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AN INVESTIGATION OF ION BOMBARDMENT FROM MICROWAVE PLASMA
CHEMICAL VAPOR DEPOSITION DURING BIAS ENHANCED NUCLEATION OF
BORON-RICH MATERIALS
Bhavesh Ramkorun
PHYSICS
ABSTRACT

This study involves an Ar/H2 plasma acting on a negatively DC-biased silicon
substrate in a microwave plasma chemical vapor deposition. The flow rate of hydro-
gen was constant at 500 sccm, and that of argon was varied between 0 sccm and 500
sccm. Bias current was recorded for several values of the applied bias voltage rang-
ing from - 100V to - 340V. At 10 and 20 torr, a peak in the bias current was found as
argon flow rate changed. A decrease in current with varied argon intensity in glow
discharge plasma has been reported in the literature. Our results substantiate these
results, and further show a peak in bias current. OES data was used to estimate the
plasma electron temperature which was found to be constant at each pressure. This
suggests that the observed peak in bias current may be due to variation in plasma
density as Ar flow changes between 0 sccm and 500 sccm. Using these results, sub-
strate bias pre-treatment experiments were performed at 10 torr in an Ar/H2 plas-
ma, yielding the maximum bias current. Nucleation density of boron deposits were
measured after subsequent exposure to B2Hs in H2 plasma and found to be a factor
of 200 times higher than when no bias and no argon was used. Experiments were
repeated at 20 and 30 torr (fixed bias voltage and Ar flow rate) in order to test the
effect of chamber pressure on the nucleation density. Compared to 30 torr, we find

nearly 7 times higher boron nucleation densities for both 10 and 20 torr pressures



when using DC bias in the Ar/H2 plasma. Results are explained by incorporating
measurements of plasma optical emission and by use of heterogeneous nucleation
theory. Overall, these results help identify optimal conditions for nucleating and po-

tentially growing superhard boron-rich coatings.

Keywords: Microwave plasma chemical vapor deposition, Heterogenous Nucleation,
Bias enhanced nucleation, Nucleation density, Boron-rich materials, Electron Tem-
perature



DEDICATION
I dedicate this work to God who worked in me during the past 2 years in
Birmingham, my church ‘Covenant Presbyterian Church’, and my parents, especially

my father who is still alive today due to God’s sovereign goodness.



ACKNOWLEDGMENTS

I thank Dr. Catledge for being a great mentor. He is knowledgeable and
creative in his field. He is also friendly and compassionate. He has realistic goals and
expectations. He had the idea of implementing a DC bias in the 6kW microwave
plasma chemical vapor deposition which he conveyed to me in summer 2018. Since
then, he gave me a lot of freedom to explore the science involved, to present them at
four conferences, and to write them academically in a paper. Thank you for allowing
me to join your lab to work on this master’s thesis.

[ thank Kallol Chakrabarty, PhD student in Dr. Catledge’s lab, for always
having an open door. It was a pleasure working alongside you for the past 2 years,
drinking tea with you every day, and going to lunch buffet regularly.

[ thank Dr. Mary E. Zvanut, physics graduate program director, for actively
listening and understanding about my career goals, and for supporting me to seek
them. You doing so has allowed me to do well in my research work at UAB.

[ thank Dr. Paul Baker for every intellectual conversation about CVD, XPS,
XRD, plasma diagnostics, crystallites, nucleation and so much more. You have
challenged me a lot to re-consider my scientific thoughts and ideas.

This material is based upon work supported by the National Science
Foundation (NSF) EPSCoR RII-Track-1 Cooperative Agreement OIA-1655280. Any

opinions, findings, and conclusions or recommendations expressed in this material



are those of the authors and do not necessarily reflect the views of the National

Science Foundation.

Xi



TABLE OF CONTENTS

Page

N 2 0 2 O3 TP ii
DEDICATION .oeeeeceseeeeseeseeeeseeeeseesesseessasessssssssssssssssssssssesssssssssssssssssssssssessssssssssssssssssssssssssssessessessesas ix
ACKNOWLEDGMENTS ... eieeetseseseses s ssssssess s sssssss sttt ssssssssansans X
LIST OF TABLES ...ttt s st xiv
LIST OF FIGURES ...ttt bbbttt sttt XX
LIST OF ABBREVIATIONS.....ceeeeeseereereereeres s sessessessessesssssessssesssssesssssssssssesssssssssssesssssessssnenns xxii
1. INTRODUCTION ..o iereereererresressessessessessessessessessessessessessessessessessessessessessessessessessessesssssessessessessesssssessens 1
0 3 4 001 4 LT F ST 1
1.1.1 Testing the hyPOthesis ... sessesees 1

Y (018 L= o) o T 2

1.3 Literature REVIEW ... s s ssssssssens 3

1.4 Heterogenous NUCIEATION .....c.occeeercereereereereince s sssssesssssesssssesssssesees 4

2. MATERIALS AND METHODS ....oieeeeereeresseesessessesssssesssssesssssesssssssssssesssssesssssesssssesssssessssssssssnes 6
2.1 Experimental DeSIZN......o i sessssssssssssssssssssss s sessssssssssssssssans 6
2.1.1 Microwave Plasma Chemical Vapor Deposition.......nenneneneinenns 6

2.1.2 Bias Enhanced NUCIEAtION ... sessessessessesssssesees 7

2.2 MICTOWAVE PlaSMa.....occiereereerierersrsssssssssesssssesssssesssssssssssesssssessssssssssssssssssssssssssssssssssssssssssns 10
2.2.1 Properties of the Plasma ... ssssssnnes 10

2.2.2 Optical EMiSSion SPeCtrOSCOPY ..vvuemreresreesersresssssessessesssssesssessssssessesssesssseens 11

3. RESULTS AND DISCUSSION ....ooviriirirrierernrersrnsenssssesssssssssssssssssssessssssssssssssssssssssssssssssssssssssssssssssnes 17
G J00 I 2] U LTS 17
700 00 0100 = 0 1 PP 17

3.1.2 NUCleation DENSILY .....coreerereeresressessessessessessessessessessessessessesssssessessesssssesssssessens 20

3.1.3 X-ray photoelectron SPeCtrOSCOPY ...cweereererrerresressessessessessessessessessessessessessens 28

Xii



R I D ) 110 0 133 () o 30

3.2.1 Substrate TEMPETATUTE ......coocerirnesrmrnssrisssssss s sssssssssssees 30

3.2.2 Electron TemMPETatUre.....omrrensereeresesessessssessessssesssssssesssssssssssssssssssssssssssssans 33

3.2.3 P1asma VOIUIME......c.ovvreriretresiseisesiseess ettt ssessssssssssssssssns 41

4. CONCLUSION .oieiireeriereereesessessessessessessessessessessessesssssssssssesssssesssssesssssesssssssssssesssssesssssesssssssssssssassssnes 44
0 D T 2 - 1P 44

5320 \\ 1§ (o] (= U (0 ) o TP 44

4.5 FULUTE DIT@CHIONS ..ot sssssssssessssessssssesssssssesssssssasssssssssssssnsans 45
LIST OF REFERENCES ...ttt bsss sttt ssssssnes 46
APPENDIX: DC BIAS SET UP ...ttt issssessssssssssssssssssssssssssssssssssssssssssssssssssssnes 53

Xiii



Tables

1

2

3

4

LIST OF TABLES

Page
Nucleation densSity TESUILS ... seasens 22
Characteristics of hydrogen peaks for Boltzmann plot.......ccornnenenenenenenns 34
Results of Te according to Boltzmann PIot ... 38
Listing the Q-branch values........sessssse s 46

Xiv



LIST OF FIGURES

Figures Page

1 Schematic view of the CVD SEt UP .orrrerrneenenesnesnesnesnesnesnessessssssssesssssssssssssssssssssssessssssssesees 7
2 Schematic diagram of DC Bias added to the CVD. ......cnenreneerensensesseeneesesseessesseenns 8
3 OES spectrum at 10 torr, 0 sccm Ar, -100 V DC Bias.....cccovrnnnnensrnensenesensenesessssessens 11
4 OES spectrum at 10 torr, 0 sccm Ar, -260 V DC Bias.....cccovrnrrennrensensneeenesseesnesseeens 12
5 OES spectrum at 10 torr, 500 sccm Ar, -100 V DC Bias ....ccoovrrevrensrnessenssnesssnessessssesnenes 12
6 OES spectrum at 10 torr, 500 sccm Ar, -260 V DC Bias ....cocvvrenvnenensenenensenesssssnenens 13
7 H_/H, with varying DC bias for several Argon flow rate at 10 torT.....cccoouuverrseneens 14
8 Ar,/Ar,, with varying DC bias for several Argon flow rate at 10 torr........coce.ue. 15

9 Linear increase of the ratio of argon to hydrogen alpha at 10, 20 and 30 torr.....16

10 Current against flow rate for varying argon flow at 10 tOIT......ccouerrerernseniereesrernennne 17
11 Current against bias voltage for different argon flow at 10 tOrT....ccoverereereererreenenn. 18
12 Current against flow rate for varying argon flow at 20 tOIT......cccorrererererreererreenenne 18
13 Current against bias voltage for different Ar flow at 20 tOrIT....cccovererereererreererreenenn. 19
14 Current against flow rate for varying argon flow at 30 tOIT. .....ccouerrerernseniesserernennne 19
15 Current against bias voltage for different argon flow at 30 tOrT.....coovererereererreenenn. 20
16 Current against argon flow at — 250 V DC bias....cccurererererrernenesnesneesessessessessessessessessenns 21
17 Binary image of nucleation at 10 tOTT ... e sessessesses s sessessessessessessessesenns 24
18 Original image of nucleation at 10 tOTT .......cverereenerneese s 25
19 Original image of nucleation at 20 tOTT ... 26

XX



20 Original image of nucleation at 30 LOIT ... 27

21 XPS results of the most densely nucleated materials at each pressure.........ccvuuue.. 30
22 Normalized substrate temp against argon flowW ... 31
23 Example of Ts during nUCleation........urerensseninessssssessesssssss s 33
24 Boltzmann plot at 10 tOIT, 0 SCCIM ..t ree s ssssessessesssssesssssesees 35
25 Boltzmann plot at 10 torr, 500 SCCM.....erererrersiseesrsesessssesssss s sessessssesssssssessens 35
26 Boltzmann plot at 20 tOrr, 0 SCCM .. sessssssssssssssssssens 36
27 Boltzmann plot at 20 torr, 500 SCCM i sssssssssssssssesses 36
28 Boltzmann plot at 30 tOTT, 0 SCCM ... ssssssssesses 37
29 Boltzmann plot at 30 tOrr, 500 SCCM s sssssssesses 37
30 Ratio of Ha to Hp is constant at €ach PreSSUre....... s sesseesessessessenes 40
31 Te, normalized in terms of UNitS 0f Te30. . 40
32 Plasma aboVve SUDSITALE ...ttt ses s sssssssssssssssssssssessssssssssnes 42
33 Normalized image intensity of plasma above silicon substrate.........c.ccouvererennenee 43
34 Q-branch from Fig. 3. sesnnnes 46

XXi



LIST OF ABBREVIATIONS
(Entries are listed alphabetically)

Ar Argon

Ar;p6 Argon emission line at 706 nm

Ar;sg Argon emission line at 750 nm

Ar/H2 Argon/Hydrogen

B2He Diborane

BEN Bias enhanced nucleation

CVD Chemical vapor deposition

DC Direct current

eV Electronvolt

H> Hydrogen

Hq Hydrogen alpha

Hg Hydrogen beta

H, Hydrogen gamma

IR Infrared red

kW kilowatt

MPCVD Microwave plasma chemical vapor deposition
OES Optical emission spectroscopy

sccm Standard cubic centimeters per minute
Ts Substrate temperature

Te Electron temperature

XPS X-ray photoelectron spectroscopy

XXii



CHAPTER 1: INTRODUCTION

1.1 Hypothesis

Heavy ion bombardment, for example from argon, can sputter a silicon substrate and
create nucleation sites on it. Further ion bombardment from reactive species such as
boron will allow heterogenous nucleation on the substrate. Bias enhanced nucleation
(BEN) has been used to nucleate and grow carbon containing materials, and similar
technique can be used to nucleate of boron-rich materials. This will be investigated using

ion bombardment in chemical vapor deposition (CVD).

1.1.1 Testing the hypothesis

Argon’s heavy mass makes it favourable for use in sputtering as it transfers more
energy to a target through change of momentum [1]. A silicon substrate that has been
sputtered has nucleation sites onto which heterogamous nucleation takes place. These
substrates will be exposed to B2He¢ for 15 minutes to allow nucleation of boron-rich
materials. Substrates bombarded with argon ions prior to nucleation will be compared
to control substrates that are not bombarded prior to nucleation. Substrates will also be
negatively biased using DC bias to allow for BEN. Substrate that have been biased will be
compared to substrates that have not. The nucleation will be imaged under optical

microscopy and the nucleation density will be analyzed by counting the number of



nucleation per unit area. The nucleated materials will be analyzed using X-ray

photoelectron spectroscopy (XPS) to determine percentage of boron present.

1.2 Motivation

Diamond is currently the hardest material that exists in nature, and therefore is
popular in industry operations including, but not limited to, cutting, drilling, and
grinding. However, diamond is oxidized at 600°C, and is converted into graphite at 900°C

[2]. Therefore, the industry use of diamond is restricted.

There is a high interest to study boron-rich materials. This is because many
polymorphs of boron have a high hardness. Crystal structures of at least 4 pure boron
phases have been reported in literature: 8 — Byg6, @ — By, T — 192, and y — B,g of
hardness of at least 45 GPa, 42 GPa, 30 GPa, and 50 GPa respectively [3]. These contain

B, isocahedra (12 atom clusters).

The basic structure of these compounds is also icosahedra. These compounds are
analogous to carbon polymorphs and are therefore diamond-like and/or graphite-like.
Cubic boron nitride and wurtzitic boron nitride demonstrated sp? covalent bonding
similar to diamond. They both exhibit high hardness of at least 40 GPa [4]. Boron

suboxides have demonstrated high hardness between 32 and 60 GPa.

Given the super hardness of boron, and boron-rich materials, these materials have a
wide range of application in high pressure and high temperature environment.

Icosahedral boron-rich materials have a melting temperature of up to 2400°C. The

2



electric conductivity of boron carbide is measured between 77 and 1200 K [5]. These
carbides can have anywhere between 9% and 20% carbon. The focus of research on
creating boron-rich materials research work is primarily important because these

materials can replace diamond in industry applications.

Boron rich materials have mainly been created and studied by high pressure-high
temperature techniques, such as by carbothermic reduction, magnesiothermic reduction
[6] and diamond anvil cell [7]. However, it is also possible to create boron-rich materials
by low pressure-low temperature techniques, such as CVD. The study of nucleation of
boron-rich materials by microwave plasma-CVD (MP-CVD) is lacking in literature and

hence the topic of this research.

1.3 Literature Review

In CVD deposition of diamond films on silicon substrates, diamond slurry is often
used to scratch the silicon surface in order to enhance nucleation through formation of
high surface energy nucleation sites [8]. The growth rate of diamond on polished silicon
wafers is usually not as successful as on wafers where deliberate surface damage was
made [9]. Such nucleation sites can decrease the work required for nucleation of a cluster

of critical radius in heterogenous nucleation.

A DC bias also been used to pre-treat a silicon substrate in order enhance nucleation.
This process was first explored in CVD nucleation of diamond in 1991, whereby a silicon

substrate was pre-treated for several minutes in a high methane plasma where a negative



bias voltage was applied to the substrate [10]. This process became known as BEN.
Applying a negative DC bias to a substrate creates an electric field, thus directing the
motion of ions towards the substrate [11]. Usually, the substrate is the cathode and the
MPCVD chamber is the anode. This method has led to a higher nucleation density when
compared to substrates that have been scratched by diamond [12]. While BEN was first
used to nucleate and grow diamond in CVD, it was soon used to nucleate and grow cBN

[13]. Here, BEN of boron rich materials will be studied.
1.4 Heterogenous Nucleation

In MP-CVD, phase transformation occurs between vapor and solid for nucleation
to occur on a substrate. An energy barrier, W*, must be overcome for a cluster of critical
size to be nucleated. A nucleation of this critical size is favored to complete the phase
transformation. The number of clusters passing this critical size per unit time is the

nucleation rate, ISt, given by [14]:

It = NK Z exp (‘:‘;—Tt) ..................... [1]

N is the number of ions or molecules present. K is the rate at which the ions or
molecule bombard a substrate onto which nucleation occurs. Z is the Zeldovich factor,
which is inversely proportional to the square root of the substrate temperature, T;,
during nucleation. Z gives the probability that a nucleus will form a new phase

(nucleation) than dissolve. kg is the Boltzmann constant. W;.; can be decreased by using



argon as described above. In order to increase K, maximum ion bombardment needs to

occur on the negatively biased substrate.

Studies have shown that in a glow discharge, electrical current between electrodes
varies with the concentration of hydrogen added to an argon plasma, such that the
current due to ions decreases non-linearly with increased concentration of hydrogen
[15]. The current also varies such that there is a higher current flow at 10% hydrogen in
the Ar/Hz plasma than there is at 1% hydrogen, and that there is even higher current at
0% hydrogen. In order to maximize K in the Ar/H2 plasma in the CVD, an investigation of
the current flowing through the silicon substrate with varying argon and hydrogen

concentration was studied.



CHAPTER 2: MATERIALS AND METHODS

2.1 Experimental Design

2.1.1 Microwave Plasma Chemical Vapor Deposition

In CVD, chemical vapor from a gas precursor nucleate and grow into materials on
the surface of a heated substrate. The temperature of the substrate typically ranges from
200°C to 1600°C. The temperature of the substrate can be recorded using an IR

pyrometer. The reaction usually occurs at sub atmospheric pressure, such as 10 - 90 torr.

In MPCVD, a microwave is used to ignite a plasma, from which ions bombard a
substrate’s surface where nucleation occurs. Hz is used as the initial gas in the plasma.
Then B2Hs is introduced, a reactive gas that has been used to grow boron rich materials.
The plasma allows materials to be nucleated on substrate of lower temperature through
metastable species [16]. Species of the gas, which get dissociated by the plasma, are
adsorbed on the surface of the substrate and react to form nuclei. Here, the number of

nuclei per unit area, nucleation density, was analyzed for boron rich materials.

The microwave power of the MPCVD was constant at 0.6 kW. The hydrogen flow
rate was constant at 500 sccm. The argon flow rate was varied between 0 and 500 sccm.
Initially, the experiment was run at 10 torr. A schematic view of the MPCCVD is shown in

Fig 1.
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Fig 1: Schematic view of the CVD set up. A microwave source provides the
microwave to ignite the plasma above the substrate. An IR pyrometer is used to record

substrate temperature. Optical fiber transport light from the plasma to OES analysis.

2.1.2 Bias Enhanced Nucleation

The rate at which ions bombard the substrate can be controlled by using a DC bias,
where the substrate is negatively charged and the shell of the MPCVD is grounded. This
creates an electric field in the plasma and positively charged ions accelerate towards the

substrate due to the field. As mentioned in section 1.4, ions bombarding a silicon



substrate leads to heterogenous nucleation. BEN allows ions to bombard substrate at a
higher rate, which can lead to a higher nucleation rate. A schematic view of the MPCVD

with the DC bias setup is shown in Fig 2.
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Fig 2. Schematic diagram of DC Bias added to the CVD. The substrate is negatively

biased, and the CVD chamber is grounded. This creates an electric field which allow ions



from the plasma to bombard the substrate. The voltage can be controlled and the

current going through the substrate can be recorded.

The bias voltage of the silicon substrate was constant at - 250 V. The CVD
chamber was grounded. For each increment of argon flow rate, the current flowing
through the substrate was recorded to find any peak in current. The measurement of

current was then repeated at 20 and 30 torr to find any observable peak in current.

After a maximum current was found at 10 torr for a flow rate of argon, the silicon
substrate was pretreated for 30 minutes in the Ar/Hz plasma. Argon was then turned off
and diborane (5% B2He¢ in H2) was introduced at a flow rate of 2 sccm to the pure
hydrogen plasma (500 sccm) for 15 minutes in order to nucleate high boron content
material on the pretreated silicon substrate. The silicon substrate was viewed under an
optical microscope at 100X magnification. The corresponding image was converted into
binary image using Image]J [17, 18]. Image contrast was adjusted such that the silicon
substrate was set to white and the nuclei set to black. The number of nuclei per unit area
was counted using the ITCN plug in Image] [19]. The above experiments were repeated
for chamber pressure of 20 and 30 torr in order to test for the effect of pressure on

nucleation density.



2.2 Microwave Plasma
2.2.1 Properties of the Plasma

The energies of electrons and ions in a plasma can be represented in terms of their
temperature. In a plasma the electrons and ions can have different velocity distributions
which translates into different temperatures in a plasma. Typically, the electron
temperatures are on the order of 1- 10 eV, and the ion temperatures are on the order of

0.1eV.

In MPCVD, the microwave driving frequency, v, = 2.45 GHz, is the frequency at
which electrons oscillate in the plasma due to electromagnetic field. Since v,,,, is fixed,
the maximum electron density, p,, can be calculated to be 7.46 X 10'® m~3, according to

equation below: [20]

Me€o(2TVw)?
Meco(Z ). 2]

Pe =
€o is the permittivity of free space, e is the electronic charge, and m, is the electronic

mass. Therefore, the electron average distance, A, = ;1, is approximately 2.4 X 10~°m
(pe)3

2

and the maximum mutual potential energy of electrons and ions, ﬁ, is 1.00 x
0/\n

10722], Assuming a maximum electron temperature ,T, of 10 eV, the maximum average

kinetic energy of the electrons in the plasma,%kBTe, is 1 x 1078 J, where kg is the

Boltzmann constant. Since the mutual potential energy of electrons and ions is much

10



smaller than the average kinetic energy of the electron, the plasma is cold and follows

ideal gas law [21].
2.2.2 Optical Fmission Spectroscopy

The gases flowing in the plasma are often dissociated into a broad spectrum of
molecules that are both neutral and ionized. The plasma in CVD is a glow discharge. The
term glow discharge arises because atoms excited by electron, release energy in the form
of photons when they relax; the photons produce the glow. The plasma is luminous, and
optical emission spectroscopy (OES) can be used to characterize the intensity of species
in the plasma. OES was recorded in the wavelength range 300 nm to 900 nm. Fig. 3 - 6

shows OES spectra recorded at 10 torr for varying Ar flow rate and DC bias voltage.

H
~ 40000 - “
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3’30000 .
z oy
3 20000 - B
E
£ 10000 -
o
0 T T T T T 1
300 400 500 600 700 800 900
Wavelength (nm)

Fig 3: OES spectrum at 10 torr, 0 sccm Ar, -100 V DC Bias.
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Fig 4: OES spectrum at 10 torr, 0 sccm Ar, -260 V DC Bias.
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Fig 5: OES spectrum at 10 torr, 500 sccm Ar, -100 V DC Bias.
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Fig 6: OES spectrum at 10 torr, 500 sccm Ar, -260 V DC Bias.

Since the flow rate of Ar, and the bias voltage is varied, Fig 7 shows the ratio of
H,/H, for different argon flow rate and different bias voltages. The ratio has been
calculated 5 times, and the standard deviation is used as error bars. The data suggest that

the ratio of H, /H, remains constant regardless of Ar flow and bias voltage.
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FIG 7: H,/H,with varying DC bias for several Argon flow rate at 10 torr.

Similarly, Fig 8 shows the ratio of Ar;5,/Ar;(e for varying Ar flow rate and bias
voltage. Ar;;5 is the highest peak of Ar in the OES, comparable to H, and Ar,, is the

lowest peak of Ar in the OES, comparable to H,. The results indicate the ratio of

Ary50/Ar706 does not change regardless of Ar flow and bias voltage.
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FIG 8: Ary5y/Ar;0¢ With varying DC bias for several Argon flow rate at 10 torr.

Similarly, OES spectra were taken at 20 and 30 torr. The results indicate that the

ratio of H, /H,, and Ar;5,/A7r06 does not change at those pressure. These results show

that not one individual OES line of Hz or Ar is affected differently from increase Ar flow.

Ar;sy, was compared to Hy. The ratio increases linearly with increased flow rate

of argon at each pressure, shown in Fig. 9. This results indicate the intensity of Ar in the

plasma increases linearly with increased Ar flow at each pressure.
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Fig 9: Linear increase of the ratio of argon to hydrogen alpha at 10, 20 and 30 torr.
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CHAPTER 3: RESULTS AND DISCUSSION
3.1 Results
3.1.1 Current

First, the current was recorded for varying flow rate of Argon at different voltages.
Fig 10 shows such graph at 10 torr. The corresponding variation of current against bias

voltage is shown in Fig 11. Similarly, Fig 12. and Fig 13 shows data for 20 torr, and Fig

14. and Fig 15. Shows data for 30 torr.
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Fig 10: Current against flow rate for varying argon flow at 10 torr.
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Fig 11: Current against bias voltage for different argon flow at 10 torr.
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Fig 12: Current against flow rate for varying argon flow at 20 torr.
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Fig 13: Current against bias voltage for different Ar flow at 20 torr.
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Fig 14: Current against flow rate for varying argon flow at 30 torr.
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Fig 15: Current against bias voltage for different argon flow at 30 torr.

At 10 and 20 torr, there is a peak in current for varying argon flow rate at voltage
below - 150V. However, at 30 torr, there is no peak in current. This effect will be used
in BEN of boron rich materials to pretreat a silicon substrate. This effect will also be

explained in the discussion section.
3.1.2 Nucleation Density

At 10 and 20 torr, there is a peak in current at 100 sccm and 250 sccm argon flow
respectively for DC bias — 250 V. However, there is no peak in current at 30 torr. The
experiments were repeated 5 times to test for reproducibility and the average result is

displayed in Fig. 16. The error bars are the standard deviation of the results.
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Fig. 16: Current against argon flow at - 250 V DC bias

In order to investigate the effects of DC bias and argon in the plasma on nucleation
density, four experiments were carried out at 10 torr (labelled 1 - 4), at 20 torr (labelled
5-8), and at 30 torr (labelled 9 - 12), as summarized in Table 1. In experiment 1, 5, and
9, Ar is used in an Hz plasma prior to nucleation from B2He on a negatively biased
substrate at their respective pressure. Experiments 2, 6, and 10 serve as controls (no DC
bias) in order to evaluate the effect of DC bias on nucleation density. Experiments 3, 7,
and 11 serve as controls (no Ar) in order to evaluate the effect that Ar sputtering has on
the silicon substrate surface roughness prior to nucleation. Experiments 4, 8, and 12
serve as controls (no Ar or DC bias) in order to evaluate the effect that both Ar and DC

bias have on nucleation density.
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Pressure | Label | ArFlow | DC Nucleation Ts (°C) Fig

(torr) (sccm) | Bias Density
V) (mm~?)

1 100 250 2 x 10° 700 + 10 18 (a)

10 2 100 0 4 x 10* 690 + 10 18 (b)

3 0 250 2 x10° 700 + 2 18 (¢)

4 0 0 1x 10% 690 + 30 18 (d)

5 100 250 2 x 10° 830+ 5 19 (a)

20 6 100 0 1x10% 770 + 10 19 (b)

7 0 250 2% 10° 850 + 10 19 (0)

8 0 0 2 x 10* 740 + 2 19 (d)

9 100 250 3 x 10° 920 + 2 20 (a)

30 10 100 0 1x10° 960 + 10 20 (b)

11 0 250 2x10° 920 + 10 20 (o)

12 0 0 5 x 10% 960 + 3 20 (d)

Table 1: Nucleation density results. The highest nucleation density at each pressure
occurs when the silicon substrate is exposed to Ar/H2 plasma with a DC bias. The
lowest nucleation density occurs when the silicon substrate is neither exposed to Ar

nor to a DC bias prior to nucleation.

During nucleation, the hydrogen and diborane flow rates are kept at 500 sccm and 2
sccm respectively. Therefore, N is kept constant during the 12 results shown. When a DC
bias is used, ions are accelerated towards the negatively charged substrate, and thus K
increases. Therefore, when only the DC bias changes between experiments, such as

between experiment 1 and 2, or 3 and 4, and so on, the nucleation density increases.

22



Argon can be used to sputter silicon [22, 23]. This increases the surface roughness of the
silicon substrate and W, decreases. Therefore, when argon is used in the plasma prior
to nucleation changes between experiments, such as experiment 1 and 3, or 2 and 4, and
so on, the nucleation density increases. At 10 and 20 torr, the current flow through the
silicon substrate is higher than at 30 torr. In this way, argon is more effective at
sputtering the silicon substrate at 10 and 20 torr. We find that the nucleation density for

experiments 1 and 5 are 10 X higher than the nucleation density for experiment 9.

Fig. 17 and 18 show images of different nucleation density at 10 torr. In Fig 17, the
binary image is shown where the black background represents the silicon substrate, and
the white dots represents the nucleation. In fig 18, the original image taken by camera on
optical microscopy is shown. The original image is converted into binary image to be

analyzed for nucleation density.
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(b) (d)

Fig. 17: Binary image of nucleation at 10 torr. (a) Experiment 1, (b) experiment 2,

(c), experiment 3 and (d) experiment 4.
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(d)

Fig. 18: Original image of nucleation at 10 torr. (a) Experiment 1, (b) experiment 2,

(c), experiment 3 and (d) experiment 4.



(a) (b)

(d)

(c)

Fig. 19: Original image nucleation at 20 torr. (a) Experiment 5, (b) experiment 6,

(c), experiment 7 and (d) experiment 8.
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(a) (b)

(c) (d)

Fig. 20: Original image of nucleation at 30 torr. (a) Experiment 9, (b) experiment

10, (c¢), experiment 11 and (d) experiment 12.

27



3.1.3 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is used for chemical analysis of the
surface where materials are nucleated. This is done by irradiating the nucleated
substrate with x-rays and analyzing the energy of the detected electrons emitted by the

photo electric effect. The emitted electrons have kinetic energy, EK, given by [24]:

hv is the energy of the photon, BE is the binding energy of the atomic orbital from
which electron originates, and ¢ is the work function specific surface of the material.
Since each element has a unique set of binding energies, XPS can be used to identify and

determine the concentration of elements present on the surface of the substrate.

XPS was used to analyze the most densely nucleated sample at each pressure. The
nucleation was boron rich, 79% boron at 10 torr, 76% boron at 20 torr and 72% at 10

torr, as shown in Fig. 21.
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Fig. 21: XPS results of the most densely nucleated materials at each pressure. (a)

10 Torr (b) 20 Torr, (c) 30 Torr

3.2 Discussion

3.2.1 Substrate Temperature

The silicon substrate temperature is directly proportional to the ions bombarding the
substrate per unit area [25]. The results of normalized substrate temperature against
argon flow is shown in Fig. 22. The trend in how the substrate temperature varies is
similar to how the current through the substrate varies. Therefore, the peak in current

flow through the substrate is due to a peak in ions bombarding the substrate.
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Fig. 22: Normalized substrate temp against argon flow. Peak in Ts at 10 and 20 torr

is pointed by an arrow at each pressure.

Ts was recorded continuously during pre-treatment and nucleation. For example,

the Ts of the 4 nucleation are shown in Fig. 23.
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Fig 23: Example of Ts during nucleation. (a) Experiment 5, (b) Experiment 6, (c)

Experiment 7 and (d) Experiment 8.

3.2.2 Electron Temperature

Using the Boltzmann plot, the electron temperature of the plasma [26] can be calculated
from hydrogen [27] OES lines. This method only works when there is a local thermodynamic
equilibrium (LTE). In literature, there are many instances where LTE was assumed in the

microwave plasma in MPCVD, and hence the use of a Boltzmann plot was justified [28,29,30].

The electron temperature can be calculated according to the equation below:
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| is the intensity of a hydrogen OES peak at a particular wavelength, A. A and g, which
are available on the NIST database are the transition probability for that particular excitation
and the statistical weight of the excited (upper) state respectively [31]. E is the excitation

energy. C is a constant, the y-intercept.

Here, 3 hydrogen peaks from the OES will be used for the Boltzmann plot, as listed in the table

2.
OES Peak A (nm) Ag(x10°s ™) | g E (eV)
H, 434 2.53 5 2.86
Hp 486 8.41 4 2.55
H, |656 44.1 3 1.89

Table 2: Characteristics of hydrogen peaks for Boltzmann plot.

Graphs of Boltzmann plot at 10 torr are shown in Fig 24 and 25. Graphs of
Boltzmann plot at 20 torr are shown in Fig 26 and 27. Boltzmann plot at 30 torr are shown in

Fig 28 and 29. Table 3 shows all results of Te according to Boltzmann plot.
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Pressure Ar Flow Te (eV)
(Torr) (sccm)
0 0.8+ 0.06
100 0.9+ 0.03
10 250 0.9+ 0.07
400 0.9+ 0.04
500 0.8 +£0.09
0 1.6 +0.2
100 1.6 £ 0.2
20 250 1.4+0.1
400 1.5+0.1
500 1.6 £ 0.4
0 1.5+ 0.6
100 1.3+0.1
30 250 1.7+ 0.2
400 1.3+0.1
500 1.5+0.2

Table 3: Results of T, according to Boltzmann Plot
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The ratio of intensities of H,/Hg, plotted in Fig. 30, can also indicate the plasma

Te [32]. This method is suitable regardless of thermodynamic equilibrium. Quantitative

values of the Te are obtained using the following two equations [33].

H
Iy ke * Vese
_I 2 = F eHB QT,H ........... [5]
HB Kk, Vg6
1
1+PT,2[0.132 o1, XH,+0.152 oHa(1—xH2)]
Hy H
Qru = " e [6]

PT,?

0.426 G g XH, +0.492 cHB(1—XH2)l
Hy H

Io and Iyg are the emission intensity of Hy, and Hg respectively, measured using

OES. F is an optical device factor [34,35]. kg“, and k?sare excitation rate constants for
transitions H, (n = 1) - H (n = 3), and H(n = 1) — H(n = 4) respectively [36]. Vs,
and v,g¢ are de-excitation frequency for H (n = 3) and H (n = 4) respectively [37]. n is
the principle quantum number denoting energy level of electrons. P is the pressure in

hecto-pascal and T, is the electron temperature in Kelvin. on,, and oun, are quenching
Hy H

cross sections of Hy by H, molecules quenching cross sections of H, by H atoms [35]. ong,
Hy

and oug are quenching cross sections of Hg by H, molecules and quenching cross sections
H

of Hg by H atoms [37]. xy,is the mole fraction of the H,. The optical device factor is not

calculated here. Instead, a normalized plot of T, to T, at 30 torr (Teso0) is plotted for 10

(Te10) and 20 (Te20) torr in Fig 31.
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Fig. 30: Ratio of H,to Hg is constant at each pressure.

o Lt ® ® ® [ ]
= 0.9 -
e
= 0.8 -
=
2
:'—é 0.7 |
g 1
2 0.6 .
05 1 . — : S
0 100 200 300 400 500
Argon Flow (sccm)

e 10 Tomr 20Torr @30 Torr

Fig 31: Te, normalized in terms of units of Te3o.

Te10 is about 0.54Te30, and Tezo is about 0.7 Te30.
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Different OES were taken of the plasma from the initial OES during experiment.
These new OES were used to calculate Te, and each Hisand Hpg peak was scanned

individually. The intensity of the peak was used to calculate T, according to eq. 5 and eq.

6.
3.2.3 Plasma Volume

The plasma is cold and thus follows ideal gas law [20, 21]. When the pressure and
the electron temperature of the plasma are kept constant, adding argon to the plasma
should increase the volume. Photographs of plasma and their related image intensity
have been used in literature to show plasma volume [38, 39]. Here, a photo of the plasma
is taken for the different flow rates of argon and at different pressure, from a constant
angle and camera setting, as shown in Fig. 32. The image intensity of the plasma is
analyzed right above the substrate by calculating the mean grey value of the image using
Image]. In Fig. 33, the normalized value of the image intensity of the plasma at each
pressure is plotted. The changes in image intensity indicates changes in the volume of the
plasma. The decrease in intensity at 10 and 20 torr with increased flow rate of argon
indicates that the plasma volume is increasing. Therefore, ions are spread out over a
larger volume. However, at 30 torr, there does not seem to be an increase in plasma
volume with varied flow rate of argon. At higher pressure the mean free path of the

plasma decreases.
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(b) (d) €

Fig. 32: Plasma above substrate.
(a) 500 sccm Hz, 0 sccm Ar, 10 Torr. (b) 500 sccm Hz, 500 sccm Ar, 10 Torr. (¢) 500
sccm Hz, 0 sccm Ar, 20 Torr. (d) 500 sccm Hz, 500 sccm Ar, 20 Torr. (e) 500 sccm Hz, 0

sccm Ar, 30 Torr. (f) 500 sccm Hz, 500 sccm Ar, 30 Torr.
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Fig. 33: Normalized image intensity of plasma above silicon substrate.

Ar flow varies at -250V DC bias

When the silicon substrate holder is negatively biased and the chamber of the CVD
is grounded, as is the case in this set up, the electric field decreases away from the plasma
[40]. As the plasma volume increases at 10 and 20 torr, more ions are spread away from
the negatively charged substrate. Hence, these ions bombard the silicon substrate at a
lower rate. This leads to a decrease in current flowing through the substrate due to ion
bombardment. At 30 torr, the plasma volume does not increase compared to 10 and 20
torr. Therefore, the rate at which ions bombard the silicon substrate does not decrease,

and hence there is no decrease in current with increased argon flow.
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Chapter 4: CONCLUSIONS

4.1 DC Bias

A DC Bias was implemented in the CVD which can create an electric field between
the anode (substrate) and the cathode (CVD chamber). This field directs ions towards
the substrate leading to ion bombardment. This is a current that flows through the silicon
substrate which can be recorded. This current varies as the amount of Ar in an Hz plasma
changes such that there is a peak at 10 and 20 torr. This peak in current due to ion
bombardment is also reflected in Ts since the latter is directly proportional to ion
bombardment. Results of OES intensity shows that the electric field due to the DC Bias

does not affect any particular line intensity.

4.2 Nucleation

MPCVD with DC bias was optimized for highest current flow through a silicon
substrate due to an Ar/H2 plasma at 10 torr. This current was analysed for several argon
flow rates between 0 and 500 sccm. Using the results found at 10 torr, silicon substrates
were pre-treated with the DC bias in an Ar/H2 plasma. Heterogenous nucleation density
was enhanced for boron-rich materials. Control experiments were performed to evaluate
the individual effect of using a DC bias and/or argon in the plasma. The result of

nucleation density shows that nucleation density was 200 times higher when a silicon
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substrate was exposed to Ar/Hz plasma with DC bias than when the substrate was not
exposed to Ar/Hz plasma and DC bias. Nucleation density was also tested at 20 and 30
torr in order to evaluate the effect of pressure on the nucleation density while keeping
other experimental parameters constant. At 20 and 30 torr, the nucleation density was
100 times, and 6 times higher when a silicon substrate was exposed to Ar/Hz plasma with
DC bias than when the substrate was not exposed to Ar/Hz plasma and DC bias. While
BEN has been commonly reported for carbon-based coatings, these results demonstrate

that BEN would be effective to synthesize boron-rich materials using MPCVD.

4.3 Future Directions

In this work, during the calculation of Te using Z—“, F was assumed to be a constant.
B

This allowed the calculation to show how T. changes with Ar flow and pressure. F can be
calculated by studying reference [35]. F is shown to vary with how the optical device (i.e.
optical emission spectrometer) responds to the intensity of Ar and H light travels
through. Therefore, F need to be calculated for each lab’s OES setup. This can allow a
student to calculate exact Te. Knowing F can also allow a student to calculate gas
temperature by analysing the intensity of argon and hydrogen in the plasma. Rotational
temperature of the plasma can also be calculated by analysing the Q-branch on a
Boltzmann plot. Fig 34 shows wavelength 600 nm to 620 nm from Fig 3. The Q-branch is
visible and labelled. However, an individual OES scan is needed to get better resolution.

Table 4 lists the Q-branch wavelength [41].
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Fig 34: Q-branch from Fig. 3. The resolution can be improved by future student.

Q-branch Wavelength
(nm)
Q 601.83
Q2 602.38
Qs 603.19
Q4 604.27
Qs 605.61
Qs 607.20
Qs 609.04
Qs 611.11
Qo 613.41
Q1o 615.93

Table 4: Listing the Q-branch values.
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APPENDIX

DC BIAS SET UP
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1. The power supply for the DC bias needs to be connected to a power source. Then it has a
ground (black) and a negative output (red).

DCS 600-1.7

2. The ground output needs to be connected to the chamber of the CVD
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3. The negative terminal need to reach the substrate through a port at the bottom of the CVD.
The port itself is electrically insulated from the camber of the CVD. This is the outside
connection of the port.
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4. Inside, a cable will connect from the port to a substrate. The tape is electrically insulating, and
high temperature rated (= 200 °C). This prevents the electric wires from creating a short
with the CVD body while the tape does not burn.
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5. The screw onto which the substrate stands has a hole for the wire to connect.
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6. Electrically isolate the screw from the molly plate by using the high temperature tape on the
screw holder.
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7. The crew holder should fit into the molly stage since the tape is thin. Use only one layer of
the tape around the screw.
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8. Test that the srew and substrate are electrically insulated from the molly stage holder. This
allows ions to bombard the substrate and substrate holder only.
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9. Avoid using gloves when working with the tape and testing for electrical conducted. Clean
properly before leading the stage and substrate into the CVD. Use gloves.
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10. Load the stage in the CVD.
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11. Turn on bias voltage for testing. Turn to low voltage (<15 V) for lab safety. Current reading
should be zero because there is not a complete connection between negatively biased screw

and grounded CVD chamber. (DO NOT COMPLETE THAT CONNECTION BY SIMULTANEOUSLY
TOUCHING BOTH). Let the ions from the plasma do that.

AV

DCS 600-1.7 =
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12. Test that the voltage between the screw and the CVD chamber is — 15V.
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16. Since the screw is electrically insulated from the molly stage, check that the voltage between stage
and the chamber is 0 V. If voltage is < OV, check insulation again.

|
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17. Follow lab procedures to clean CVD, substrate, substrate holders before running experiment.

18. The power supply will switch from voltage mode to current mode when there is a short between
ions and the cable, or CVD chamber and the cable. Hence, electrical insulation needs to be regularly
maintained (weekly). The insulation wears out after about 5 full experiments.
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