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ABSTRACT

Cubic boron nitride (c-BN), hexagonal boron nitride (h-BN), and semiconducting
diamond all have physical properties that make them ideal materials for applications in
high power high frequency electronics, as well as radiation detectors. However, there is
limited research on c-BN thin films and controlling the growth of c-BN or h-BN, as they
both have unique and interesting properties. This dissertation focuses in part on the
deposition of c-BN via plasma enhanced chemical vapor deposition (PECVD) on boron
doped diamond. In-Situ X-ray photoelectron spectroscopy (XPS) is used to characterize
the boron nitride thin films thickness and the ratio of h-BN to c-BN.

The effects of the hydrogen concentration during the deposition of boron nitride
are investigated. The deposition rate of boron nitride is found to be proportional to the
hydrogen gas flow. The sp? to sp® bonding is also found to be dependent on the Hydrogen
gas flow. Preferential growth of h-BN is observed when an excess of hydrogen is
supplied to the reaction, while h-BN growth is suppressed when hydrogen flow is
reduced to be the limiting reactant. Reduced hydrogen flow is also observed to promote
preferential growth of c-BN.

The limited hydrogen reaction is used to deposit c-BN on single crystal (100)
boron-doped diamond substrates. In-Situ ultra-violet photoelectron spectroscopy (UPS)
and XPS are used to deduce the valence band offset of the diamond/c-BN interface. A
valence band offset of -0.3 eV is measured with the diamond VBM above the VBM of c-
BN. This value is then discussed in context of previous experimental results and

theoretical calculations.



Finally, UPS and XPS are used to characterize the surface states of phosphorus-
doped diamond. Variations within the processing parameters for surface preparation and

the effects on the electronic surface states are discussed.
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The blue lines denote the Fermi level and secondary electron cutoff (Scutoff).
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Representation of the three-step process described above. The top black
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1 INTRODUCTION

1.1 Objective and Outline

The object of the research described in this dissertation is the study of the ultra-
wide bandgap (UWBG) materials of diamond and boron nitride, and the interface
between the two. The electronic, thermal, and structural properties of diamond and boron
nitride make these materials ideal for the next generation of high power, high frequency
electronics. The emphasis of this dissertation is on the photoelectron spectroscopy
characterization of the boron nitride / p-type diamond interface states, and the study of
the surface states of p-type and n-type diamond. The fabrication and application of a
neutron detector using semiconducting diamond structure and a boron nitride neutron
conversion layer will also be discussed. Then we will conclude with a summary of the

work done and propose a hew neutron detector design structure using boron nitride.

The first chapter of this dissertation will introduce the reader to the current state-
of-the-art of boron nitride and diamond research. The second chapter will focus on the
equipment used in the experiments, the theory of photoemission, and the interface

physics. Further chapters will describe the research findings of this dissertation.



1.2 Boron Nitride History

Boron Nitride has many similarities with the carbon analogs of graphite and
diamond. However, these similarities have not always been recognized. Unlike graphite
and diamond, no form of boron nitride was found in around volcanic vents according to a
volcanological study of boron compounds in 1936. [1] However, a recent report (2014)
found a mineral sample from Tibet with micron sized inclusions of cubic boron nitride (c-
BN) in chromium rich rock. [2] This was an interesting discovery, as the pressures and
temperatures generated when the Indian and Asian continental plates collided had the
right conditions for c-BN to form. However volcanic vents, where diamonds are normally
found, do not have the right conditions for c-BN to form. The first reported synthesis of

boron nitride was in 1842. [1]
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Figure 1 Number of publications per year on boron nitride compared to

publications on cubic boron nitride



The products containing boron and nitrogen resembled cyanogen (C2Nz), and
when combined with metals, formed compounds similar to the cyanides. This first
reaction to form this BN was a mixture of molten boric acid, mercuric cyanide, potassium
cyanide, and sulfur. In the following decades (1850-1910) there were several experiments
investigating the reaction pathway to form boron nitride compounds. These reactions
used borax, boric acid, or amorphous boron for the boron source, and urea, ammonium
salts, ammonia gas or nitrogen at high temperatures (>1000°C) to form boron nitride
compounds. In 1913 the first patents on stable BN synthesis methods were written and by
the 1920’s ceramic BN that could be shaped and molded were being investigated.
Ceramic boron nitride was found to be very resistant to conventional corrosive acids and
bases, or wetting of metals, and did not decompose at or below 1100°C. In 1945 crucibles

made of boron nitride went into production and are still used today.

The possibility of BN in a diamond structure was not considered until 1923. It is
interesting to note the spike in publications at this time Figure 1. Shortly after, in 1926,
the first investigation of crystalline boron nitride using X-ray diffraction was performed.
[1] Amorphous BN was bombarded with cathode rays producing micron sized crystals.
The X-ray diffraction pattern of these crystals resembled a hexagonal structure, similar to
graphite, and was the first confirmation of hexagonal boron nitride (h-BN). In the
following decades (1926-1940) physical, electrical, chemical, and thermal characteristics

of BN allotropes were studied.

In 1957 R. H. Wentorf and colleagues were the first to report on the synthesis of

cubic boron nitride, via high pressure high temperature (HPHT). [3] Wentorf, first
3



proposed the name “Borozon” as a unique name for cubic boron nitride, but it seems that
this name did not stick. Shortly after (1961) Wentorf published a study on doping of c-
BN with Be (Ea ~ 0.2 eV) to form p-type c-BN, and doping with S (Ea = 0.05eV) , Si,
KCN, and other more complex hydrocarbons to produce n-type c-BN. [4] A p-n junction
was attempted with these crystals, but the results were found to not be reliably repeatable,

and left much to be desired.

Up to this point (1960°s) the known physical properties of BN were that the
hardness and structure was comparable to the carbon analogs of graphite and diamond.
These BN crystals were known to be extremely resistant to corrosive acids and bases. In
fact, buffered HF etches at < 1nm/min and 3% hydrogen peroxide at 80C etched at

3.5nm/min. [5] These solutions are destructive to conventional etch-resistant films.

By 1968 there were a few groups studying thin films of boron nitride, mostly
producing smooth amorphous films (a-BN), films with a disordered hexagonal structure
termed turbostatic BN (t-BN), or hexagonal BN (h-BN) thin films. Mostly these were
grown on silicon substrates, but also different metals and fused silica substrates as well.
[5] Using thermal vapor deposition with diborane and ammonia gas as the precursors
increased the purity of the films. The reaction to produce quality BN films was sensitive
to the presence of water down to 200ppm. The thermal CVD method of growing thin
films of h-BN produced crystallite sizes about 1-8 nm in width for substrate temperatures

at 600C — 1000C respectively, and thickness up to 0.6 mm.

With the slow and steady improvement in synthesis methods the physical,

electrical, and chemical properties were more thoroughly investigated. By 1971 the
4



electronic indirect band gap was measured to be ~5-6 eV (current accepted value ~
5.2eV) for h-BN and a refractive index of 1.9-2.0. [6] The indirect band gap of c-BN was
measured to be 6.4 eV for the first time in 1974 using ultraviolet absorption spectra of

single crystals platelets 400 micron in diameter and 20-80 micron thick. [7]

An explosion of research on BN thin films started in the 1960°s and into the
1980’s can be seen in Figure 1. Vacuum technology was becoming more accessible at the
time and a myriad of low-pressure deposition methods were investigated. This was
followed by a second surge of publications between (1985-2000) on the use of physical

vapor deposition methods, producing thin films of BN.

1.3 Properties of Boron Nitride and Diamond

Boron nitride is a 111/V semiconductor that can have either sp?-hybridized or sp*-
hybridized bonding configurations. The molecular orbital hybridization for both sp? and
sp? are depicted in Figure 3, which displays the atomic orbital hybridization and
molecular orbital bonding energy diagram for h-BN (top) and c-BN (bottom). The 2s and
2p orbitals have either sp? or sp® hybridization for hexagonal structure or cubic structure
respectively. The B 1s and N 1s core levels are ~191 eV and 399 eV below the Fermi
level. The most common phase of BN is the sp? hybridized hexagonal boron nitride (h-
BN), which is analogous to graphite. The sp® hybridized BN is known as cubic boron
nitride (c-BN), which is analogous to diamond. The diamond structure is a face centered
cubic (FCC) structure, with a basis of two identical atoms, with basis vectors (0,0,0) and
(Y4, Ya, ¥a). The cubic structure of boron nitride (c-BN) is similar to the diamond structure,

but with two distinguishable atoms for the basis, also known as a zinc-blende structure.
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The structure, space group, and lattice parameters for these four compounds are shown in

Table 1

Diamond, c-BN, and h-BN are all considered wide band gap semiconductors, with
indirect band gaps of 5.5 eV, 6.4 eV, and 5.2 eV respectively. The electronic, thermal,
and structural properties of c-BN and diamond make these materials ideal for the next
generation of high power, high frequency electronics. High thermal stability of these
materials enables electronic devices of diamond or c-BN to be used in extreme
conditions. From the surface of Venus, with surface temperatures of ~ 450°C and a
corrosive atmosphere, too deep within the earth’s crust, or even in the intense radiation
near the core of a nuclear reactor. The diagram in Figure 2 shows how the mechanical,
thermal, and electronic properties of diamond and c-BN are used in potential

applications.

*  Protective
Coatings

Diodes
Transistors
Field Plate

Management
Heat dissipation

Radiation Detector
High Temperature Devices

Figure 2 Physical properties and potential applications for diamond, and cubic
boron nitride
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Figure 3 Atomic orbital hybridization and molecular orbital bonding energy

diagram for h-BN (top) and c-BN (bottom). The 2s and 2p orbitals have either sp? or
sp? for hexagonal structure, and cubic structure respectively. The B 1s and N 1s core
levels are ~191 eV and ~399 eV below fermi level. The core level shift between the

two hybridizations is ~0.5 - 1 eV



Hexagonal Cubic
Compound Boron Nitride Boron Nitride Diamond Graphite
(h-BN) (c-BN)
Structure ‘ ] a N, P °
2o X g 0
Space Group P6s/mmc [194] F43m [216 Fd3m P6smmc [194]
: a=2.504 _ _ a=2.461
Lattice Parameter (A) e = 7707 a=3.615 a= 3567 6708
Density (g/cm?®) 2.34 3.48 3.51 2.26
Hardness (Mohs) 2 9 10 1-2
Thermal conductivity 0.2 9-10 ||
8-16 [9 20-30 [10
(W/emK) 4 18] 1] [10] 011
Band Gap (eV) 5.2 6.4 5.5 0.04 [11]
Breakdown Electric Field 10 [12] 8 10 0.1 [13]

(MV/cm)

Table 1

Physical properties of hexagonal boron nitride, cubic boron nitride, diamond, and graphite




1.4 Current State of the Art Synthesis of Boron Nitride

The current art of the growth/deposition of boron nitride can be divided into two
categories, high-pressure and low-pressure methods. Production of high-quality c-BN
crystals 1-3 mm in diameter requires temperatures of 1200-1300C and pressures of 4-5
GPa and must be maintained for weeks to months. [14] A recent paper in 2018 used
Auger electron spectroscopy to study the growth interface of the HPHT c-BN. [15] Boron
nitride can be doped using beryllium (Be) for p-type c-BN and Si or S for n-type c-BN. A
p-n junction of c-BN was produced by starting with a p-type seed crystal and the growth
of a homoepitaxial n-type layer grown via HPHT. [16] The HTHP method has been
essential in the advancement of c-BN research and is used to produce microcrystalline c-
BN that is then molded into metals to reduce the wear and increase the lifetime of cutting
tools. However, to further advance the electronic understanding of this material, more
precise control of the growth of thin films is needed. The low-pressure methods such as
physical vapor deposition (PVD), or chemical vapor deposition (CVD) are more suited to

film growth than HTHP.

Various physical vapor deposition (PVD) techniques have been successfully used
to deposit c-BN thin films since the 1990’s. Deposited films using PVD typically have
mixed crystal phases of c-BN and hexagonal boron nitride (h-BN), including an
amorphous phase at the growth interface. [17] However, there has been a recent report of
epitaxial c-BN on diamond using PVD. [18] In general the high ion flux necessary in
PVD creates films with poor crystallinity, high defect density, and high internal stress,

which can lead to delamination. [17]



Plasma enhanced chemical vapor deposition (PECVD) is known to be effective at
producing c-BN films with improved crystalline quality over PVD. [17] [19] [20]
However, the presence of h-BN at the interface inhibits large area heteroepitaxy of c-BN
needed for many electronic applications. Hexagonal boron nitride (h-BN) has its own
unique and interesting properties and being able to selectively grow either phase with
high purity would be ideal for future applications of this material. In the early 2000’s
PECVD employing fluorine chemistry was introduced by groups in Japan and Hong
Kong. [21] [22] [23] Including fluorine chemistry is thought to provide preferential
etching of h-BN over that of c-BN. The CVD process reduces the required substrate bias,
while increasing the crystallinity[14]. One focus of this work is the deposition of boron
nitride using electron cyclotron resonance PECVD (ECR-PECVD) for the synthesis of c-

BN and h-BN films.
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2 INTRODUCTIONS TO EQUIPMENT AND EXPERIMENTS

2.1.1 Substrates for Electron Cyclotron Resonance Plasma Enhanced Chemical VVapor
Deposition

The results described in Chapter 3 used the polycrystalline p-type diamond (5 x 5
x 0.3 mm) supplied by Element Six and pictured in Figure 4 as starting substrates. These
substrates were mounted on 25.4 mm diameter nichrome plate using tantalum wires. It
should be noted that the surface roughness of these starting substrates limits the
applicability for interface morphology characterization using SEM, or TEM. They are a
good quality, inexpensive option for performing chemistry optimization of the ECR

PECVD process because XPS measurements do not suffer from charging effects.

Figure 4 Polycrystalline boron doped diamond substrates from Element Six

For the valence band offset measurements of boron nitride on diamond, the
substrates used were (100) boron-doped, p-type diamond (3.0 x 3.0 x 0.3 mm) supplied
by the Technological Institute for Super Hard and Novel Carbon Materials (TISNCM).
These substrates were also mounted on 25.4 mm diameter nichrome plate using tantalum
wires. It should be noted that contamination related to the tantalum wires was visually
observed across the surface after deposition of BN. It was necessary to use caution when

mounting the substrates with tantalum wire. A new molybdenum mounting plate was
11



designed to alleviate this issue. Lastly, (111) intrinsic substrate with 5um homoepitaxial
Phosphorus-doped diamond layer were studied with photoelectron spectroscopy. These
were mounted on the 25.4 mm diameter nichrome plate, but instead of tantalum wires

holding the diamond, the new molybdenum plate was fabricated to clamp the substrate to

the nichrome plate.

2.1.2 Electron Cyclotron Resonance Plasma Enhanced Chemical VVapor Deposition (ECR

PECVD)
Gate
Valve
Substrate R
- (negative bias + heater) \/
Bias To A
tu rbo t @ }.f«/ "\r.,.

— pump CNH,
o (O

EHD
Gas Precursors .

BF,
N \\ 2 B P
S P
2 7 />(-\\ ,/>\
H2 bz “ ECR ’/ N M ECR
He N Plasma ] Magnets
5
Ar 2 e
Microwave
& gasinlet

Figure 5 Schematic of ECR PECVD deposition chamber used to deposit boron
nitride films
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The deposition chamber is a 14-inch diameter stainless steel chamber pumped by
a 10 inch turbomolecular vacuum pump backed by a hydrocarbon oil roughing pump.
The base pressure of the chamber is 2x10° Torr. A more detailed description can be

found in J. Shammas’ dissertation. [24]

Microwaves are generated from an integrated beryllium magnetron wave guide
system. The wave guide system consists of a rectangular wave guide which is fused with
a perpendicular cylindrical wave guide at the far end away from the source. The wave
guides are tuned using a movable rectangular block and a cylindrical rod to minimize the
reflected microwave power. A quartz window, which is transparent to microwaves, is

used as the atmosphere/vacuum barrier at the bottom of the chamber.

Two electro-magnetic coils, positioned just above the quartz window and
separated by 30 cm, generate the electron cyclotron resonance (ECR) zone where the
plasma is maintained. The two magnets are operated with parallel currents of different
magnitudes. Generally, the currents used are 120 A for the bottom coil and 108 A for the
top coil. The different magnetic field magnitudes create a magnetic field gradient, and a
magnetic bottle is formed. The bottom coil with a larger magnetic field, reflects more of
the charged particles into the chamber center, while the lower current of the top magnets
acts as a type of release valve, reflecting charged particles back into the ECR plasma
zone, while also allowing for charged particles to pass through and impact the substrate.
The magnetic field strength, and magnetic gradient were simulated based on the ECR
manual see Figure 6. ECR plasmas operates in the 0.1-10 mTorr range, with ion densities

~ 10'? and a degree of ionization ~ 0.1%.
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The precursor gas inlet is at the base of the chamber, above the quartz window for
microwaves. The gas is then distributed into multiple lines to provide a cylindrically

symmetric gas supply into the vacuum chamber.
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Figure 6 (Top) Magnetic field strength for a bottom magnet current of 128A and

a top magnet current of 110A plotted along the central axial position of the chamber.
The red line is positioned at 875G, which is the reported resonance with the
microwave source. (Bottom) Corresponding magnetic field strength gradient, which is
proportional to the force applied to charged particles.

Helium (99.9999% purity) is the largest partial pressure and can be thought of as

a carrier gas that also is easily ionized to supply free electrons to the ECR plasma zone.
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A small amount of argon (99.9999% purity) is introduced, where the purpose of
the Ar is to provide an inert, heavy ion for momentum transfer to the substrate. The ion

impact provides energy to enable the formation of sp* bonded BN.

Nitrogen gas (99.9999% purity) is the source of nitrogen for the reaction. It is
chemically inert and difficult to dissociate even within the plasma. It is likely that only a
small fraction of nitrogen gas is dissociated into atomic nitrogen that can then react with
the available hydrogen in the system. For this reason, an excess of nitrogen is used in

most reactions.

Boron Trifluoride (99.995% purity) is the source of boron and fluorine. It has
been shown that fluorine free radicals are effective at etching BN, with a larger etch rate
for h-BN over c-BN. A number of studies have employed BF3 as an ideal boron source

for the growth of c-BN.

The role of hydrogen (99.9999% purity) is the focus of Chapter 3. The relative
hydrogen concentration was systematically varied to investigate the nucleation, growth,
and sp® fraction of deposited BN films. Hydrogen when dissociated into atomic hydrogen
can react with the free radical fluorine atoms from BF3 as well as the nitrogen to form
NHyx radicals for this reason, in future studies the use of NH3 as a precursor could enable

separate control of the NHy radicals.

The substrate temperature is controlled by a toroidal tungsten filament, which
radiatively heats the sample holder on the back of the substrate mounting plate. The
substrate is electrically isolated from the chamber walls and a sample bias is applied

during the deposition of BN. A voltage supply is connected to the sample, with the

15



chamber walls ground, and a negative bias (generally -60V) is applied to the substrate. A
voltmeter and ammeter are connected to the voltage supply to monitor the current during

growth. A schematic representation of the ECR PECVD system is shown in Figure 5
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2.2 PHOTOELECTRON SPECTROSCOPY

2.2.1 Background and General Principles

Photoelectron Spectroscopy (PES) is based on the photoelectric effect. Which was
first observed in 1887 by Heinrich Hertz, where he noticed electrons were emitted from a
metal surface when irradiated with ultra-violet light. A more formal description was
presented by Albert Einstein in 1905, for which he was awarded the Nobel Prize in
physics in 1921. X-rays were first reportedly discovered in 1895 by Wilhelm Conrad
Roentgen, who was awarded the first Nobel Prize in physics in 1901. Development of
stable and intense X-ray sources that can be used for photoelectron spectroscopy took
many more decades. However, the bulk of the work to develop x-ray photoelectron
spectroscopy into the technique we know today was done by Kai Siegbahn at the Uppsala
University in Sweden in the 1950°s and 1960’s, and in 1981, was awarded the Nobel
Prize for his work. With the advancement of theoretical solid state and surface physics,
vacuum technology, and electron spectrometers, this technique has become a powerful

tool for surface science.

In X-ray photoelectron spectroscopy (XPS) the sample is irradiated with soft x-
rays (energies less than ~6 keV). In ultra-violet photoelectron spectroscopy (UPS) the
sample is irradiated with ultra-violet (UV) light (energies less than ~ 100 eV). In both
XPS and UPS the kinetic energy of the emitted electrons are measured. The emitted
photoelectron is the result of the complete transfer of energy from the incident photon to
an electron in a bound state. This process is expressed mathematically in Equation (1).

Energy is conserved, so the energy of the x-ray (hv) is equal to the binding energy (Eg)
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of the electron, plus the kinetic energy (Ek) of the emitted electron, plus the spectrometer

work function (@), which is constant value.

The photoemission process is often described as a three-step process. [25] First an
electron absorbs an incident photon with energy hv, which sends the electron to an
excited state with energy greater than Evac. This is followed by the transport of the
electron through the material. Only those electrons within a critical distance from the
surface, which will be discussed in later sections, and transported in the direction of the
surface will be observed. Finally, the electron is emitted from the surface into the

vacuum, where it can be considered a free electron with kinetic energy (Ex)

Equation (2) can be rearranged to determine the binding energy of the electron, as
the photon energy and spectrometer work function are known values, and the electron
kinetic energy is the experimentally measured value. Note that the binding energy (Eg) is
measured with respect to the system Fermi level, not the vacuum level. While the kinetic
energy (Ex) is described with respect to the vacuum level, which is why @, must be
used to obtain the actual kinetic energies. [26] The work function of a material is defined
as the difference between the Fermi level (Er) and the vacuum level (Evac) a long distance

from the surface to avoid image charge effects.

hv = EB + EK + q)spec (1)
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Sample Spectrometer

Vacuum Level _::_..' E¢ (measured)
d)sample ..... :: Evac
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Figure 7 Energy level diagram illustrates schematically the basic XPS equation

including x-ray source energy (hv), the binding energy of the electron (Eg), the
measured Kinetic energy of the electron (Ex) and the work function of the spectrometer

(Pspec). [26]

2.2.2 Peak Broadening

The intensity as a function of electron energy for the idealized photoelectron
emission process results in a set of delta functions as shown in equation (2) where the
delta function is defined by the conservation of energy in equation (1). The first term of
equation(2), often termed Fermi’s Golden rule, is the second order perturbation on a
many body wavefunction of the system by an electromagnetic photon field potential.
Where A is the perturbation Hamiltonian, and Wi(N) and W+(N) are the initial and final

many body wavefunction with energy eigen values of E; and Er respectively.
2
L(E) ~ Ky (N)IAw(N))[ 6(E, - E, - hw) (2)

The idealized delta function is broadened by the transition lifetime, variations of
atomic configurations, and equipment resolution. The transition lifetime creates a Lorentz

line shape broadening, while the atomic configurations, and equipment create gaussian
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broadening. The combined Gaussian-Lorentz line, or VVoigt function is used for curve

fitting, and core level peak analysis.

The photon source is not perfectly monochromatic and has a bandwidth of 0.2 eV.
The thermal motion (0.025ev) of the atoms contribute a small amount of broadening, as
the relative velocity and thus kinetic energy of the emitted electron can change depending
on the relative motion of the vibrating atom with respect to the detector. The electrostatic
energy lens, baffle slit size, and hemispherical analyzer pass energy also all contribute to
the peak broadening. Figure 8 shows the energy resolution and relative intensity for most

of the detector pass energies and baffle slit sizes available for the VG Scientia R3000

spectrometer.
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XPS/UPS Electron Energy Spectrometer
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Figure 8 Relative intensity and energy resolution for the VG Scientia R3000

hemispherical analyzer. Each point represents a different pass energy and slit size combo,
Relative intensity is calculated per unit of time. For future student reference
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2.2.3 Photoelectron Energy Loss

The X-rays that irradiate the sample can penetrate a few microns into the sample
material. [26] Photoelectrons generated this deep will encounter many inelastic collisions
as they travel and will eventually lose all their energy before escaping from the surface.
In Figure 10 (a) the path labeled C represents electrons generated deep in the sample.
Closer to the surface photoelectrons may only experience inelastic collisions before

escaping the surface represented by line B in Figure 10 (a)

10 4

E
£ 1
0»1 T LA B LR R | T T T LA LR A | T T
1 10 100 1000
Electron Kinetic Energy (eV)
Figure 9 Universal IMFP curve.

These inelastic collisions contribute to the background of the photoelectron
spectrum, shown in Figure 10 (b) for the N 1s core level, shaded in orange. This example
of the full energy scale photoelectron spectrum is from a thin layer of boron nitride, on a
diamond substrate. The surface sensitivity of PES is a result of the depth from which a

photoelectron can be generated and be emitted from the surface.
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Figure 10 (@) Schematic representation of photoelectron generation, and transport

to surface. Electrons emitted without interaction, labeled (A) produce core level and
auger peaks. Electrons which undergo at least one inelastic collision, labeled B,
contribute to the background. Electrons which undergo multiple collisions and do not
escape the sample are labeled C.

(b) Shows a sample XPS spectrum with core level and auger peaks labeled.
The orange shaded area shows the contribution to the background from the N 1s
electrons , similar background contributions are made by the electrons from the B 1s
and the N Auger transitions as well, forming the vertical “steps” in the baseline
observed for every major peak
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Beers-Lambert law (equation (3)) describes the intensity of photoelectrons (I)
emitted from below a depth (d). where lo is the total number of electrons generated. [26],
The term A is the attenuation coefficient of the electron, which is closely related to the
inelastic mean free path (IMFP). This describes the distance which the electron is likely
to experience an inelastic collision. The actual value of the IMFP depends on the Kinetic

energy of the electron, and the density of the material.

-d

The thickness of the overlayer (BN in this example) can be determined by the
relative intensity of the photoelectron core levels. [27] The attenuation of electrons
through a material is energy dependent. The energy dependence of the attenuation length
follows a universal curve shape shown in Figure 9. The IMFP also depends on the energy
band gap of the material, which needs to be considered for wide band gap materials like
c-BN, h-BN, and diamond. This energy loss mechanism can be used to determine the
thickness of an overlayer. By first measuring integrated area of the bare substrate core
level (1%), and the integrated area of the substrate core level after an overlayer is deposited

(1°) Take the ratio to obtain the deposited overlayer thickness (t)

—(d+t)
10 I,e % -t
s @ —°¢
[pe 2
Solve for thickness t
IS
t=2A-In (I—O) @)
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Where A is the IMFP of substrate electrons traveling through the overlayer. For C 1s
stimulated with an Al-xa source, the IMFP through c-BN is 2.0 nm, and through h-BN is

2.4 nm. [28]

The photoionization process can also be described using chemical state notation
as in equation (5). Where a photon of energy (hv) colliding with an atom (A), resulting in
the ionization of that atom (A™) and an ejected electron (e”) with kinetic energy (Ex)

greater than the vacuum energy (Evac).

hv+A - AT +e” (5)

In most instances the atom (A) and the ion (A¥) are left in the ground state, this is
the atomic core level energy. In some fraction of the photoionization interactions, the

resulting ion can be left in an excited state.

hw+A - (AN +e” (6)

This means that the emitted photoelectron has less kinetic energy than if the
atomic ion were in the ground state. The smallest energy difference with respect the
ground state photoelectron emission is the difference between the highest occupied
molecular orbital (HOMO), and the lowest unoccupied molecular orbital (LUMO). For
crystalline materials this equates to the value of the energy gap between the conduction
band minimum (CBM) and the valence band maximum (VBM). This energy loss process
is referred to as a “shake-up” process. [26] As there are many excited states above the

CBM, there is a wide energy distribution in the photoelectron kinetic energy that is less
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than this minimum energy loss of the band gap that adds to the emission spectrum width

to higher binding energy.

The shake-up process can create plasmons, a collective oscillation of valence or
conduction elections. The resonant collective transitions from the © and o bonding states
to the © * and o * antibonding states are called n-plasmon, and c-plasmon respectively.
The inelastic collision of the photoelectron with mt-plasmons, or c-plasmons can be
observed at higher binding energies than the core level excitation. The energy loss of the
n-plasmon is a characteristic of the sp? bonded h-BN and can be used to identify the
phase of the deposited material. The absence of the n-plasmon, centered at ~ 200 eV,

implies that the film only has -plasmons, and ¢ bonds, characteristic of sp® bonded c-BN

Shake-up Ground State
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Figure 11 Shake up process for h-BN. The excitation of the host atom into the ©*
state reduces the kinetic energy of the ejected 1s core electron by exactly the quantized
energy difference between the excited state and the ground state. For h-BN this is equal
to the band gap (~5.2 eV)
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2.3 Photoelectron Spectroscopy System and Calibration

2.3.1 Monochromatic X-ray Source

A VG Scientia MX 650 high intensity monochromatic Al Ka x-ray source 1486.6
eV with a bandwidth of 0.2 eV is the photon source for XPS measurements. The X-rays
are generated in a water-cooled vacuum chamber by accelerating electrons from a
tungsten cathode at a high voltage (15keV) relative to an aluminum anode. The
accelerated electrons bombard the aluminum and the deacceleration of these electrons
generates a distribution of x-rays. The nonmonochromatic x-rays radiate toward a set of
seven 76 mm diameter toroidal a-quartz single crystals. One quartz crystal is located at
the center and six positioned in a circle around the center. All seven crystals are placed
on a Roland circle of 650 mm diameter. These quartz crystals are heated to 55 °C to

avoid photon energy shifts caused by temperature changes of the quartz during the

measurements.
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Figure 12 Schematic process of X-ray generation, monochromation, photoelectron
generation, and electron analyzer for High Resolution XPS measurements
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2.3.2 Ultra-Violet Light Source

A helium discharge lamp is used as the UV source, which is excited by a DC
discharge. The helium lamp produces resonance emission lines at photon energies of
21.22 eV (He 1), 23.09 eV (He IB), 40.81 eV (He Ilo), and 48.37 eV (He 1IB). [29] The
most intense is the He Io line with energy 21.2 eV. As the lowest energy of the emission
lines, He Ia is used to measure the work function of the materials. The He If emission
line at 23.1 eV can cause some difficulty in the analysis of the valence band maximum
from He Ia for wide band gap semiconductors. The 2.1 eV difference between He Ia and
He I can distort the signal and produces a tail toward lower binding energies and

introduces an uncertainty in the analysis of the VBM.

The He Ilo resonance emission at 40.8 €V is more appropriate for at determining
the VBM. While it has a lower intensity, the absorption cross section of He Ila. is greater
for valence band spectrum than He Ia. Consequently, the photoelectron signal is
sufficiently high to detect, while avoiding the pesky 2 eV separation in the photon lines
between , He Ia and He Ip. Since the band gaps of diamond and boron nitride are in the
range of 5.2-6.4 eV, the 7.6 eV difference between He Ila. and He IIB does not cause the

same analysis difficulties as He Ia and He I
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2.3.2 Calibration of Photoelectron Spectroscopy System

The XPS/UPS system was calibrated using a hydrogen plasma cleaned gold
surface. The calibration sample structure uses a 25.4 mm diameter p-type silicon wafer,
with 50 nm of titanium, 50 nm of platinum, and 150nm of gold. All metals were
deposited using an e-beam deposition system. Prior to calibration a hydrogen plasma
cleaning was performed in the ECR PECVD system. The calibration sample was cleaned,

and then transferred in-situ to the XPS/UPS chamber.

The calibration procedure detailed in {Modern ESCA, Chapter: 3} was followed.
[30] For XPS measurements, the high pass detector configuration, with a pass energy of
100 eV, and a slit size of 0.4 mm (curved slit) was used. The Fermi edge (0.00 eV) of
gold was used as one calibration point and the Au 4f"2 peak at 84.00 eV is a second

calibration point for the XPS detector settings, see Figure 13 .

e-Beam Gold on Si wafer after hydrogen plasma cleaning XPS Calibration

Auar'?

Peak center: 83.98 £ 0.01 eV
FWHM: 0735 +0.025

=

Au Fermi edge:-0.06 +0.03 eV

-
'
1
'
'

Photoelectron Intensity

Binding Energy (eV)
Figure 13 XPS calibration curves of clean gold surface.
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For UPS measurements, the low pass detector configuration, with a pass energy of
2 eV, and a slit size of 0.4 mm (curved slit) are used. The Fermi edge of gold was used as
the calibration point for the UPS settings. The measured Fermi edge using UPS and XPS
are in good agreement see Figure 14. Two different metals (platinum (Pt), and palladium

(Pd)) were used to confirm the calibration to the Fermi edge.

XPS and UPS Calibration

——XPS
=hv-o —_UPS

XPSE,=-0.06+0.03 eV
UPSE,=005+0.03 eV
UPS &=51x01eV

Photoelectron Intensity (arb.)

20 5 10 5 R
Binding Energy (eV)
Figure 14 E-beam deposited gold on silicon wafer after a hydrogen plasma

cleaning. The blue lines denote the Fermi level and secondary electron cutoff (Scutoff).
The Scutotf IS used to calculate the work function. (® =21.2 - 16.1 = 5.1 eV)
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2.4 Surfaces and Interface Physics

2.4.1 Surface States

crystal vacuum

[ ]
[ ]
[ ]
[ ]
<

Figure 15 Simplified one-dimensional model of a periodic crystal potential
terminating at an ideal surface. At the surface, the model potential jumps abruptly to
the vacuum level (solid line). The dashed line represents a more realistic picture,
where the potential reaches the vacuum level over some distance.

The definition of a crystal is the presence of translational symmetry. This
symmetry provides a periodic boundary condition for the electronic wave functions.
Which is one of the most key considerations when calculating the bulk electronic states in
a crystal. However, when studying surfaces, there is one direction that is has no periodic
boundary, and instead has an abrupt potential barrier. This is the root cause of surface
states. For semiconductors dangling bonds, or surface atomic orbitals (Tamm states) also

create surface states.

When the system in question is near a surface, there is symmetry breaking and
there are different solutions to the wavefunction in this anisotropic direction, when
compared to the bulk wavefunctions. Surface states can exist within the bulk band gap

and can cause band bending.
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Figure 16 Example of energy dispersion relation, with projected bulk bands and
surface states. Surface states only exist in the k; direction

Covalent crystals like silicon or diamond have surface state densities
approximately equal to the atomic surface density. Both silicon and diamond are known
to undergo surface reconstruction. lonic crystals like I11-V semiconductors have in
general less surfaces states than covalent crystals, as the electrons are more localized

from the charge transfer between bonding atoms.

The difference between the abrupt vacuum interface and the smooth vacuum

interface gives rise to a fundamental question. What is the uncertainty of a surface?

AzAp>h/2

2.4.2 Band Bending
Band bending is caused by the presence of an electric field in a semiconductor.
[31] The electric field can be applied externally (Field-effect band bending) or due to an

accumulation of charges at the interface. The presence of an electric field near the
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interface effectively separates the electrons—hole pair and inhibits the electron—hole

pair recombination.

There are many mechanisms to induce band bending at the semiconductor
surface. The metal/semiconductor interface can induce band bending in the
semiconductor and create a potential barrier between the two materials. This is
commonly known as a Schottky Barrier. The bending in metals can be ignored as the
conductivity quickly eliminates any internal electric fields. Surface states also accumulate
charges, and thus can cause band bending. Molecules adsorbed to the surface act as

electron acceptors, or donors and thus become charged which also induces band bending.

Semiconductor heterojunctions can also induce band bending if there is a charge
transfer across the interface. The band bending between two semiconductors can be
influenced by many factors such as doping type and concentration, particle size, surface
structure, phase, etc. Optimization of charge transfer process at semiconductor surfaces

by manipulation of energy bands is a theme of broad generality and current applicability.

Band bending at the semiconductor interface can be measured if the material band
gap, doping density, and bulk VBM are known. [32] The difference between the
measured VBM of the surface, using UPS (or XPS) and the bulk VBM reflects the band
bending. The difference between the core level binding energy and the VBM (AE = EcL-
Evem ) is a constant for each unique material. If AE is measured on the initial substrate,
then any surface modifications that change the band bending can be observed by the shift

of the core level, and/or the change in the surface VBM.
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Figure 17 Schematic representation of downward band bending (q-Veg). The change
in the core level and VBM at the surface can be measured with XPS and UPS.

2.4.3 Valence Band Offset
The valence band offset (VBO) at a heterojunction interface is measured in a
similar fashion, by using the method proposed by Waldrop, Grant, and Kraut. [33] The

VBO between substrate and overlayer can be calculated using:

AE, = AE¢;, + (ECL - EV)Overlayer - (ECL - EV)Substrate (7)

Where AEyv is the VBO, Eci and Ev are the binding energies of the core level and the

VBM of the corresponding substrate or overlayer, and AEc is the difference in core level
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energies between the substrate and overlayer. The experimental procedure to measure the

VBO is as follows:

(1) — Measure the clean substrate Ec. via XPS, and Ev via UPS (He I1)

(2) — Deposit a thin overlayer ( < 5 nm) on the substrate, such that the EcL of both the

substrate and overlayer are measurable to obtain AEcL

(3) — Deposit a thick overlayer ( > 15 nm ) to measure the overlayer EcL and Ev just as in
step (1). The substrate core level should not be visible in the XPS spectrum. If the
(EcL)substrate in step (2) has shifted relative to (EcL)substrate in Step (1), then there is band
bending in the substrate. Similarly, if (EcL)overiayer in step (2) is shifted relative to

(EcL)overlayer in step (3), then there is band bending in the overlayer.

(Ev)suhslrate

<

AE

( ECL)InlerfacE

1
(Ect)overlayer /\M

/1l Wi /1
Substrate Core Level 7! Overlayer Core Level 7/ Valence Electrons EF
Figure 18 Representation of the three-step process described above. The top black

curves represent the clean substrate in step (1). The middle blue curves represent the
core levels at the interface. The substrate core level shift to higher binding energies
represents downward band bending at the interface. The red curves represent the thick
overlayer in step (3). The overlayer shift in binding energies indicates there is upward
band bendina toward the interface.
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Similarly, if there is a difference in overlayer core level energies, then there is
band bending in the overlayers as well. While band bending is continuous and occurs
over 10’s of nm within the corresponding semiconductors, the VBO is a discontinuity at
the interface, confined to only the interfacial bonding layers. Given that XPS and UPS are
so surface sensitive, and assuming that the overlayer is thin enough that band bending can

be ignored in most cases.

Substrate Overlayer — Euw
CBM

E
E; E, &
VBM $ I =IC

_____ 3 VBM
qVgg I_VBO
t‘:-.-..-_I_l qVpg
qVBB I (ECL)overIayer
(ECL)substrate
____ |_. qVge

Figure 19 Energy band alignment diagram using the representative data in Figure
18. In this example, the substrate is p-type, and exhibits downward band bending,
while the overlayer, which has a larger band gap than the substrate exhibits upward
band bending toward the interface. The VBO is the discontinuous energy barrier
between the substrate and the over layer, and in this example is a negative VBO, as
the overlayer VBM is below the substrate VBM
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3 NUCLEATION OF CUBIC BORON NITRIDE ON POLYCRYSTALLINE BORON-
DOPED DIAMOND VIA PLASMA ENHANCED CHEMICAL VAPOR DEPOSITION
3.1 Abstract

Cubic boron nitride (c-BN) has been deposited on free standing polycrystalline
boron doped diamond substrates via electron cyclotron resonance plasma enhance
chemical vapor deposition (ECR PECVD), employing fluorine chemistry. In-situ X-ray
photoelectron spectroscopy (XPS) is used to characterize the nucleation and growth of
boron nitride (BN) films as a function of hydrogen gas flow rates during deposition. The
PECVD growth rate of BN was found to increase with increased hydrogen gas flow, and
in the absence of hydrogen gas flow the BN layer was reduced in thickness or etched.
XPS results show that an excess of hydrogen gas significantly increases the percent of sp?
bonding, characteristic of hexagonal BN (h-BN), particularly during initial layer growth.
Reducing the hydrogen flow, such that hydrogen gas is the limiting reactant, minimizes
the sp? bonding during nucleation of BN. The limited hydrogen reaction is found to be a
favorable growth environment for c-BN on polycrystalline boron-doped diamond.
3.2 Introduction

With properties rivaling diamond, the cubic phase of boron nitride (c-BN), with a
zinc blende structure, has received interest as an ultra-wide bandgap semiconductor (~6.4
eV). A high thermal conductivity of ~ 13W/cm K [34], chemical inertness [35], and an
oxidation stability up to 1500 °C [34] make c-BN an ideal material as a protective coating
in extreme corrosive and thermal environments. With hydrogen termination, c-BN has
been shown to have a negative electron affinity (NEA) making it a promising material for

thermionic devices [36] [37] [38]. Both p-type and n-type doping have been previously
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demonstrated [35]. A predicted high breakdown field (~8-13 MV/cm) [34] [39] would
enable applications in high power and high frequency devices [40]. Additionally, c-BN
can act as an efficient thermal neutron to alpha converter [41] [42]. The thermal neutron
absorption cross-section of 1°B is one of the largest of all elements (~3840 barns) [43].
Therefore, semiconducting c-BN structures may have potential application as a highly
efficient thermal neutron detector.

The first reported synthesis of c-BN was in 1957, using a high-pressure high
temperature (HPHT) method at the GE Research Laboratories [3]. Most reports of c-BN
HPHT synthesis described c-BN crystals ~ 10 -100 um in diameter, which are used as an
abrasive or as a protective layer for cutting tools. A major limitation of using HTHP c-
BN for electronic applications is the crystal size, the largest of which have only reached a
few millimeters, too small for most electronic applications [35] [39]. High quality thin
films of c-BN can be an alternative to bulk c-BN for many electrical applications such as
diodes, or as a dielectric [44]. Diamond is an ideal substrate for c-BN thin films due to its
small 1.4% lattice mismatch, which provides a low stress template for heteroepitaxy.
Recent advances in diamond growth technology have provided consistent quality single
crystal substrates.

Various physical vapor deposition (PVD) techniques have been successfully used
to deposit c-BN thin films since the 1990’s [35]. Many previous reports of PVD c-BN on
diamond have described mixed crystal phases of c-BN and hexagonal boron nitride (h-
BN), with an amorphous phase at the growth interface [39]. The high energy ions (Ar",
N™) typically used in PVD of c-BN, can produce films with poor crystallinity, high defect
density, and high internal stress, which leads to delamination [35] [39]. Thin films of c-
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BN deposited using PVD require high energy ion bombardment, with accelerating
voltages of ~ 300 - 400 V to enable formation of c-BN [45]. A recent report has shown
epitaxial c-BN on (111) diamond using ion beam assisted MBE. [18] This report found
that for high substrate temperatures (~920°C) epitaxial c-BN on (111) diamond was
observed. However, stacking fault defects in the c-BN film were still observed, which
caused rotated crystal domains, and the formation of the wurtzite structure at the growth
interface.

Alternatively, plasma enhanced chemical vapor deposition (PECVD) relies on
surface chemistry as the growth mechanism, instead of ion bombardment used in PVD.
PECVD has been shown to be effective at producing c-BN films with improved
crystalline quality over PVD [35] [39] [46]. However, the presence of hexagonal boron
nitride (h-BN) at the interface inhibits large area heteroepitaxy of c-BN, which is needed
for many electronic applications. In fact, h-BN has its own unique and interesting
properties and being able to selectively grow either phase with high purity could be
important for specific applications of this material.

The incorporation of fluorine chemistry during the PECVD process provides a
chemical mechanism for the preferential etching of h-BN [46] [23]. Atomic fluorine,
produced in the plasma, were shown to etch h-BN at a higher rate than c-BN. [21] [23]
Moreover, the gas phase ratio of H/F was found to strongly influence the growth rate, and
BN phase purity [23]. The PECVD precursor gases of boron trifluoride, nitrogen and
hydrogen, react to form the proposed surface growth reactants of BFx and NHy [46] [23]
[21]. Previous work from our group on PECVD of BN [36] has shown that the substrate
bias can also be used to control the phase of the deposited film. For an applied bias below
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a critical value (Vapplied < 40V) the BN thin films had a majority of h-BN phase. Above
this critical bias value, there is a range of bias values (40V < Vapplied < 100V) that
produces films that are predominately c-BN. Increasing the bias further (Vappiied > 125V)
results in etching of the deposited film. This study, which is focused on the surface
chemical effects, is completed with a bias of 60V which is within the range of applied
bias that is favorable for c-BN growth.

First principle calculations based on density functional theory have been
performed to study the role of hydrogen defects in h-BN and c-BN structures [47]. The
results indicate that hydrogen defects in h-BN form between layers with minimal
distortion of the local structure. While hydrogen defects in c-BN are incorporated along
B—N bonds, significantly distorting the tetrahedral structure toward a more planar
structure, similar to h-BN. These calculations suggest that the incorporation of hydrogen
defects during the nucleation of BN would be beneficial for the formation of h-BN, while
detrimental to the formation of c-BN.

In this work we investigate the role of hydrogen gas on the nucleation and growth
of c-BN on diamond using PECVD and fluorine chemistry. Based on the experimental
evidence of preferential etching of h-BN by fluorine free radicals and the calculations on
the role of hydrogen defects we anticipate a trend in the h-BN to c-BN ratio as the
hydrogen gas flow is systematically varied. X-ray photoelectron spectroscopy is
employed, enabling the characterization of sp? or sp® bonding of the as-grown thin films,

as well as the thickness as a function of hydrogen gas flow.
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3.3 Experiment

Deposition of boron nitride was performed on boron-doped polycrystalline

diamond plates (5mm x 5mm x 0.45mm; doping concentration [B] = 2-6x10%° cm3;

supplied by element six). Each substrate was mounted on a nichrome (Ni/Cr/Nb) plate

with tantalum wires and bound to a molybdenum sample holder. The polycrystalline

diamonds have the rough side (Ra~ 50 pm) in contact with the nichrome plate. The

smooth side (Ra < 30 nm) is employed as the BN growth surface. The sample holder is

placed into the load locked transfer line, an integrated vacuum system with a base

pressure of 5-10° Torr. Thus, the sample maintains a clean surface or a growth surface

during in-vacuo transfer between the deposition chamber and surface characterization

chamber.
Clean Deposition
Substrate Temperature 825 £25 °C 82525 °C
Chamber Pressure 2:10* Torr 2:10* Torr
Applied Bias N/A -60 V
Deposition Time 30 min at temperature with gas flow Varied
+ 10 min plasma + cooldown in vacuum
Gas flow (sccm)
He 0 35
Ar 0 2.5
N2 0 12.5
BF3 0 1
Hs, 20 0,1,2,3,4

Table 2

Experimental parameters for sample cleaning and deposition.

Hydrogen plasma is used for cleaning the substrate. The deposition time varies
depending on the hydrogen flow and the desired thickness of the film. These

parameters are chosen based on prior work by [Shammas et al.]. [24]
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An electron cyclotron resonance (ECR) plasma enhanced chemical vapor
deposition (ECR PECVD) chamber was used for cleaning the substrate and for the
deposition of boron nitride. The cleaning and deposition parameters are listed in Table 2.
A 35cm diameter stainless steel chamber is pumped by a 25.4 cm diameter Pfeiffer
turbomolecular pump (Model: TMU-1600) which maintains a base pressure of ~3.0-10°
Torr monitored by a cold cathode gauge. An ASTeX 1500i microwave (2.45 GHz)
generator coupled with a magnetic field of ~875 G applied by two ASTeX ECR magnets
sustains the plasma. The precursor gas mixture (He / Ar/ N2 / Hz / BF3) is introduced
below the ECR magnets. The substrate is radiatively heated by a toroidal tungsten coil
and monitored with a Mikron M90Q optical pyrometer. During deposition, a negative
bias is applied to the substrate and sample holder (\V applied = -60 V).

In-situ X-ray photoelectron spectroscopy (XPS) is used to analyze the deposited
surface. The monochromatic Al-Ko x-ray source (1486.7eV + 0.2eV) is focused to a 7 x
2 mm spot size at the sample surface. Each sample is mounted such that the diagonal of
the substrate aligns with the X-ray spot to minimize signal from the nichrome mounting
plate. The chamber base pressure is 5-1071% Torr monitored with a hot filament ion gauge.
A VG-Scientia R3000 spectrometer with a four-element electrostatic lens is used in
sweep mode to scan the full energy range of photoelectrons. The hemispherical analyzer
has a slit size of 0.4 mm, and the pass energy is 100 eV giving an energy resolution of
150 meV. The energy resolution of the spectrometer combined with the monochromatic
X-ray source, enables a resolution limited FWHM of ~ 0.25 eV. The spectrometer is
calibrated using a plasma cleaned gold foil and setting the Au 4f7,> peak center at
84.00£0.01 eV.
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The XPS spectra are fit with a sum of Gaussian, and/or Voigt functions using
Origin Pro 8.5.1 software. Peak centers correspond to the binding energy (relative to the
Fermi level) of the core level electrons, which have characteristic energy ranges
depending on the chemical bonding of the element. The integrated peak areas are used to

calculate the following quantities:

Thickness of deposited layer [27] t=2A-In (Isgﬁ)

C1s

The percent of sp? hybridization (h-BN)  %sp? = 100 X ii_i/(i_z)mf
The C 1s peak area of the clean Substrate (I7,;), the C 1s peak area after depositing an
Overlayer of BN (12,,) and the inelastic mean free path (A =2.00 nm) [48] of the C 1s
photoelectrons traveling through BN are used to calculate the thickness of the deposited
film [27]. The n-plasmon (I,+) is characteristic of sp? bonding of h-BN. The absence of

this peak implies the film has only ¢ bonds, characteristic of sp> bonding of c-BN. A

single crystal h-BN reference sample was prepared to determine the peak areas,

(?’i) . Selected data has been normalized using the relative atomic sensitivity factors
Bis/ Ref

(B 1s=0.13, C 1s = 0.25, N 1s =0.42) [28] to show more clearly the B:N atomic ratio in

each deposited film
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3.4 Results

In-situ XPS was used to observe the effects of hydrogen gas flow rates on the
growth of c-BN films on diamond using PECVD and fluorine chemistry. A hydrogen
flow of 4 sccm was used to replicate previous work from our group using a similar
growth process [36] [49]. An initial hydrogen plasma (parameters in Table 2) was used to
remove air adsorbates and surface oxygen for each polycrystalline boron-doped diamond
substrate.

The XPS of the clean diamond is shown in Figure 20 scan (i), and the C 1s peak is
center at 284.1 eV. This peak position is consistent with the C 1s for hydrogen terminated
boron-doped diamond [32] [50]. The hydrogen terminated diamond is then exposed to the
ECR PECVD with the deposition parameters from Table 2, with the hydrogen flow
turned off (H2 = 0 sccm), shown in Figure 20 scan (a). The C 1s peak significantly
broadens relative to the initial C 1s peak. The deconvolution of this peak shows two main
components, one peak centered at 285.2 eV which corresponds to the C 1s peak of the
nitrogen terminated boron doped diamond [50], and the other peak at 284.2, which still
corresponds to the C 1s of the hydrogen terminated diamond.

The XPS data presented in Figure 20 (and Figure 21) have been normalized using
the atomic sensitivity factors (B 1s = 0.13, C 1s = 0.25, N 1s =0.42) [28] to show more
clearly the B:N atomic ratio for the deposited films. In Figure 20 scan (a), notice that the
N 1s peak is about twice as intense as the B 1s peak, and therefore indicates twice as
much nitrogen as boron. Assuming that the deposited BN is above the nitrogen
terminated diamond, and not the hydrogen terminated diamond, the peak centered at
285.2 eV is used to calculate the c-BN thickness. As deduced from the C 1s core level
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peak at 285.2 eV, a thin layer of boron nitride was deposited, with a thickness of ~0.3 £
0.1 nm, suggesting that hydrogen is not required to nucleate c-BN on diamond.

The H2 = 0 process used in Figure 20 (a) was further investigated on a fresh
hydrogen terminated boron-doped polycrystalline diamond substrate where the process
time was increased from 10 minutes to 100 minutes. No change in the C 1s peak and no
change in the film thickness was observed between the two samples with greatly different
process times. The results suggest that hydrogen is not necessary for c-BN nucleation, but
continued growth is not sustained in the absence of hydrogen.
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Figure 20 An evolution of the N 1s, C1s and B1s core energy levels. The data has
been normalized to the clean diamond peak intensity, and with the corresponding ASF
to better view the relative concentration of each element. (i) Initial Hydrogen plasma
cleaned boron doped diamond (a) 10 minutes with Hz = 0 sccm, followed by (b) 10

minutes with H, = 4 sccm, followed by (c) 10 minutes with H2 = 0 sccm. Results show
how hydrogen can be toggled to either grow or etch BN.

The sample with 0.3 nm of BN from Figure 20 scan (a) was then exposed to the

PECVD deposition with the hydrogen flow on (H2 = 4 sccm). The XPS results are shown
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in Figure 20 scan (b). The peak area of the C 1s core level centered at 285.2 eV was used
to calculate a BN film thickness of ~ 8.8 nm.

The process with H> = 0 sccm was then repeated on the 8.8 nm BN layer sample
from Figure 20 scan (b). The XPS scans in Figure 20 scan (c) indicate that the BN layer
was etched down to ~1.7 nm during the process. This result indicates that the hydrogen
gas concentration is a critical parameter which controls the reaction equilibrium between
growth and etching.

These results point toward controlling the equilibrium between growth and
etching by tuning the hydrogen concentration. Tuning the hydrogen flow such that the
etching rate of h-BN is greater than the growth rate, is a strategy to produce an improved

c-BN/diamond interface.
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Figure 21 The Nitrogen, Carbon, and Boron 1s core level peaks for different H2
flow rates: (a) H2 = 1 sccm for 100 minutes (b) H2 = 2 sccm for 10 minutes (¢) H> =3
sccm for 10 minutes (d) Hz = 4 sccm for 10 minutes. Showing that hydrogen can
control the reaction rate.
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To determine the optimum hydrogen concentration for epitaxial c-BN on
diamond, fresh boron-doped polycrystalline substrates were cleaned and exposed to the
ECR PECVD deposition parameters in Table 2 with different hydrogen flow rates (Figure
21). The BN layer thickness is calculated [27] from the carbon core level peak, and an

increased growth rate is found with an increased hydrogen flow, shown in Figure 22.
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Figure 22 Growth Rates, Thickness, and %-hBN as a function of hydrogen
flow rates. Note the correlation between arowth rate and %h-BN
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Figure 23 The B 1s core level (right) and enlarged m-plasmon energy loss peak
spectrum (left) for BN deposition using limited H. flow for (a) 30 minutes and (b) for
150 minutes and using excess H. flow for (c) 10 minutes and (d) 40 minutes. The
deposition with a limited Hz flow results show a reduced n-plasmon energy loss peak.

A closer investigation into the films grown using hydrogen gas flows of H, = 1
sccm, and Hz = 2 sccm are shown in Figure 23. The characteristic n-plasmon peak
centered at ~200 eV, corresponding to m bonding in h-BN, is emphasized within Figure
23. The deposition with Hz> = 2 sccm shows an initial & peak at the interface (Figure 23
scan (c)) that is relatively reduced with increased film thickness (Figure 23 scan (d)). By
reducing the hydrogen flow to H2 = 1 sccm, Figure 23 scan (b), a film with similar

thickness to Figure 23 scan (c) was deposited, with a greatly reduced n-plasmon peak.
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Figure 24 Example double carbon peak from (data from Figure 20 scan (a)). The C
1s core level energy from the hydrogen terminated surface (284.2 eV) and the C 1s core
level energy from the nitrogen terminated diamond surface (285.2 eV). This non-uniform
surface shows the difference in band bending between the nitrogen terminated and
hydrogen terminated surfaces of diamond. The two small peaks to higher binding energy
can be attributed to carbon nitrogen bonding near the surface.

Using a hydrogen flow of H> = 1 sccm for a deposition time of 30 minutes, and
150 minutes produced BN films of ~0.6 nm and ~4.1 nm respectively. A continuous

growth is observed for the depositions using a hydrogen flow of H> = 1 sccm, as
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compared to depositions with hydrogen flow of H, = 0 sccm, which did not maintain a

continuous growth, and in fact etched the BN film as discussed previously.

3.5 Discussion

An unusual aspect of the XPS scan is the shape of the C1s peak after the initial
BN growth process. A double carbon peak is most distinct in Figure 21 scan (d) but is
also clearly resolved in Figure 20 scan (a), Figure 20 scan (c), Figure 21 scan (b), Figure
21 scan (c). Hydrogen terminated boron doped diamond is known to have a C 1s core
level energy of 284.1 eV [50] [32] [51]. Nitrogen terminated boron-doped diamond has a
C 1s core level energy of 285.2 eV [50]. Previous reports of nitrogen terminated diamond
indicate that the C 1s peak shift is due to both surface band bending, and chemical shifts
[52].

For thin layers of BN, both hydrogen-terminated, and nitrogen-terminated C 1s
core level energy peaks are observed in the deconvoluted fit peak. A representation of the
various diamond terminations, and the bonding configurations of the carbon within is
shown in Figure 24. Minor peaks can be attributed to chemical shifts of subsurface
carbon nitrogen bonds C—N and surface carbon bonds (C==N, and C—Hy) [50] [52].

For sub-nanometer BN layers (see Figure 20 scan (a), Figure 21 scan (d)) the
atomic ratio of boron to nitrogen (B:N) is consistently nitrogen rich (B:N < 0.5). The
nitrogen termination of the diamond surface would shift the B:N ratio to nitrogen rich
values. The XPS data presented in Figure 20 and Figure 21 have been normalized using
the atomic sensitivity factors (B 1s = 0.13, C 1s = 0.25, N 1s =0.42) [28] to visually

display the atomic ratios for each process. Assuming the BN formation is occurring
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above the nitrogen terminated surface, the peak at 285.2 eV is used to calculate the BN
thickness. While the peak at 284.2 eV is used to calculate the % of the substrate that has
either nitrogen termination, or BN growth. The growth rates, and thicknesses of each
process with a different hydrogen gas flow is shown in Figure 22.

Hydrogen is a key component in the proposed BN growth mechanism. The
plasma formation of NHx and BFx species then react on the substrate surface to form
solid BN and molecular HF [21]. From the results shown in Figure 20, the PECVD
process was performed while the hydrogen gas was turned off (H2 = 0 sccm), then on (Hz
=4 sccm), and then off again (H2 = 0 sccm). When hydrogen was not used during the
PECVD process, the BN thin film was etched. This result confirms that hydrogen enables
deposition of BN using PECVD with employing fluorine chemistry.

Increasing the hydrogen flow from 0 sccm to 1 sccm causes the surface chemistry
to switch from etching to growth. Increasing the hydrogen further from 1 sccm to 2 sccm
results in an increased the growth rate, and this trend is continued for hydrogen flows of 3
sccm and 4 scem (Figure 22). One conclusion that can be made from this PECVD
experiment is that hydrogen gas flow can be used to control the nucleation and growth
rate of BN.

Another trend that is observed is the correlation between the growth rate, and the
fraction of h-BN observed in the film. For higher growth rates, the deposited film showed
a greater fraction of h-BN. For lower growth rates, the relative growth of c-BN was
favored, see Figure 22 and Figure 23.

A deposition with a limited hydrogen gas flow (H2 = 1 sccm) produced a 4.1 nm
film, and a small n-plasmon peak (Figure 23 scan (b)), which corresponded to 17% h-BN.
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The results indicate that most of the deposited film is c-BN. A deposition with an excess
hydrogen gas flow (H2 = 2 sccm) produced a 3.4 nm film with the characteristic n-
plasmon peak (Figure 23 scan (c)) that corresponded to 62% h-BN. Previous reports of
BN thin films deposited using PECVD with excess hydrogen gas flow produced 4.3 nm
films with 68% h-BN [49]. The limited hydrogen gas reaction appears to emphasize the
formation of c-BN during nucleation on boron doped polycrystalline diamond.

If an excess of hydrogen is supplied during the deposition, the excess hydrogen at
or near the surface may reduce the effectiveness of fluorine chemistry to selectively etch
the h-BN. This trend is evident in the balanced chemical equation (8), which describes
the growth mechanism proposed by W.J. Zhang and colleagues. Assuming excess Ny, the
addition of hydrogen will reduce the concentration of atomic fluorine in the plasma, as
indicated in equation (9). Reducing the hydrogen flow such that hydrogen is the limiting
reactant increases the relative concentration of atomic fluorine, as indicated in equation
(10). A higher concentration of atomic fluorine increases the etching efficiency of h-BN,

and enables the formation of higher purity c-BN.

Balanced: 1.5H, + BF; + N, @ BF, + NH, + HF 2 BN(5y + (x + 1)HF (8)

Excess Ho: 2H, + BFy + N, 2 BE, + NH, + HF 2 BNy + (x + DHF +H  (9)

Limited H: 1H, + BF; + N, 2 BE, + NH, + HF 2 BNy, + (x + DHF +F  (10)

The concentration of H2 gas during growth has several effects, not only in the
chemistry above the surface creating the active growth species [21] [22], but also within

the film [47]. As NHy is a key component of the growth mechanism, the incorporation of
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hydrogen defects during PECVD of BN is not unlikely. If a higher hydrogen gas flow is
used during BN growth, the reaction rate could be sufficiently high that H incorporation
occurs through incompletely reacted NHx. In this scenario the incorporation of hydrogen
defects occurs during the growth.

Theoretical research suggests that the hydrogen defects in h-BN form between
layers with minimal distortion of the local structure [47]. In contrast, hydrogens defect in
c-BN form along the B—N bond center which forces the tetrahedral structure to distort
toward a more trigonal pyramid structure. The incorporation of a hydrogen defect during
the nucleation of c-BN is modeled in Figure 25. A hydrogen atom placed along a B—N
bond center increased the B—N bond length by 52% [47] and changes the nearest
neighbor bonding angles from tetrahedral 109° to anisotropic 119° and 94.5°. This model
suggests that the incorporation of hydrogen defects during the nucleation of c-BN may

create nucleation points for h-BN growth.
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Figure 25 Model of hydrogen defect in c-BN nucleation for the (111) interface. The
extra enthalpy causes the N—B bond to increase in length, changing the nearest neighbor
bonding angle from isotropic 109° to anisotropic 119° and 94.5°. If excess hydrogen is
used during the deposition an extra hydrogen may get trapped during the growth process.
This may provide a nucleation point for h-BN.
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While the incorporation of hydrogen defects can distort the c-BN to h-BN and can
stabilize the h-BN structure, hydrogen appears to be necessary for continued growth. This
effect may be anticipated as hydrogen gas enables the formation of NHx according to the
growth mechanism [21] [22]. In the above chemical equations, the difference between
excess hydrogen and limited hydrogen is a relatively small change in the H. gas phase
concentration. For the reaction with a limited hydrogen flow, one would expect to have
excess fluorine, which reacts with h-BN as it is forming, breaking the sp? bond before it
becomes buried, as less hydrogen also decreases the growth rate. Limiting the hydrogen
will also minimize the concentration of hydrogen defects in BN thin films. With excess
hydrogen gas, the formation of hydrogen defects will become more likely. The increased

hydrogen defects would likely react with the fluorine and leave the h-BN unaffected.

3.6 Conclusion

The effects of hydrogen gas concentration during the growth of boron nitride
using ECR PECVD with fluorine chemistry was investigated. To find the optimum
concentration of Hx for the growth of c-BN, the hydrogen gas flow was varied (0, 1, 2, 3,
4 sccm), while keeping constant temperature, pressure, bias, and other gas flows. This
experiment found that hydrogen is a necessary reactant, as continuous growth was not
observed in the absence of hydrogen. The growth rate of the BN film can be controlled
by tuning the hydrogen to fluorine ratio. The hydrogen flow rate can also be used to
select between h-BN and c-BN. Excess hydrogen will favor the growth of h-BN, while
limited H2 will favor the growth of c-BN. The growth mechanism [21], selective etching

with fluorine, and incorporation of hydrogen defects [47] are used to discuss the role
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hydrogen has on the structural phase of the deposited boron nitride film. Comparing the
results with excess hydrogen gas and limited hydrogen gas we can conclude that limiting
the hydrogen gas flow provides a more favorable environment for c-BN nucleation and

growth.
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4 VALENCE BAND OFFSET OF CUBIC BORON NITRIDE ON (100) BORON-
DOPED DIAMOND

4.1 Abstract

There is substantial interest in the diamond/c-BN interface, especially regarding high
power electronics, as both c-BN and diamond are ultra-wide band gap materials with
superb thermal conductivity. Accurate knowledge of the valence band offset is needed for
device design and modeling. The valence band offset (VBO) of boron nitride (BN) on
boron-doped (100) diamond substrate is presented in this paper. In-situ X-ray
photoelectron spectroscopy (XPS) and ultra-violet photoelectron spectroscopy (UPS)
were used to measure the VBO across the interface. These experimental results find that
the c-BN valence band maximum (VBM) is ~ 0.3 eV below the diamond VBM. The
results presented here are compared with prior measurements of the VBO of ¢c-BN on

nitrogen-doped diamond and with theoretical calculations.

4.2 Introduction

Demand for high-power electronics has prompted a significant increase in
research on wide band gap semiconductors. High power electronic systems generate
substantial heat that require carefully designed thermal management systems with high
thermal conductivity materials. Diamond is known to be the highest thermally conductive
material (22-30 W/cm/K) [10], with cubic boron nitride (c-BN) second (13-16 W/cm/K).
Hexagonal boron nitride (h-BN) is another well-known allotrope of boron nitride, with

moderate thermal conductivity (4 W/cm/K) [8], [53].

56



Wide band gap semiconductors are a key component in the design of high-power
electronics. Diamond, with a cubic structure of carbon atoms, has an indirect band gap of
~5.5 eV. Similar to diamond, c-BN has a cubic zinc-blend structure and an indirect band
gap of ~6.4 eV. The structure of h-BN is very similar to graphite, with alternating boron
and nitrogen atoms in a honeycomb layered structure, with weak bonding between layers.
However, unlike graphite, which can be conducting, h-BN has a large indirect band gap
(~5.2 eV). [54] [55] The direct band gap of h-BN have been reported to be 5.97 eV,

indicating potential application for UV laser diodes [56] [57].

Using an electron cyclotron resonance plasma enhanced chemical vapor
deposition system (ECR PECVD), both films with c-BN and h-BN structures can be
deposited in the same chamber. Depending on the gas phase precursors and system
operation conditions h-BN, c-BN, or a mixed phase of h-BN and c-BN can be deposited.
Specifically, varying the hydrogen flow from a limiting reactant, or providing excess
hydrogen will produce either c-BN, or h-BN respectively. This is discussed in detail in
Chapter 3. With high thermal conductivity, thermal stability, oxidation stability up to
1200°C, and its wide band gap, both c-BN and h-BN are ideal materials for high power,
high temperature applications. Hexagonal BN layers grown by ECR PECVD have
performed well as the dielectric for GaN transistors, showing a breakdown voltage (8.4
MV/cm) [44]. Monocrystalline h-BN as a gate dielectric on a diamond field effect
transistor (FET) performed with unprecedently high carrier mobility ( > 300 cm? V1 s?)
for moderately high carrier densities (> 5 x 10*? cm?). [58] Cubic BN has been shown
with both p-type and n-type doping and could potentially support high power diodes or

transistor operation. [4] [16]
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Among the most important physical parameters for heterojunction device designs
are the conduction and valence band offsets. [59] Energy band offsets occur at the
interface and are due to interface bonding. Several theoretical calculations have
investigated the VBO of (100), (110), and (111) diamond/c-BN interfaces. A wide range
of VBO values were calculated for different interface orientations, and different interface
bonding configurations. A summary of the reported VBO of diamond/c-BN interface is

shown in Table 3.

The ideal (110) interface has an equal number of C—B and C—N bonds. The
C—B bond is unsaturated with only 1.75 of the 2 electrons necessary to saturate a sp*
bond, while the C—N bond is supersaturated with 2.25 electrons. However, the bonds are
very close and charge transfer occurs until both bonds are effectively saturated resulting
in a net neutral interface. [60] [61] The VBO of the abrupt(110) diamond/c-BN interface

was calculated to be -1.4 eV [62], [63].

For (100) and (111) orientations, the interface can have either C—B or C—N
bonding. Since the C—B bond is unsaturated (B has one less electron than C) and the
C—N bond is supersaturated (N has one more electron than C) both bonding
configurations create a polar interface. The calculated VBO of the (111) C—N interface
is (+0.587 eV), while with C—B interface bonding, the VBO is (-0.045 eV) [64]. The
calculated VBO of the (100) C—N interface is (-0.13 eV), while with C—B interface
bonding the VBO is (-2 eV) [65]. A recent report from our group measured the VBO of

polycrystalline N-doped diamond/c-BN interface to be (+0.8 eV). TEM data showed the
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(111) plane of diamond parallel to the (111) plane of c-BN [49]. Here negative values of

the diamond/c-BN VBO imply that the diamond VBM is above the BN VBM.

Surface band bending occurs due to electric fields in the semiconductor material.
Surface band bending deduced from the difference of the surface Fermi level and the bulk
VBM. When measuring the VBO of a heterojunction, the VBM of the substrate can shift
due to band bending, which needs to be considered when determining the band offset
from photoemission measurements. Moreover, the heterojunction band offset can depend

on the detailed conditions under which the interface was prepared.

Band bending of both nitrogen-doped, and boron-doped (100) diamond has been
previously studied using XPS and UPS. [66] [32] Nitrogen-doped diamond, after
annealing a hydrogen terminated surface to 400°C, indicated a VBM at ~2.2 eV below
the surface Fermi level. The bulk VBM of nitrogen-doped diamond is reported at ~3.9
eV. Considering both results an upward band bending of 1.7 eV was deduced. [32]
Hydrogen terminated polycrystalline nitrogen-doped diamond VBM at ~2.5 eV below the
surface Fermi level was very similar to that of the single crystal (100) nitrogen-doped
diamond [Diederich et al.]. [32] [49] Surface state pinning is said to cause the 1.7 eV
upward band bending in nitrogen-doped diamond. [32] Boron-doped diamond has a bulk
VBM of ~0.3 eV, and a hydrogen terminated surface VBM of 0.6 eV, in agreement with
our results. The downward band bending may be attributed to pinning the same surface
state. Nitrogen-termination lightly boron-doped diamond results in deep downward band

bending with a surface VBM of ~ 1.6 eV. below the Fermi level [50]
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In this study BN is deposited on single crystal 5° offcut (100) boron doped
diamond via electron cyclotron resonance plasma enhance chemical vapor deposition
(ECR-PECVD). In-situ photoelectron spectroscopy is used to measure the core energy
level and valence band maximum of the initial substrates, and after the BN deposition to

deduce the valence band offset of the diamond/BN heterojunction.

4.3 Experiment

Boron-doped single crystal 5° offcut (100) diamond plates (doping concentration
[B] = 1-2x10%° cm™3; 3mm x 3mm x 0.3mm; supplied by TISNCM) were used to as
substrates for the deposition of boron nitride thin films of various thicknesses. In-situ
photoelectron spectroscopy of core levels, and valence band spectra were measured to
determine the VBO between the boron-doped diamond and BN layer.

The diamond substrates are placed in an acid mixture (H2SO4 /H20; /H20, 3:1:1)
at 220 °C for 15 min, then dipped in an HF treatment for 5 min. The substrate was boiled
again in (NHsOH/H202 /H20, 1:1:5) at 75 °C for 15 min. After each step the substrate
was rinsed with DI water. This wet chemical process is used to clean the as-received
diamond substrates of graphitic carbon and other surface contaminants.

Individual substrates were mounted on a nichrome plate using tantalum wires to
bind two opposite corners of the substrate to the plate. Optical profilometry (using a Zygo
“model”) was used to measure the surface topography of the initial substrate and an RMS
of ~2 nm was measured. After cleaning and mounting, each diamond sample was placed
into a load locked transfer line, which is part of an integrated vacuum system with a base

pressure of 5-10° Torr. Thus, the sample maintains the clean surface or the growth
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surface during in-vacuo transfer between the boron nitride deposition chamber and the
surface characterization chamber.

An electron cyclotron resonance (ECR) microwave plasma chemical vapor
deposition (ECR MP CVD) chamber (base pressure 3-10° Torr) was used for cleaning
the substrate with a hydrogen plasma and for the deposition of boron nitride. The
hydrogen plasma cleaning process is initiated by heating the substrate to 825°C and
remaining at this temperature for 20 minutes in UHV (~5-10"° Torr) to thermally remove
surface oxygen. After which a hydrogen flow of 20 sccm is introduced to the chamber at
a pressure of ~2:10* Torr. The substrate is then cooled to 750°C, as the lower
temperature is more conducive to hydrogen termination. The plasma is ignited and
sustained with ~300 W of microwave power for 5 minutes. The microwave power is then
turned off, and the sample is cooled to ambient temperature in a hydrogen gas flow. The
chamber is then pumped to UHV, and the sample is then transferred to the XPS/UPS
chamber.

UPS measurements use a helium discharge lamp as the ultra-violet light source. A
small bias of 1.5V is applied to the substrate, and an energy offset of 2.7 eV is input into
the software, for a total of 4.2 eV to accommodate for the work function of the analyzer.
The hemispherical analyzer is operated with a pass energy of 2 eV with a resolution of
less than 10 meV. The UPS system has been calibrated to the Fermi edge of plasma
cleaned a e-beam deposited gold calibration sample. The work function of each sample
before and after BN deposition is measured using the 21.2 eV He line and, the valence

band spectra is measured using the 40.8 eV He line.
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For XPS measurements using a monochromatic Al-Ka X-ray (1486.6eV+0.2eV)
source is used. The hemispherical analyzer is operated with a pass energy of 100 eV with
a resolution of 150 meV. No bias or energy offset is applied to the sample during XPS.
The same gold calibration sample used to calibrate the UPS was used to calibrate the
XPS. The Au 4f72 peak was measured to be 83.98+0.01 eV, and the Fermi edge was
measured to be -0.06 £0.03eV (see Figure 13 in Chapter 2.3.2). The Fermi edge of the
gold sample measured using UPS and XPS were identical (see Figure 14 in Chapter
2.3.2). The C 1s, B 1s, N 1s, and F 1s core level peaks are measured on each sample
before and after BN deposition

The deposition of boron nitride is initiated by heating the substrate to 850°C in
UHV and remaining at this temperature for 20 minutes to allow for thermal equilibrium
of the substrate and holder. The precursor gas flows are then introduced to the chamber
(He: 36 sccm, Ar: 2.5 sccm, N2: 12.5 sccm, BF3: 1 sccm, Ho: 1 scem) at a pressure of
~2-10"* Torr. A bias of -60V is applied to the sample relative to the chamber walls. At
this point, the plasma is ignited, and sustained with ~1400 W of microwave power for 30-
120 minutes, after which the microwave power is turned off, and the sample is cooled in
vacuum to ambient temperature. The chamber is then pumped to UHV, and the sample is
transferred in-situ to the XPS/UPS chamber. The thickness is measured using the method
described by A. Jablonski and J. Zemek. [27] The following equation is used to calculate

the thickness of the deposited layer

t=21-In (’Sgﬁ) (11)

Cis
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The term (;Sgﬁ) is the ratio of the integrated C 1s core level intensity of the clean

C1s

substrate and the C 1s intensity after the overlayer is deposited. The term and A (2.00 nm)
is the inelastic mean free path of C 1s electrons from an Al-Ka source through c-BN. [48]
After the final XPS measurement the sample is subsequently removed from the transfer
line and the cross section of the BN/diamond interface was studied using transmission
electron microscopy (TEM).

Some unexpected experimental issues occurred when depositing BN on single
crystal substrates that resulted in non-ideal interfaces, and disorder in the BN layer, as
seen in Figure 34. A silicon wafer had broken and dropped to the bottom of the chamber
and was being etched during the BN deposition process. XPS measurements show there

was an unintentional incorporation of silicon in the thick BN film 17nm thick.

The broken silicon wafer was removed from the chamber and the quartz window
was cleaned. The clean quartz window also introduced silicon impurities in the films until
the window was coated with a sufficiently thick layer of BN which required many hours
(> 10 hours) of deposition. For the sample with 1.1 nm epitaxial c-BN on (100) diamond
the chamber was finally in good working order, without silicon incorporation observed in

the XPS. Unfortunately, this was the last deposition performed in this set of experiments.
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4.4 Results

The combined XPS and UPS results are presented for the initial boron-doped
diamond substrates, and for various thicknesses of boron nitride. The photoelectron
emission features are presented relative the Fermi level. The initial diamond substrates C
1s core level and valence band spectra are used to deduce the electron affinity of the
surface. The electron affinity is defined as the energy difference between the conduction
band minimum (CBM) and the vacuum energy level. Following the results and
discussion on the initial boron doped diamond substrates, the XPS/UPS results of
increasing thickness of BN layers introduced and discussed. Energy level diagrams are
used to represent the measured spectra, followed by the VBO calculation of the
diamond/c-BN interface. The results presented here are compared with previous

experimental reports of the diamond/c-BN offset, as well as theoretical calculations.

Hydrogen plasma cleaned single crystal (100) boron-doped diamond C 1s core
level, VBM, and work function are shown in Figure 27. Each of the five independent
substrates show a C 1s core level energy centered at 284.2 eV, with a VBM varying from
0.7 eV to 0.3 eV below the Fermi level. The VBM is deduced by linear fit of the low
binding energy cut off and a linear fit to the background noise for energies above the

Fermi level. The intersection of these two lines is interpreted as the VBM.

Hydrogen terminated diamond is known to have a negative electron affinity
(NEA), where the vacuum level is below CBM. The electron affinity (y) is the difference
between the CBM and the vacuum energy level (Evac). Defining the VBM as the binding

energy relative to the surface Fermi level, the electron affinity (y) plus the band gap (Eg)
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is equal to the work function (¢) plus the VBM as seen in Figure 26. The He Ia spectra
can be used to deduce the electron affinity and to determine the presence of a NEA is

often achieved by evaluating the following equation: [66]

X=hv—E;, —W (12)

Where W is the width of the valence band spectra (W = Scutotf -VBM) and Scutorf IS the
secondary electron cutoff. The He la spectra is often displayed as a binding energy (Es),
or equivalently, the energy below the Fermi level. When presenting the He Ia spectra this
way the secondary electron cutoff (Scutofr) IS located at high binding energies typically ~
14-17 eV for a photon energy of 21.2 eV. When the He la spectra is presented as binding
energy (Eg) the work function is not directly apparent, and to deduce the work function

the photon energy needs to be subtracted from the sharp secondary cutoff (¢p = Scutotf -hv).

Some reports display the He Ia as “kinetic energy relative the Fermi level”. [66]
[32]. However, the vacuum level is defined as the energy for which an electron has zero
kinetic energy outside the surface of a material. The He Ia spectra in Figure 27 and
Figure 29 are presented as “Energy Relative to Fermi Level”. This is done by subtracting
the raw data by the He Ia energy (21.2 eV) ( Ez — hv=E — Er). When presented this way,
the work function () or effective work function (¢*) is more apparent. However, the
energy relative to the Fermi level is negative since the convention throughout this
dissertation presents binding energy, equivalent to the energy below to the Fermi level
with positive values. Therefore, the negative sign is simply a result of our reference

energy being the Fermi level (Er = 0.0 eV), and binding energy being positive.
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When the vacuum level is above the CBM for a PEA, the true work function (¢)
can be deduced. However, when the vacuum level is below the CBM for NEA, an
effective work function (¢*) is observed that corresponds to the CBM relative to the
Fermi level instead of the vacuum level. Using the relations for the width (W) and work

function (¢), then equation (12) can be rearranged to:

For PEA: X+E;=VBM—¢ (13)

For NEA: E, =VBM — ¢* (14)

The value of ¢ or ¢* is the minimum energy above the Fermi level which a
conduction band electron can escape the surface of the material. Since ¢ is presented as a
negative value, the difference of the VBM and ¢ is a positive number. The results in
Figure 27 show two sharp cutoff features. The sharp feature at 4.3 eV above the Fermi
level is thought to be the vacuum level cutoff (Evac). The second is the effective work
function (¢*) or conduction band minimum (CBM), with a cutoff at 5.3 eV above the
Fermi level. The sharpest VBM cut off is located 0.3 eV below the Fermi level, so the
CBM plus the VBM of this diamond sample gives 5.6 eV, which compared to the band
gap of 5.5 eV appears to be a NEA, within the error of the measurements according to

equation (14).

The average VBM of all five hydrogen terminated diamond surfaces is ~0.5+0.2
eV below the Fermi level, indicating small downward band bending of ~0.2 eV. The
vacuum level, as indicated by the sharp feature within the bandgap, is measured to be
4.3+0.2 eV above the Fermi level. The sum of these two values is 4.8+0.28 eV. Since this

is less than the bandgap of 5.5 eV the surface shows an NEA surface of -0.7+0.28 eV.
66



Positive Electron Affinity Negative Electron Affinity

X
CBM CBM
x I EVBC
¢ ¢*
E E, ¢
Eg VBM g VBM
VBM i VBM

Figure 26 Schematic representation of the measured values to determine the electron
affinity of a surface.
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Figure 27 Initial (100) boron-doped diamond substrates after Hydrogen
termination process. The C 1s energy of 284.2 eV, and an NEA of -0.7 eV was
repeatable for all initial substrates.
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Figure 28 XPS of N1s Cls and Bls core levels, and VBM scan using He Ila
(40.8 eV). (a) Typical H-terminated boron-doped diamond (b) Nitrogen terminated
surface (c) Nucleation of boron nitride. (d) Boron nitride ~1 nm thick, covering 70-
80% of the diamond substrate (e) Boron nitride film ~ 6.7 nm thick (f) Thick boron
nitride film (> 10 nm)

Boron nitride of various thicknesses was deposited on the five single crystal
diamond substrates. The average thickness was determined by the change in the C 1s core
level integrated intensity as discussed previously. The N 1s, C 1s, B 1s core levels
presented in Figure 28 have been normalized to each substrate clean C 1s core level peak
intensity, and each element’s corresponding atomic sensitivity factor (N 1s=0.42, C 1s =
0.25, B 1s = 0.13). [28] The data is normalized in this way to correct for small variations
within the C 1s intensity that arise from the small sample size, and variations in the
alignment of the XPS spot with the diamond substrate from sample to sample. The
alignment before and after each deposition is well controlled and minimizes these small

variations. The normalization using the elemental atomic sensitivity factor is so the data

is shows the relative concentration of elements in for each sample (i.e. the boron to
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nitrogen ratio (B:N)). The UPS valence band spectrum has also been normalized to its

maximum intensity such that the maximum intensity of the valence band spectra is one.

For the C 1s peak in Figure 28 scan (b), multiple deconvoluted C 1s peaks are
evident at 284.6 eV and 285.6 eV. The peak centered at 284.6 eV corresponds to a bare
boron-doped diamond surface, while the more intense peak centered at 285.6 eV
corresponds to a nitrogen-terminated boron-doped diamond surface. [51] [67] The He Ila
spectra in Figure 28 scan (a) and Figure 29 scan (a) shows a clear sharp cut off for the
VBM of the initial hydrogen terminated diamond surface. However, in Figure 28 scan (b)
and Figure 29 scan (b) the VBM does not have a clear sharp cutoff. Instead, there is a
high binding energy cut off at ~1.9 eV, and a long tail that extrapolates to ~ 0.5 + 0.2 eV.
The extrapolated tale is in the range of the VBM of the initial hydrogen terminated
boron-doped diamond. Additionally, a work function of 4.6 eV is evident in the He Ia cut
off in Figure 29 scan (b). A VBM of 1.9 eV and a work function of 4.6 eV results in a
PEA of 0.9 eV, assuming the band gap of diamond to be 5.5 eV. Nitrogen terminated
boron-doped diamond is expected to have a positive electron affinity (PEA). [67] The
PEA is thought to be due to the Pauling electro negativity of carbon and nitrogen (2.55
and 3.04 respectively). The nitrogen termination shifts the C 1s core level to higher
binding energy due to surface band bending. This is also evident in the shift of the VBM

from05+0.2eVto~19eV.
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The absence of any observable boron in Figure 28 scan (b) indicates that prior to
nucleation of BN, the diamond substrate is nitrogen terminated. The multiple core level
components suggest the coverage is non-uniform The energy level diagram for the
hydrogen terminated and nitrogen terminated boron-doped diamond is shown in Figure

30.

The nucleation of BN is indicated by the presence of boron and nitrogen in Figure
28 scan (c). The C 1s core level observed in Figure 28 scan (c) is fit with two peaks. The
most intense peak is centered at 285.2 eV, and the less intense peak is centered at 284.5
eV. Similar to the non-uniform nitrogen terminated surface, the presence of two C 1s

peaks is interpreted as a non-uniform coverage of BN on the surface.
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Figure 29 Valence band maximum measured with He 11 (40.8 eV), and work
function measured with He 1 (21.2 eV), for (a) hydrogen terminated boron doped
diamond, (b) Nitrogen terminated boron doped diamond. (c) Nucleation of BN (1 nm
thick). (d) 6.7 nm of BN. (d) Thick layer (14-17 nm) of BN.
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Figure 30 Energy level diagram of (left) hydrogen terminated boron-doped diamond,
presented in Figure 28 scan (a) and Figure 29scan (a). (right) Nitrogen terminated boron-
doped diamond presented in Figure 28 scan (b) and Figure 29 scan (b)

For the 1.1 nm thick BN layer, the deconvoluted C 1s core levels in Figure 28
scan (d) positioned at 285.2 eV and 284.4 eV are effectively unchanged from Figure 28
scan (c). The thickness and the percentage of sp? bonding of this BN layer were
determined to be 1.1nm and 35% sp? by XPS and supported by TEM (Figure 32). For
35% sp? bonding, the majority of the film is inferred to be c-BN. The %sp? calculation is
described in detail in Chapter 3.3. Also, silicon contamination was not observed by XPS
for this sample. From the C 1s position the diamond VBM is determined to be 1.5 eV
below the Fermi level after nucleation of c-BN. The B 1s and N 1s core levels have

binding energies of 190.8 eV and 398.5 eV respectively.
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Previous reports of the VBO of ¢c-BN on nitrogen doped polycrystalline diamond
report a difference of 189.0 eV and 396.8 eV between the B 1s core level and N 1s core
level, with the c-BN VBM. [49] Using this difference in energy, the VBM of the c-BN is
positioned at 1.8 eV below the Fermi level. The energy level diagram for the nucleation

of 1.1 nm of c-BN on boron-doped diamond is shown in Figure 31.

The VBO (AEv) of the interface can be deduced using the method presented by

Waldrop, Kraut and Grant shown in equation 13. [68]

AEy = AE¢, + (ECL - EV)Overlayer + (ECL - EV)Substrate (13)

AE, = =03+ 0.24 = (94.4 + 0.1) + (189.0 + 0.1),_gy — (283.7 + 0.2) piamond

Where AEcL is the difference between the C 1s core level, and the B 1s core level (AEcL
= EcL(C 1s) — EcL(B 1s)). The result of AEv shows the c-BN VBM to be with in 0.3 eV
of the diamond VBM. By comparison, the previously reported results of the VBO
between c-BN and polycrystalline nitrogen-doped diamond was +0.8 eV, with the
diamond VVBM below the c-BN VBM [49]. The main difference between these two VBO
measurements is the AEci. Results presented in this dissertation AEc. = 94.4 eV; Data

presented by [Shammas et al.] AEcL 95.1 eV

AE, = 40.8+0.17 = (95.1 + 0.1) + (189.0 + 0.1),_zy — (283.3 + 0.1 piamond
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AE=283.7+0.2

Figure 31

AE=189.0+0.2

B 1s

190.8+0.1

N 1s

398.510.1

Energy band alignment of 1.1nm of c-BN on (100) single crystal boron-

doped diamond. Derived from data presented in Figure 28 scan (d) Figure 29 scan (c).

Figure 32
nucleation of BN on the diamond surface, and the partial coverage of the substrate,
also seen in the XPS peak analysis if Figure 28 scan (d), and Figure 29 scan (c).

TEM of 1.1 nm of boron nitride on boron-doped diamond. Showing the
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TEM images were obtained after BN deposition and in-situ XPS/UPS
measurements. The substrate surface shows a jagged interface (Figure 32). The
nucleation of the c-BN appears to form within the corner of the diamond surface steps.
The non-uniform coverage of the substrate evident in the deconvoluted C 1s core level
peaks can also be seen in the TEM image Figure 32. The structure of this 1 nm layer

appears to be epitaxial c-BN on (100) diamond.

For the 6.7 nm of BN on diamond, the BN VBM shifts further to ~2.8 eV, with no
change in the C 1s, B 1s, or N 1s core level peaks, relative to the 1.1 nm of c-BN
interface. The difference in VBM between Figure 28 scan (d) and (e) with no change in
the core energy levels indicates that the two films have different chemical states. That is
the 1.1 nm film in Figure 28 scan (d) is c-BN while the 6.7 nm film in Figure 28 scan (e)
is h-BN. The percentage of h-BN was determined to be 86 % according to the B 1s ©
plasmon peak. A detailed description of the %h-BN calculations can be found in Chapter

3.3.

For the thick deposited BN film (14 - 17 nm), the VBM shifts further to 3.1 eV,
and the C 1s peak is no longer visible. TEM images of the thick BN layer in Figure 34
indicate a disordered structure, often called turbostratic boron nitride. Silicon
contamination is detected via XPS in this film with the Si 2p core level positioned at
102.5 eV. The XPS detection limit of a particular atomic species is ~ 0.1% of the total
observable volume. For example, boron-doped diamond with a boron concentration of
1x10%° cm? the B 1s core level is not observable. Therefore, the observable silicon

indicates that it is in concentrations greater than 1x10%° (cm).
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Figure 33 Energy level diagram for the 6.7 nm thick 86 % h-BN film deposited on
(100) boron-doped diamond substrate.

Figure 34 TEM of 14-17 nm thick BN on top of (100) boron-doped diamond
surface. The BN layer seems to be in a disordered state of sp? often called turbostatic BN.
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4.5 Discussion

Cubic BN is known to have an NEA for hydrogen terminated surfaces. [69] The
results shown in Figure 28 scan (d) and Figure 29 scan (c) is of a 1.1 nm film consisting
of 65 % sp® bonding, characteristic of c-BN. The measured VBM is 1.5 eV below the
Fermi level and the effective work function is measured to be 4.4 eV above the Fermi
level. The band gap of c-BN is 6.4 eV, and the separation of the VBM and effective work
function is 5.9 eV. This value is less than the reported bandgap of c-BN and could be

consistent with an NEA.

The BN layer shown in Figure 29 scan (d) and scan (€) have ~ 80 % sp? bonding
and are therefore considered to be h-BN. The indirect band gap of h-BN is 5.2 eV, and
the direct band gap is 5.9 eV. The separation between the VBM and work functions in
Figure 29 scan (c) and scan (d) are7.1 eV and 7.3 eV respectively, which is interpreted as

a PEA of ~ 2 eV for both BN layers.

The VBO of c-BN deposited on (100) boron-doped diamond via ECR-PECVD is
compared with previous experimental and theoretical results. The results of the XPS and
UPS measurements of the heterojunction are used to deduce a VBO of -0.3 eV, with the
diamond VBM above the c-BN VBM. This result is similar to the theoretical reports of
the VBO of c-BN on diamond, with (100) surface orientation and C—N bonding across
the interface (-0.13 eV). This is reasonable based on the initial nitrogen-terminated
surface. Previous experimental results by [Shammas etal.] showed c-BN deposited on
polycrystalline nitrogen-doped diamond with a VBO of +0.8 eV. Here the diamond VBM

was below the c-BN VBM. This result is similar to the theoretical report of the VBO of c-
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BN on diamond with (111) surface orientation and C—N bonding across the interface

(+0.59 eV).
Calculated VBO Band Bending
5 Exoeri | Boron- Nitrogen-
IS Xperimenta Doped Doped
g) In(ge;che Inct:e;al\::e VBO Diamond Diamond
©) (Bulk VBM | (Bulk VBM
~0.3 eV) ~3.9 eV)
[65] 65]|  [This Work] 3] - [32]
VBO=-2.0 VBO=-0.13 VBO=-0.3 H'T;:’r‘;;zztf"d H'T:J:?;Zzte‘j
- 1
(100) cla N VBM = 0.6 VBM = 2.2
l — E
Dia ~ cBN Dia  c-BN Dia BN
VBM VBM | VBM VBM VBM  VBM
[64] [64] [49]
VBO =-0.05 VBO = +0.59 VBO =+0.8
(111) CcC—B C—N
I
Dia c-BN Dia c-BN Dia c-BN
VBM VBM | VBM VBM VBM  VBM
[62]
VBO =-1.4
(110) CrN
cle
Dia c-BN
VBM  VBM
Table 3 Previous reports of VBO between ¢c-BN and Diamond. For different

interface orientations (100), (111), and (110), there are different interface bonds
possible. For (100), and (111) there can be either C—N or C—B, while for (110),
there is both C—N and C—B at the interface. The diamond VBM is the reference
point, and positive VBO is for c-BN VBM closer to the fermi level than the diamond
VBM. Negative VBO is for c-BN VBM greater than diamond
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The energy separation between the diamond C 1s and VBM should be a constant
value for the same chemical state (Const. = AE = C 1s — VBM). The previous
experimental reports by [Shammas] measured AE = 283.3 +0.1 e¢V. However, the results
presented in this article are measured AE = 283.7 +0.2. The larger error for the results
presented in this paper are due to variations in the surface after processing that resulted in
a range of VBM’s (0.7 — 0.3 eV). The previous reported error of 0.1 is from instrument
resolution, not from multiple measurements. Since AE should be a constant regardless of
doping, if the average between these two is calculated and the error is increased

accordingly the following two VBO’s are calculated for the (100) boron-doped substrate:

AE, = —0.1+0.3 = (94.4 + 0.2) + (189.0 + 0.2) ._py — (283.5 + 0.3) piamona

And the polycrystalline nitrogen-doped substrate:

AE, = 40.6 + 0.3 = (95.1 + 0.2) + (189.0 + 0.2),_zy — (283.5 % 0.3) piamona

Using the averaged AE between the two measurements for diamond, the VBO’s of the

different measurements become closer to the theoretical values.

To be of use in the design of heterojunction devices a band offset must typically
be known to an accuracy of ~ 0.1 eV or better. [59] Therefore, the associated errors in
these measurements should be more accurately determined to be widely applicable for
device design and simulation. To achieve an error of 0.1 eV or better for AEv the error
for XPS core level peak center needs to be 50 meV, and the VBM for the substrate and
the thick c-BN film needs to be known to an accuracy of 30 meV or better. Each of the

terms to the right-hand side of Equation 13 should have an uncertainty of less than 0.06
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eV. According to Figure 8, using the VG Scientia R3000 analyzer, either a pass energy of
100 eV with a slit size or 0.2 mm or a pass energy of 50 eV with a slit size of 0.4 eV
should be used to measure the XPS core levels to achieve this level of certainty. A pass

energy of 50 eV with a slit size of 0.2 eV exceed the required uncertainty.

Increasing the precision of the XPS measurements will be important for
determining the VBO with increased accuracy. Even more important is developing
consistent repeatable, and reliable deposition processes. The largest error in the
measurements for the VBO of c-BN on boron-doped diamond is the VBM of the boron
doped diamond. Developing a process that can produce nearly identical VBM’s across
multiple diamond samples is one of the key points for reducing the uncertainty in the
VBO measurements. Reproducible thick c-BN films will also be necessary to measure
the core level to VBM separation with greater precision. Precise VBO’s will enable

accurate device designs that include c-BN/diamond heterojunctions.

4.6 Conclusion

In summary, the nucleation of epitaxial c-BN on 5° offcut (100) boron-doped
diamond via ECR-PECVD was achieved. XPS and TEM images from this sample show
that the nucleation was able to occur without evident interfacial h-BN. Unintentional
silicon impurities were thought to be responsible for the disordered structures observed in
TEM for the thicker h-BN films. The VBO of the 1.1 nm ¢c-BN on (100) boron-doped
diamond was measured to be -0.3 +0.24 eV, where the diamond VBM is above the c-BN
VBM. The measured VBO is consistent with the theoretical VBO of the (100) surface

with C—N interface bonding. Further studies, with accuracies of 0.1 eV or better for the
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VBO of the diamond/c-BN interface on both (100) and (111) surface orientations with
both boron-doping and nitrogen-doping would provide insight for potential applications

of the diamond/c-BN heterojunction.
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5 ELECTRONIC SURFACE STATES OF PHOSPHORUS-DOPED DIAMOND

5.1 Abstract

Phosphors-doped diamond is an n-type ultra-wide bandgap semiconductor. It is
key to the development of diamond for power electronics. Device performance is often
sensitive to the surface termination of the phosphorus-doped diamond. Data presented in
this chapter focuses on how the phosphorus-doped diamond electronic surface states are
altered by two different hydrogen plasma processing procedures. In-situ XPS and UPS
are used to measure the diamond C 1s core level energy, and the valence band spectra.
The two hydrogen plasma procedures differ only in how the sample is cooled from 750°C
to ambient temperature. One process cools the sample in vacuum after the hydrogen
plasma. The other process cools the sample in the hydrogen plasma. The results presented
indicate the phosphorus-doped diamond VBM is ~ 1.8 eV below the Fermi level when
cooled in the vacuum. When the sample is cooled in the plasma, three C 1s core level
peaks are clearly resolved, and the corresponding phosphorus-doped diamond VBM is ~
3.4eV,4.8¢eV, and 6.1 eV below the Fermi level. Surface state pinning is discussed to

model the various diamond VBM’s.

5.2 Introduction

Diamond as a wide band gap (5.5 eV) semiconductor is considered an ideal
material for high power and high frequency power electronics, due to the high thermal
conductivity, high carrier mobility and high breakdown electric field which are needed
for these types of devices. While doping diamond p-type with boron has been well

established, doping diamond n-type with phosphorus was first demonstrated in 1997 [70].
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Phosphorus doped diamond is key to implement diamond in electronics, UV opto-

electronic, and vacuum electronic applications.

In current silicon device technologies, surface preparation is an important aspect
of device fabrication, and it is certainly key for the fabrication of diamond devices.
Hydrogen terminated diamond is known to have a negative electron affinity (NEA),
where the conduction band minimum is above the vacuum energy level. The NEA has
been observed for both (100) and (111) surfaces, and for both boron-doped and
phosphorus-doped diamond. In contrast, oxygen, or fluorine terminated diamond and
reconstructed diamond surfaces have a positive electron affinity (PEA) surface. The
surface termination of diamond can change the electron affinity from NEA to positive
electron affinity (PEA) across a 4.5 eV range. [71], [72] Consequently, it has been
proposed that controlled surface termination can affect the energy band alignment of a

semiconductor heterojunction or metal-semiconductor Schottky barrier.

The phosphorus doped diamond metal junction model is of particular interest in
one of the core components for diamond electronics; namely the P-I-N structure. The
diamond PIN structure includes an intrinsic diamond layer (i-layer) in juxtaposition with
a boron-doped layer (p-type), and a phosphorus-doped layer (n-type). Boron-doped
diamond/metal interfaces have been well studied. The relative novelty of phosphorus
doped diamond has created a need for more research on the junction of n-type

phosphorus-doped diamond with metal contacts.

Surface preparation of the phosphorous-doped layer can affect the energy band

alignment with metal contacts. Surface state pinning confines the Schottky barrier to a

82



small range of values over a large range of different metal work functions. However, if
the interface alignment mechanism is dominated by vacuum level alignment, the
semiconductor metal interface barrier height could be tuned based on the choice of metal.
Controlled surface termination could allow selection of Ohmic band alignment or
Schottky barrier. The vacuum level alignment is particularly of interest for the
employment of NEA surfaces. Energy band alignment between the n-type phosphorus-
doped diamond and metal contact is key for device design and modeling. Therefore,
determining surface preparation methods that result surface state pinning or unpinning is

of important.

A diamond surface state, positioned ~ 1.8 eV below the Fermi level has been
reported for phosphorus doped diamond. The hydrogen terminated phosphorus-doped
diamond surface is pinned to this surface state and ~ 3 eV of upward band bending has
been observed. [73] Alternatively, downward band bending has been observed for the
reconstructed surface of phosphorus-doped diamond [74]. The research in this report is
focused on measuring the carbon core levels with XPS, the valence band and vacuum
level positions using UPS. Analysis of the XPS/UPS spectra is used to understand how

surface preparation modifies the diamond electronic surface state properties,

5.3 Experiment

A homoepitaxial P-doped diamond layer ~5 um thick with a doping concentration
of [P] ~ 1-5E° (cm™®) was deposited on a single crystal (111) intrinsic diamond substrate
from EDP corp. A 5° offcut (100) boron-doped diamond sample with a boron

concentration of ~ 1-2E2° (cm®) supplied by TISNCM was used for comparison. The
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diamond samples were independently secured to a 25.4 mm diameter nichrome mounting
plate with tantalum wires. Each sample was loaded into an integrated vacuum system,
where samples can be transferred between process chambers and characterization

chambers without exposure to atmosphere.

An electron cyclotron plasma enhanced chemical vapor deposition (ECR
PECVD) system was used to expose the diamond surface to a hydrogen plasma. The
ECR PECVD chamber has a base pressure of 3x10”° Torr. The sample was heated to
~750°C using a toroidal tungsten filament that radiatively heats the sample. Hydrogen
gas flow of 20 sccm was input into the chamber at a pressure of 2x10 Torr. The plasma
was sustained for 10 minutes using a microwave power of 300W. This is the standard
process described in Chapter 3 and 4 as well. Since the ECR PECVD process is a remote

plasma, the plasma does not heat the sample.

Up to this point in the procedure the processes on all samples have been identical.
Two processes are investigated that only differ in how the sample was cooled to ambient
temperature (Figure 35). For process A the diamond was cooled in vacuum, while
process B the diamond was cooled in the plasma. Both cool down times were
approximately 7-9 minutes. By cooling in vacuum the surface is quenched, which is
thought to prevent any further surface modifications. Alternitively, cooling in the plasma

may allow surface modifications to occur durring the cool down process.
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Sample cooled from 750°C to
ambient temperature

In Vacuum
Substrate Temperature (750°C)

10 minutes of hydrogen plasma

Sample cooled from 750°C to
ambient temperature

In Hydrogen Plasma

Figure 35 Experimental flow diagram showing the difference between process A and
process B.

After each process the diamond sample was transferred in-situ to the XPS/UPS
chamber, with base pressure 5x107° Torr. X-rays generated by an Al-Ka source with
monochromator have an energy of 1486.6 eV with a bandwidth of 0.2 eV. A
hemispherical analyzer, operated in sweep mode, with a pass energy of 100 eV, a
resolution of 150 meV, and energy step size of 100 meV was used to scan the diamond

core energy levels.

In the same chamber, ultra-violet light for UPS was generated by a helium
discharge lamp. The photons have energies of 21.2 eV, 23.1 eV, 40.8 eV, and 48.3 eV.
The He la line (21.2 eV) is used to measure the work function of the surface. The He Ila
line (40.8 eV) is used to measure the valence band spectrum. The hemispherical analyzer
is operated in sweep mode, with a pass energy of 2 eV, with an energy resolution of less
than 10 meV, and an energy step size of 20 meV. A bias of 1.5 eV is applied to the
sample and an energy offset of 2.7 eV is applied to overcome the analyzer work function

(~4.2 eV), and align the Fermi level of a gold reference sample to zero binding energy.
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By using both He Ia and He lla, the relative position of the vacuum level to the valence
band maximum is deduced. The electron affinity is then calculated to infer a NEA or

PEA.

5.4 Results

The phosphorus-doped diamond is exposed to the ECR-PECVD hydrogen plasma
then, either cooled down in vacuum (process A) or cooled down in the plasma (process
B). The resulting XPS and UPS scans are combined are shown in Figure 36 scan (b) and
scan (c) respectively. For comparison, a (100) boron doped diamond, which followed an
identical procedure as process A is presented in Figure 36 scan (a). The hydrogen
terminated boron-doped diamond has an energy difference between the C 1s core level
and VBM of AE =283.9 eV. The He la spectra has two distinct cut offs, one at 5.3 eV
and the other at 4.3 eV above the Fermi level. This is the distinct characteristics of the
boron-doped diamond NEA surface. The vacuum level is thought to be positioned near
the 4.3 eV feature, while the sharp cutoff at 5.3 eV is thought to be the CBM. The
separation between the CBM at 5.3 eV and the VBM of 0.3 eV is approximately equal to

the band gap (5.5 eV), which is another distinct characteristic of NEA surfaces.

The phosphorus doped diamond with process A has a C 1s core level of 285.7 eV. The
VBM is difficult to confidently deduce using the linear fit method. However, by using the
AE of the boron-doped diamond, the VBM of the phosphorus-doped diamond can be
estimated to be approximately 1.8 eV below the Fermi level. The work function cut off is

located at 3.9 eV above the Fermi level. While there is some uncertainty, the work
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function and VBM values indicate that the vacuum level is 0.2 eV above the CBM.

Which could indicate a small positive electron affinity.

—— Boron-doped diamond (Process A)
—— Phosphorus-doped diamond (Process A)
—— Phosphorus-doped diamond (Process B)
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Figure 36 XPS and UPS of top: (a) hydrogen-terminated boron-doped diamond,

middle: (b) hydrogen-terminated phosphorus-doped diamond, bottom: (c) modified
surface of phosphorus-doped diamond

The phosphorus doped diamond with process B displays an interesting C 1s core
level spectrum. The C 1s core level spectrum has three distinct peaks at 287.4 eV, 288.7
eV, and 290.0 eV. Using the core level energies and AE = 283.9 eV, indicates a VBM at
3.4eV,4.8¢eV, and 6.1 eV respectively. The He 11 spectrum for process B is slightly

more conclusive as to the position of the VBM at 4.9 eV below the Fermi level using the
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linear fit method. The linear fit VBM is within the range of VBM according to the energy
difference of AE = 283.9 eV with C 1s core level. A work function of 3.5 eV above the
Fermi level was deduced from the He | spectra for process B. Combining the work

function and VBM (4.8 eV) values indicate the vacuum level is 2.8 eV above the CBM.

5.5 Discussion

The phosphorus-doped diamond with process A, has a C 1s core energy of 285.7
eV, which is similar to the C 1s core level position for H-terminated nitrogen-doped
diamond (286.2 eV) [Diedirich]. The H-terminated nitrogen-doped diamond is reported
to have a VBM of 2.2 eV. The reported boron-doped diamond C 1s core level and
diamond VBM difference is AE(B-doped) = 283.4 eV, and the nitrogen-doped diamond
C 1s core level and diamond VVBM difference is AE(N-doped) = 284.0 eV. which is close

to our value for AE(P-doped) = 283.9 eV.

There is a distinct difference in the photoelectron spectrum for the phosphorus-
doped diamond surface prepared using process A and B. Which only differ in how the
sample was cooled to ambient temperature, either in vacuum, or in a plasma. Cooling in
the vacuum (process A) is thought to leave the surface hydrogen terminated. The
hydrogen termination of phosphorus-doped diamond is thought to exhibit surface state
pinning at 1.8 eV, causing upward band bending in the P-doped diamond. [73] Hydrogen
terminated boron-doped diamond is thought to exhibit downward band bending due to the

pinning by the same surface state.
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Process B, which is cooled in the plasma has a range of possible VBM’s but all of
which are greater than the mid-gap of diamond (2.75 eV) which indicates this surface has
n-type characteristics. This is unusual, as even for nitrogen-doped diamond, which is n-
type, is known to have a surface VBM of ~1.3-2.5 eV for hydrogen termination or
reconstructed surface [32] [66] The bulk VBM of phosphorus-doped diamond is ~ 4.8 eV
below the Fermi level. Therefore, a surface VBM of 3.4 eV implies a relatively small
amount of upward band bending (~1.4 eV of band bending), flat bands (VBM = 4.8 eV),
or even downward band bending (VBM = 6.1 eV). A VBM of 6.1 eV would put the

CBM below the Fermi level since the band gap of diamond is 5.5 eV.

EVac

EVac
Process A: Process B:
. ®=39eV =
Vacuum cooling Plasma cooling / ®=35eV
CBM
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S C T
VBM = 1.8 eV

Eg Eg
j SS VBM =34 eV
/ VBM = 4.8 eV
VBM Be

VBM =6.1 eV

Figure 37 Band alignment diagram for P-doped diamond for Process A (left)
showing the surface state pinning causing the upward band bending. For process B (right)
the triple core level, and subsequent triple VBM are shown in different colors. The VBM
ranges from upward band bending to flat bands, to downward band bending depending
on which peak the VBM is deduced from.
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5.6 Conclusion

The electronic surface states of (111) phosphorus doped diamond after two
separate surface preparation methods were studied via in-situ XPS and UPS. The
hydrogen termination was observed when the samples were cooled down to ambient
temperature in a vacuum. Surface state pinning at 1.8 eV was observed after this surface
preparation method. When the phosphorus-doped diamond sample was cooled to ambient
temperature in a ECR PECVD hydrogen plasma, the surface VBM of 3.4 eV, 4.8 eV or
6.1 eV was measured using the C 1s core level peaks. Using the linear fit method of the
He Ila valence band spectra, the VBM was determined to be approximately 4.8 eV.
These VBM values display n-type characteristics. These two surface preparation methods
may have applications in diamond device design and engineering of the diamond metal

interface.
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6 SUMMARY AND FUTURE WORK

The research presented in this dissertation focused on the nucleation and growth
of cubic boron nitride on boron doped diamond. Freestanding polycrystalline boron-
doped substrates are used to study the surface chemistry during the nucleation and growth
of boron nitride. Results presented in Chapter 3 focus on the role hydrogen plays during
ECR-PECVD deposition of boron nitride. In-situ photoelectron spectroscopy (PES) was
used to characterize the thickness and ratio of sp?/sp® bonding of the deposited boron
nitride films. PES results show that the concentration of hydrogen can control the growth

rate, and the sp?/sp® bonding of the BN film.

Increasing the hydrogen concentration increases the growth rate and decreasing
the hydrogen concentration decreases the growth rate. When hydrogen is the limiting
reactant, c-BN nucleation and growth is more favorable. For example, an excess of

hydrogen is more favorable to the growth of h-BN.

Future studies address questions related to the effects of hydrogen flow further.
Most notably, can limited H> flow be used for the c-BN nucleation, then increase the H;
flow to increase the growth rate to produce thicker c-BN films? Another question that
would be useful for device fabrication processes is: by optimizing the surface chemistry,

favorable for c-BN nucleation and growth, can the substrate temperature be reduced?

The tuning of the hydrogen concentration to control the BN film growth rate was
particularly useful for the fabrication of a diamond PIN neutron detector with a boron
nitride neutron conversion layer [41]. For example, a 0.5-1um thick BN layer was

deposited on a PIN diamond structure which provided a sufficiently large neutron
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conversion volume. The sp?/sp® ratio was less important for the neutron conversion layer.
Consequently, a thick BN layer was grown by increasing the hydrogen flow to 20 sccm.
This level of excess hydrogen produced a majority h-BN in the film and a high growth
rate of ~4 nm/min. Conversely the results presented in Chapter 4 explore using the
limited hydrogen flow, in an attempt to obtain an ideal c-BN/diamond interface. The
limited hydrogen reaction growth rate (~0.03 nm/min) was used to measure the valence

band offset (VBO) of the c-BN/boron-doped diamond interface.

Free standing single crystal 5° offcut (100) boron-doped diamond substrates were
used to measure the VBO of the c-BN/boron-doped diamond interface. The VBO was
determined to be -0.3 £ 0.24 eV for a 1.1 nm thick c-BN epitaxial layer on the (100)
boron-doped diamond surface. This agrees with theoretical calculations for the (100) c-
BN/diamond junction with C—N bonding at the interface. The results presented in this
dissertation are compared with previous experimental reports of c-BN/diamond VBO
measurements [49]. A consistency between both experimental results and theory is
discussed. The conclusions and new hypothesis made are that the interface orientation is

more influential to the VBO than the doping of the diamond substrate.

Future research on the valence band offset of the c-BN/diamond heterojunction
should focus on the various surface orientations of doped diamond. To form a robust and
thorough investigation of band alignment of the c-BN/diamond the following single
crystal substrates should be used to deposit c-BN: (111) boron-doped diamond, (111)
nitrogen-doped diamond, and (111) phosphorus-doped diamond epitaxial layer (since

freestanding phosphorus-doped diamond is not yet available). Additionally, (100)
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nitrogen-doped diamond and (100) phosphorus-doped diamond, as well as repeating the

(100) boron-doped diamond results presented in this dissertation.

For greater confidence in the c-BN/diamond band alignment measurement,
multiple nearly identical diamond substrates and c-BN films should be carefully studied
to form a statistical basis of the error of the VBO. This will also give insight into possible
variations on the surface preparation of the diamond, and the variations in the growth of
c-BN. The results should establish if the doping or crystal face has a larger effect on the

VBO.

It should be noted that unintentional incorporation of silicon during the deposition
of BN may cause disorder in the film and prevent the formation of c-BN at the interface.
Reducing the amount of silicon in the growth chamber may improve future deposition
efforts. The main concern is the quartz microwave window near the ECR plasma zone. A
material that is inert to fluorine etching, like c-BN, would be an ideal coating on the

quartz window.

To fully realize c-BN as an ultra-wide bandgap semiconductor the c-BN/metal
interface energy alignment will be key. Characterization of the c-BN/metal Schottky
barrier of various metals would ideally be performed using an integrated vacuum transfer
line like the one employed in this dissertation. Currently, diamond Schottky diodes can
be used as an alpha particle detector. Also as mentioned previously, boron nitride acted as
a neutron to alpha particle converter for a diamond NIP neutron detector. Consider
instead, a boron-doped diamond substrate with a thick heteroepitaxial layer of c-BN (> 1

pm), and a Schottky metal contact on top. This structure would combine the neutron to
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alpha conversion layer with the active detector region. Creating a Schottky barrier at the
c-BN/metal interface will create a built-in electric field, like what is observed in

diamond, which would allow for lower operating voltages.

The current neutron detector structure (BN/metal/NIP diamond/metal), [41]
requires the alpha particles generated in the BN layer to cross the metal and n-type
diamond layer before the energy of the alpha is collected in the intrinsic diamond layer.
By converting the neutron to an alpha particle and collecting the energy from the alpha
particle in the same material more alpha particles would be detected due to the geometry
of the detector. Also, the thicker layer of BN will increase the number of neutrons
converted to alphas. These two features will increase the efficiency of the c-BN Schottky

diode neutron detector relative to the current neutron detector structure.

The surface preparation processes for phosphorus-doped diamond were studied
using in-situ photoelectron spectroscopy. An epitaxial (111) phosphorus-doped diamond
sample were heated to 750°C in vacuum and exposed to an ECR-PECVD hydrogen
plasma process for 10 minutes. The sample was then cooled to ambient temperature
either in a vacuum, or in the hydrogen plasma. After the sample was cooled in the
vacuum a single C 1s core level peak at 285.7 eV is observed. The diamond VBM was
measured to be 1.8 eV below the fermi level when cooled in the vacuum. This is thought
to be due to surface state pinning the Fermi level. Conversely, after the sample was
cooled in the plasma, the C 1s core level split into three distinct peaks, separated by
~1.3eV. Consequently, three distinct VBM’s of 3.4 eV, 4.8 eV, and 6.1 eV are deduced

based on the separation of the core level and the VBM being a constant. The diamond
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VBM was measured to be 4.8 eV below the Fermi level using UPS. This was a surprising
result and is not fully understood at this time. One possible explanation for the multiple C
1s peaks could be a non-uniform surface termination. The downward band bending for
the VBM at 6.1 eV could be due to Fermi level pinning to the normally unoccupied

surface states.

Future studies on the surface preparation process of phosphorus doped diamond
would be greatly enhanced by the employment of a Monochromatic UV source, and
Angle resolved UPS of the suspected surface states. The R3000 hemispherical analyzer is
capable of mapping the energy dispersion of the surface states. The calibration and
optimized operation of the angle resolved mode of the analyzer, along with the rotation of
the sample to vary the probe depth may provide conclusive evidence for the analysis of
the surface states of the diamond and cubic boron nitride surfaces. In-situ photoemission
is extremely important to preserve the as-prepared surfaces of interest and has been
absolutely critical in the characterization of boron nitride and semiconducting diamond

interfaces and surface states.
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