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Abstract

The core of this project focuses on the development of a method for prediction of ion implantation dose in

processing plasmas. The vital variable is 
uence, i.e. ion implantation dose, which is currently predicted by

Lieberman model during high-voltage Plasma Ion Implantation (PII). Chapter 1 starts with an introduction

of plasma ion implantation. In chapter 2, a review of Lieberman model’s assumptions as well as a discussion

on the limitations of model and the observed discrepancies with measurements are provided.

Having a better, more accurate model to get the 
uence, is necessary for improving the implantation

procedure. Inductively Coupled Plasma (ICP) chambers are used widely for plasma ion implantation. One

of the ICP chambers in University of Saskatchewan, ICP-600, is provided with a radio-frequency antenna to

provide the power to heat the electrons and therefore ionise the gas. The apparatus is discussed in detail in

chapter 3.

To have an understanding of the evolution of the plasma during plasma ion implantation (PII), a full

characterisation of plasma is required before and during PII. Acquiring plasma parameters accurately has the

utmost importance while characterising plasma with a Langmuir probe. Eliminating radio-frequency waves

from the acquired current-voltage curves in a RF-driven plasma has the most e�ect toward improving electron

temperature measurements in such plasmas. In chapter 4, the importance of RF-compensation in design and

implementation of Langmuir probes is discussed in detail. Also, a discussion on di�erent current-voltage

analysis theories is provided.

The results of this work is presented in chapter 5. Demonstrating the importance, RF-compensated results

in the steady state argon plasma will be presented in the �rst part of the chapter. Finally, the time-resolved

characterisation of plasma during PII for a metal target, namely stainless steel and a semiconductor target,

i.e. silicon, will be presented and discussed in the later part of the same chapter. These experimental data are

an important step in order to develop a more accurate model for plasma ion implantation through detecting

and taking into account the e�ective instabilities during the process.
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1 Introduction

1.1 Plasma Ion Implantation

Plasma Ion Implantation (PII) is a materials processing technology in which ions are accelerated toward and

implanted into a negatively biased target [1]. To reduce target heating and power load, the high voltage

bias is usually pulsed. Pulses are applied with a pulse repetition frequency (prf) typically in the range of

several hundred pulses per second. Each pulse implants a �xed number of ions into the target. The pulse

duration determines this number and the voltage amplitude of the pulse determines the ion energy and

therefore the implanted depth. In principle any steady state plasma source can be used for PII [1]. For the

PII system operated in the University of Saskatchewan Plasma Physics Lab (UofS PPL) the plasma source

is an Inductively Coupled Radio Frequency (ICP-RF) source operating at 13.56 MHz.

PII has many material applications. It is widely used for semiconductor device doping, as well as for

improving corrosion and wear resistance properties of steel and other metal alloys. PII has applications for

biomedical materials as well [2].

Figure 1.1 shows a schematic of the UofS PII system. The target to be implanted is immersed in the

RF-ICP plasma and is biased with negative polarity high voltage pulses, typically ranging from 1 to 10 kV.

During each high voltage pulse, a large electric �eld is pointing from the plasma toward the target; this

accelerates positive ions from the plasma toward the target through a region referred to as the high voltage

sheath. While the target shown is planar, (which is representative of a standard semiconductor wafer) non

planar targets also can be uniformly implanted. In the case of non planar target immersed in the plasma,

the ions are accelerated toward the target from all directions, leading to a uniform implantation. This is an

advantage of PII compared with conventional ion beam implantation which would require complicated beam

scanning and variable angle target �xturing to achieve the same uniformity as PII.

For users of PII, the most important parameter is the concentration of implanted ions vs. the depth of

implantation. Di�erent PII applications will require di�erent dose vs. depth pro�les and it is necessary for

users of PII to be able to accurately predict these before carrying out PII. Therefore accurate models for

PII are required. Development of such models is complicated because the plasma is not simply a stationary

reservoir of ions with �xed density; instead the plasma density evolves dynamically during the applied high

voltage pulse, due to a variety of e�ects, including secondary electrons ejected from the target and accelerated

back into the plasma bulk [3]. This results in an increase or enhancement of the plasma density which can

be experimentally observed and which can signi�cantly modify the ion current going through the target [3]
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and hence signi�cantly increase the delivered ion dose.

A widely used model of pulsed PII processes is the Lieberman model [4]. This model has the advantage

of being simple and computationally e�cient, making it suitable for industrial applications. However when

using Lieberman's model for dynamic sheath expansion of a high voltage biased target immersed in plasma,

signi�cant discrepancies with measurements arise, due to a number of e�ects.

Numerous groups have tried to quantify and accurately model plasma behaviour during PII pulses [5, 6,

7, 8, 9]. Each of these has a speci�c focus. Among those particle in cell (PIC) modelling of plasma is the

most accurate method. However this comes with the nontrivial cost of being prohibitively time-consuming for

most real-world applications. The post-pulse recovery of the plasma to a steady state has also been studied

by Briel et al. in 2002 [7]. This recovery is an important factor for accurate ion 
uence prediction since high

voltage pulses may signi�cantly deplete the plasma during the pulse with obvious e�ects on the subsequent

pulse. This possibility is also not considered in Lieberman's model.

The role played by secondary electrons ejected from the target and accelerated back into the bulk plasma

has been considered by di�erent groups. Plasma density enhancement due to plasma heating as well as

ionisation of neutrals by the secondary electron "beam" ejected from the target is known to play a signi�cant

role and has not been fully studied [3, 10].

The purpose of this thesis is to make a detailed study of plasma behaviour in a PII system before, during,

and after each high voltage pulse. For this purpose a representative argon plasma was used. The use of the

argon plasma avoided the unnecessary complexity associated with the molecular ion plasmas commonly used

for real PII processing. Prior to the pulsed plasma studies, a comprehensive Langmuir probe study of the

steady state RF-ICP argon plasma was carried out. This is described in detail in the �rst part of chapter

5. For this purpose a new high accuracy RF-compensated Langmuir probe was designed and built. This is

described in chapter 4. The basic theory behind PII is brie
y reviewed in chapter 2, while technical details

of the UofS ICP-II PII apparatus are discussed in chapter 3.

After the steady state plasma characterisation, the time evolution of the electron temperature and plasma

density of the plasma were measured during high voltage pulses applied to both semiconductor (silicon) and

metal (stainless steel) targets, in order to investigate the e�ect of di�erent secondary electron yield coe�cients.

Additionally, the recovery of the plasma steady state and the dependence of this on the RF-power and gas

pressure was studied using direct measurements of the 
oating potential. From these data the plasma

relaxation time was measured. The above comprehensive measurements of the plasma behaviour during PII

provided a much deeper understanding of the dynamic plasma behaviour during PII pulses. From this I was

able to identify a number of places where the real plasma behaviour deviated from the various PII models.

This is discussed in the latter part of chapter 5 as well as the conclusion. Future possibilities for improving

PII modelling in order to capture and more accurately model these previously ignored features are discussed

in the conclusion.
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Figure 1.1: Schematic of PII process; the substrate is biased to a squared-shape high voltage in the
order of 1 kV or 10 kV and duration orders of 1 or 10� s. A high voltage sheath is formed around the
target, which ions get accelerated from the generated plasma, through high voltage sheath toward the
target with initial Bohm velocity uB . The total current going through the substrate is measured by a
Rogowski coil and the chamber is usually grounded (not the case for older glass chambers).
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2 Modelling Plasma Ion Implantation

Most applications of PII require that a certain ion 
uence (usually quoted in ions per cm2 of target area,

and often colloquially referred to as iondose) be delivered at a certain depth. The implantation depth is

determined by the ion energy and hence the pulse voltage. Ion implantation depth increases monotonically

but not linearly as the ion energy increases. Ion implantation depth has been extensively studied since the

1930s in the context of ion stopping power. Numerous computer codes accurately model the ion stopping

process. The most commonly used code being SRIM (Stopping and Range of Ions in Matter [11]). To

determine the total ion 
uence F for a PII pulse we integrate the time varying ion 
ux �( t) as follows:

F =
Z t on

0
�( t)dt [

ions
cm2 ]: (2.1)

For the ions with charge state Z i (usually +1 for most PII applications), the ion 
ux can be determined

from the ion current I i (t) extracted from plasma:

�( t) =
1

AT

I i (t)
Z i e

[
ions
cm2s

]; (2.2)

where AT is the target area, ande is the elementary charge.

The ion current during a PII pulse can be obtained from a plasma model. A plasma is a quasi-neutral

partially ionised gas containing free electrons, ions and neutral species. For PII plasmas the ionisation fraction

is typically small meaning signi�cant fraction of neutral gas atoms and/or molecules are present. The plasma

formed in a chamber is in contact with a solid surface on its boundaries [12]. Plasma walls are grounded

while the target is biased to a negative high voltage with respect to the grounded chamber during the voltage

pulses.

Close to plasma boundaries, a Debye sheath arises because the electrons usually have a temperature more

than one order of magnitude higher than that of the ions (see table 3.1), and are much lighter. Consequently,

they are faster than the ions by at least a factor of
q

Z i M i
m e

, where M i and me are ion and electron mass

respectively. At the interface to the chamber walls or the substrate, plasma loses fast electrons to the surface,

making the surface potential negative relative to the bulk plasma. Due to Debye shielding, the scale length

of the transition region is Debye length � De =
q

� 0 kT e
n e e2 , in which k is Boltzmann constant, Te is electron

temperature and ne is electron density. As the wall's potential decreases, more and more electrons are

re
ected by the sheath. An equilibrium is �nally reached when the potential di�erence is a few times the

electron temperature [12].
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The electrostatic potential in the bulk plasma is constant. However, as the quasi-neutrality is broken

when moving closer to the walls, the potential pro�le falls sharply near the boundaries. The electric �eld

lines point from plasma bulk toward the con�ning walls. The force generated by the electric �eld in sheath

region, repels the lower-energy electrons back to the plasma bulk. On the other hand, the ions entering the

sheath region are accelerated toward the walls [1].

2.1 Lieberman's Sheath Model

In this section I discuss Lieberman's sheath model[4]. The mathematical treatment will closely follow that

given in the previous reference. We start by the consideration of the plasma potentialV (x). This is given

by Poisson's equation:

r 2V(x) =
e
� 0

[ne(x) � Z i ni (x)]; (2.3)

where ni (x) and ne(x) are ion and electron densities, respectively. Note that the right hand side term

expresses charge imbalance. While plasmas are generally quasi-neutral, withne � Z i ni , signi�cant charge

imbalance can exist in plasma sheath.

Lieberman's model treats the electrons statistically, i.e. as a gas, while treating the ions as moving

ballistically. This is justi�ed by the fact that the typical PII pulse duration is of the order of � s which is

much longer than electron thermalisation time scales but much shorter than ion response times. Modelling the

electrons as a classical gas, the electron density can be assumed to follow a Maxwell-Boltzmann distribution:

ne(x) = n0: exp(
eV(x)
kTe

); (2.4)

where n0 = ne is the plasma density. The assumption of a Maxwell-Boltzmann distribution for the

electrons in a steady state ICP-plasma is valid for pressures at or above a few mTorr [13, 14].

Lieberman's model applies for the high voltage sheath which exists between the plasma and the negatively

biased PII target. For the purposes of this model it is useful to replace the bulk plasma densityn0 with the

density at the edge of the high voltage sheath which we will refer to asns.

To solve for the ion current and related quantities, we track the ions ballistically. Applying energy

conservation for ions starting at the sheath edge and transiting through the sheath region gives [4, 5]

1
2

M i u2
i + eZi V(x) =

1
2

M i u2
B ; (2.5)

where ui is the ion velocity. The leftmost term is the ion kinetic energy in the sheath region, and the

second term is the ion potential energy in the sheath due to the sheath electric �eld. The right-hand side

of the equation is the initial kinetic energy of the ions at the sheath edge entering the sheath from the bulk

plasma with velocity uB . uB is known as the "Bohm velocity" and it will be discussed further in the following

paragraphs.
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From the ion continuity equation, assuming no ion loss due to neutralisation or charge exchange and no

ion creation due to ionisation in the sheath, the 
ux of ions arriving at the grounded target or chamber wall

must be equal to the 
ux of ions arriving at the sheath edge from the bulk plasma [1]:

nsuB = ni ui : (2.6)

We can rearrange the conservation of energy equation 2.5 to �nd the ion drift speed in terms of the

potential V (x) at the ion location x [1, 15]:

ui = ( u2
B �

2eZi V(x)
M i

)1=2: (2.7)

To �nd the ion density at any location in the sheath we can substitute the above into the continuity

equation to obtain [1]:

ni (x) = ns(1 �
2eV(x)
M i u2

B
) � 1=2: (2.8)

It is important to note that the sheath is non-neutral, so the electron density (equation 2.4) will di�er

from the ion density (equation 2.8). This will result in a variation of electric potential V (x) across the sheath.

To �nd this variation in potential we use Poisson's equation with the Boltzmann distributed electron density

and the ballistic ion density to obtain:

d2V(x)
dx2 =

ens

� 0
[exp(

V (x)
kB Te

) � (1 �
V (x)

" s
) � 1=2]; (2.9)

where e"s = 1
2 M i u2

i is the kinetic energy of ions at sheath region [1]. This is the basic nonlinear equation

which governs the spatial variation of sheath potential.

To proceed to a solution, we multiply the above equation bydV(x)=dx and integrate over x. This gives

the �rst integral, [1]

Z V

0

d
dx

dV
dx

(
dV
dx

)dx =
ens

� 0

Z V

0

dV
dx

[exp(
V (x)
kB Te

) � (1 �
V (x)

" s
) � 1=2]dx: (2.10)

Integration on both sides with respect toV , after cancellingdx from the two sides, we obtain the nonlinear

di�erential equation:

1
2

(
dV
dx

)2 =
ens

� 0
[kB Te exp(

V
kB Te

) � kB Te + 2" s(1 �
V
" s

) � 1=2 � 2" s]: (2.11)

For a solution to exist, the right hand side of the equation should be positive de�nite. From our previous

discussion this means that the electron density must always be less than ion density in sheath region. Because

of the exponential term, the right hand side will always be positive except possibly for small values of V. This

corresponds to regions just past the sheath edge since we take the potential of the sheath edge to be zero (to

see this consider equation 2.4 and see thatne = ns when V is zero). We can derive a condition which will
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guarantee the positivity of the right hand side term. By expanding the right hand term as a Taylor series to

the second order, we obtain the following inequality [1]:

1
2

V 2

kB Te
�

1
4

V 2

" s
� 0: (2.12)

CancellingV and substituting for the sheath kinetic energy" s, we obtain the famousBohm sheath criterion

[1]:

us � uB =

r
kTe

mi
: (2.13)

The above calculation applies to the ordinary "low voltage" sheath which exist between a positive ion

plasma and grounded chamber walls. When one wall of the chamber is replaced by a target biased to a large

magnitude negative potential, a wider sheath is formed. This is referred to as the "high voltage sheath". In

PII the ions entering the sheath from plasma bulk are then accelerated through a large potential drop in the

high voltage sheath region and get implanted into the negatively biased target.

2.1.1 Transient Matrix Sheath

For a brief period after the application of the negative polarity step voltage pulse, the positive column of ions

is exposed. This column of ions above the negatively biased target has ion densityni = n0. The electrons

are pushed away from this region by the negative bias on a time scale which is of the order of the inverse

plasma frequency, i.e. nanoseconds! � 1. The matrix sheath is clearly non-neutral. It is also not a steady

state sheath solution. The ions will move under the in
uence of the electric �eld with a time scale of the

order of the ion acoustic speed. They will redistribute themselves to form a steady state Child-Langmuir high

voltage sheath. A Matrix sheath occurs when a boundary of plasma, e.g. the substrate, is biased to a high

negative voltage. Electrons are repelled quickly and the sheath only consists of ions, which are distributed

uniformly. Solving Poisson's equation, equation 2.3 for constantni = n0 and ne = 0, gives the following

parabolic potential distribution within the sheath [1]:

V (x) = �
en0

� 0

x2

2
: (2.14)

This is easily veri�ed by direct substitution. This potential variation gives an electric �eld E = � dV=dx

which varies linearly with x. The matrix sheath edge is obtained from equation 2.14 by settingV (s) = � V0.

Rearranging and solving for sheath widthsM gives:

sM = � D

r
2eV0

kTe
; (2.15)

where � De =
q

� 0 kT e
n e e2 is the usual plasma Debye screening length. As a numerical example we consider a

PII target immersed in a plasma with density ne = 1 � 109 cm� 3 and the electron temperature ofkTe = 4

eV biased toV0 = -4 kV (Debye length � De = 470 � m) has a Matrix sheath width of sM = 45� De = 2.1 cm.
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Biasing the target with a lower potential V0 = -1 kV in same plasma conditions gives a Matrix sheath ofsM

= 1.05 cm. The characteristic time scale to establish Matrix sheath is given by the time it takes an electron

to go across the collisionless sheath with velocity ofu0;e =
q

2eV0
m e

. This leads to the inverse of electron

plasma frequency, as mentioned above:

� e =
sM

u0;e
=

p
2� 0V0=en

p
2eV0=me

=

r
me� 0

ne2 = ! � 1
e : (2.16)

For our Ar + ICP plasma conditions used in this thesis (see Table 3.1)� e is in order of 0.1 ns.

2.1.2 Steady State High Voltage Sheath: The Child-Langmuir Sheath

The matrix sheath is only transient persisting for at most tens of nanoseconds. As noted previously the ions

move under the in
uence of the sheath electric �eld until a steady state is achieved.

Lieberman's model for PII pulsed sheath evolution starts with the Child-Langmuir law for space charge

limited current in vacuum diodes. By applying the Child-Langmuir law, for instantaneous sheath width and

the Bohm current equal to the sum of the uncovered ion column plus the Bohm current, one can write the

following equation for the sheath current [1]:

J = J i = en(
ds
dt

+ uB ) =
4
9

� 0

r
2e
M i

:
V 3=2

s2 ; (2.17)

in which, s = s(V; t) is the time-varying sheath width, � 0 is the vacuum permittivity, and V is the potential

di�erence between the bulk plasma and the negatively biased target.n is the bulk plasma density. Because

n is typically reduced in presheath and also may increase during the ion implantation due to plasma heating

driven by secondary electrons, it is useful to writen = n(V; t). This is an extension beyond the standard

Lieberman model which assumesn = constant [16]:

n(V; t) = f
0:61:n0[1 + a:VB (t)] during PII

0:61:n0 else
: (2.18)

One of the main purposes of this thesis is to make detailed measurements to asses the correctness of this

and other phenomenologically derived plasma enhancement terms. For the moment we restrict ourselves to

the standard Lieberman model with the constant bulk plasma density. Rearranging equation 2.17 gives the

following di�erential equation for the time varying sheath width, s(t) [1]:

d
dt

s(V; t) �
4
9

� 0

r
2e
M i

V(t)
3
2 (

1
s(V; t)2 ) = �

r
kTe

M i
= � uB (2.19)

This nonlinear equation can be solved numerically to obtain the time evolution of the high voltage sheath

from the initial matrix sheath through to the �nal steady state space-charge limited high voltage sheath

governed by the Child-Langmuir law. The C code "p2i" (written by former UofS student, Marcel Risch, [16]

and based on preliminary code by J. T. Steenkamp [17]) is a 4th order Runge-Kutta numerical integration of
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Liebermans sheath model [4]. In addition to the basic Lieberman model with constant bulk plasma density

it allows for phenomenologically determined plasma density variations of the form in equation 2.18. The

Potential in Child-Langmuir sheath can be derived using conservation of energy and continuity equations,

and equation 2.17 as [1]: The potential variation in the �nal steady state space-charge limited Child-Langmuir

sheath can be derived using Poisson's equation 4.28 withne = 0 (the sheath is depleted of electrons) and an

ion density ni derived from the ion current J i as follows:

d2V
dx2 =

e
� 0

ni = �
J i

� 0
(�

2eV
M i

)1=2: (2.20)

For the steady state solution we setV and dV
dx equal to zero at the sheath edgex = 0. This leads to an

expression for the potential in the sheath given by:

V (x) = � V0(
x

sCL
)4=3; (2.21)

where sCL is the Child Langmuir sheath thickness given by [1]:

sCL = SM (
2u0;i

9uB
)1=2 (2.22)

where sM is the transient matrix sheath thickness derived previously. u0;i =
q

2eV0
m i

is the velocity of

the ions when they reach the target anduB is the Bohm velocity. Becauseu0;i � uB , sCL � sM which we

expect on physical grounds.

2.2 Validity of Lieberman's Assumptions

In Lieberman's sheath model, a variety of explicit and implicit assumptions are used. The important as-

sumptions are delineated below [16]:

� Electrons are "inertialess" which means they respond instantaneously to the applied electric �eld.

� Because of the above the transient Matrix sheath forms instantaneously.

� The ion current is space-charge limited and therefore described by Child-Langmuir law during the

sheath expansion.

� The bulk plasma is an in�nite ion reservoir which is not depleted by the ion extraction.

� Ions arrive at the target instantly, i.e. transit time e�ects are ignored.

� The bulk plasma density is uniform.

� The ion 
ow is collisionless. (Lieberman did propose a modi�ed version for collisional sheaths)

� The sheath edge is abrupt, i.e. no presheath.
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� Ions are mono-atomic with a single charge stateZ i (usually Z i = 1).

� One dimensional-planar geometry.

� The plasma density and the initial sheath width at the beginning of each applied pulse are the same,

i.e. there are no memory e�ects.

Many of the above assumptions are reasonable for PII plasma conditions, but non are exact and some

are very seriously violated during high voltage PII processes. We address these points below for parameters

relevant for our PII system.

� The ratio of ion to electron response time in argon plasma (Z i (Ar + ) = 40) is:

� i

� e
=

! e

! i
=

r
Z i mi

me
= 261 (2.23)

which tells us that characteristic time scale in PII exceeds the electron response by far. Additionally,

the ion transition time for small sheaths are negligible. Also, the change in electric �eld throughout

the sheath region is minimal. Therefore, the electric �eld could be assumed frozen and quasi-static ion

motion and sheath positions could be assumed.

� The Child-Langmuir law can be derived from Poisson's equation only when the electron temperature

is small compared to the applied potential. This is generally true in PII. The discrepancy between

measured and simulated current arises from the fact that at the beginning of the voltage pulse when

the potential and sheath width rapidly increase, the quasi-static assumption is not valid anymore.

� Considering the size and the operating working pressure (> 1 mTorr) of ICP-2, the in�nite ion reservoir

is a fair assumption.

� The characteristic time scale of PII is set by the time that takes ions to travel through the Matrix

sheath ! � 1
i < 40 ns. 16 ns is the sampling time for oscilloscope, which means all ions arrive at the

target within this time. Hence, the assumption of instant arrival of ions is valid.

� Uniform ion density can be assumed near the region of interest, i.e. the middle of chamber [16]. However

the plasma ion density in discharges is distributed; This distribution is studied in detail in chapter 5.

� Collisionless ion 
ow condition is a valid assumption only if the mean free path of ions is greater than

sheath width [1].

sCL;max � � De :(
jV0j
Te

)3=4; (2.24)

The mean free path of ions in plasma� mfp is given by [16]:

� mfp =
a
p

; (2.25)

where a is a constant. (4.58 mTorr.cm for nitrogen) and p is the working pressure. Figure 2.1 shows

graphical representation of the condition for a collisionless sheath.
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Figure 2.1: The condition for a collisionless sheath within ion density of PII in ICP-2, from Marcel
Risch's M.Sc. thesis [16]. The coloured lines represent the steady-state sheath width of ideal pulses
for di�erent electron temperatures Te and voltage peaksV .

� Abrupt sheath is a valid assumption, due to the fact that Debye length is much smaller than the sheath

width, which is the case when the biased voltage is much higher than electron temperature.

� For the last assumption to be valid, the sheath must collapse completely between pulses and the time

between pulses must be large enough to let ions di�use into former region and bring back the the density

to its original level again. By calculating ion transition time with � t = smax
u B

. The sheath does not close

if the pulse repetition rate is in order of � s for our working plasma density and electron temperature.

These values are not reachable by our current high voltage pulser setup.

An example of -5 kV experimental voltage pulse is shown in �gure 2.2a. Figure 2.2b shows the correspond-

ing measured current and predicted current by p2i code with the same voltage pulse as an input parameter.

The plot is calculated for the total area of a substrate holder with diameter of 15.0 cm.

Spikes before the pulse starts are the result of underestimation of minimal Matrix sheath width. The peaks

at the end are by the minimal sheath width which collapses �rst and is close to the small pre-implantation

steady-state while the voltage is high. The oscillations with high amplitude can be caused by the depletion,

in the absence of ions, electrons are pouring into the void and go to the electrode almost instantly. The

direction of this current should be opposite of the ion current, which is the case.

The measured current in �gure 2.2b violates the assumption of plasma density enhancement made in this

model. A hypothetical mechanism for plasma density enhancement must be dependent on the voltage as well

as the shape of the voltage waveform.
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(a) High voltage pulse (b) Current through target.

Figure 2.2: (a) Vpulse = -5 kV smoothed voltage pulse input to a stainless steel target acquired
earlier for this work, as generated by ICP-2 pulser; with 7.5� s duration. The voltage 
uctuations in
the grounded region are about 200 V. (b) Measured current density from Pearson model 150 Rogowski
coil vs. predicted current by p2i code. The applied bias voltage is shown in �gure 2.2a.
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3 Plasma Ion Implantation (PII) Apparatus

The system used for PII at UofS Plasma Physics Laboratory (PPL) consists of the vacuum chamber

holding the gas, pumping system, which includes fore-line pump and turbo pump, RF antenna and matching

network which ionise the gas, a power supply to provide high voltage pulsed power to the sample holder and

the diagnostics to monitor plasma parameters [16].

The setup for PII at U of S is shown in �gure 3.1. Table 3.1 summarises the main parameters for ICP-2

which is used by our group for means of PII.

Table 3.1: Important parameters for ICP-2 chamber

Parameter Range

RF power � 600W

Radio frequency 13:56MHz

Plasma potential Vp 10� 30V

Plasma bulk density (n0) 109 � 1011cm� 3

Electron temperature (Te) 1 � 5eV

Ion temperature (Ti ) 0:3 � 0:6eV

Base pressure 0:1 � 1� Torr

Working pressure (P) 1 � 10mTorr

Typical pulse voltage 1 � 20kV

Typical pulse duration 1 � 100� s

3.1 ICP II-600 Chamber

The Inductively Coupled Plasma (ICP) chamber was manufactured for plasma physics laboratory by Plas-

maionique Inc., Varennes, QC, Canada. A photograph of chamber with current controllers and diagnostics

devices is provided in �gure 3.1. The chamber is cylindrical with 29.8 cm inner diameter and 46.0 cm height.

The gas is ionised by induced Radio-Frequency (RF) electric �eld with 13.56 MHz frequency through a quartz

window provided by a water-cooled planar coil on top of the processing chamber [16].

The stainless steel stand used for this project was used without the sample holder. The stainless steel

part is disk-shape with dimensions given in �gure 3.2. The sample holder can be mounted radially on a rod
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Figure 3.1: ICP-2 Plasma processing setup as of Spring 2018. (A. Gas and plasma control, B. Feed
gas, C. Processing chamber, D. RF antenna and matching network, E. Transformer, F. Pulser, G.
Pulser control)
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which exits the chamber through the high-voltage feed-through. The stand without the sample holder is

located about 35.0 cm below the quartz window.

Figure 3.2: ICP-2 stand rod without the sample holder, as used in the current project. The dimen-
sions are given in the photo. The total area of the disk-shape stainless steel part isA1 + A2 = 20.43
cm2 + 16.02 cm2 = 36.45 cm2. Note that A1 is the area of the top circle, andA2 is the area of the
side ribbon. The silicon target fully covers the 
at top of the stand.

3.2 Other Components

3.2.1 Gas and Pressure Controllers

The chamber is pumped down by an Alcatel Adixen 2010SD Pascal Dual Stage Rotary Vane Vacuum roughing

pump down to � 10 mTorr in a few minutes. After pumping down the pressure to. 10 mTorr by the roughing

pump, using an air-cooled Leybold turbo-molecular high vacuum pump model Turbovac TW 200 N, the

chamber's pressure is brought down to� 1 � Torr in � 6 hours. These times and conditions vary upon the

condition of the chamber, e.g. chamber being clean and dry, humidity in the air, etc. The low base pressure is

necessary to prevent contamination due to unwanted ions which will a�ect the quality of implanted substrates.

The working pressure of e.g. 10 mTorr will have less than 1:10,000 ion contamination.

A Granville Philips Micro-Ion Plus gauge model 356-002 is connected to the chamber to read the working

pressure. It is recommended not to let the fore-line pressure, i.e. the pressure between the roughing pump

and the turbo pump, which is currently controlled by a KJLC 205 Series Thermocouple Gauge Controller,

exceed� 200 mTorr, when the turbo pump is turned on and in line. The turbo pump should be isolated from

the rough pump by turning o� the fore-line air-controlled valve; and be isolated from the chamber, by fully

closing the gate-valve, when the fore-line and chamber pressures are higher than the recommended values for

the turbo pump. For a schematic of the valves and pumps see �gure 3.3.

After each pump-down procedure and before �lling the chamber with the working gas, it is always useful to
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make sure that the base pressure is su�ciently low. Currently, the base pressure is monitored by a Granville

Philips model 274 Bayard-Alpert ionisation gauge tube, controlled by a Veeco model RG-840 ionisation gauge

controller.

The 
ow rate of gas into the chamber is controlled by a mass 
ow controller (MKS type M100B) and can

be varied from 1 to 100 sccm. The chamber pressure is controlled the balance between the gas 
ow in and the

pump out rate through the turbo pump. This rate can be adjusted by partially closing the gate valve (GV

in �gure 3.3). For a �xed value of the input 
ow rate, �ne tuning of the pressure can be done by adjusting

the gate valve until the desired pressure is reached. Figure 3.3 is the schematic of the vacuum and gas-
ow

system of the ICP-II 600 PII machine.

Figure 3.3: A schematic of ICP-2 Plasma processing chamber gas-
ow controllers and pump-down
systems. ARV, GV, FBV stand for Auxiliary Roughing Valve, Gate Valve, and Fore-line Block Valve,
respectively.

3.2.2 Power Generator and Controller

The RF-power is obtained from a MKS ENI model OEM-650A RF-plasma generator, which is water cooled

power source designed for the use in plasma and sputtering applications. The maximum continuous output

power of this model is 650 W into a 50 
 impedance, matched with plasma by a Match Pro CPM-1000

matching network. The matching network consists of two parts, namely the tuning unit and the control unit.

The tuning unit consists of the matching components, which include variable inductors and capacitors, and
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RF sensors to provide feedback of the forward and re
ected RF power.

3.2.3 The Marx High-Voltage Pulser

The high voltage pulses are supplied by stacks of custom built Marx stage modulators which were originally

designed by J.T. Steenkamp [17] with successive upgrades. The peak voltage pulse amplitude is:

V = VDC � Ns � � t (3.1)

VDC is the voltage output of the direct current power supply (with max of � 1 kV), this amount can

be multiplied by number of the stages installed,Ns and the step-up ratio of the transformer � t . The high

voltage pulser system can be used in both Marx mode (no transformer) and transformer mode. In the

transformer mode, a Westinghouse 610J647H01 step-up transformer (1:10 ratio) and a shunt resistor of 2 k


are connected between the pulse generator and the ICP-2 chamber's sample holder; providing the possibility

of higher penetration of ions to the biased target in cost of wide spread in the ion energy distribution at the

target. Narrower distribution is possible by eliminating the transformer and shunt resistor between Marx

stage and chamber's stand, limiting the maximum pulse to about 1 kV. The standard operating mode used

throughout this project is the transformer mode as it is commonly used to achieve greater ion penetration

depth [16].

3.2.4 High-Voltage Monitoring

The pulse repetition frequency (prf) is �xed at 250 Hz, while the pulse duration can be varied from 2� s to

handreds of � s using a custom-made pulse controller. The reason for such limitation at 2� s, is that each

pulse needs a rising and falling time of� 1 � s. A Tektronix model P6015A is utilised to probe the voltage

and the current is acquired using a Pearson model 150 Rogowski coil with 0.5 V/A ratio. More detailed

discussion of the current high voltage pulser system can be reviewed in J.T. Steenkamp's M.Sc. thesis [17],

Marcel Risch has discussed the changes he made to account for the pulser's limitations in his M.Sc thesis in

detail [16].

3.2.5 Langmuir Probe

Langmuir probes are still the most widely used diagnostic devices for plasma characterisation due to their

simplicity, practicality, and widely developed data analysis methods [12]. The basic Langmuir probe is a wire

of known dimensions inserted into the plasma. Figure 3.4a shows an uncompensated probe made to acquire

data presented in appendix B. The probe voltage is swept from a large negative value (typically -50 V) up to

a positive value higher than the plasma potential. Analysis of the probe's I-V curve gives the main plasma

parameters including the electron temperatureTe, plasma density n0, 
oating Vf and plasma potentialsVp.

A new high-accuracy custom-made RF-compensated Langmuir probe was designed and built for the purposes
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of this thesis. It was used to acquire the plasma data presented in chapter 5 as well as appendix A. Figure

3.4a shows this RF-compensated probe. Note this Langmuir probe has a removable tip. The theory of the

Langmuir probe and design will be discussed in more detail in the chapter 4. Full details of the custom

RF-compensated probe designed and built for this thesis is in appendix C.

(a) Uncompensated Langmuir probe.

(b) RF-compensated Langmuir probe.

Figure 3.4: (a) Photo of the assembled uncompensated Langmuir probe built and used to acquire
data presented in appendix B in order to make possible the comparison of the RF-compensated and
uncompensated probe measurements. The probe's tip is a tungsten wire immersed into the plasma.
The �nal probe tip length is 1.0 cm, and the radius a for this probe tip is 0.155 mm. The design allows
easy exchange of the tungsten probe tip. (b) RF-compensated Langmuir probe with electrode used
for acquiring data presented in chapter 5 and appendix A.

3.3 Langmuir Probe Data Acquisition System

The Langmuir probe was controlled by a National Instrument data acquisition device (DAQ). Using Labview,

the National Instruments DAQ was programmed to produce a voltage sweep from a minimum of -10V to a

maximum of +10V, this signal is ampli�ed 10 times by the Apex PA341 high-voltage power ampli�er. A

high-common voltage di�erential ampli�er, Texas Instruments INA117, was utilised to measure the current

acquired by the probe's tip. The voltage di�erence between the two ends of the measuring (Ohmic) resistor

is then converted to current, using Ohm's law. The impedance of the probe at the given sweep frequency is

taken into account at this stage. A schematic of the control circuit is shown in Figure 3.5. Note that the

sense (measuring) resistorR5 could be chosen at the time of measurement. Most of the measurements were

done across a 150 
 or 100 
 sense resistor.
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