceleration in the sheath and they will be further accelerated on entering
the pre-sheath region. This additional negative ions in the pre-sheath is expected
to change the quasi-neutral equilibrium throughout the pre-sheath region. The pre-
sheath will govern, how much negative ions can enter the pre-sheath region and get
accommodated inside the bulk plasma. Analytical study by Orson Sutherland et al
[169] found that the variation of extracted current of negative ions have functional
dependence on both sheath as well as the pre-sheath region. Though ion-ion inter-

action inside the sheath may be ignored, however ion-ion/ion-neutral collision mean
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free path may be comparable with pre-sheath length[116]. In another study, time
resolved measurement of density and potential with the help of Langmuir probe
conducted in NIFS-R&D negative ion source[170] had shown that the pre-sheath in
front of the caesiated plasma grid is deeply penetrated into the bulk plasma as a re-
sult of increasing the negative ion emission from the plasma grid. This gives a clear
indication of pre-sheath elongation due to negative ion emission from as electrode
surface. It was also found that increase in H~ concentration due to negative ion
emission resulted in a decrease of electron density inside the pre-sheath. The overall
quasi-neutrality is then maintained by H™ and H~. The elongation of pre-sheath
has been also observed in electro-negative discharges, where the shielding length of

pre-sheath ambipolar field is longer than in the usual electron-ion pre-sheath [116].

The implication from the above observation suggests that the pre-sheath region
is strongly affected by the presence of negative H~ ions emitted from low work
function surfaces in negative ions sources. A suitable analytical model of pre-sheath
will therefore be essentially helpful to independently study the impact of negative
ion emission flux on the pre-sheath potential drop. The analytical model formulated
in this chapter considers a negative ion flux injected from the sheath edge inside
a quasi-neutral pre-sheath consisting of positive ions, electrons and bulk negative
ions. Using this model, the potential distribution, the pre-sheath length and the

characteristic positive ion speed at the pre-sheath boundary have been investigated.

4.2 1-D model of pre-sheath

In fig-4.1, schematic of a planar 1-dimensional pre-sheath region is shown; on the
left z = 0 marks the center of the bulk plasma and on the right is the plasma sheath
boundary (PSB) 2 = z;. Both potential ¢(0) and electric field ¢'(0) at the boundary

x = 0 are assumed to be zero. The pre-sheath length x; is the distance where the
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electric field ¢'(z;) — oo (infinity) [171]. The sheath region is assumed to start at

T > xy.

¢=0 PSB
: :
! 1
! 1
! ¢ 1
! 1
! 1
[ .. . 1
:Posmve ions — ]
: !
! 1
i Transported i
‘Bulk negative ions Negative ions!
! 1
: - —
: :
! 1
! 1
! 1
1Electrons oM
: — :
: :
! 1
{ 1
x=0 X =X

Figure 4.1: A schematic showing the charged particle transport inside the pre-
sheath region, represented by arrow. A finite flux of negative ion beam is assumed
to enter at the plasma-sheath boundary (z = x;). The center of the bulk plasma is
represented at x = 0; where the electric field and potential are assumed to be zero.

The electrons and volume negative ions inside pre-sheath are described by Boltz-

mann distribution [11].

Ne = Neg €XP (%) (4.1)

Ny = Ny €XP (%ﬁ) (4.2)

Here n.g and n,o are density of electrons and bulk negative ions defined at x = 0.
A constant flux j, of negative ions enters the pre-sheath from the PSB at x = z; and
flows towards the bulk plasma. On the other hand, the positive ions flowing towards
the sheath edge undergo columbic/momentum loss collisions with background charge
species (electron, volume negative ions and neutrals) respectively. Unlike the sheath
region, these collisions cannot be neglected inside the pre-sheath, as the mean free
path of these collisions can be comparable with the characteristic pre-sheath length.

With above assumptions, the flux and energy conservation equations for the cold
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positive ions inside the pre-sheath can be written as follows [172]:

d
e (npvp) = Zne (4.3)
dv,  do -
mpvpd—; e myuy (Vp + Zn_p) =0 (4.4)

In (4-3) the ionization frequency Z is assumed to be constant [171, 172]. Since at
low pressures, the collision frequency v, due to positive ion-neutral interactions is
smaller than the ionization frequency (v, < Z) Hence the last term in (4-4) can be

approximated as m,v,Z (n./n,)[172].

The negative ion flux j, is assumed to be constant throughout the pre-sheath.
However, the momentum loss of these ions as a result of ‘frictional drag’ during
collision with Maxwellian electrons and volume negative ions can take place. The
rate of momentum loss for such collisions due to electrons and volume negative ions
are given respectively as [Ch-14 in [161]]:

d(vn), 21/2e4mé/222lnA

_ N, 45
dt 127?3/253mn(KBTe)3/2( ) (45)

d(v,),  Z2Z%n(A) (n> (4.6)

dt  4re2mgm, \ 02
In the above equations, InA is coulomb logarithm, m, and m,, are the respective

masses of electron, volume negative ion and injected negative ions respectively. Here

Znpo for similar charged state ions has been assumed to be one (Z,,,,, = 1).

The columbic interaction between the cold positive ions (7, < T,) and injected
negative ions is vanishingly small; as it varies inversely to the cube of their relative
speed [161]. Since the speed of negative ions injected at the PSB is sufficiently
high as compared to counter-streaming positive inside the pre-sheath |v, =~ 5cs i.e.
Vios = b, see fig-3.5(b)], therefore the momentum loss of these negative ion during

collision with positive ions can be neglected.
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Thus, the continuity and the momentum equations for injected negative ions are

given as follows:

jn = jns = ENpUy = jnO (47)
dl)n dqb Ty
MnUn— = =~ € + A. (nevy,) + Ai— + Vampv, =0 (4.8)

n

Here v, is negative ion-neutral collision frequency; A, and A; are constants given
by;
0 21242 72 1n A _ Z2Z2%'In A

e = i 4.9
]_271'3/26% (KBTE)?)/Q 47-‘-5(2)77111 ( )

Furthermore, quasi-neutrality condition is considered to be valid inside the entire
pre-sheath, hence:

Ny = Ne + Ny + Ny, (4.10)

Finally, the above equations can be written in dimensionless form as follows;

N, = exp (n) (4.11)
N, = agexp (7n) (4.12)
d
o (VW) = Ne (4.13)
av, —dn N,
—_— + — ) — | = 4.14
NV, = J, (4.15)

dn J2 dN, N 7
— e Hngs e F AW [ ) (A7) (NN ) —0 (4.1
ax s gy A (Nn) + (A1 J5) (NoNg) + 0 (Nn> 0 (4.16)

N,=N.+ N, + N, (4.17)
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Here the normalization rules follow as;

X = ZZE/CS7 V;),n - Up,n/cs; n = €¢/KBT67 Np,v,n,e - np,v,n,e/”eOa Yo = Te/Tva
Qo = nvO/”eOa 50 - nnO/neO» Jn = ]n/ (eneﬂcs) y Unp = mn/mpa

AL = A (neo/mpZ) , A, = A; (neo/mchi) Opn = Vpn/Z (4.18)

e

Note that the position coordinate x is normalized by the ionization length (c,/2)
[6]. The characteristic length of the pre-sheath is determined by the ion mean free
path rather than the Debye length. Therefore the Poisson’s equation inside the
pre-sheath is given by;

d*n
q2 (W) = (Ne + Nv + Nn — Np> (419)

In (4.19), ¢ = (ApoZ)/cs is defined as non-neutrality parameter [6]. Generally
q < 1 since the ionization length (c;/Z) is much larger than the Debye length \py.

Equation-(4-17) is a direct consequence of the above Poisson’s equation with g = 0.

4.3 Results and discussion

4.3.1 Pre-sheath dependence on volume negative ions

If the injected negative ions in to the pre-sheath is temporarily neglected, then
it can be seen that the above set of equations (4-11 to 4-14 & 4-19 with N,, = 0)
reduce to the case of a typical electro-negative discharge comprising of electrons,
cold positive ions and volume negative ions. In this case, the potential distribution
inside the pre-sheath region can be analytically solved as an initial value problem
rather than boundary value problem as adopted in chapter-3 for solving the sheath

region. That is, for a given set of initial values at the center of the discharge

103



Section:4.3

(X = 0), the integration of equations (4-11 to 4-19) is carried towards the sheath
edge. Since positive ion flow is outward, therefore its solution is obtained by the

upstream boundary conditions; which can be defined as n(0) = 0, V,(0) = 0 and

T ¥ T Y T

0.2 0.4 0.6
X

Figure 4.2: Plots showing spatial profile of (a) the charge particle density of indi-
vidual species and (b) the positive ion speed. The vertical dashed line shows the
pre-sheath end. The parameter considered at X = 0 are oy = 0.2 and ~, = 10.

Fig-4.2(a) & (b) shows the density distribution of individual species and spatial
distribution of positive ion speed respectively for an arbitrarily chosen non-neutrality
parameter ¢ = 1073, If however, the ionization length (c,/Z) is much larger than
Apo so that g &~ 0[116], then the equation (4-17) preserves the exact quasi-neutrality
inside the pre-sheath. Hence pre-sheath region is sharply truncated at a position
where the electric field E; — oo(infinity) [116]. The position where this abrupt
transition takes place can be recognized as the pre-sheath edge or the plasma-sheath

boundary, as indicated by the vertical dashed line in fig-4.2(a) & (b).

The location of the pre-sheath edge can be further verified by inspecting the
positive ion speed, which should acquire the characteristic Bohm speed at this
boundary. For a bulk electronegativity parameter oy = 0.2 & v, = 10 as input,
the relative negative ion concentration at the plasma-sheath boundary is found

to be a, = (Nus/Ng) = 6.4 x 107¢ from (4-12) [see fig-4.2(a)]. The normal-
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ized value of Bohm speed corresponding to this value is found from formula to

be Up = /(1 + ;) / (1 + v,s) ~ 0.99, which is in agreement with the positive ion

speed at the pre-sheath boundary, as shown by a vertical dashed line in fig-4.2(b).

In fig-4.3, the pre-sheath potential profile for different values of oy = 0,1.5,2
is solved assuming the exact quasi-neutrality relation (4-17). The pre-sheath is
truncated at the point where the positive ion reach the Bohm speed and dented by

the symbol ‘x’.

0.0

-0.2 -

n
-0.41

-0.6 1

0.0

Figure 4.3: Plots showing spatial variation of pre-sheath potential 7 for J, = 0 and
different values of bulk electro-negativity parameter ag = 0,1.5,2 & v, = 10. The
origin inside the bulk plasma is defined at X = 0 where potential and electric field
is zero. Symbols ‘x’ denotes the end of the pre-sheath regio.

From the above figure, it can be seen that the pre-sheath potential drop reduces
as the concentration of volume negative ions in the bulk increases. This observation
is consistent with earlier reported works, which suggest that the rate with which the
positive ion accelerate inside the pre-sheath is reduced |6, 165, 167|. Therefore, the
positive ions traverse a longer distance in the bulk plasma to attain its characteristic

Bohm speed. Consequently, the characteristic pre-sheath length is elongated as
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observed in fig-4.3. Moreover, due to fall in the positive ion Bohm flux at the sheath

edge, the ambipolar loss of electrons towards the sheath boundary is also reduced.

4.3.2 Pre-sheath dependence on injected negative ions

If a finite flux J, of negative ions is injected from the sheath boundary at X = X,
and assuming that the flux J, remain conserved; therefore the flux J,0 at X = 0

would be equal to .J,.

Furthermore, the potential drop across the pre-sheath region is equivalent to the
energy gained by positive ions while it moves from X = 0 to X = X;. Therefore
from energy conservation, the normalized density [, which corresponds to injected

negative ions at X = 0 is related to J, by;

—-1/2

Thus for a given flux J, of negative ions emitted from the electrode, the speed of
negative ions Vs and positive ion speed Up from fig-3.5(b) & fig-3.7 of chapter-3
respectively are substituted in (4-20) to find the density 5y at X = 0.

Similarly the electro-negativity parameter oy at X = 0 can be related to ay by

relation;

o = g exp K”; 1) Ug] (4.21)

Once the boundary value of densities oy and fy at X = 0 are found, the potential
distribution inside the pre-sheath can be solved by using the set of equation (4-11)
to (4-17) using the initial boundary conditions 1’ (0) = 0, the potential 7(0) = 0,
the initial positive ion speed V,(0) = 0 and the quasi-neutrality condition N,(0) =

1+Oéo+ﬁ0.
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The pre-sheath equations are solved using the exact quasi-neutrality condition
[c.f. (4-17)] up to the point where the electric field ‘blows up’ i.e. FEg(ns, X)) =
n' (X;) — oo; here X; is dimensionless pre-sheath length and 7, is potential at the

sheath edge.
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Figure 4.4: The spatial distribution of pre-sheath potential n(X) for a range of
injected flux J, = 0 to 20. The position X = 0 is the center of discharge and the
symbol ‘x’ denotes the end of the pre-sheath at X = X;. The typical parameters
are ap =0, A, = 0.1, A, = 0, ptpp = 1,0,, ~ 0.

In Fig-4.4, potential distribution in the pre-sheath are shown for a range of neg-
ative ion flux for corresponding J,, values used to obtain the plots in fig-3.4(a). The
figure clearly shows that as J,, increases, the potential drop increases steadily across
the pre-sheath. The maximum potential drop across pre-sheath corresponds to the
critical flux at space charge limited value Jpq. ~ 0.95. Therefore the presence of
negative ion flux injected in pre-sheath gives rise to a greater potential drop due
to which the positive ions are accelerated from the bulk plasma towards the sheath
boundary at a relatively higher speed than in the absence of J,. Thus the above

result is in qualitative agreement with fig-3.7 of chapter-3, which showed a marked
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increase in Ug as J,, was increased from zero to J,,q4. = 0.95. The pre-sheath length

is also found to increase during presence of J,,, which is discussed below.

4.3.3 Characteristic Pre-sheath Length

In a low pressure electro-positive discharge, the electrons can be described by

Boltzmann distribution|[171]. The potential distribution inside the pre-sheath is
KBTe dne
en, dx

determined from the ambipolar electric field £ ~ — [11]. On the other

hand, the positive ion speed v, = p, £ is obtained in terms of the ion-neutral collision

KgT,\ 1 dn
mean free path A\, = v,/V;,; which can be written as v2 = Ay ( = e) — — = Here
my, ) ne dx
: . e o : . 1 dn.
{tp is mobility of positive ions. Approximating the density gradient term .
e

across the pre-sheath length by ~ 1/R for n.s < ne, the positive ion speed at

. KBTe >\m 12 .
the plasma-sheath boundary is found to scale as v, ~ 7 . This
mp
implies that the positive ions acquire the acoustic speed at a distance of the order

of ion-neutral collision mean free path (R ~ \;,).

In the scenario when ion-neutral collision is ignored, however the electron-impact
ionization can be considered as a momentum loss process for the ions inside the pre-
sheath. Therefore under the steady-state, an electron-ion pair created is balanced
by the ambipolar loss of positive ions at the characteristic ion acoustic speed. This
approximation leads to a characteristic scale length of the pre-sheath for this case.

Fig-4.5 presents the dimensionless pre-sheath length as a function of the injected
flux J,. From the figure, it can be seen that the pre-sheath length increases up to
the space charge limited flux J, = J,mee and then decreases slowly as the negative
ion flux is increased above J, .. value. The observed trend in X; varies in similar
manner as the transported flux of negative ions which gets saturated for J,, > Jumaz

after the virtual cathode is formed [c.f. fig-3.4(a)].
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Figure 4.5: Plot for pre-sheath length with respect to emission flux J,, where
Jnmaz = 0.95. The parameters are same as considered in fig-4.4

The normalized pre-sheath length X; from (4-18) is expressed as X; = /(cs/Z)
where Z is the ionization frequency, ¢ is the ion acoustic speed and [ = geometric
pre-sheath length. The term (¢;/Z) is known as the ionization length[6]. In the case
of pure electron-ion plasma, the characteristic length [ = 0.57(c,/Z)[116] indicates
the fact that the geometric length is less than the ionization length. However due
to presence of negative ion beam, this factor is found to be 0.85(cs/Z) as seen from

fig-4.5 which is approximately close to one ionization length.

4.4 Interpretation of Bohm speed

In chapter-3, the Bohm speed of positive ions was found to increase when a
constant flux J,, of negative ions were introduced from the electrode surface. The
emission flux .J,, was varied from 0 to 8 and the impact on the Bohm speed was
investigated. It was found that for J, < 0.95, i.e. below the space charge limited
emission, the Bohm speed increased linearly. However for J, > 0.95, the emission
gets space charge limited and the Bohm speed attains nearly a constant value. This
observation can be closely related to the potential drop inside the pre-sheath as

plotted in fig-4.4. It can be observed that the pre-sheath potential drop increases as
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the negative ion flux increases inside the pre-sheath. Therefore, a higher potential
drop across the pre-sheath will eventually result in providing a greater acceleration
to the positive ions as they enters the plasma-sheath boundary. This is in agreement

with the increase in the Bohm speed observed in fig-3.7 of chapter-3.

The Bohm speed obtained in chapter-3 considered the electric field at the plasma-
sheath boundary to be zero; whereas in the case of pre-sheath, the plasma-sheath
boundary is determined at the point where the electric field tend to become infinite.
Therefore for smoothly joining the sheath region to the adjacent quasi-neutral pre-
sheath, the Bohm condition given by (3-27) is not satisfied for E; — 0 but for
Es(X;) — oo while locating the sheath edge by solving pre-sheath. This can be

verified by finding the various quantities and their derivative at the pre-sheath edge.

dv;, dN,
First, eliminating d—;| x, from (4-13) and (4-14), the derivative d_X{)’ x, 1s given

dN, Nps e’
— — | F. — = 4.292
UB(dX)|Xl+UB(S UBN) 0 (4.22)

ps

by;

dNn \ .
Whereas, the derivative (d_X) is found from (4-16) as;

J?L dNn / / 2 2 _vom
Eg — pinyp — ) |x, + ALdy [05/Nas) + (Al J2) [NZ,e7™] =0 (4.23)

) \ax
N, N,
The density derivative <%) and (Ccll_Xn) are related with the following equation

obtained from (4-17);

dN,

I (4.24)

dN, ,
(d_)(?) lx, = — (€™ +7,e"™) Es +

dN, dN, . . .

Substituting and | —2 ) from (4-22) and (4-23) respectively in equation
dX dX

(4-24) and again using the quasi-neutrality condition N, = € + qpe? + N5, we

get;
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N,s J? .
lU_% + Hnp (N_gs> - (773 + O‘O’Yve%né):|

= A (1[0 (Al ) (V3.
B

B, = (4.25)

We observe that as E; — oo, Up from (4-25) can be evaluated in terms of bulk

parameter as;

Ms YvNs N
Uy — T E Ane (4.26)

J2
ens + @07@67”775 — Hnp (N_§>

For N,s =0, i.e. in absence of emission, (4-26) represents the usual Bohm speed in

terms of bulk parameter in an electronegative plasma|164].

4.5 Summary & conclusion

In summary, the pre-sheath region next to the negative ion emitting sheath has
been studied with the help of 1-D fluid equations. From the study, it is observed
that the potential drop across the pre-sheath increases as a constant flux of injected
negative ions stream towards the center of the discharge. Consequently, the Bohm
speed of positive ions also gets enhanced. This result is consistent with the Bohm

speed derived by solving the sheath equations in chapter-3.

The present chapter highlights some of the most fundamental difference between
the behavior of negative ions created in the bulk plasma and that born at low work
function surfaces inside the plasma. It is well known that the bulk negative ions
reduces the Bohm speed at the sheath edge as compared to electron-ion plasma.
A decrease in positive ion speed leaving the sheath boundary also reduces the am-
bipolar loss of positive ions towards the sheath. Accordingly, the electrons are also
confined inside the pre-sheath. On the other hand, an opposing effect is seen if

a constant flux of negative ions is introduced from the plasma-sheath-boundary;
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it results in an increase in pre-sheath potential drop. Thus the ambipolar loss of
positive ion towards the sheath edge is expected to increase, also reducing the con-
finement of electrons inside the bulk. One similarity between the above cases is that
the pre-sheath length increases due to both volume negative ions and surface pro-
duced negative ions [see fig-4.3 & 4.4]. This is to provide the perfect shielding of the
ambipolar field inside the pre-sheath. As can be seen from fig-4.3 & 4.4, the rate
dn/dX with which the positive ions drift from bulk plasma towards the sheath edge
is reduced for increasing concentration of negative ions. This results in an increase
of the pre-sheath length, allowing positive ions to travel a longer distance to gain

the Bohm speed.

In the above study, we have considered that the streaming flux of negative ions
against the background positive ions and electrons is constant throughout the pre-
sheath. This is necessary in negative ion source to avoid collisional loss of negative
ions extracted from the sheath & pre-sheath region of the plasma grid inside the
expansion region. The magnetic filter is one of the means to reduce the electron
temperature, which increase the survival rate of negative ions inside the plasma.
However, for other applications, such as in magnetron sputtering discharges, the
oxygen negative ions created at the target can undergo inelastic collisions with
the neutrals and other charged particles present inside the sheath & pre-sheath
and therefore the damaging the thin film at the substrate can be reduced. In this
scenario, such losses are useful. It will be interesting to study the impact of such

collisional losses on to the plasma behavior in the future.
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Floating Potential and its application

in negative ion plasma

Floating potential of an isolated probe is perhaps the simplest measurements
that can be performed inside a plasma. At this potential, the net current drawn
by the probe due to both negative and positive charges is reduced to zero. The
floating potential at any two spatially distinct position in a plasma can provide an
estimate about the local electric field [173, 174|; while it is also possible to measure
the electron temperature from the floating potential of a cold and a hot emissive

probe for the case of a Maxwellian plasma [52].

The floating condition of an isolated electrode can be explicitly derived by equat-
ing the sum of individual fluxes due to all charged species to zero. The flux of charge
species arriving at the probe surface is governed by the intrinsic properties of the
plasma. Therefore, there is an underlying connection between the plasma parame-
ters and the potential acquired by an isolated probe. There are several factors that
can affect the floating potential such as non-thermal electrons in the discharge [175]
and the presence of negative ions inside the bulk plasma [176-179]. The negative

ions in the bulk can affect the flux of positive ions at the probe surface [6]. On the

113



Section:b.1

other hand, the emission of negative ions can also affect the floating potential of

isolated grids in a typical negative ions source[l15, 22, 151, 180, 181].

In this chapter, two main applications related to floating potential of an electrode
has been addressed in context to negative ion emitting surfaces in a negative ion

source and non-emissive probes used for the diagnostics of negative ions.

Section-5.1 presents an analytical model of a floating electrode emitting negative
ions and discusses the space charge limited emission from the surface. The effect of
bulk negative ions on the floating sheath characteristics of a non-emitting electrode is
presented in section-5.2 and its application in the estimation of negative ion density
and temperature experimentally has been described in the section 5.3. Subsequently,

the chapter concludes by outlining the important results in section 5.4.

5.1 Floating potential of a negative ion emitting

electrode

In electron emitting probes, the floating potential tends to shift towards the
plasma potential with increase in emission [52]. Likewise negative ion emission from
a floating electrode can also change the potential structure inside the sheath of the

emitting surface, like in ion extraction grids which are typical of ion sources.

Negative ion emitting surfaces can be metal or an insulator [182]. In metals,
negative ions are formed at surfaces coated with low work-function element like
cesium and barium [90]. There are insulators, like polycrystalline diamond surfaces,
can also facilitate negative ion emission of hydrogen and oxygen with a high yield
[15]. Wide band gap insulator LiF(100) surface gives rise to oxygen negative ions
with conversion yield as much as 70% of the total impinging flux of positive ions

and neutrals [180]. Y Fujiwara et al, reported the thermionic emission of O~ from
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a solid oxide surface of Yttria-stabilized zirconia (YSZ) [151].

The effect of negative ion emission from a floating plasma grid was initially ad-
dressed in a simulation study by Wiinderlich et al using a 1d3v (1-dimensional and
3 velocity component) PIC code [22]. The simulation enabled to study the impact
of neutral atomic density of hydrogen and deuterium on the surface production of
H~ and D~ negative ions and their transport across the sheath. Although the
virtual cathode formation around a floating electron emitting probe is a common
phenomenon [52, 154, 183]. However due to heavier mass, the effect of negative ion
emission from an electrode is expected to have a greater influence on the virtual

cathode inside the sheath than an electron emitting electrode.

In the following section, an analytical model of a planar, negative ion emitting
electrode has been derived for the case of a floating electrode to obtain the potential

and density distribution inside the sheath.

5.1.1 Analytical Model

Referring to the case of a planar, negative ion emitting electrode in fig-3.2 of
Chapter-3, we can fairly extend the underlying model to the floating case. Since
the electrode in this case is floating, hence the floating potential can be obtained by

equating the net current at the electrode surface to zero, i.e.

jpw + jnw = jvw + jew (51)

In the above equation, j’s denotes the current densities of individual species which
are assumed to have similar charged state. The first letter of subscript for different
j’s denote the respective charge species and the subscript ’w’ denotes a floating wall

/ electrode surface.
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The individual current densities of electrons and volume negative ions at the

electrode surface is given by [8, 87]:

1

Jew = Zenes<ve> exp (;Z;e) (5.2)
1

Jow = Zenv5<vv> exp <[§f;v) (5.3)

In the above equations, ¢y is floating potential; whereas other symbols have their
usual meaning.
We assume the two floating potential cases; (a) below the space charge limit, and

(b) above space charge limit.
(a) Floating potential below space charge limit

As described in chapter-3, the negative ions are emitted with an average energy
E, from the electrode surface and gain energy due to potential drop across the
sheath. Applying flux conservation to both positive ions and negative ions inside

the collision-less sheath, we get;

inw = €MnsUns 5.4
J (

jpw = ENpsUps (55)

Where n,, and n,s represent the respective densities of positive and negative ions
at the sheath edge. The densities of various species in equation (5-2) to (5-5) are

related by quasi-neutrality condition at the sheath edge as follows;

Nps = Nes + Nys + N (56)
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The energy conservation equation can be used to write the expression for the negative
ion speed v,s at the sheath edge;
2 Eb — egb
e = | B 01) (5.7)

My

Therefore the current balance equation (5-1) can be written in terms of floating

potential as;

1 1
NpsUps + NinsUns = Zn%(ve} exp (;Z;e) + vas<vv> exp (;f;v) (5.8)
. . o Ts Tins T,
Defining the following normalization rule; ay = —, 8, = Yo = =/,Cs =
nes nes T’U
KBTe Ups €¢f Nps jnw Eb .
U :Lvns:vns7 = T T s:_pvjn: 5 = ; th
my P 057 o s KBTe P Nes €NesCs = KBTe W

the symbols having their usual meanings.
Equation (5-8) is then reduced to an expression of normalized floating potential 7;

as:

V21 (BVis + NpsUp) = \/lige exp (7) + j—;mexp (om17) (5.9)

The normalized density (s and the flux J,, of negative ion is related by the flux and

energy conservation equations (5-4) and (5-7) respectively as;

Tn = By (2ppn) ' (e = 1) 2 (5.10)

On the other hand, from normalized quasi-neutrality condition N,s = 1 + a5 + s
[c.f. (5-6)] defined at the sheath edge, the positive ion density N, can be expressed

in terms of J,, using (5-10) as follows;

Ny =1+ a,+ —1/2 (5.11)

J,
—= (e — ny)
\/ 2lpn
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In chapter-3, the positive ion speed Ug at the sheath boundary for a biased electrode
with 7. was found [c.f. (3-27)]. The same expression is also applicable for the case
of floating electrode, in which the electrode potential 7. is now replaced with the

floating potential 1, as given below;

3 ~1/2
1+as+\/‘2]u—m(5b—77f) /
Up = - — (5.12)
1+ agy, — e (g0 — 1f)

Finally on substituting .J,,, N,s and Up from (5-10, 11, 12) into (5-9), the normalized

floating potential 7y can be expressed in terms of .J,, as follows;

J 3/2 7 -1/2
1+as+ —n(gb_nf)_l/Q 1+0487v - #(511—771”)—3/2 +Jn =
v/ 2Hpn 2v/2tpn

,Upv Qg ,Upe
5 meXp (Y1) + 4/ 5, CXP (ny) (5.13)

Equation-(5-13) gives n; for the case when J,, < Jymaz, i-¢. when the emission flux

J, is below the space charge limited flux J,qz-
(b) Floating potential above space charge limited emission

When J, > Jumaz, a virtual cathode of depth 7, is developed with respect to
the floating electrode. To obtain the floating potential 7y, the current balance
equation (5-1) due to various charges appearing at the electrode surface needs to
be determined, considering the presence of virtual cathode. Following the steps
provided for the case J, > Jymae in section-3.2.5(b) of chapter-3, the individual

fluxes of electrons and volume negative ions are given by;

Jow = %exp (Mm) (5.14)
T

s g
Jow = —=1/ 2= exp (Vo) (5.15)

UV 2r
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In (5-14) and (5-15), n,,, is potential at the virtual cathode with respect to the sheath

edge and expressed as 7, = 1y + M.

In contrast to the volume negative ions and electrons, the negative ions emitted
from the electrode experience a retarding potential due to 7. Therefore the flux
Jnve Of negative ions reaching at the potential minima is related to the injected flux
Jn by;

Jnvc = Jn exp (7716) (516)

Where J,,. for the case of floating emitting electrode is given by [c.f. 3-30];

1/2

1/2
2 ) =) 2 1= (14 255)

(Eb—mm)

Jnve = (5.17)

The negative ion flux J,,. which overcomes the potential minima will be further
accelerated towards the sheath edge. Whereas the remaining flux J, [1 — exp (nx)]
will be reflected back towards the electrode.

On the other hand, the positive ion flux N,;Up after entering the sheath edge will

follow the flux conservation throughout the sheath, therefore;

Jpw = NpsUs (5.18)

In (5-18), the positive ion density NN, at the sheath edge and Bohm speed Up in

presence of virtual cathode are given by;

nvc

Hpn

Ny =14 a,+ (e — )~ ? (5.19)

L+ a, + e (g — ) 2
pn
e v v a— (5.20)
s 2\/m b N
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The floating potential condition gives;

Jew + Jow = Jnexp (i) + NpsUp (5.21)

Finally, on substituting the various fluxes in (5-21), the floating potential above the

space charge limited value can be expressed as;

; 3/2
1+ as + ——=— (g — nm)_1/2
2lhpn,

J ~1/2
]. + Oésr)/U - <€b - nm)_3/2]

2/ 2ttpn
Mpy Olg Hpe
+ Jpexp () = /i\/V— exp (Volm) + \/ﬁ exp (m) (5.22)

Equation-(5-13) and (5-22) gives the solution for floating potential 7y when the

emission is below and above the space charge limit respectively.

Once the potential 7 on the floating electrode is calculated from (5-13) and (5-
22), the potential distribution inside the sheath is obtained by solving the Poisson’s
equation-3-20, following the same steps as in the case of biased electrode discussed
in Chapter-3. Only the basic difference is that the potential on the electrode is
calculated by applying the floating condition using equations (5-13) and (5-22) re-

spectively.

5.1.2 Analytical results and Comparison with PIC simulation

Figure-5.1(a) & (b) shows the potential distribution inside the sheath for a range
of emission flux from J, = 0 to J, = 1.6. As seen in the above figures, the onset
of space charge limited emission of negative ions appears by observing a change in
the monotonic potential fall inside the sheath to a potential well created near the
negative ion emitting electrode. The critical flux J,,.. above which the virtual
cathode forms, is observed at Jnq.. = 0.69. The depth 7, of the potential well and

its position from the electrode surface seems to increase with J,. Just like the case
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Figure 5.1: The spatial distribution of potential inside the floating sheath in H-
plasma for the cases when (a) the emitted flux J, < Jymee and (b) J > Jumas-

Here Jymae = 0.69 is space charge limited value of emission. The parameters are
as, = 0 and ¢, = 0.35.

of a biased electrode, the virtual cathode near the floating electrode allows a fraction
Jnwe/ Jn of negative ions to cross the potential minima and reach at the sheath edge;

here J,,. is the transported negative ion flux at the sheath edge, given by (5-17).

When compared with a biased electrode [see fig-3.6 of Chapter-3|, a contrasting
behavior can be noticed in fig-5.1(b); that the overall depth in potential minima
Nm With respect to the sheath edge remains unchanged even when the negative ion
flux J, increases. In contrast, the potential minima 7,, actually get more deepened
with respect to the sheath edge for the case of a biased electrodes. This is because
the floating potential is governed by the current balance at the electrode surface;
hence it adjusts itself to regulate the negative ions transport above the space charge

limited flux J,maz.

In Figure-5.2, the transported flux of negative ions is shown. Since the potential
minima 7, is independent on J,, therefore from (5-17), the transported flux Jp,.
remains constant and it equals the space charge limited value J,,,4. as can be evinced
in fig-5.2. In conclusion, it is observed that when J, < J,maes, all the flux J,

emitted from the electrode gets totally transported across the sheath; whereas for
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Figure 5.2: The plot for transported flux J,,. at the sheath edge as a function of
injected flux J, of H™ ion from the electrode. Here J,,.. = 0.69 is space charge
limited value corresponding to the parameters oy = 0 and ¢, = 0.35. The slope= 1
signifies the fact that the emitted flux J, gets totally transported at the sheath edge
for J, < Jpmaz-

Jn > Jpmas, the transported flux J,,. remains equal to the space charge limited
value J,mae-

In Fig-5.3, the magnitude of the floating potential and positive ion Bohm speed
are plotted as a function of flux J,. The overall graph has been divided in to two
regions. Region-1 of the plot corresponds to the case when the emission flux J, is
below the space charge limiting current and the solution for 7y is given by (5-13).
Region-IT corresponds to the case when J,, is greater than the space charge limit.
The solution of 7y in this case is given by (5-22). It is found that the magnitude of
ny decreases monotonically with J,, in both the region-I & II. Whereas the positive

ion speed linearly increases in region-I and attains a constant value in region-II.

The monotonic fall in the absolute value of floating potential with J, is similar to
the case of an electron emitting electrode. However under similar condition, the
space charge limited flux is found to be at much higher value J,,.. ~ 10.55 for
an equivalent electron emitting electrode, owing to lower electron mass than the

negative ions.
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Figure 5.3: (a) The variation in magnitude of floating potential n; and (b) positive
ion Bohm speed Ug as a function of injected flux J,, for H-plasma (g, = 1). The
region-I & II corresponding to J, < Jumaz and J, > Jumaee denotes the emission
below and above the space charge limited value J,,q, respectively.

In the figure, the fall in 7y is associated with an increase in positive ion Bohm
speed Upg, as the injected negative ion flux J,, is increased up to Jy,maee- This can be
explained as follows;

Assuming a; ~ 0, equation-(5-9) will reduce to;

exp (nf) = NpsUp + Jp, (5.23)

The electron flux on the left hand side of (5-23) is balanced by the sum of positive
ions and negative ion flux from the electrode. Below the space charge limit, Upg
increases linearly with J,. This results in a corresponding increase in the positive
ion flux N,;Up at the sheath edge. Therefore in order to maintain the floating
condition, the electron term exp (ny) on the right hand side of (5-23) should also
increase at the sheath edge. In order to enhance the contribution of electrons at the

sheath edge, the sheath potential 7y tends to fall, as observed in fig-5.3(a).

The relevance of the above analytical model can be seen while dealing with the

sheath region close to a floating plasma grid of a high power/density H~ ion source.
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D Wiinderlich et. al. investigated this problem using 1d3v (1-dimensional 3 ve-
locity component) PIC simulation [22]. In their simulation, surface production of
H~ ion due to atomic H neutral bombardment on a floating plasma grid was con-
sidered to be the dominant mechanism whereas the volume production was assumed
to be absent i.e. a, = 0. In addition to H", H~ and electrons, the C's* ion was
also incorporated in their simulation. However, from their simulation result, it was

concluded that the impact of cesium ion on the plasma sheath was very small.

In the above simulation study, the emission of H~ ions from the plasma grid
was varied by changing the background neutral density in range of 10*® to 10%°
m~3. The emitted flux of H~ ions in their case can be calculated from the formula
Jn = €Y (Ty)Tg; where T'y = }ln(H)\/ﬁ is the flux of neutral H-atom impinging

on the electrode surface and Y (T ) is negative ion yield for a Maxwellian distribution

of H atom with temperature Ty [12]. The yield Y (Ty) ~ 0.12 for Ty = 0.8 €V was

found from the study conducted by Lee and Seildl [12].

For a typical neutral density n(H) = 10' m™3, the emitted flux of H~ ions can be
estimated to be j, ~ 670 A/m?. Hence for a given average energy E, = 0.7¢V of H~
ions emitted from the plasma grid, the dimensionless flux J,, and average energy ¢,
are .J, = 0.77 and ¢, = 0.35 respectively. The other plasma parameters which were
used as input in their simulation are n,; ~ 3.9 x 10"m =2, n.s ~ 3.5 x 10""m 3T, =
2¢V,T, = 0.8V, Ty = 0.8¢V and j, ~ 670A/m?. The above parameters are used
in our model to find the analytical solution of the potential distribution and the

density profile inside the sheath.

The spatial potential distribution considering J, = 0.77 and &, = 0.35 is plotted
in fig-5.4(a), where the formation of virtual cathode can be clearly seen. Fig-5.4(b)
presents the density profile of electron (N.), Ht (N,) and surface produced H~
(N,,) for the same J,, and &, of negative ions. Whereas fig-5.5 shows the density and

potential plot from the Wiinderlich’s simulation work [22].
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Figure 5.4: The spatial distribution of (a) potential and (b) charged particle density
inside the floating sheath for J, = 0.77. The floating potential at the electrode is
found to be ny = —1.91; whereas the virtual cathode depth is 7, = —0.10. The
density ratio N,,/N, = 1 is found at normalized distance X = 5.0 from the floating
electrode (X = 0). The parameters as = 0 and ¢, = 0.35 are used.

It can be seen from the figure that the negative ions have a strong influence
on the physics of sheath region. The density ratio N,/N., = 1 is observed at the
normalized distance X = 5.0 from the electrode X = 0. This distance corresponds
to x ~ 0.8 x 10~*m for the typical plasma parameter considered above and is in
close agreement with the simulation result where 2 ~ 0.75 x 10™*m is observed [c.f.
fig-5.5]. Moreover, the ratio N, /N, acquires a saturation value ~ 0.33 at x > 10~*m
far from the electrode. This is also in accordance with the measured density ratio
in ref-|184].

The table-5.1 provides a comparison of parameters obtained from the present fluid

model with the simulation result by D Wiinderlich.

’ 1d3v PIC Simulation ‘ Fluid Model

¢y =—4.21V ¢ = —3.84V

o = —0.25V o = —0.20V
N,/N.=1latx~075x10%m | N,/No=1at z~ 08 x10"* m

Table 5.1: Comparison of un-normalized floating potential ¢; and virtual cathode
depth ¢, obtained from fluid model with the PIC simulation using the same plasma
parameters.

From the above table it is seen that the floating potential and virtual cathode
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Figure 5.5: The density distribution (left y-axis) and potential distribution (right
y-axis) inside the sheath of a floating negative ion emitting electrode placed at origin
X = 0. Courtesy: D. Wiinderlich, Plasma Sources Science and Technology, 18.4
(2009): 045051.

depth obtained from the fluid model are slightly less as compared to the reported
PIC simulation. This marginal difference might be due to exclusion of Cs™ in the
fluid model which is actually responsible for developing more shielding field on the
floating electrode and therefore would demand higher magnitude of floating potential

on the electrode.

5.2 Sheath potential of a floating non-emitting elec-

trode

For a non-emitting electrode i.e. J, = 0, the floating potential given by (5-13)

reduces to;

Ve exp (1) + = ipesp () = V2R (Lo [ s (524)

Hence, equation (5-24) gives an explicit dependence of bulk negative ions parameter
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o on the floating potential n; for the case of a planar non-emitting electrode im-
mersed in an electro-negative plasma. This is a transcendental equation and needs

to be solved numerically.

5.2.1 Floating potential dependence over bulk plasma param-

eters

Consider the case of a hydrogen discharge found in wide range of practical appli-
cations, in which H™ and H~ are the most dominant ionic species [81]. Therefore
substituting m, = m, = 1 amu in (5-24), the mass ratio y,, and s, can be calcu-
lated.

Figure 5.6 shows a plot of the floating potential |n¢| as function of «,, while keeping
the negative ion temperature parameter fixed at v, = 1,10 & 60. The characteristics
show certain interesting trends. It is seen that the magnitude of 7 increases initially
and attains a maximum value 7. corresponding to a critical value a,.. For further
increase in o > e, a monotonic fall in magnitude of 7y is observed. Also, higher
v, value results in a higher magnitude of floating potential. The critical value a,.
above which the floating potential magnitude monotonically falls can be obtained

from (5-24) by equating the slope d|n¢|/das = 0, which is related with || as;

1 34+ 7 (—1 4+ 20,
nfl = ——1n | \/27% /ppu V1 + s ( 372 ) (5.25)
Yo 2 (1 + aseyw)

In Fig-5-7, |ns.| and the corresponding . are plotted as a function of 7,. It is found
that |ny.| increases monotonically as 7, values are increased from 1 to 60. On the

other hand, a,. tends to a saturation value ~ 0.5 for a very large values of ~,.

For the case when a; < a. (i.e. s is below 50%), it can be seen from (5.2) & (5.3)

that the electron flux on the electrode is larger by a factor ~ 22, /7, as compared to

Qg

negative H~ ion flux. As a result, the negative ions have a weaker influence on the
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Figure 5.6: Plots of absolute value of normalized floating potential || as a function
of a; for v, = 1,10, 60.

floating potential as compared to the more energetic electrons. However, presence
of H™ jons inside the bulk plasma reduces the positive ion speed (Bohm speed) Up
at the sheath edge substantially, as shown in fig-(5.8). As can be seen in the figure,
the fall in Ug is about ~ 50% for ~, = 10 and ~ 78% for ~, = 60 corresponding to
as =~ 0.5. Moreover, Ug tends to a constant value as the negative ion population
exceeds 50 % of total electron population (Fig 5-8).

The reason for observing an initial rise in |n¢| can be explained as follows:

As «ay increases, the positive ion speed Up reduces at the sheath edge (fig-5-8).
This has an overwhelming impact on reducing the positive ion flux arriving at the
electrode. As a result, the electrode will accumulate an excess of negative ion species
initially and develops a higher negative potential to repel the electrons in order to
match the reduction in positive ion flux at the electrode surface [see fig-5.6 for

s < Qg

In contrast to the above, when ay > «ay. (i.e. above 50%), then the contribution

of negative ions begins to dominate over the electrons. The Bohm speed is also seen
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Figure 5.7: Plot of (a) ay. and (b) |ns.| as a function of .

to become independent of «y (fig-5.8). Due to this, the positive ion flux arriving
at the electrode remain independent of a,. Hence the magnitude of |ny| will tend
to fall as a significant fraction of electrons arriving at the electrode surface is now

replaced by the negative ions [see fig-5.6 for ag > |

Here it is important to discuss the two limiting cases, (a) oz — 0 and (b) ag —
oo. For a; — 0, equation (5-24) gives the magnitude of floating potential |nf| —
In \/W; which corresponds to the case of a purely electro-positive plasma
[11]. On the other hand as oy — o0, i.e in ion-ion plasma|185|, the floating potential
magnitude || — (1/7,) In \/m,/27m,. This simply implies that even for m, ~ m,
in ion-ion plasma, the magnitude of floating sheath potential has a finite value
Ing| # 0, instead of vanishing completely. This difference is caused due to the
underlying assumption that the positive ions are cold. In fact when e¢y ~ KgT, (T,
is positive ion temperature), i.e. when the ion thermal energy becomes comparable
to the potential drop across the floating sheath, then the ion motion is no longer

described by the drift equation and their temperatures should be taken in to account.
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Figure 5.8: Variation of normalized Bohm velocity Ug = V)5 = v,s/c, with electro-
negativity parameter o, for v, = 1,10 & 60.

5.3 Application of cold probe floating potential for

determining negative ion parameters

In section-5.2, it has been shown that the floating potential of a cold, non-emitting
electrode is strongly dependent on the sheath edge density and the temperature
of negative ions. This relation can be extrapolated to estimate the negative ion
parameters affecting the floating potential of a probe immersed in non-equilibrium,

electro-negative plasma.

The following section presents the basic methodology for determining the negative

ion parameters from I(Vp) characteristics of a Langmuir probe.

5.3.1 Finding the electronegativity parameter o and v,

In a typical I(Vp) characteristics of a cylindrical Langmuir probe, the ratio R(V})

of positive ion current [,(Vy) to the sum of current I.(Vy) & I,(Vy) due to electrons
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& negative ions respectively at floating potential Vy is unity. Therefore;

I(Vy) + 1,(Vy)
[p(vf>

R(Vy) 1 (5.26)

Assuming Boltzmann distribution for electrons and volume negative ions, which is
usually a valid assumption for low pressure plasma, the currents I.(Vy) and I,(Vy)

collected by the cylindrical probe of radius a and length [ can be expressed as;

L(V;) = ie (2mal) neo (v.) exp {—M} (5.27)

(5.28)

L,(Vy) = ie (2mal) nyo(v,) exp {_%JM}

T,
Here n.y and n,o are density of electrons and volume negative ions in the bulk
respectively; (ve,) = 4 /% are average thermal speeds of electrons and negative
ions respectively; m., and T¢, are respective masses and temperature of electron
and bulk negative ions; V,, and V} are the plasma potential and the floating potential
respectively; vy, = T, /T, is temperature ratio of electron to the volume negative ions.

The positive ion current I,(Vy) is given as;
I,(V) = heny (27bl) up (5.29)

Here b is the sheath radius corresponding to the floating potential V;. If the sheath
thickness (b — a) < a at floating potential, then the effective probe area [27bl] at
the floating potential can be approximated to the actual probe area (2mal).

Furthermore, h = n,,/n, is a correction factor introduced due to the presence of
pre-sheath, which basically relates the positive ion density n, in the bulk plasma
to the corresponding value n,s at the sheath edge; n,s and n,y individually satisfy
the quasi-neutrality condition as n,s = nes (1 + o) and ny,y = neo (1 + ap); where

Qg = Nyo/Neo and aig = M5 /nes are the electro-negativity parameter in the bulk and
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at the sheath edge respectively.

The positive ion speed at the sheath edge upg is given by [11];

up = r/eTo/mpn/ (14 as) / (14 asy) (5.30)

The density of electrons and volume negative ions at the sheath edge is related

to their respective density in the bulk plasma by n., = neexp (—%1}:;‘1; ) and

Nys = Nyo EXP (—%li’;—‘z‘%> Hence, the electro-negativity parameter at the sheath

edge «; is related to the value aq in the bulk plasma by;

(’Yv - 1) 1 + Qg
s = — 5.31
@ Qo eXP [ 2 1+ asy ( )
Therefore the correction factor h can be expressed in terms of «, as follows;
Nps 1+ oy

h= B 11 (p=1) 1 (5:52)

n +as Yv— +as

0 exp [5 1+as%} (1 + a exp [ 5 1+as%D

Substituting (5-27) to (5-29) in (5-26), the floating condition of the probe gives;

(V;?_Vf) Os (’71)_1) I+ a (‘/;?_Vf)
V“”eexpl I I CE Vo I T vl e P
1 1+ oy 1+ oy
=2 —_— .
Wexp[ 21—|—045%} 1+ asy (5:33)

Furthermore, at the plasma potential, the net saturation current ratio R(V,) =

Le(Vp)+1o(Vp)

is expressed as;
(V) b ’

Qs ('Y’U_l) 1toas
v/ Hpe + v/ Bpv » exp [—ﬁ]
R— il 2 e (5.34)

VIR (14 ) exp [—dotes || [dte

In equations (5-33) and (5-34), there are a total of 6 unknown parameters (V},, V7,

as, 7, R and T.). Out of which, the parameters V,, V;, T, and the saturation
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current ratio R can be experimentally determined from the I(Vp) characteristic of
a cylindrical Langmuir probe. Hence, the remaining parameters, o, and -, can be
found by simultaneously solving (5-33) & (5-34). Once ay is obtained, the bulk

electronegativity g can be readily found using (5-31).

5.3.2 Experimental Results and discussion

For applying the above model, an experiment has been conducted in oxygen
discharge using the experimental setup-1 described in Chapter-2. In the experi-
ment, the parameters namely the saturation current ratio, the electron temperature,
plasma potential, the floating potential and electron temperature are determined by
the cylindrical Langmuir probe positioned in axis of the experimental chamber. For
comparing the saturation current ratios, the probe has been initially calibrated with

argon plasma.

(a) Langmuir Probe Characteristics

A typical plot for I(Vp) characteristic of the Langmuir probe in oxygen plasma is
shown in Fig-5.9(a). The floating potential V is determined by inspecting the probe
bias Vp at which the net current I collected by the probe is zero. The region below
V¢ has been enlarged in the same graph [inset graph (b)]| to clearly visualize the
positive ion saturation region. The ion saturation current I,; has been determined
by extrapolating the straight line up to the floating potential Vp = V;. By doing
this, the dependency of I,; on the sheath thickness can be minimized. The value of
V), is determined by identifying the maxima in the first derivative of probe current
as shown in Fig-5.9(c). The current corresponding to V, gives the net saturation

current (I, + I,5) contributed from electrons and negative ions.
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Figure 5.9: Plot of (a) a typical I(Vp) characteristics in an oxygen discharge, (b) ion
saturation current I,; = 45 pA obtained by extrapolating up to floating potential
Vy =13 V and (c) the first derivative (dI/dVg) curve giving the plasma potential
V, = 3.8V. The current corresponding to V, gives the net saturation current (/.5 +
I,s) = 0.7mA. The discharge power is P, = 143 watts & operating pressure is P = 4
Pa.

A detail analyses of the above plot to obtain the electron temperature T, shows
two distinct slopes in the semi-log plot of I. verses Vg as shown in fig-5.10. This
corresponds to bi-Maxwellian electron distribution with temperatures T, = 0.6eV

and T, = 4.6eV corresponding to bulk and hot population respectively.

Considering the bulk electron temperature 7T,, = 0.6eV and floating potential
Vy = 1.3V, the approximate value of the plasma potential can be estimated as
V, ~ V; + 4.7 T, ~ 4.1. Here, we have considered OF (mass 32 amu) as the
most dominant positive ions species in oxygen [89]. This is consistent with the one
estimated from the first derivative of the probe current (V, = 3.8V) [c.f. fig-5.9(c)|.
Another important fact which is evident from the fig-5.10 is that the slope of In(7,)

vs Vg curve corresponding to the hot electrons is found to appear below the floating
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Figure 5.10: The plot for electron current I, (left y-axis) and natural log of I, (right
y-axis) with respect to the probe bias V. Two slopes in In(I.) plot corresponds to
the two electron temperature 7., = 0.6eV and 1., = 4.6eV. The discharge power is
P, = 143 watts & operating pressure is P = 4 Pa.

potential. Therefore, in the overall characteristics, the hot electrons are apparently
masked by the dominant contribution of positive ion flux to the probe surface. This
can be verified by fitting a straight line in In(/.) vs Vp curve corresponding to
hot population, which makes an intercept with the line V,, = 3.8V. This gives an
approximate estimate of current due to hot population of electron (~ 70uA) which
is found to have only ~ 10% contribution in total current (~ 0.7mA).

Figure-5-11 shows the plot of bulk and hot electron temperatures for a wide
range of operating powers and gas pressures in oxygen discharge. It can be seen
that the electron temperatures 7T,;, and T, remains almost constant with increase in
the discharge power. However a slight decrement in T, is observed as the pressure

is increased in the discharge chamber [186].
(b) Saturation current ratio

Before obtaining the net saturation current ratio contributed due to electrons and

negative ions in oxygen plasma, the Langmuir probe is first calibrated with argon
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Figure 5.11: The plot for electron temperature 7., and T,;, with respect to discharge
power in oxygen plasma for pressure range P = 4 Pa to 7 Pa.

plasma, which is purely composed of electrons and positive ions. Hence putting
as = 0 in (5-34), the ratio R of the electrons to positive ion current is reduced
to a constant factor R = exp(1/2)/m,/2mm. (= 180 for argon) [29]. This solely
depends on the respective mass ratio. However in the case of electro-negative plasma,
the relative ratio changes due to the contribution of negative ions as the probe
bias approaches the plasma potential. In fig-(5.12) the saturation current ratio are
plotted for both argon and oxygen discharge. As seen in the figure, the saturation
current ratio remains almost constant for argon discharge, whereas it increases in

the case for oxygen [186].

However, we observe an underestimated value of R by a constant value ~ 4.6 even
for the case of argon. The reason for observing this has been discussed in chapter-2.
Therefore, in order to get the corrected values of saturation current ratio in oxygen,
this constant value has been used as a correction factor for oxygen discharge. The
similar calibration technique has also been adopted by several authors [25-28, 107,

108]. In fig-5.13, the calibrated ratio R for the oxygen discharge has been shown for
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Figure 5.12: The plot for saturation current ratio with respect to discharge power
in argon and oxygen discharge. The operating pressure is kept fixed at P = 4 Pa.

a range of discharge power and operating pressure.
Furthermore, by using the measured values of V,, and V; from I(Vj) characteristic
and considering the bulk electron temperature 7,, the normalized values of floating
potential (V}, — V})/T. can be obtained. These are plotted in fig-5.14 with respect
to the discharge power for a range of operating pressure.
Finally, incorporating the calibrated ratio R from fig-5.13 and the normalized poten-
tial ny = (V, — V})/T. from fig-5.14, equation (5-33) and (5-34) are simultaneously
solved to find the electronegativity parameter o, and the temperature ratio ~,. Once
oy is obtained, the corresponding value ag in the bulk can be found from (5-31).
Fig-5.15(a) & (b) shows the plot of o and v, as a function of the discharge power
for a range of pressures. It is seen that the electro-negativity parameter o consis-
tently decreases with the discharge power, but it increases with rise in background
gas pressure [89, 187]. On the other hand, the corresponding values of 7, remains

almost constant with the discharge power but varies in the range ~ 8 to ~ 12
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Figure 5.13: The plot for saturation current ratio with respect to discharge power
and for various pressure in oxygen discharge.

with the pressure. Knowing =, values from fig-5.15(b) and bulk electron tempera-
ture from fig-5.11, the negative ion temperature can be estimated from the relation
o = Tt /T,; which is found to be in range ~ 0.05 eV to ~ 0.07 eV.

The observed trend in «y with discharge power and pressure can be explained as

follows:

In an electro-negative discharge, the negative ions are continuously created and
lost via series of reaction process. Oxygen negative ions inside the discharge is
mainly produced by dissociative-attachment (DA) of ground state and metastable
state neutrals. Whereas they are lost via; (1) electron impact detachment, (2) recom-
bination of negative with positive ions and (3) excited neutrals impact detachment.
However the loss due to ion-ion recombination is less probable than the detachment

losses particularly for moderate to high pressures range [8].

With the increases in discharge power, the electron number density inside the
discharge also increases. As a result, the negative ion density gets reduced due
to electron impact detachment. On the other hand, with increase in the neutral

gas density, the production rate of ground and metastable state atoms/molecules

138



Section:5.3

4.4
4.2—-
Eszo; t1
%:3.8——
‘%3‘6'_ I —=—47Pa
Bt
3.2' ' _ | —v— 7 Pa

30 60 90 120 150 180
B, (W)

Figure 5.14: The plot for normalized value of floating potential (V,, — V})/T. with
respect to discharge power and for various pressure in oxygen discharge.

responsible for negative ion production through DA is comparatively larger than
the loss rate of negative ions due to electron impact detachment |7, 87]. Hence as
the fig-5.15(a) suggests, the electro-negativity parameter increases with a rise in gas

pressure.

The rate of negative ion production also depend critically on electron tempera-
ture [11]. The hot electrons colliding with the oxygen molecules dissociate them into
ground and metastable atoms/molecules, while the bulk or cold population of elec-
trons attach themselves to these ground and metastable atoms/molecules to produce
oxygen negative ions as the final product [81]. Therefore, the continuous increase
in production rate of negative ions with the rise in gas pressure is associated with
the loss in average kinetic energy of both hot and bulk population of electrons and

hence their temperature is slightly reduced as observed in fig-5.11.

From fig-5.15(b), it can be seen that the electron temperature is about ~ 10 times
higher than the negative ion temperature i.e. v, ~ 10. In low pressure plasmas,
the positive ions are generally in thermal equilibrium at room temperature (~ 0.025

eV) with the background neutrals [188]. Therefore, the negative ion temperature is
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Figure 5.15: The plot for (a) the electro-negativity parameter ag and (b) the tem-
perature ratio 7, with respect to discharge power and for various pressure in oxygen
discharge.

slightly higher than the positive ion temperature but less than the electron temper-

ature, i.e. T, < T, < T,. The reason for this is explained below:

In an electronegative discharge, the negative ions are continuously created and
lost throughout the discharge. Those created in or near the boundary of the dis-
charge i.e. near the sheath region, are accelerated towards the main body of plasma
due to electron confining field and therefore gaining a large amount of kinetic en-
ergy. These negative ions impart their energy during collision with the heavy par-
ticles (positive ions and neutrals) due to their comparable mass and therefore cool
down effectively and equilibrate to the gas temperature soon after they are formed.
However, the probability of such elastic collisions for negative ions can be relatively
low at low pressures and reduced further when the gas pressure is decreased. In
such a highly destructive surrounding, these ions are often destroyed before thay
get significantly cooled. This results in elevating the mean negative ion temperature

considerably higher compared to background positive ions.
(c) Discussion

The trend of oy with discharge power and gas pressure is found to be in agreement

with the reported work on global modeling of oxygen plasma by Gudmundsson
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et al [89] and also in [189]. The variation in relative fraction of negative ions to
the electrons obtained from Gudmundsson’s work is shown in fig-5.16 for various

discharge and gas pressure.
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Figure 5.16: The electro-negativity parameter ag = n_/n. with respect to pressure
for three distinct discharge power 100, 500 and 1500 W. Courtesy: J. T. Gudmunds-
son et al, J. Phys. D: Phys. 84, 1100-1109 (2001).

The above results was based on volume averaged model of an oxygen discharge
obtained for a cylindrical geometry in the pressure range 1-100 mTorr. The elec-
trons were assumed Maxwellian with temperature in range 1-7eV. In our case the
operating pressure is in the range 30-50 mTorr and the electron temperature is in
the range of ~ 0.5e¢V to 1eV. As seen from the figure-5.16, the electro-negativity pa-
rameter decreases with discharge power but found to increase with the background
gas pressure. This result is consistent with the observed trends obtained using the
unique floating potential technique as demonstrated in fig-5.15(a). However, the
magnitude of electro-negativity parameter is found to be ~ 1.5 times higher in our
case. This could be due to experimental error in the measurements of different

parameters associated with the Langmuir probe technique.

The accuracy of the floating potential method to determine negative ion param-
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eters will largely depend on precise estimation of the saturation current ratio. To
estimate the underlying error, the saturation current ratio R from (5-34) can be

expressed in the form;

R=A+DB (5.35)
Where;
A [ Fee (14 a,) %2 o (1 1+ ay )&
Vor (14 ayy,) 2 21+ sy

B [Fe @ (1+0zs)—3/2 (ﬂ 1+ ag ) (5.36)
2m \/% (1 + Ozs’}/v)il/2 21+ Qs

Using (5-35), the percentage error in R after few steps of algebraic manipulation is

obtained as;

OR oo 5,
= =N (avs; 1) o + fo (s, ) . (5.37)

Similarly, the floating potential equation (5-33) can be expressed as;
L=M+N (5.38)

Where;

Yo —1 14 ay

o
L=/l 7M: s 5
1 1+ 1+ oy
N =+v2 —— — [ 4/ 5.39
Wexp[ 21—|—045%} 14+ asy, ( )

Using (5-38), the percentage error in a; and -y, are related as;

] exp [y,1¢] and

O,

07s
j:f4 (as7fyv)i

S S

f3 (0537’71)) =0 (540)
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The function fi, fo, f3 and f; are given by;

B 1 — oy Qg (71) - 1)2 Qs (IYU - 1) (1 — O./S)
fi(as, ) = (1 +Oés> [1 — m] o (as, ) = 2(1 + asyy)

o) = |1 Q=D all 1)
f““%%112u+%w4M2uwmu+%w2

<%—na+ﬁ%%4%mu+%%qAﬁf@u%—n
2

&f4 (asa '771) = [

(1+ ayy)’ 2 (1+ a;m)
5.41)
Finally from (5-31), the error dag/cy in ag can be found as;
—1)° - 1)(1-
o [ a1 o oo D0 ml] o
Qg 2(14 agy)” | Qs 2 (14 asyy) Yo

Equation (5-37), (5-40) and (5-42) can be simultaneously solved to find the error
dag/ag and 67, /v, in ap and ~, respectively for experimentally measured error
dR/R in R. The above analyses suggests that a small deviation of ~ 3% in the
measurement of R can lead to an uncertainty of ~ 6% in the estimated values of
ap; and around ~ 12% in 7,. This has been illustrated by the error bars in figure

5-15(a) & (b) for variation in ag and ,.

Another method to experimentally determine negative ion temperature using the
floating potential method was described in our previous paper [186]. In that work,
the floating potential variation with electro-negativity parameter was obtained theo-
retically using equation-5.24, while keeping v, as a parameter. It was shown that for
a particular value of v,, the theoretically obtained trend of floating potential verses
electro-negativity parameter closely resembles with the trend obtained in the exper-
iment using Langmuir probe. Hence, by finding the best fit between theoretical and
experimental trend of 1y vs a;, the parameter v, can be approximately determined
for a particular experiment. This is illustrated through the plots shown in figure-

5.17. However, in that model the electronegativity parameter oy was estimated at
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Figure 5.17: The theoretical plots of normalized value of floating potential 7 a func-
tion of ay for different 7,. The scattered data points are obtained in the experiment
for which the polynomial fit of 27¢ order is observed to be the best fit coinciding
with the theoretical curves for (a) 7, ~ 12.5 at pressure P = 4 Pa, (b)y, ~ 11 at
pressure P =5 Pa (¢) 7, ®9 at P =6 Pa and (d) 7, ~ 7.5 at P =7 Pa.

the sheath edge and not in the bulk plasma. This could result in certain amount of
error in the estimation of absolute value of 7,. Nevertheless, the qualitative trend
of o, and floating potential with change in gas pressure and discharge power will

remain the same.

5.4 Summary & Conclusion

In this chapter, the floating sheath characteristics for the case of a negative ion

emitting and a non-emitting electrode immersed in an electro-negative plasma have
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been separately investigated. Although the surface emission and bulk production of
negative ions are completely two different production mechanism for negative ions
in a discharge, however the magnitude of the floating potential on the electrode is
found to decrease due to rise in both bulk electro-negativity and also as negative
ion emission flux increases from the electrode. The positive ion Bohm speed, on
the other hand, increases linearly with the emission flux of negative ions from the
electrode, which is contrary to the effect of negative ions created in bulk for which
the Bohm speed is found to decrease substantially. Thus the negative ions in the
bulk plasma not only influence the sheath properties, but their production inside

the sheath can also implicitly affect the bulk plasma characteristics.

Although the emission of negative ions from a floating substrate is equivalent
to electron emitting surfaces as found in thermionic/secondary electron emission,
however its impact on the sheath is much more pronounced as compared to electron
emission due to larger mass of negative ions than electron. The negative ion emis-
sion from a floating substrate has important implication towards understanding the
behavior of a floating sheath involving non-conducting emitters such as diamond,
graphite and polycrystalline surfaces applied for efficient production of negative ions
in negative ion sources. These emitters have advantage over the conventional Cs or

Ba coated metallic emitters due to their long time operation in negative ion sources.

The role of magnetic field in surface emission based negative ion sources is impor-
tant to filter out the co-existing electron flux during negative ion extraction. The
present model can be further extended to study the impact of magnetic field on the

transported flux of negative ions across the negative ion emitting sheath.

As an application to the floating potential characteristic of a non-emitting elec-
trode, a cylindrical Langmuir probe has been used to estimate negative the ion tem-
perature in an oxygen discharge by measuring the saturation current ratio R and

the absolute value of floating potential 7; on the cylindrical probe surface. Since
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both the measured quantity R (ap,,) and 7y (ap,y,) are functionally dependent on
the electronegativity parameter o and the temperature ratio -, therefore based on
a phenomenological model, the value of oy as well as negative ion temperature T,
in terms of the temperature ratio v, = 1./7T, can been experimentally determined.

The present experiment suggests that the range of v, varies from ~ 8 to ~ 12.

Although determining o and =, from I(Vp) characteristic of the Langmuir probe
is straightforward and simple, however their estimation is critically depends on the
accuracy of determining the saturation current ratio. The presence of magnetic
field can also affect the saturation current ratio due to finite larmor radius around
the cylindrical probe. As a future scope, the above method could be applied in

magnetized plasma environment to estimate negative ion parameter.

An important limitation in the above method is that the sheath thickness at
the floating potential of the probe is neglected. Therefore the present method is
applicable in the plasma where the thin sheath approximation is valid for [(Vp)

characteristic analysis of Langmuir probe.
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Chapter 6

Cylindrical DC sheath and its

application to hairpin probe

6.1 Introduction

The DC sheath around a cylindrical wire is quite unique and it has a major signifi-
cance in cylindrical probes that are widely used in the diagnostics of low temperature
plasmas [190-192]. The sheath width around the cylindrical wire continues to in-
crease with the applied probe bias; as a result, the positive ion saturation current
at the probe surface increases due to an increase in the effective current collection
area of the probe [193, 194]. In case of a hairpin probe, if the sheath radius becomes
comparable with the inter-spacing between the probe pins, then it leads to a sig-
nificant underestimation in electron density |30|. Therefore DC sheath width is an

important parameter in cylindrical probes.

There are elegant theories available on cylindrical probes, which accounts for
sheath width around a cylindrical wire [61, 131, 195, 196]; however due to its minus-
cule size, there is no straightforward method to measure it accurately. The sheath

width is not only a function of applied voltage on the probe, but also depends on
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electron /ion number density, electron temperature as well as negative ion parameters

in case of an electro-negative plasmas [165].

The hairpin probe gives a possibility to estimate the sheath width around the
hairpin probe experimentally based on a capacitance model developed by Peijak
et al |30]. The capacitance model involves sheath width as a parameter, which was
derived using a step-front sheath model [Ch-1 fig-1.3(c)]. Later N. Sirse et al applied
the Child Langmuir law instead of step front sheath model to determine the sheath
width [140]. However the electron temperature was separately measured with the
help of an auxiliary Langmuir probe. In a recent work, David J Peterson [197]
determined the electron-neutral collisional frequency in a high pressure discharge;
however, the electron temperature required as an input to determine the collision

rate was found from simulation.

In this work, the technique of applying a DC biased hairpin to obtain plasma
parameter is introduced and negative ion fraction has been determined in the case
of electronegative oxygen discharge. In section-6.2, the radial flow model of a cylin-
drical wire probe in a plasma containing electrons, negative ions and positive ions is
presented to determine the sheath width. Section 6.3 discusses the basic methodol-
ogy to find the sheath width, electron temperature and negative ion fraction in an
argon/oxygen discharge. The diagnostic technique for investigating the effect of DC
bias on the probe’s resonance frequency is described in section-6.4. This is followed
by experimental results and discussion in section-6.5. Finally, the main highlights

of the Chapter is given in Section-6.6.

6.2 The radial flow model for cylindrical sheath

Radial flow model is a widely applied probe theory to describe ion motion inside

the cylindrical sheath and associated current collection to the probe surface [61].
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The model considers a pair of coaxial cylinders, with a central conducting electrode
acting as the probe having a length [ and radius r = a. The radius r = b of outer
cylinder is defined as the sheath boundary as shown in the figure-6.1. The probe
is biased at a negative potential ¢(a) = ¢, with respect to the potential at sheath
boundary ¢(b) = 0. The length [ is assumed to be much greater than the radius
a so that the end effect of the probe is negligible [198]. Due to negative potential
¢, < 0, a positive ion rich sheath is developed inside the region between r = a to
r = b. Therefore the sheath thickness is given by s = b — a. Inside the sheath, the

positive ions are radially accelerated towards the central electrode or probe.

Bulk Plasma

Probe surface
(¢a) = Sheath-edge
(dp)

Figure 6.1: Schematic of sheath formation around the cross-section of a cylindrical
probe with radius a. The sheath radius is b. The potential on the probe and at the
sheath edge are respectively ¢, and ¢.

The basic assumptions in this model are as follows: For collision-less, non-equilibrium
plasmas, the negative charge species (electrons and negative ions) are assumed to
have Boltzmann distribution [155],

ew(r) = nepscap (@) (6.1)

Te,v

Here n.,s represent the density of electrons and negative ions at the sheath edge
respectively; whereas T ,, are their respective temperatures. The positive ions enters

radially from the sheath edge with a finite Bohm velocity up [44]. For a low pressure
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case, the ion-neural mean free paths inside the sheath can be considered to be greater
than the sheath dimension [116]. Therefore, positive ions are radially accelerated
inside the sheath with zero angular momentum. Let ¢ = ¢(r) defines the potential
anywhere inside the sheath. The assumption that s < [ allows to approximate
one dimensional model. Hence in cylindrical coordinates, the flux continuity and

momentum equation for positive ions can be written as [165].

d

o (rnyv,) =0 (6.2)
d d
mp (rnyv2) = —enyr— - (6.3)

Whereas the Poisson equation is given by;

¢ do (np — Ne — ny)
rdr2 + I er 0 (6.4)

Using boundary conditions ¢(b) = 0, n,(b) = n,s and v,(b) = up, equation (6.2) &

(6.3) can be simultaneously solved to obtain:

1y = by (1 - 26¢(T))_1/2 (6.5)

2
mpUp

Here n,, is positive ion density, satisfying the quasi-neutrality condition n,s = n,s +
nes at the sheath edge. Introducing dimensionless parameter oy = n,s/nes in (6.5)

and further substituting in (6.4) gives;

d’¢(r)  do
" + dr
. 9 ~1/2
— —ezo b(1+ ay) (1 - ;fig) — rexp (¢7(1:>> — QT exp (% ¢;:)>
(6.6)

Here «ay is electro-negativity parameter defined at the sheath edge.
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o el. 1+as ol . _ T :
Whereas, ug = / A/ Traeay 18 Positive ion Bohm speed and v, = 7¢ is temperature

ratio of electron to negative ions.

Equation (6.6) can be re-written in terms of Debye length A\ps = 4/ % at the sheath

edge, electron temperature T, and sheath thickness b as follows;

Moo dolr) N, do

T. dr? T. dr

=b(1+a) (1 - 2(92)—1/2 — rexp (@) — ayrexp (% (b;:)) (6.7)

In (6.7), Ug = , /lr;—;“a is dimensionless Bohm speed of positive ions.

It can be shown that on substituting a5 = 0, equation (6.7) reduces to Bohm speed
for a electro-positive plasma, consisting of electrons and singly charged positive ions;

i.e.

b () e 20Y T (50)
In deriving (6.7) & (6.8), potential on the probe surface was defined with respect
to the sheath edge. However in actual experiments, the DC bias Vg applied to the
probe and the plasma potential V}, both are measured with respect to the grounded
vacuum vessel. Furthermore, there exists a finite potential drop across the pre-
sheath ®,. Therefore, in order to apply (6.7) & (6.8) in an experiment, the probe
potential should be considered as ¢, = Vi — (V,, + ®,).
Moreover, the electron density n.y in the bulk plasma is related to its corresponding
density n.s at the sheath edge by n.s = n.exp (—%) With this relation, the
Debye length Aps = \/% at the sheath edge can be found with regard to the

electron density ney measured in the bulk plasma.
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For electro-negative plasma, the pre-sheath potential ®, is given by;

%_lﬂ (6.9)
T. 21+ v,0 ‘

Whereas, it reduced to (:I;—: = % for pure electro-positive argon plasma.
Once Aps and T, are experimentally determined, equation-(6.7) & (6.8) can be

iteratively solved by providing the boundary condition ¢, = Vg — (V, + ®,) and

KBTe
e>\Ds

¢p, = 0 to find a unique value of b for which the boundary condition gb/(b) =
[171] is simultaneously satisfied. Once b is obtained for a given Vg, s = b — a gives

the sheath width around the cylindrical wire at Vg .

6.3 DC biased hairpin probe: Underlying concept

In chapter-2, the basic principle of a hairpin probe was introduced for an ideal
case in which the sheath around the resonator pins had been ignored. However, if
a constant negative dc potential is applied to the hairpin probe, a sheath develops

around the probe pins as shown in figure-6.2.

a — Probe radius
b — Sheath radius

Figure 6.2: The schematic of the sheath formed around the hairpin tips. The sheath

radius is b, and probe radius is a (front view). The separation between the hairpin
is 2h.

Due to formation of sheath, a substantial region between the pins become devoid
of electrons. The sheath region can be treated as a free-space having vacuum dielec-

tric constant €). As a result, the HP sees an effective dielectric constant e.r; due
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to the contribution of both plasma dielectric €, and the sheath dielectric ¢y around
the probe pins [fig-6.2]. Since ¢y > ¢, therefore €.;s will be higher, as a result the
probe’s resonance frequency will shift towards a lower value. Hence the electron
density is underestimated according to the formula described in equation-(2-12) of

Chapter-2.

For compensating the effect due to sheath width on probe’s resonance frequency,
Sands et al. [199] introduced a sheath correction factor &, which is a function of
sheath radius b. This was derived by equating the equivalent capacitance formed by
the conjugate dielectric between the pins with the series combinations of individual
capacitances due to sheath and plasma between the probe pins. Hence, equation
(2.12) can be modified to express the plasma frequency as follows;

. P8

12 3 (6.10)

with &, as the correction factor given by;

2h 2h
2[71(;—1) —ln(?—1>
=1-=2 (6.11)

Combining equations (6.10) and (6.11), it allows to relate the sheath radius b with
probes resonance frequency f, that can be obtained experimentally; provided elec-
tron plasma frequency f, is known. Since f, should not change by biasing the probe,
hence it can be determined accurately if the sheath around the hairpin is vanish-
ingly small. This situation can be achieved by biasing the probe up to the plasma
potential V,,. Hence,

 fAVe)— £

[FVe) = fo = XA (6.12)

Where f,.(V,) & f,(Vp) corresponds to resonance frequency when the probe is biased

at V,, & Vp respectively. The overall concept has two important benefits:
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(1) It allows to determine the sheath radius experimentally as a function of probe

bias Vp; without relying on electron temperature from other diagnostic.

(2) The sheath width corresponding to floating potential V; can be used to esti-
mate the electron temperature by equating the total current collected by the probe
to zero.

In addition, positive ion saturation current to the hairpin for a sufficiently large neg-
ative bias can be used to determine negative ion parameters . This is described

below.

Applying net current at floating potential to zero, we get;

L.(Vy) + L,(Vy) = I,(Vy) (6.13)

with subscripts e, v and p corresponds to electron, volume negative ion and positive

ions. The individual currents due to electrons and negative ions can be expressed:

Te'U V - V
I.,(Vy) = [2meal|ne w0 L exp (—p—f) (6.14)

TTMew Te,v

Whereas for the positive ions;

el. 14+ o
I = h|2meb l —_— ) — 1
p(Vy) = h[2meb (Vi) l]ngo, | oV T 7o (6.15)

In (6.15), h = nys/ny is correction factor which relates the positive ion density inside
the bulk (n,g) to its corresponding sheath edge density (n,s) [c.f. (5-32) Chapter-5|.
Quasi-neutrality condition is satisfied at the sheath edge, i.e. n,, = n.s + n,s and
also inside the bulk plasma n,y = ne+n.0. The sheath radius b(Vy) corresponds at
the floating potential V}; which can be determined from equation (6.12) by replacing
Vs with V.

As usual, the constant parameters m.,, are the respective masses of electrons,
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positive ions and negative ions, e is the electronic charge and 7Tt ,, are the temperature
of electrons and negative ions respectively; a; = n,s/nes is ratio of negative ion to
electron concentration at the sheath edge and ~, = T./T, is temperature ratio of

electron to negative ions.

In equations (6.14), the current collecting area for electrons and negative ions
has been considered as the probe area, since these are the thermal currents reaching
the probe surface. On the other hand for positive ions, the effective collection area
of the probe corresponds to the sheath area. This is because the positive ion flux

remain conserved inside the sheath [166].

Substituting /., (V) and I,(V) from (6.14) and (6.15) in (6.13), an expression can
be obtained which relates the electro-negativity parameter a, and 7, in terms of

sheath-width b(V;) and the normalized floating potential 2% as follows;

1+ o,
hb(Vf)(1+@0)\/m

\/— [\/ﬂ_peexp( b 7 ) + \/M_pv\/—exp (—7@)} (6.16)

Where, fipe, = m,/me., is the relative mass of positive ions to electrons /negative
ions. The electronegativity parameters, ag and «; in equation (6.16) corresponds to

bulk plasma and the sheath edge respectively. They are related as;

o= | (20 ) 55 (6.17)

2 1+ yp006

In (6.16), there are two unknown parameters « and +,, which needs to be deter-
mined; hence another equation is required. This can be obtained by biasing the

probe sufficiently to a negative potential to draw an ion saturation current 1,(Vz),
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which is expressed as;

1,(Vi) = h[2meb (Vi) 1] (1 + ap) \/;7 Lt (6.18)

I+ vy

where b(Vg) is the sheath radius corresponds to the bias voltage Vz. Now (6.16),
(6.17) and (6.18) can be simultaneously solved to determine the parameters oy and
Vo

Furthermore, on substituting ay = 0 for a pure electro-positive plasma, equation

(6.16) reduces to;

b(V, 1 . V, -V
(V%) = exp (——) /;p exp {—pr} (6.19)
™ e

The above equation relates the sheath thickness at the floating potential b(V) to the
electron temperature. Thus the above technique provides possibility to determine

T, in an electro-positive plasma

6.4 DC Biased hairpin Probe: The experimental

process

To bias the hairpin, which is made of tungsten wire having diameter 0.15 mm,
a 0.5 mm pure copper wire is twisted at the short-circuited end of the hairpin and
pulling it tightly through the ceramic tube, as shown in fig-6.3. The electrical
connection is tested to ensure good conductivity between the copper wire and the
hairpin. The length of the hairpin probe as measured from the center of the short-

circuited end is L + h = 26.0 mm; the separation between the pins is 2h = 3.0 mm.

The biasing circuit of the hairpin is same as that applied to Langmuir probe setup
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Copper wire Ceramic tube
/

7 /
Loop Hairpin

50Q Coax Cable P - Resonator

Figure 6.3: The schematic of DC biased hairpin probe. The total length of hairpin
is L + h.

described in Chapter-2. The resonance detection circuit of the hairpin also remains
the same as described in chapter-2 for the operation of a floating hairpin [see section-
2.4]. When a constant negative DC voltage Vp is applied to the hairpin, a positive
ion sheath is formed around the probe tip, whose thickness is expected to decrease
as the probe is biased towards the plasma potential V},. As a result, the resonance
frequency f, of the probe will continue to shift towards the higher frequency value,
until the effective dielectric constant e.¢; = €,. The effect of biasing on the resonance

signal is shown in figure-6.4.

15 - — Vp = —40V
— Vg = =30V

— — Vg =—-10V
%_10- — Vg =42V
= — Vg =487V
=
.20 51
N
)
2
o 0-
o |
=
o

-54

28 3.0 32 34 36 38
fr(GHz)

Figure 6.4: The reflected microwave signal (subtracted by the vacuum value) with
respect to the frequency sweep f, (GHz) for various bias applied to the probe. The
operating pressure is P = 1.8 Pa and discharge power is P, = 49.5 W.
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In the above figure, the resonance signal at various DC bias has been subtracted
from the signal acquired in the absence of plasma. Therefore the resonance signal
corresponding to vacuum resonance frequency fo = 2.86 GHz is identified by the
minima in the above plot. The theoretical value of resonance frequency considering
L = 26.0 mm also gives a value 2.88 GHz, which is sufficiently close to the measured
resonance signal. Furthermore, it is also observed that the quality of resonance
signal is not deteriorating much with the probe bias. Thus the check ensures that
the addition of external biasing circuit does not affect the performance of the probe
due to unwanted capacitive loading. The subtraction method cancel the common

background noise and improves the signal to noise ratio.

Laptop
DAC Directional 500 L
DC block , o
Coupler Coax line Antenna
\ \ \ Plasma

YIG . p————
Oscillator _,_i
(2-15:GHz) Disdee. Hairpin !
Biasing™ — Hairpin
|
|
[ 1 s

Reflected
Current

Signal
Signal Diff. R
Meas.|

A A

Trigger/Voltage
Signal
Voltage
Function - Sweep
Generator Amplifier

Figure 6.5: Schematic of the biased hairpin measurement circuit. The resonance
detection circuit and the biasing circuit to the hairpin are individually shown in
black and red color respectively.

For automating the system, the bias given on the probe was ramped from -60
V to +20 V at 100 Hz by using a combination of low amplitude saw-tooth signal
from a function generator (Agilent Model No: 33522A) and a linear amplifier (Falco
System-WMA-300). The corresponding current drawn by the hairpin probe was

measured across a series resistor (R = 330f2) using a differential probe (SIGLENT
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Diff probe Model no: DPB 5150) and acquired in the digital oscilloscope (DSO
Tektronix 3034C). Simultaneously, microwave frequency range from 2.0 GHz to 4.0
GHz was applied to the loop antenna of the hairpin in steps of 5 MHz and the
corresponding reflected signal was acquired, digitized and stored in a PC. At each
time during the ramping phase, the microwave frequency on the loop antenna was
kept constant. Therefore the probe resonated at different times due to change in
sheath width, which is a function of the biasing voltage applied on the hairpin.
This technique is similar to time-resolved method applied in pulsed plasma [133].
The only difference is that the sheath width around hairpin is changing, while the

background plasma remains in steady state.

A typical time-resolved resonance frequency verses applied voltage on the probe
is plotted in fig-6.6(a). The current drawn by the biased hairpin probe and its first

derivative are also shown in the same figure-6.6(b) & 6.6(c) respectively.

3.41 ) 40
3.3 ] 30,_\
1 ™
fr 32- 1S
(GHz) —
3.1 (a) I
| q{10E
3.0+ (c) ]
2-9 v T v T T T T T T Vlf‘\') T "/IZ)
-40 -30 -20 -10 0 10 20
Ve (V)

Figure 6.6: The variation in (a) resonance frequency f, and (b) current collected by
the hairpin with respect to the probe bias voltage Vg at a typical discharge power
P, =49.5 W and operating pressure P = 1.8 Pa. The peaks observed in frequency
curve and the (c¢) first derivative curve coincide at the same bias, providing the
plasma potential V), = 11.5V, whereas the floating potential V; = 7.5 V is obtained
directly by measuring the potential on the floating probe inside the discharge.

In above figure, the maxima in resonance frequency f, and the first derivative of
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I — Vp trace seems to coincide at the bias Vg = 4+11.5V | indicating that the bias
Vg =V, corresponds to plasma potential [31, 144]. At plasma potential, the sheath
becomes vanishingly small around the resonator pins. Above plasma potential, i.e.
Ve > V), f, seems to drop. This could be possible due to formation of an electron
sheath around probe tips, as a result of which the electrons are rapidly lost to the
probe. This leads to a fall in electron density around the hairpin and therefore the

corresponding fall in resonance frequency as evinced from the figure.

In the entire experiment the maximum probe current drawn by the probe (< 15
mA) is typically 8 % compared with the discharge current (~160 mA). However
during the experiment, one should limit biasing the probe extensively above the
plasma potential, otherwise it could contaminate the probe surface by sputtering or

could damage the probe-electronics due to large return current.

6.5 Experimental results

6.5.1 Determining the Sheath Width

The sheath width s = b — a, is a function of sheath radius b, where a = 0.075
mm is the wire radius. For obtaining the sheath radius, equations-(6.11) and (6.12)
are simultaneously solved, in which the resonance frequency f,.(V,) at the plasma
potential is identified from the inflection point of f, vs Vg curve. A typical plot of
probe radius b as a function of probe bias Vg for three different discharge power in
argon plasma is shown in figure-6.7. The plasma potential V), corresponds to the
bias voltage at which the sheath radius b = a; this is shown in the inset graph.

The sheath radius decreases as the bias Vg on the probe approaches towards
the plasma potential V,. At V), the sheath radius becomes equal to probe radius.

Furthermore, the sheath width is found to be higher when the discharge is operated
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Figure 6.7: The variation in sheath thickness, s = (b — a) with probe bias Vj for
a typical operating pressure 1.8 Pa is shown. The probe radius is a = 0.075 mm;
whereas the sheath radius b is calculated by solving (6.11) & (6.12).

at lower power, as the corresponding plasma density is low.

Similarly, the sheath width for electro-negative oxygen plasma can be found using
same set of equations.
The constant parameters obtained from the experiments in argon and oxygen plasma

are given in table-6.1 & 6.2 respectively:

Sr. | Discharge | Plasma | Floating | b(Vy) | fr(Vp) | £ (V) Ls b(Vp)
No. | Power | Potential | Potential | (mm) | (GHz) | (GHz) (mA)at (mm)
(Watts) V, (V) Vi(V) Vg = —40V at
Vg = —40V
1. 18.2 9.5 6.9 0.27 3.13 3.04 0.45 1.0
2. 49.5 11.5 8.5 0.17 3.35 3.27 1.05 0.92
3. 82.8 12.4 9.3 0.16 3.53 3.44 1.27 0.85
4. 160.5 12.5 9.4 0.15 3.60 3.49 1.32 0.82

Table 6.1: The various measured parameters from the experiment for 1.8 Pa pressure
in argon plasma

6.5.2 Finding Electron temperature

The electron temperature can be found from equation (6.19) for the case of

electro-positive argon plasma. For this, information of plasma potential V, and
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Sr. | Discharge | Plasma | Floating | b(Vy) | fr(Vp) | fr (V) Ls b(Vg)
No. | Power | Potential | Potential | (mm) | (GHz) | (GHz) | (x107%) (mm)
(Watts) V, (V) Vi(V) (A)at at
Vg = —40V | Vg = —40V
1. 10.5 5.3 14 0.52 2.99 2.93 2.01 0.90
2. 23.7 7.8 4.2 0.46 3.08 2.99 3.77 0.89
3. 48.2 11.6 7.9 0.38 3.17 3.07 5.64 0.87
4. 82.1 13.8 10.5 0.29 3.26 3.14 7.71 0.88
. 99.2 14.9 11.3 0.30 3.28 3.15 8.17 0.87

Table 6.2: The various measured parameters from the experiment for 1.8 Pa pressure
in oxygen plasma.

sheath radius b(Vy) at the floating potential is required. These quantities can be
easily obtained from the plot of f,. vs Vp curve. The values of b(V}) for 1.8 Pa is

given in table-6.1 for argon plasma.

2.0+ —a—P=1.4 Pa—e—P=1.6Pa
—a—P=1.8 Pa—»—P=2.0Pa
1.6+
Te 1 I\i/k/{
1.2
' I 1 I
08{ 7T & - 1
0.4+
0 50 100 150 200

Py (W)

Figure 6.8: The variation in electron temperature, T, with regards to the power &
pressure in argon plasma.

It is seen from figure-6.8 that the electron temperature remains almost constant
with the varying discharge power. This is in agreement with global power balance
model [89]. On the other hand as the gas pressure increases, the electron temperature
falls due to increase in electrons collisions with background neutrals, causing the

average kinetic energy of the electrons to reduce.

In order to validate the electron temperature obtained using the above exper-
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imental technique, we took advantage of the radial flow model [c.f. eqn-(6.8)] of
cylindrical sheath described in section 6.2 to calculate the sheath width and com-
pared it with the sheath width determined experimentally from the capacitance
model.

In the analytical model [c.f. eqn-6.8], Aps and T, are the two independent param-
eters. The absolute electron density n.y can be found by biasing the probe up to
plasma potential. On the other hand, 7, is obtained from the above experimental
technique. Therefore the Debye length Ap, can be calculated at the sheath edge
by using n.s = 0.61n.. This has been supplied in equation-6.8 to calculate sheath
width analytically. This is shown for typical discharge powers 49.5 W & 82.8W at

a fixed pressure 1.8 Pa.

—o— Experimental

Analytical @ P=1.8Pa

Py =495W

094,
S 0.6 Py =828W
(mm) Xoes
J (b) L
O
-60 -50 -40 -30 -20 -10 O
Vs -V,

Figure 6.9: T, obtained in fig-6.8 along with the n. found from measured resonance
frequency at the V), are used in equation-6.8 to obtain the sheath thickness with
respect probe bias (solid curve). The typical discharge power considered are (a)
P, =495 W (b) P, = 82.8 W at pressure 1.8 Pa. The solid curve obtained from
the analytical model shows a good match with the sheath thickness found from the
experiment (bubbled curve).

From the above plots, a good agreement observed between the sheath width cal-
culated theoretically and from the experimental technique, suggests that the biased
hairpin probe can be a promising method to determine electron temperature in

electro-positive plasma.
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For the further verification of above technique, one can also determine electron
temperature from the positive ion saturation current corresponding to a very large
negative bias Vg = —40V relative to the plasma potential at which the contribution

of electrons and negative ions can be neglected. This is given by;

eT,

L,s(Vp) = 0.6[2mebl|n.o (6.20)

my
Equation-(6.20) gives the value of T, as function of I,;(Vp) and sheath radius b(V3)
corresponding to bias Vz applied on the hairpin as;

2
[psmp

= 6.21
1.44€3/2 (mbl)* n?, (6.21)

e

Figure-6.10 (a), (b) & (c) shows the respective plots for positive ion saturation cur-
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Figure 6.10: The variation in (a) ion saturation current I, (b) the sheath radius b
and (c) the absolute electron density ney as a function of discharge power in argon
plasma. Figure-(d) compares T, obtained from ion saturation current (#1) and
floating potential condition (#2) respectively. The operating pressure is 1.8 Pa

rent [,,, sheath radius b and electron density n.o with respect to discharge power for
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a fixed probe bias Vg = —40V. The operating pressure is P = 1.8 Pa. Substituting

the values of I

ps: D(—40V') and n.g, the electron temperature 7, can be calculated

from (6.21). This is plotted in figure-6.10(d) along with the electron temperature
obtained by the previous technique in fig-6.8.

Thus above techniques suggest that there are two possible ways to calculate elec-
tron temperature using a biased hairpin resonator probe. In the first method, the
information of probe sheath radius is required at the floating potential; whereas in
the second method; positive ion saturation as well as sheath radius at a sufficiently

large negative bias are needed as a parameter to calculate T..

6.5.3 Finding oy and 7, in an electro-negative plasma

To find g and T, in an electro-negative oxygen discharge, we further use equa-
tion (6.16) and (6.18). The sheath radius b at the floating potential V; and for a
sufficiently large negative bias Vg = —40V on the probe, can be determined ex-
perimentally using the biased resonance probe technique as descried in section 6.3.
Furthermore, while «y is a strongly varying parameter in a discharge, whereas neg-
ative ion temperature generally remain constant in the range of 0.025 — 0.1eV as
reported in many papers [11, 155, 200]. Therefore by considering a realistic value of
negative ion temperature 7, ~ 0.05¢V/, the unknown parameters in equation (6.16)

and (6.18) reduces to ag, as and T,.

Thus there are three unknown parameters oy, as and 7, and three equations
namely (6.16), (6.17) and (6.18); hence ap and T, can be determined by solving

these equations simultaneously.

Figure-6.11 & 6.12 shows the plot of ay and T, respectively for a particular
discharge condition with parameters given in Table-6.2. In the above figure, «

decreases with increase in discharge power. This is because the mechanism behind
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Figure 6.11: Plot of electro-negativity parameter oy as a function of discharge power
& pressure in oxygen plasma; o and 7T, are found out by solving equation (6.16),
(6.17) and (6.18) simultaneously, assuming the negative ion temperature to be T;, ~
0.05 eV.

negative ion production/loss is mainly governed by two competing and contrasting
processes; namely the electron attachment and electron impact detachments [11].
Since the electron temperature does not vary significantly with increase of discharge
power. As a result the dissociative attachment rate, which is a function of Te does
not vary significantly. However an increase in number density of electrons with
discharge power leads to higher probability of electron impact detachment. Hence

bulk electro-negativity tends to fall with rise in discharge power.

It is also seen from fig-6.11 that on increasing the pressure from 1.4 Pa to 2.0 Pa,
the electro-negativity increases almost by a factor of 3. The reason for observing
an increase in ag with pressure is caused due to rapid fall in electron temperature,
which results in reduction in electron-impact detachment rate. The typical values
of o obtained in figure-6.11 is also found to be consistent with global modeling of

oxygen plasma by Gudmundsson et al [89)].
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Figure 6.12: Variation in electron temperature 7T, with discharge power & pressure
in oxygen plasma.

6.6 Summary and Conclusion

In this chapter, a DC biased hairpin resonator probe has been presented. Using
this technique, the plasma parameters viz., electron temperature, plasma potential
and negative ion density has been determined experimentally. Besides, the biased
hairpin probe is also capable to estimate the sheath width around the cylindrical
wire, which has been compared with the radial flow model of a cylindrical sheath.
A good agreement is found between the sheath width obtained experimentally using
Peijak’s capacitance model with the radial flow model. This not only validates the
two independent approaches; but the DC biased hairpin probe can also be useful
for correcting sheath effects in cylindrical Langmuir probes. This is left as a future

scope for further investigation.

The second most important outcome regards to the wider application of hairpin
probe in a low temperature plasmas. The conventional hairpin probe can only pro-
vide electron density. However with DC bias, other plasma parameters like electron
temperature and negative ion parameters has been determined for the first time. The

possible use of this technique to determine o and 7 in an electro-negative discharge
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is quite unique, since it could offer a simple and less-expensive tool as compared to
sophisticated laser photo-detachment or cavity-ring-down spectroscopy techniques.
The DC biased hairpin probe can scan the off-axis region outside the line of sight of
laser beam inside a given plasma setup. The obtained trends of « in oxygen plasma

is found to be in agreement with the results reported by other authors.

As a future scope, the biased hairpin probe needs to be tested in magnetized
plasma case in which the electron saturation current is quite limited. One would
need to account for the correction factors due to the finite larmor radius around
the cylindrical wire. Also one need to account for the perturbation arising from
biasing the probe to draw electron saturation current. This may be limited by
partially shielding the exposed cylindrical wire with a capillary tube. It would also
be important to test the above technique in capacitive RF discharge. This could be
challenging because of rapid changes in plasma potential relative to the probe bias.
As a result the probe feed-through needs to be mechanically designed appropriately
to introduce a resonant filter circuit for compensating the RF oscillation inside the
plasma. Nevertheless the work reported here can be considered as an important mile-
stone, based on which further developments will take place to make the resonance
hairpin probe as a versatile tool for the diagnostics of low temperature plasmas,

both in laboratories as well as in industrial plasma setups.
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Chapter 7

Summary, Conclusions and Future

scope of work

7.1 Summary & Conclusion

Summarizing the overall work, the thesis provide a fundamental study on sheaths
and its applications in negative ion containing plasma. In particular, analytical
model for a planar sheath has been formulated to study the behavior of sheath
and pre-sheath during negative ion emission from an electrode surface. The results
indicate a substantial increase in positive ion speed at the sheath boundary due
to emission. This is found to be consistent with a greater potential drop inside
the pre-sheath. For a critical value of emission flux, the emission becomes space
charge limited and a virtual cathode is created in front emitting electrode. Due to
this, the Bohm speed of positive ions and the transported flux of negative ions are
observed to get saturated for further increase in emission. It is also found that the
negative ion flux transported across the sheath towards the bulk plasma cannot be
greater than the Bohm flux entering the sheath region from the bulk. Thus the

transport properties of negative ions depend not only on the sheath characteristics,
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but the flux/energy of positive ions entering the sheath is also influenced due to
negative ion emission. The study also reveals that the space charge effect for a
floating electrode emitting negative ions is more pronounced compared to an electron
emitting electrode under identical conditions. The analytical results are found to
be in good agreement with particle-in-cell simulations results reported elsewhere.
The above study is fundamentally important for the development of negative ion
sources, wherein low work function substrates are introduced for enhancing negative

ion production inside the discharge.

A major part of the thesis work also devotes to the application of sheaths in elec-
tric probe diagnostics. The analytical model developed in this study along with the
existing sheath capacitance model are used to determine the sheath width around
cylindrical wire of hairpin resonator probe. The sheath width is an important pa-
rameter which is required for estimating the effective dielectric permittivity of the
region between the probe’s tip. The hairpin probe is popular among the electric
probe diagnostics due to its accuracy and reproducibility in the measurement. It
is highly sensitive to the change in dielectric medium surrounding the probe tips.
Therefore an electrically biased hairpin resonator probe is developed in which the
sheath width is externally controlled by applying negative DC potential on the hair-
pin tips. The negative biasing shifts the probe resonance frequency towards the
vacuum resonance as the sheath width increase around the HP probe. The sheath
width found by basic capacitance model is compared with the analytical model
which shows a good agreement. Using this method, the hairpin probe provide not
only the electron density, but it can also estimate other plasma parameters such as
electron temperature, negative ion density as well as plasma potential inside the dis-
charge; thereby broadening the scope of hairpin probe for application in low pressure
plasma discharges. In addition to it, an analytical model is applied to a non-emitting

Langmuir probe for determining negative ion temperature in an oxygen discharge
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Some important results from the thesis are summarized as follows:

In Chapter-3, parametric study of space charge limited emission has been carried
out which finds that there exists a critical value of negative ion flux J,,,. that can be
transported across the sheaths. The upper limit of J,,. is always found to remain
lower than the positive ion flux entering at the sheath boundary. This chapter also
discusses a revised formula of positive ion Bohm speed when the electrode is emitting
negative ions. Among other important results, the sheath width determined analyt-
ically for the case of a negative ion emitting electrode is consistently higher than the
sheath width calculated by using Child Langmuir Law for a non-emitting electrode.
Chapter-4 mainly pertains to the pre-sheath in presence of a beam of negative ion
flux streaming against background positive ions. It is found that the pre-sheath
potential drop monotonically increases with increase in negative ions flux entering
into pre-sheath. This observation also substantiate the result obtained in Chapter-3,
which shows increase in positive ion speed at the sheath boundary during negative
ion emission commensurate with increase in pre-sheath potential drop. In Chapter-
5, floating case for both an emitting and non-emitting electrode immersed in an
electronegative plasma is considered. It is found that floating potential magnitude
decreases monotonically with increase in both bulk electro-negativity and negative
ion emission from the electrode surface. However below a critical electro-negativity
inside the bulk plasma, the floating potential magnitude shows an increasing trend
for non-emitting electrode. The floating potential of non-emitting probe is applied
in an experiment to determine negative ion temperature in an electronegative oxy-
gen discharge. In Chapter-6, a DC biased hairpin resonance probe is introduced. So
far, the resonance hairpin probe was traditionally applied for determining electron
density in low temperature and low pressure plasmas. The sheath model developed
in the previous chapter is used for determining the sheath capacitance from which
a range of plasma parameters is determined using the hairpin probe. This tech-

nique also provides a tool for determining the sheath width experimentally, which
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are otherwise difficult to measure as the sheath dimensions being extremely small.
In conclusion, the thesis tries to address some unsolved issues having significance
towards understanding of negative ion emission from an electrode and its impact
on positive ion flow through the pre-sheath and sheath region. This study has sig-
nificance in negative ion sources where cesiated surface are introduced inside the
discharge for enhancing negative ion emission. The sheath width is also an impor-
tant parameter which can impact the ion optics near a floating / electrically biased
metallic grids. In plasma processing, negative ion emission from the sheath is quite
common. In the literature, a very limited amount of work is found in context of
negative ion emission from an electrode and its impact on sheath as well as bulk
plasma behavior. The study also provide some innovative application of sheaths in
plasma probing technique which enable to determine negative ion parameters inside
the discharge. Another important application of the present simple 1-D model is
to calculate the sheath width. Due to high plasma density and large volume, the
modelling of a typical negative ion source with 2D /3D PIC-MCC (particle-in-cell
with Monte-Carlo collision) simulation techniques is quite difficult for real plasma
condition; since the size of the simulation grid and number of the simulating parti-
cles are dependent on the ratio of discharge dimension (~cm) to the Debye length
(~um). In order to overcome this issue, scaling of plasma parameters is performed
to reduce grid size and number of simulation particles for efficient computing. The
simulation result is then extrapolated to the real condition by using some scaling
laws. Such scaling laws are highly dependent on sheath width information near the
plasma grid for the simulation of negative ion sources. The information about the

sheath width obtained from the present study can be helpful in such scenario.

7.2 Future Scope of the Work

The thesis work presented here is mainly focused on 1-Dimensional model of a
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planar sheath, which addressed some of the gap area in the research about the sheath
and pre-sheath region in presence of a negative ion emission from the electrode. The
one dimensional model also considered a collision-less sheath, which is applicable in
case of low pressure discharges. However in plasma processing applications, the
discharges are operated at wide range of pressures using mixture of gases. For
example-Capacitive Coupled RF discharges used in industrial plasma tool apply two
or more frequencies coupled to the discharge electrodes, which result in ionization
near the sheath and in the pre-sheath region. The ion energy distribution also gets
modified on account of driving voltage waveform on the electrode. In addition to it,
the time-dependent sheaths are also relevant in different types of plasma processing
systems including reactive ion etching in pulse-dc / rf magnetron discharges. It will
be interesting to see how the 1-dimensional model can be extended for the above

scenarios.

Also in the analytical model, the ion-ion interaction in the pre-sheath has been
ignored. However interaction of beam negative ions coming from an electrode with
background gas could be relevant for high pressures. The present work may also
be extended for collisional pre-sheath to include the global production/loss balance
of emitted negative ions in the bulk plasma using the above fluid model. Another
aspects which can be relevant in ion sources arise due to external magnetic field.
Transverse magnetic field can alter the electron dynamic and emission of negative
ion from the electrode. This is relevant for both plasma processing application such
as pulse-dc magnetron and Hi-PIMS as well as negative ion sources where strong
magnetic filter-field present transverse to the ion extraction grids can affect the space
charge creation as well as emission characteristics of negative ions from the electrode

surface. The above points can possibly lead to larger scope for future investigation.
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