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ABSTRACT i

Abstract

Heteroepitaxial growth of diamond on a Si substrate is an important technology for
synthesizing large-area and low-cost diamond films for both next-generation power devices
and high-sensitivity sensor devices. However, Si substrates show a large lattice mismatch
and surface energy difference from those of diamond films. Therefore, it is difficult to
induce direct epitaxial nucleation of diamond on Si. Cubic silicon carbide (3C-SiC) is
a candidate material to form an intermediate layer between Si and diamond for diamond
heteroepitaxy, because the 3C-SiC film can be grown on the Si substrate and the lattice
constant and surface energy of SiC are close to those of diamond. This study describes
the heteroepitaxial growth of diamond on both Si (001) and (111) substrates via a 3C-SiC
intermediate layer. The performance of the heteroepitaxially grown diamond film and the
applicability of this process to both power and sensor devices are investigated. Epitaxial
diamond nucleation was conducted on 3C-SiC (001)/Si (001) substrates using the original
antenna-edge type microwave-plasma chemical vapor deposition (CVD) technique. It was
observed that in situ bias current monitoring during diamond nucleation of bias-enhanced
nucleation (BEN) is effective in controlling epitaxial nucleation. Using this technique,
a tilt spread of 0.52° with a perfectly coalesced diamond (001) film could be obtained.
To the best of our knowledge, this is the highest value for a diamond (001) film grown
on a 3C-SiC substrate. Moreover, epitaxial diamond (111) grains were developed on
the 3C-SiC/Si (111) substrate by utilizing the same nucleation technique. The synthesis
of (111) highly oriented diamond thin films was confirmed for the first time. It was
observed that this nucleation technology can become a popular method to produce epitaxial
diamond nuclei, irrespective of the crystal face and the underlying material. The power and
sensor devices were demonstrated by using heteroepitaxial diamond (001) and (111) films,
respectively. Schottky barrier diodes (SBDs) were fabricated on heteroepitaxial diamond
(001) films. The specific on-resistance of 0.2 Qcm? and a high rectification of 108 (=5V)



were obtained, which are comparable to those of the SBDs on homoepitaxial diamond
films. It is necessary to further improve the heteroepitaxial growth and device technology
in order to suppress the leakage current. Sensor devices using nitrogen-vacancy (NV)
centers in diamond were formed in the heteroepitaxial diamond (111) films. The NV
centers in heteroepitaxial diamond can be preferentially aligned to one atomic direction
and an improvement in sensitivity was confirmed. This development of the heteroepitaxial
diamond films is expected to be useful for fabricating large-area and low-cost power and

sensor device platforms.
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Chapter 1

Introduction

1.1 Research background

1.1.1 Diamond power devices

To realize sustainable development, power devices with low loss and high breakdown
voltage are required. Si devices have already reached their theoretical limit; thus, it
is necessary to replace them with new materials to dramatically improve the device
characteristics. Wide-band-gap semiconductors, such as silicon carbide (SiC), gallium
nitride (GaN), and diamond, have a higher breakdown electric field than that of Si;
thus, it is possible to improve the electric characteristics of power devices using such
semiconductors. Table [I.1] shows the electric properties of diamond and other power-
device materials. Compared with other semiconductor materials, diamond has superior
electric characteristics, such as high carrier mobility and high breakdown electric field
(10 MV/cm). The Baliga’s figure of merit (BFOM) of diamond that indicates the resistive
loss of power devices is much higher than that of Si, SiC, and GaN, which proves that
the diamond is useful for low-loss power devices. The diamond power devices have been
demonstrated as Schottky barrier diodes (SBDs) [} 2], junction field-effect transistors
(FETs) [3], and metal-oxide-semiconductor FETs (MOSFETS) [4] so far.

In this study, the SBD is described. A high current density of order kA/mm2 [5] and a
high breakdown electric field at 7.7 MV/cm [6] have been reported. In addition to low-loss
devices, the cooling systems can be simplified or eliminated because of the high thermal

conductivity of diamond of 20 W/cm - K, resulting in the downsizing of the system.



Table 1.1: Properties of semiconductor materials

Material Si  4H-SiC GaN Diamond
Bandgap [eV] 1.1 326  3.39 5.47
Electron 1400 1000 900 2200
Mobility [cm?/Vs]
Hall 600 115 150 1600
Breakdown electric field [MV/cm] | 0.3 2.5 33 10
Thermal conductivity [W/cmK] 1.5 4.9 2.0 20
Relative permittivity 11.9 9.7 9.0 55
BFOM 1 700 1000 22000

(a) (b)
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Figure 1.1: (a) Structure of NV center in diamond and (b) energy levels of NV center.

1.1.2 NV center in diamond for sensor devices

Diamond has many point-defect color centers, such as germanium-vacancy [7], tin-
vacancy [8]], silicon-vacancy (SiV) [9, 10], and nitrogen-vacancy (NV) [11}/12] centers.
These color centers are expected to be useful for biology, quantum information processing,
electric [13} [14], thermometry [15H17], and as magnetic sensors [12, [18] because they
have high photo-stability and optical intensity. In particular, the negatively charged NV
centers are extremely useful in the nuclear magnetic resonance [19]], magnetic field, and
electric field [13] measurements because the NV center has a spin-triplet state, which
can be controlled at room temperature, as shown in Fig. [LIl The spin states of the NV
center can be read out by optically detected magnetic resonance (ODMR) because the

ground state is controlled by microwave and mg = +1 are the dark states. The ground-state
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Hamiltonian equation is described by

H = %{(Dgs +£:)S2 — £x(S7 = 53) + £y(SxSy + SySo)} + %S ‘B (1.1)
where D, (2.87 GHz) is the zero-field splitting parameter, & is the energy of interaction
between external electric field (E) and strain (o), B is the magnetic field, dg is the NV
electric dipole moment, g(2.00) is the electron g-factor, and b is the Bohr magneton. Thus,
the ODMR spectrum reflects the electric field, strain, and magnetic field of the region
around NV centers. For these reasons, the NV centers in diamond are a promising prospect
for highly sensitive thermometry, electrometry, and magnetometry. Nano-scale diamond
particles are expected for thermometry in living cells, because they have a high sensitivity
of 3.5 mK [20] with a very small crystalline size, and diamond consists of only carbon
atoms, which indicates the non-toxic material. In addition to magnetometry, it is also
expected for electrometry to measure the electric field in diamond and other semiconductor
materials. The magnetometry using NV centers in diamond are demonstrated as NMR

and MRI. Its sensitivity (n) is scaled with

1
o
CVNT,

where C is the contrast of ODMR, N is the density of the NV centers, and 7> is the

7 (1.2)

coherence time of the electron spin. To obtain a high contrast of ODMR C to improve
the sensitivity, NV centers in diamond should be aligned toward one direction. For the
formation of aligned NV centers, single-crystal diamond (111) substrates are desirable,
instead of diamond (001) substrates because single-crystal diamond (111) substrates enable

us to form perfectly aligned NV centers 21, 22].

1.1.3 Issues in practical use of diamond devices

Conventional diamond devices are formed on single-crystal diamond substrates. How-
ever, the size of diamond substrates is limited to several mm? area due to the synthesizing
process of diamond. The current in diamond power devices is limited to less than several
A [23]] because of the small substrates. Moreover, it is necessary to reduce the fabrication
cost for practical application of diamond devices. The heteroepitaxial growth of diamond
on Si substrates is a promising approach to fabricate large-area and low-cost single-crystal

diamond films. Figure shows the various industries expected to have diamond device
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Figure 1.2: Expected field of application of diamond power devices

applications. A large-area heteroepitaxial diamond is a promising approach for increasing
the current.

From the view point of sensor devices, the heteroepitaxial growth of diamond films
on Si substrates is an alternative approach for fabricating a large-area quantum sensing
platform [[11]]. It can sense the wide fields, such as those in magnetocardiography and
magnetoencephalography. Figure[L.3]shows the expected field of application of heteroepi-
taxial diamond films as sensor devices. Heteroepitaxial diamond films can be expected
for macro-scale sensing with size as small as few centimeters. In addition to size and cost,
heteroepitaxial diamond films on Si substrates is expected to enable on-chip integration
with well-established Si COMS technologies. Another advantage of heteroepitaxial thin
films is the fabrication of photonic structures, as demonstrated for NV [24]] and SiV [25]]
centers.

In this study, we focus on the heteroepitaxial growth of diamond on Si substrates for power

and sensor devices. The heteroepitaxial growth of diamond has been demonstrated by
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various substrates and/or buffer layers so far. We consider that the heteroepitaxial growth
on 3C-SiC/Si substrates is candidate material for diamond heteroepitaxy from view point

of its cost and scalability.

1.2 Single-crystal diamond substrates and homoepitaxial

growth of diamond

1.2.1 High-pressure high-temperature method

A conventional method of synthesizing single-crystal diamond substrates is the use
high-pressure high-temperature (HPHT) method. A phase diagram of carbon is shown
in Fig. [L4l In this figure, carbon atoms are directly transformed into diamond under a
high-pressure and high-temperature environment. The formation energy of graphite is
2.9 kJ/mol, which is smaller than that of diamond. However, a large energy barrier exists
between diamond and graphite. Therefore, diamond does not transform into graphite
at room temperature. Although at high temperatures, above around 1000 °C, diamond

transforms into graphite.

1.2.2 Chemical vapor deposition

Homoepitaxial growth of diamond is achieved by chemical vapor deposition (CVD).
Typically, hydrogen and hydrocarbons (e.g., CH,) are used for growth gases. Hydrocarbon
gas is used for providing carbon, which is the precursor of diamond growth, and hydrogen
is used as a carrier gas. Diamond growth by CVD is performed with a low methane
concentration of 0.025 % [27, 28]], because the decomposed hydrogen plays an important
role in diamond growth by CVD. For diamond growth, the CVD condition is typically
performed at a high pressure of several dozen [kPa], low methane concentration of ap-
proximately 10 % in hydrogen gas, and a high temperature of approximately 1200 °C. The
introduction of hydrogen into growth gas is important for diamond growth because not
only diamond but also graphite is synthesized without hydrogen CVD. The decomposed
hydrogen (i.e., atomic hydrogen) selectively etch the graphite during CVD growth [29].
Thus, it is possible to synthesize only diamond.

There are three major growth modes in crystal growth, and methane concentration,
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Figure 1.4: Phase and transition diagram of carbon [26].

growth temperature, and off angle determine these growth modes and growth rate. To
obtain a high-quality diamond film, it is desirable to grow the Frank van der Merve (FM)
mode. The combination of very low methane concentration (0.05 %) and substrate with
misorientation-angle enhance the FM growth mode [27], which is called the step-flow
growth. This is because the atoms are introduced at step-edges formed by the misorienta-
tion angle. For diamond (001) and (111) substrates, the misorientation angle towards the
<110> and [112] direction is useful for the step-flow growth, respectively. This is because
the dangling bonds of these directions face the growth direction. Using these techniques,
high-quality diamond films can grow on HPHT single-crystal diamond substrates. How-
ever, the size of diamond films are limited by the HPHT substrates size of several mm?.

To solve this problem, two methods have been reported. First, several clone films, grown
on the same HPHT substrate by CVD, are merged with each other by the CVD growth [30]
(Fig. [1.3(a)). Thus, the surface of the clones is coalesced and this technique is called
"Mozaic wafer". This technique produces a wafer of size 20 X 40 mm? as compared

to the typical HPHT substrate size of several mm?

. However, the merged interface of
"Mozaic wafer" is defective and consists of screw dislocations and stacking faults. The

other method is called the three-dimensional enlarging process of crystal size [31]. In



(a) (b)
Homoepitaxial growth
of diamond on HPHT

substrate

Thick diamond layers are
HPHT diamond substrate

’ grown on the HPHT substrate

Cut the grown diamond

HPHT diamond substrate layer and allow regrowth

Diamond films are grown

Cloned diamond films are on the side of the substrate

grown at the same time Y

1l

and merged on the top surface

Figure 1.5: Schematic illustration of the procedure of large-area substrates synthesis from

HPHT substrates by (a) clones and (b) three-dimensional enlarging process.

this method, the area of the diamond is increased by epitaxially growing the diamond
substrate side after growing a thick diamond (Fig. [[L3(b)s). This method takes a long time

to complete because of the very slow growth rate of diamond (150 um/h).



1.3 Diamond heteroepitaxy on close lattice constant ma-

terials

The ideal substrates for heteroepitaxy are small lattice mismatch and close surface energy
with diamond. For this reason, diamond heteroepitaxy has been performed on cubic boron

nitride (c-BN), Ni (Fig. [L.6), and etc. In this section, we describe their characteristics.

1.3.1 Diamond on ¢c-BN

A c-BN is an ideal substrate for diamond heteroepitaxy because it has the same crystal
structure, very close lattice constant of 3.6 A with diamond (the difference is only 1.3
%), and close surface free energy with diamond. It is the only substrate that can grow
heteroepitaxial diamond films without any pre-treatment (i.e., the synthesis process for
heteroepitaxial diamond films on c-BN substrates is almost the same as that used for
growing single crystal diamond by CVD). To obtain thin heteroepitaxial diamond films,

the nucleation density of at least 10% cm™

is required. For diamond heteroepitaxy on
c-BN substrates, the nucleation density of diamond reaches 10'° cm=2 using a boron-
terminated surface. Thus, continuous diamond films can be obtained after several minutes
of growth. Another advantage of diamond heteroepitaxy on c-BN is that it is easy to
fabricate the pn-structure because the n-type c-BN is obtained by Si impurities and the
p-type diamond is obtained by boron impurities. This is expected for pn-junction devices,
such as light-emitting diodes. However, the size of c-BN is limited, as in the case of

diamond.

1.3.2 Diamond on Ni

Heteroepitaxial growth of diamond on metal substrates or intermediate layers are
demonstrated by using Ni, Pt, and efc. Ni also has a small lattice mismatch of 1.2 %
with diamond. Hence, the Ni substrate can be used as a substrate material for diamond
heteroepitaxy. The heteroepitaxial growth of diamond on Ni substrates has been demon-
strated by MPCVD. Although the epitaxial diamond nanoparticles appeared after CVD
process, the sp? component such as graphite is also synthesized on Ni substrates because of
the catalytic effect of Ni, which has a high carbon solubility. To inhibit the sp> component

on the Ni substrates, the three-step growth process has been performed as follows [34]].



(@) .

Figure 1.6: SEM images of heteroepitaxial diamond on (a, b) c-BN [32] and (c, d) Ni [33]].
(a,c) and (b, d) are the (001) and (111) substrates, respectively.
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Figure 1.7: Schematic illustrations of (a) seeding, (b) annealing, and (c) growth process

of diamond on Ni substrates.

(i) Diamond nanoparticles were scratched on Ni substrates (Fig. [L.7(a)); (ii) the scratched
diamond nanoparticles on Ni substrates are annealed at a high temperature of above 1000
°C without methane gas. In this process, the seeded diamond nanoparticles dissolve
into the Ni surface, and form the Ni-C-H molten states (Fig. [[.7Z(b)); and (iii) the CVD
condition is set to diamond growth (i.e., introduce the methane and lower temperature of
around 900 °C). After this step, the carbon atoms in the Ni-C-H molten forms the epitaxial
diamond nuclei and it grows, resulting in the synthesis of epitaxial diamond films (Fig.
[.7Z(c)). Using this technique, the heteroepitaxial diamond with both (001) and (111) on

Ni substrates has been reported.

1.4 Si substrates based diamond heteroepitaxy

Si substrates are promising materials for the heteroepitaxial growth of diamond owing to
their scalability, low coeflicient of thermal expansion (CTE), and low cost. However, the
diamond nanoparticles on Si substrates are not epitaxially nucleated because of the large
lattice mismatch of 32 % and large surface energy differences (1.51 and 5.60 J/m? for Si
and diamond [33]], respectively). Therefore, synthesized diamond on Si has large angular
spread films. To improve the quality of heteroepitaxial diamond films, the heteroepitaxial
growth of diamond on Si substrates is often used as the intermediate layer. Figure[I.8|shows
the scanning electron microscopy (SEM) images of heteroepitaxial diamond films on Si
substrates and different intermediate layers. In this section, we describe heteroepitaxy on

Si substrates for high-quality diamond films.

11



10 um 3 um

Figure 1.8: SEM images of heteroepitaxial diamond on (a, b) Si [36], (¢) Pt [37], (d,
e) Ir [38], 39], and (f) 3C-SiC [40]. (a, b) and (d, e) are (001) and (111) substrates,

respectively.
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1.4.1 Bias enhanced nucleation

As mentioned above, epitaxial diamond nuclei are rarely synthesized on non-diamond
substrates except for c-BN and high carbon solubility metals with a small lattice mismatch
with diamond. To synthesize a continuous diamond film on other substrates with short time
(several hours), epitaxial diamond particles with nucleation density of above 108 cm™2 is
required. To obtain high nucleation density diamond on non-diamond substrates, two
methods are used. First, the diamond nanoparticles are put on the substrates by polishing
the substrates or sonication in alcohol containing diamond nanoparticles. This method
helps increase the nucleation density to above 10% cm~2. However, the scratched diamond
nanoparticles are randomly oriented, leading to polycrystalline diamond films after the
growth process. The other method is called bias enhanced nucleation (BEN), reported
by Yugo et al. [41]. The schematic illustration of the BEN procedure is shown in Fig.
[[.9a. The negative bias voltage is applied to substrates during the diamond growth
condition required for the CVD procedure. After this process, diamond nanoparticles are
epitaxially nucleated on non-diamond substrates with a high density of 10'? to 10'? cm™2.
Lifshitz et al. suggested the mechanisms of the BEN process as follows [42, 43]: (i) The
accelerated ion species (typically several hundred e€V) in a plasma sheath is implanted
on the substrate surface (1-2 nm), through a process called sub-implantation (Fig. [1.9b);
(ii) the energetic species in the sub-surface are stopped by atomic displacement, phonon
excitations, and electron excitations (i.e., thermal spikes); (iii) high-density amorphous
hydrogenated carbon (a-C:H) is generated at the surface (Fig. [[.9k). The Si shallow
surface is formed at the carbon-saturated layer and hydrogen atoms etch the graphitic
species present on the Si surface; (iv) thermal spikes toward a-C:H leads to the formation
of pure sp® clusters in the a-C:H phase (Fig. [[L9d). The formation probability depends
on favorable boundary conditions. Amorphous carbon (a-C) transforms to diamond
by preferential displacement mechanisms. Thus, diamond nanoparticles are epitaxially
nucleated on non-diamond substrates. After developing this technique, the heteroepitaxial

growth of diamond on the Si substrates rapidly advances.

1.4.2 Heteroepitaxial diamond film on Si substrates

Direct heteroepitaxial growth of diamond on Si substrates has been reported by some

researchers. Jiang et al. synthesized a heteroepitaxial diamond film on Si substrates using

13



(b)

Carbon ions
]

GND
ajelisqng

() (d)

hyperthermal ions

a-C:H phase l l
L a OvO

e

Figure 1.9: Schematic illustrates of (a) BEN method, (b)sub-implantation, (c)formation

of a-C:H phase, and (d)formation of sp? cluster by hyperthermal ion.

ajensqns
ajensqns

14



the BEN method [44]. The use of the BEN procedure led to the synthesis of diamond
nanoparticles on Si substrates with a nucleation density of an order of 10'® cm=2, and 50
% of diamond nanoparticles are epitaxially nucleated on Si substrates. Although the Si
substrates are covered with (001) diamond facets, a large tilt spread of approximately 2°
is observed, instead of 7 arcseconds for single crystal diamond substrates [45]. The tilt
spread of diamond films grown directly on Si substrates does not decrease on increasing
the film thickness. The crystalline orientation usually improved with increasing thickness,
according to van der drift’s theory [46]. However, the clear grain boundaries that occur at
the film surface inhibit the diamond grains from merging into each other (Fig. [L.8h, b);
thus, the tilt spread of diamond films grown directly on Si substrates remains limited at

around 2°.

1.4.3 Heteroepitaxial diamond film on Pt intermediate layer

Heteroepitaxial diamond films on the Si substrate has a large tilt spread because of the
large lattice mismatch with diamond. Therefore, heteroepitaxial growth of diamond on Si
substrates is often used for obtaining intermediate layers. Pt (111) intermediate layer is
an attractive material for diamond heteropitaxy. The heteroepitaxial diamond on Pt (111)
has been reported by using Si (001) and sapphire (0001) substrates. The tilt spread of
1.1° of heteroepitaxial diamond (111) on Pt/sapphire (0001) substrates [47] (Fig. [L.8k) is
much smaller than that of diamond on Si (111) substrates (7°). The heteroepitaxial growth
of diamond on Si (001) can be used to obtain a multi-layer of Pt(111)/SiOx. The grown
diamond films on Pt(111)/SiOx/Si(001) [48]] have a tilt spread of 3-5°, which is smaller
than that diamond films grown directly on Si(111). However, the diamond films on Pt

show stacking faults.

1.4.4 Heteroepitaxial diamond film on Ir intermediate layer

Heteroepitaxial growth of diamond films on Ir has been reported by Sawabe et al. [49].
Single-crystal Ir is deposited on magnesium oxide substrates; grain boundaries were
not observed in the SEM image of heteroepitaxial diamond films with a thickness of
around 2 um. In the case of Ir, the diamond particles after the BEN procedure are
almost perfectly epitaxially nucleated on the Ir surface (i.e., the epitaxial relationship

between diamond and Ir reach to 100 %). However, Ir is not deposited directly on Si
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substrates. More recently, Schreck et al. demonstrated heteroepitaxial diamond films
on Ir grown on Si substrates via yttria-stabilized zirconia (YSZ) intermediate layers (Fig.
[L.8d, e)[38]]. The YSZ films were deposited by pulsed laser deposition on Si substrates
and then Ir buffer layers were grown by e-beam evaporation with a tilt spread of 0.2°. A
tilt spread of 0.02° has been reported in diamond (001) films on Ir intermediate layers.
This value is much smaller than that of diamond films grown directly on Si substrates.
Moreover, the diamond (111) heteroepitaxial films has also been accomplished using Ir
(111) intermediate layers on YSZ/Si (111) substrates. Although the tilt spread of 0.3° is
larger than that of heteroepitaxial diamond (001) films on Ir [50], the diamond surface is

perfectly coalesced without twins.

1.4.5 Heteroepitaxial diamond film on 3C-SiC intermediate layer

Lee et al. has revealed that diamond can be nucleated on Si substrates through an epitaxial
process via a 3C-SiC intermediate layer [S1]], synthesized during the BEN process, and
compared with Si, 3C-SiC is more difficult to etch by ion bombardment during the BEN
procedure. Therefore, the BEN procedure on Si substrates is firstly synthesized with a
3C-SiC intermediate layer before diamond nucleation. However, the CVD condition is not
sufficient to grow single-crystal 3C-SiC layers; thus, the 3C-SiC layer is grown with not
only a single crystal but also a polycrystalline and/or amorphous structure. This suggests
that the heteroepitaxial diamond films improve if we use single-crystal 3C-SiC layers.
Therefore, 3C-SiC intermediate layers on Si substrates are also powerful intermediate
layers for diamond heteroepitaxy because 3C-SiC is directly grown on Si substrates, and
lattice mismatch with diamond is smaller (18 %) than that of Si (32 %). In fact, the epitaxial
nucleation of diamond on 3C-SiC has been reported in some literature [52-54]]. Kawarada
et al. has reported perfectly coalesced, smooth, and continuous diamond films [40, 53]
with a tilt spread of 0.62° on Si substrates via 3C-SiC (001) buffer layers (Fig. [L.8I), which
is much smaller than that of diamond films grown directly on Si substrates. Moreover, the
diamond films on 3C-SiC can also be used as metal semiconductor FET using a hydrogen-
terminated diamond surface showing p-type conductivity [56,157]. However, it has been
two decades since the epitaxial nucleation of diamond on 3C-SiC was first reported, and

still, that result has not yet been exceeded.
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1.5 Objective of this research and structure of the study

For practical applications of diamond power and sensor devices, high-quality, high-
productivity, and large-sized single-crystal diamond films are required. It is difficult
to increase (more than 1" in diameter) the size of homoepitaxially grown substrates.
Heteroepitaxial growth of diamond is a promising technology to realize high productivity
and large-sized diamond films. A 3C-SiC/Si system is a popular material for diamond
heteroepitaxy because 3C-SiC can grow on Si and has a close lattice constant than that of

Si. Moreover, the 3C-SiC intermediate layer has various advantages, listed as follows:
1. Itis an abundant resource because 3C-SiC comprises only Si and carbon atoms.

2. It can be used with the existing semiconductor process because both Si and SiC are

semiconductors.
3. Integrated devices with Si and/or SiC can be prepared.

4. Thermal stress caused by the difference in CTE between diamond and Si can be

reduced by using the 3C-SiC nanocomposite interlayer.

The quality of heteroepitaxial diamond films grown on 3C-SiC/Si substrates has been
improved using various methods such as by increasing the nucleation density and by biaxial
stress relaxation using a nanocomposite interlayer. However, the process of heteroepitaxial
growth of diamond films on 3C-SiC/Si has not yet been clarified. It is also difficult to
obtain epitaxial nanocrystals in a reproducible manner. Moreover, the heteroepitaxial
diamond (111) on 3C-SiC/Si substrates has not yet been reported.

In this study, we aimed to develop a nucleation technology to fabricate epitaxial diamond
films on both 3C-SiC/Si (001) and (111) substrates and to evaluate their potential as power
and sensor devices.

This study has been structured as follows:

In Chapter 1, the background and objectives of this study are described.

In Chapter 2, we describe the improvement and optimization of diamond nucleation on Si
substrates via both 3C-SiC (001) and (111) intermediate layers using high-plasma density
and by in situ monitoring the bias current. We report that the plasma density during the
BEN process improve the epitaxial nucleation of diamond on 3C-SiC. We also clarify that

the bias current during the BEN process well reflects the diamond nucleation process.
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Thus, the optimum condition for diamond nucleation can be determined from the bias
current.

In Chapter 3, we discuss the heteroepitaxial growth of diamond. The diamond (001) is
nucleated on 3C-SiC by using a combination of high-plasma density and in situ monitoring
of the bias current, and the best quality films were obtained. In addition, we propose the
epitaxial growth method of diamond (111) on 3C-SiC by using oxygen as a growth gas.
Using this technique, we obtained highly oriented diamond (111) films on 3C-SiC for the
first time.

In Chapter 4, we evaluate their potential as power and sensor devices. The heteroepitaxial
diamond (001) films were demonstrated as SBDs. The high rectification of 108 (+5 V) and
specific on-resistance of 0.2 Qcm?, which are comparable to those of the homoepitaxial
film, were obtained. The heteroepitaxial diamond (111) films were demonstrated as
sensor devices using the NV centers. The NV centers in heteroepitaxial diamond films
were preferentially aligned toward one atomic direction, indicating that the heteroepitaxial
diamond films are promising for sensor-device platforms.

Chapter 5 summarizes this study.
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Chapter 2

EPITAXTIAL NUCLEATION

2.1 Background of epitaxial nucleation of diamond on
3C-SiC

Heteroepitaxial nucleation of diamond on 3C-SiC has been reported by Stoner et al.
for the first time. They revealed that diamond could be nucleated on Si substrates using a
3C-SiC intermediate layer, which was synthesized during the diamond nucleation process
in a mixture of hydrogen and methane gases. However, diamond was also nucleated on
the Si surface directly along with an amorphous silicon carbide layer, leading to a large
angular spread of > 2° for diamond on Si substrates. Heteroepitaxial 3C-SiC buffer layers
on Si substrates were useful for diamond heteroepitaxy because the lattice mismatch with
diamond is smaller than with that of Si, and it can be grown on Si directly. In 1995, a
continuous diamond film, which was perfectly coalesced without any observable grain
boundary, was reported by Kawarada et al. on 3C-SiC(001)/Si. A mosaic spread of 0.62°
with a diamond film thickness of 300 um was recorded by the X-ray diffraction (XRD)
measurement, which is much smaller than that of the diamond film grown directly on Si.
However, single crystal diamond synthesized under high pressure and high temperature
possesses an angular spread of 7 arcseconds, corresponding to 0.002°. Thus, improving
the crystal quality of the heteroepitaxial diamond on 3C-SiC is essential.

The difference in the mosaic spread of the diamond grown directly on Si substrate and
the SiC buffer layer is due to the difference in the crystal orientation of the diamond

nanoparticles obtained by the BEN process. To improve the quality of heteroepitaxial
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diamond film grown on 3C-SiC, increase in the epitaxial diamond nucleation density
and decrease in the mosaic spread of the diamond nuclei after the BEN process must
be achieved. Arnault et al. reported the dependence of the surface state on diamond
nucleation on both carbon-rich and Si-rich surfaces. The C 1s core X-ray photoelectron
spectroscopy (XPS) intensity from the diamond grown on a C-terminated 3C-SiC surface
was much higher than that from diamond grown on the Si-terminated surface. This implies
that the carbon surface was beneficial for diamond nucleation. This is a possible method
for increasing the diamond nucleation density to improve the quality of heteroepitaxial
diamond film. The bias voltage during the BEN process is an important parameter for
the heteroepitaxial nucleation on 3C-SiC. For example, on Ir buffer layers, a high bias
voltage leads to the formation of laterally extending single crystal diamonds. However, for
3C-SiC, a high voltage led to the nucleation of non-epitaxial diamonds. Thus, optimizing
the BEN condition is required.

Although the continuous diamond film have been reported on 3C-SiC/Si(001) substrates, it
is required to improve the film quality for realizing diamond devices. Moreover, improving
the heteroepitaxial diamond(001) enable to synthesizing heteroepitaxial diamond(111).
Generally, heteroepitaxial growth of diamond(111) is more difficult than that of (001)
because the (001) crystal face is more stable and defects are easy to form on the (111)
face due to the dislocation propagation of the <111> direction and 110 slip plane system.
In fact, the tilt spread of heteroepitaxial diamond(111) on Si and Ir were wider than that
of (001). The diamond nucleation process determines the diamond film quality as the tilt
and azimuthal spreads of diamond film strongly depend on those of nucleated diamond
particles. The epitaxial nucleation of diamond nanoparticles on 3C-SiC (and also Si) by

the BEN method is difficult due to the following reasons:

1. The BEN process enables to synthesize diamond nanoparticles on non-diamond
substrates. However, a-C layers also form during this process. If the non-crystalline
layers are synthesized on single-crystal substrates, the diamond nanoparticles are
nucleated though the non-crystalline region, resulting in the formation of non-

epitaxial diamond.

2. The diamond nucleation is performed by hyperthermal ion species which are pro-
moted by the bias voltage as mentioned in chapter 1. However, the bias voltage has a
negative effect for diamond growth. Supply of excess carbon and hyperthermal ion

collide formed diamond. As a result, too long BEN process leads to the formation
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of twins and nucleation of non-epitaxial diamond as well as the formation of a-C

on nucleated diamond nanoparticles.

To solve the first problem, diamond nucleation was performed by using high-density
plasma. As mentioned in chapter 1, the atomic-hydrogen has an effect to selectively
etch the non-diamond species. In the CVD process, a high microwave power density
promotes decomposition of molculer hydrogen rather than methane. To further improve
the epitaxial nucleation on 3C-SiC at the initial step of the BEN process by suppressing
formation of non-crystalline carbon, we performed the BEN process with high-density
plasma which is obtained by the antenna-edge type microwave plasma (AE-MP)CVD
reactor. To solve the second problem, in-situ monitoring of the diamond nucleation was
performed by measuring the bias current during the BEN process. The bias current is
easy to be measured and it well reflects the diamond nucleation process. So far, an
optimal process window of the diamond nucleation directly on Si substrates has been
reported. They determined the optimal window based on the azimuthal orientation of
grown diamond films. However, the quality of the diamond nanoparticles themselves
has not been correlated with the bias current. In this study, the relationship between the
density and tilt spread of diamond nanoparticles and the bias current was investigated, and
also the optimal process window of the diamond nucleation process was determined by

in-situ monitoring the bias current.
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2.2 Influence of high microwave plasma density

2.2.1 Antenna-edge type microwave plasma CVD

In this thesis, the diamond nucleation and growth are performed by MPCVD. A typical
MPCVD system is shown in Fig. [2.Ih, which is called ASTEX type reactor. The
microwave is guided into the CVD reactor by an antenna located outside of the CVD
reactor. Thus, the plasma is formed on the substrate holder at the bottom of the chamber.
In this research, we used a unique CVD system so-called the AE-MPCVD (Fig. 2.1b)
for the diamond nucleation process. The AE-MPCVD has advantages for the diamond

nucleation as follows:

1. The electric field of the microwave is concentrated at the tip of the antenna, resulting
in dramatic increase in the plasma density compared with the typical microwave

plasma CVD system.

2. The antenna also works as an electrode for the BEN process. Thus, the ionic
species, which are important for the BEN process, are effectively accelerated toward

substrates.

The first one is important for both diamond nucleation and growth because the high
plasma density makes it possible to effectively decompose the CVD gas and thus to
increase diamond nucleation precursors. Additionally, the high plasma density leads to
improve diamond crystal quality and growth rate. The electric fields calculated by finite
element method (FEM) around substrates of both the typical CVD and AE-MPCVD are
shown in Fig. 2.1b,d. The electric field of AE-MPCVD is an order of magnitude higher
than that of the typical CVD system. The second one facilitates the diamond nucleation
on non-diamond substrates. Diamond nuclei are synthesized by the accelerated ions by
DC bias. The antenna electrode in the AE-MPCVD system effectively accelerates ionic
species toward the substrate. Therefore, the diamond nucleation can be performed for a
very short duration owing to the high ion flux. This is important to avoid the undesirable
long-time collision of the thermal ion flux which causes damages and misorientation of

the diamond nuclei.
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Figure 2.2: (a) Theoretical RHEED pattern with an incident beam along the [100] direction.
Rhombuses and circles denote diamond and SiC, respectively. RHEED patters after
nucleation under (b) low and (c) high microwave power densities. SiC and diamond [02]

diffractions are indicated by the dotted lines in (a) and white squares in (b) and (c).

2.2.2 Characterization of the plasma conditions

Since AE-MPCVD can concentrate the electric field of the microwave at the tip of
the antenna, the plasma density can be dramatically increased. To observe the effect of
plasma power density on the diamond nucleation, the BEN procedure was performed
under microwave power densities of 250 W/cm? at 200 W and 1100 W/cm? at 600 W
.The power densities were estimated from the plasma volume and input microwave power.
The 3C-SiC on Si(001) on-axis was used as substrates. A bias voltage of -100 V was
applied during the BEN procedure. The other BEN conditions are detailed in Table [A.]l
Figure 2.2] shows the reflection high energy electron diffraction (RHEED) pattern after
the BEN process at each microwave power. An arc-like diamond diffraction pattern was
observed for a low microwave power density of 250 W/cm?, indicating the presence of
polycrystalline diamond. On the other hand, for the high-density microwave power of
1100 W/cm?, the diffraction pattern becomes spotted, indicating that a larger amount
of diamond nuclei are aligned toward the [001] direction. This dramatic change in the
epitaxial relationship was caused by changing the plasma density.

We performed OES measurements to characterize plasma conditions. This method

provides information on the plasma by observing the emission intensity. Figure 2.3shows
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Figure 2.3: OES spectra of films grown with high (upper) and low (bottom) plasma density.

the emission spectra recorded for each microwave power density. The typical atomic
hydrogen peaks of 656 nm (Balmer « : H,) and 486 nm (Balmer 8 : Hg)[38] were
observed. Also, the molecular hydrogen Fulcher a band[59] between 590-640 nm was

observed. The intensity of the OES spectrum is described as
I = nAhy (2.1)

The Hg/H; ratio reflects the population ratio in the plasma since the intensity of the OES
is proportional to the population of its species. Comparing the population ratios obtained
at high (1100 W/cm?) and low microwave power (W/cm?), the ratio of high microwave
power was much higher than that of low microwave power. Silva et al. also showed that
the characteristic hydrogen decomposition from molecular hydrogen was increased with
increasing the process pressure, corresponding to the microwave power density. Moreover,
the intensities from carbon species (CHy and C2), which are considered as precursors of
the diamond nucleation, also increased with increasing the microwave power density.
Thus, the improvement of the crystal spread of diamond and nucleation density was likely

to be caused by the efficient decomposition of hydrogen and the increased concentration
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Figure 2.4: Electron temperature dependence with respect to the input microwave power.

of the methane precursor.

In order to investigate the reason for the improvement of the decomposition of hydrogen,
we investigated the plasma condition in more detail. In our CVD condition, the plasma
is in local thermal equilibrium. Therefore, the number ratio between the exited state and

ground state is described by

no g E;
< =2Lexpl|- (2.2)
no 8o p( kTe)

where E; is energy of exited state, k is Boltzmann constant, 7, is electron temperature, g;
and go are number of degenerate of exited and ground states, respectively. Considering
equation and 2.2 the electron temperature can be calculated by using two emission

intensity. If we use the intensity of H, and Hpg, the electron temperature is described as

E,—E
T,=—2 F

- IoAagaV
IgAggpvp

(2.3)

Figure[2.4]shows the electron temperature with respect to the input microwave power. The
electron temperature decrease with increasing the input microwave power. This indicates
the collision frequency of plasma increases with increasing the input microwave power.
Therefore, the decrease of electron temperature leads to decomposed molecular hydrogen

species, and it can improve epitaxial diamond nucleation on 3C-SiC surface.
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2.2.3 Effect of high plasma condition

For diamond on Si substrates, the deposition of an amorphous layer was observed between
the Si and diamond nuclei[60]. Cross-sectional transmission electron microscope (TEM)
was performed to observe the interface between diamond and SiC, with the incident
beam along the <110> direction. Although two misfit dislocations in the diamond were
observed at the interface for every nine 3C-SiC lattice planes, the epitaxial diamond nuclei
have clear continuous interfaces with 3C-SiC (Fig. 2.5h). Although misfit dislocations
were generated, supercell matching between the nine 3C-SiC lattices (=9x4.36=39.24 A)
and eleven diamond lattices (=11x3.56=39.16 A) (Fig. 2.5k). The supercell structure
relaxes the interface stress [61] and enables the epitaxial nucleation of diamond on 3C-
SiC [62]. On the other hand, non-epitaxial diamond nuclei were also observed, which
nucleated on the single crystal 3C-SiC in a non-crystalline region with a tilt spread of
19° (Fig. 2.3b). In electron energy loss spectroscopy (EELS) measurements, a strong
n* peak arising from sp> bonded carbon atoms such as a-C and/or diamond like carbon
[63] was observed in the non-crystalline region (Fig. 2.5d). Typical Raman spectra of
the diamond grains grown for 1 hour are shown in Fig. 2.6h. Both spectra show peaks
from transverse optical phonons for 3C-SiC at 794 cm~! [64]], diamond at 1332 cm™!, and
a broad band between 1400 to 1700 cm~'. The broad band is thought to be sp? carbon
impurities such as a-C and graphite [65]. There are two differences between the low- and
high-plasma density samples. First, the high-density sample possesses a sharp diamond
line at 1332 cm™!, having a FWHM of approximately 10 cm™! (red line of Fig. 2.6h),
while it becomes wider (20 cm™") for the low-density sample. Second, the Raman band
from the sp? carbon impurities is also smaller for the high-density sample. Figs. 2.6(b,
¢) show mappings of the carbon impurity band (1400 to 1700 cm~') normalized with the
3C-SiC peak (794 cm™!) for the low- and high-plasma density samples. Apparently, the
low-density sample includes a higher amount of impurities within the nucleation layer.
Considering the OES, cross-sectional TEM, EELS, and Raman measurements, the non-
crystalline carbon impurity between the diamond and 3C-SiC layers leads to nonepitaxial
diamond nucleation as same as diamond nucleation on Si substrates directly, resulting in
the deterioration of the subsequently grown diamond films. Atomic hydrogen is known to
etch a-C more strongly than diamond [66]. The high-density plasma generates numerous
atomic hydrogen species and inhibits the formation of a-C impurities. Consequently,

improved epitaxial nucleation was obtained with the high-density plasma process. Thus,
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Figure 2.5: Cross-sectional TEM images of (a) epitaxial and (b) non-epitaxial interface.
(c) A schematic illustrate of epitaxial diamond on 3C-SiC with misfit dislocations. (d)
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Figure 2.6: (a) Typical Raman spectra of diamond grains. Red and blue lines indicate the
diamond grains nucleated by high and low microwave power density, respectively. Raman
mapping of the integrated value of a-C component of (b) low and (c) high microwave
power density normalized 3C-SiC peak. Integrated regions are shown in (a) as yellow
square.
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high microwave plasma density was determined to be a key condition for the formation of

epitaxial diamond on the 3C-SiC substrate.
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2.3 In-situ monitoring of the epitaxial nucleation by the

bias current

In the previous section, the epitaxial diamond nanoparticles were formed using the high
microwave power density which leads to the prevention of the formation of a-C layers at
the interface between 3C-SiC and synthesized diamond. However, in the BEN process
the optimal time for diamond nucleation strongly depends on the CVD system and crystal
orientation, thus making it difficult to obtain epitaxial nanoparticles in a reproducible
way. Therefore, in-situ monitoring of the diamond nucleation processes is necessary for
achieving the reliable epitaxial nucleation.

So far, in-situ monitoring methods for the diamond nucleation have been reported. As
ne method, laser reflection interferometry has been proposed for optimizing and detecting
the diamond nucleation process. This method is able to measure the diamond film
thickness and surface roughness [67, [68]. Another method is to measure the evolution
of the bias current during the BEN process. In fact, the time variation of the bias
current has been experimentally observed in previous studies according to the difference
between the secondary electron emission from the substrate and diamond nanoparticles
(69, [70]. An optimal process window of the diamond nucleation on Si substrates has
been reported, demonstrating that the azimuthal orientation of the diamond films was
deteriorated after dramatic increase in the bias current [71]. However, the relationship
between the bias current variation and the state of diamond nanocrystals (i.e., density
and epitaxial nucleation) has not been reported. In this section, we will describe in-
situ monitoring of the formation of diamond nanocrystals by measuring the bias current
changes during the BEN process, and demonstrate the optimal diamond nucleation time

for obtaining the epitaxial diamond nanoparticles.

2.3.1 The bias current duration during BEN

The bias current during the BEN process reflects the information on the nucleation because

the bias current density in the plasma is described by[70]

Ibias = qnE(p; + e) (2.4)

where ¢ is the elementary charge, n is the number of electron and ion per unit area, E is

electric field at the plasma sheath, y; and p, are the mobilities of ions and electrons in
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Figure 2.7: The bias current as a function of time for diamond growth on 3C-SiC/Si(001).
The black line denotes the experimental results. The red line is the fitting curve using
equation 2.8l

the plasma, respectively. When the diamond is nucleated on 3C-SiC surface, the electron
density and electric field near the diamond become higher than those of 3C-SiC due to
the high secondary electron emission coefficient of diamond. Therefore, the diamond
nucleation causes change in E and n in equation 2.4l Figure 2.7] shows the bias current
variations of the BEN process using the on-axis 3C-SiC/Si(001) substrates. The bias
current is categorized into five regions, as mentioned in Fig. Figure 2.8] shows the
RHEED pattern, SEM, and atomic force microscope (AFM) images in each region.

Before the BEN process, the RHEED pattern of 3C-SiC shows the streak patterns,
indicating very flat surface. At the Region I, the bias current decreased, and the RHEED
pattern of 3C-SiC changed to spots, and no diamond diffraction was observed. The AFM
image exhibited striped features along the <110> direction on the 3C-SiC surface, which
may have been caused by ion bombardment during the nucleation process. The SiC
surface was etched and damaged by C ions, resulting in a decrease in the bias current.
This surface roughening is frequently observed at the initial step of diamond nucleation
on various substrates [[72]].

The current reduction was gradually saturated and reached a minimum (Region II).

Epitaxial diamond diffraction and particles aligned along the SiC striped structure were
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Figure 2.8: (a-f) RHEED patterns of the zero-order Laue zone with the electron beam
incident along [110]. Green and red circles indicate [111] diffractions of SiC and diamond,
respectively. (g-h) AFM and (i-1) SEM images of each region in Fig. 2.7l Bright particles
in SEM images are the diamond nanoparticles.
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observed in the RHEED pattern and SEM image. Thus, diamond nucleation was initiated
in this region. Diamond possesses a high secondary electron emission coefficient, which
compensates the decrease in the bias current due the roughening of the 3C-SiC, thus
saturating the bias current. The diamond nucleation density (o) was estimated to be
approximately 10°cm™2 with an average grain size (tg) of 25 nm. At the Region III,
the bias current increased from by around 10 % (9 to 11 %) from the minimum. Strong
epitaxial diamond spots were observed in the RHEED pattern (Fig. 2.8d). A high diamond
nucleation density of o = 2.5 X 10!° cm™ was obtained with grain sizes of u, = 25 nm
in this region and the coverage of diamond on SiC reached approximately 16 %.

Further increasing the bias current negatively affected the diamond nucleation (Region
IV). The RHEED pattern exhibited ring-like diffraction, indicating the deterioration of
diamond tilt spread. Here, not only the density of diamond (3.9 x 10'Y cm~?) but also the
diamond grain size increased (¢, = 120 nm): that is, carbon precursors were used for the
growth of the diamond nanoparticles rather than the further nucleation of new diamonds.
Thus, the BEN duration is too long in this region, leading to secondary nucleation[44]],
formation of twin structure, deterioration of epitaxial orientation due to bombardment
with hyperthermal ions.

AtRegion V, the bias current was saturated at the maximum value. Only polycrystalline
diamond rings were detected in RHEED. The whole 3C-SiC surface was covered by non-
epitaxial diamond particles.

Here, we model the bias current variation based on the nucleation process. Note that
we do not need to consider the current from the Mo substrate holder because the plasma
in AE-MPCVD is concentrated only on the substrate. In our experiments, the diamond
nucleation did not start immediately after the bias voltage applied, corresponding to region
Iin Fig. Therefore, the bias current variation due to diamond need not to be considered
in Region I. In this regime, the bias current decreases due to the conversion of the 3C-SiC
surface structure and/or the formation of the damage to the SiC layer. The bias current
variation is described as

1(t) = Jsicexp(—t/C)So (2.5)

where Js;c is the current density on the SiC surface during the BEN process, C is the
time constant, Sy is the whole substrate surface area. At ¢t > r; which is defined as the
minimum current value, the density of diamond particles continues to increase and, thus,

—A"

the surface coverage exponentially increases with 1 —e according to the Kolmogorov-
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Johnson-Mehl-Avrami (KJMA) theory and reported experimental results[69, (73, [74].
Simultaneously, the coverage of 3C-SiC (bias current from diamond) decreases with
exp(—Ar"). The bias current from diamond increases until the entire SiC surface is

covered with diamond. Consequently, the bias current based on diamond is given as

Ioia(®) 0 (t <tg) 2.6)
Diall) = .
T UpiaSo(1 = e A"y (1> 1)

where Jp;, is the current density on the diamond surface, A is the constant value, n is the

Avrami exponent. In contrast, the bias current based on 3C-SiC is given as

JsicSoe™"/€ (t <tq)
Lsic(1) = . (2.7)
JsicSoe AU=1a" (1 = 1)

Thus, the change in the total bias current is described by

1) = JsicSoe™"/€ (t < tg) 08
(Jsic = Ipia)Soe 74" + JpiaSo (1 2 14)

The curve fit of this equation is in good agreement with the experimental bias current
shown in Fig. 27l From the fitting, the surface coverage of diamond is estimated to be
17 % at the 10 Y% increase in the bias current. This value is almost same as that estimated
from the SEM image in region III (Fig. [2.8]).
Here, we show that monitoring the bias current in-situ also works for the diamond nu-
cleation on 3C-SiC/Si(111) substrates with an off-angle of 2.5° toward [HZ] direction.
We nucleated diamonds using a short-time nucleation process called pulsed BEN. The
nucleation conditions are listed in Table and the evolution of the bias current during
the nucleation is shown in Fig. which is similar to that of the (001) substrate. The
only difference was a constant value of A and incubation time 7, in equation which
depends on the CH4 concentration and/or crystal orientation. Although the nucleation
time on the (111) substrate was shorter than that of (001), we could obtain a high density
of epitaxial diamond nanocrystals of 10'° cm~? (Fig. 2.8) in the same manner, i.e., at the

time when the bias current increased by 10 % from the minimum bias current.

2.3.2 Nucleation process analysis by Avrami exponent

The current density is changed due to the formation of the diamond particles because of

changing the electric field and high electron emission efficiency of diamond. The time
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Figure 2.9: The bias current as a function of time for diamond growth on 3C-SiC/Si(111).
The black line denotes the experimental results. The red line is the fitting curve using

equation 2.8]

dependence of surface fraction of the diamond (S(7)), corresponding to the normalized
bias current, (shown in Fig. 2.71and 2.9)) follows the KIMA equation as follows

S(t) = 1 — exp(—At") (2.9)

We fitted the bias current using this theory, and it is good agreement with experimental
data. However, it is known that the Avrami exponent (n) frequently depends on the time
due to the change of surface condition [75]. The nucleation and growth process can be
estimate by the Avrami exponent. In order to obtain the time dependence of Avrami

exponent, the KJIMA equation is transformed into
In(—In(1 - S(7))) = nln(z) + In(A) (2.10)

the Avrami exponent (n) can be estimated by the KIMA plot (i. e. In(—In(1 — S(¢)))
vs In(z)). Figure shows the KIMA plot in region II-IV. The slope of the curve
corresponds to the Avrami exponent. We found that the slope in Region III has an Avrami
exponent of 4. The further analysis can be performed by considering the Avrami exponent

with the following relationship then the Avrami exponent is described by [76]]
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Figure 2.10: KJIMA plot of the diamond (001) nucleation process. The black and red lines

indicate the experimental data and line with n=4, respectively.

n=>b+mp 2.11)

where b indicates the nucleation rate, m and p indicate the growth mode. The nucleation
rate is described as follows: (i) b > 1: increase in the nucleation rate with time; (ii) b =
1: the constant nucleation rate; (iii) O < b < 1: decrease in the nucleation rate with time;
(iv) b = 0: no nucleation. The three possible values for m are 1, 2, and 3 correspond to
the growth mode of one-, two-, and three-dimensional growth mode, respectively. p can
take 1 when the diamond growth is diffusion-controlled and p is 0.5 when the diamond
growth is non-diffusion-controlled. In Region III, the Avrami exponent 4. In this region,
the diamond particle size of 25 nm was observed in the experiment (Fig. 2.8]j). Since it
has been reported that the diamond nanoparticles grow with the non-diffusion-controlled
growth when the size of the nanoparticles less than 60 nm, the value of p is 0.5. In
fact, the size of the diamond nanoparticles hardly changes from Region II to Region
III. Moreover, m = 3 is assumed because the diamond nanoparticles larger in the three-
dimension. Therefore, the b > 1 was obtained from equation 2.11l This indicates that
the diamond nucleation rate is not saturated yet. For the same reason, n > 4 in Region II
means that the nucleation rate of the diamond particles increases with time. In fact, the

diamond nucleation density was increased by a factor of 10 between Region II and III.
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This result suggests that nucleation of diamond continued to occur from Region II to III.
In contrast, n < 4 was obtained from the KJIMA plot in Region IV. In the experimental data,
the diamond particle size was up to 120 nm, indicating the p = 1 because the diamond
grow with the diffusion-controlled growth in this region. Therefore, b < 1 is obtained
in this region, indicating the decrease in the diamond nucleation rate and/or no diamond
nucleation after this region. Comparing with the experimental results shown in Fig. 2.8]
the nucleation density increased with only 2 times or less, whereas the size increased
between Region III to Region IV. This suggests that the diamond was grown in Region
IV rather than the nucleation. Therefore, the bias current increased by 10 % from the
minimum is the limit of the generation of new diamond nanoparticles, and deterioration of
the crystal orientation and secondary nucleation are occur in Region IV due to the collision
of hyperthermal ions to the synthesized diamonds. Summarizing the diamond nucleation
density and its crystalline size, the diamond nucleation density is dramatically increased
after the incubation time (#;). However, the newly synthesized nanoparticles are limited
by current increases of 10 % from the minimum, corresponding to the Avrami exponent
of 4. Therefore, the optimum condition for the diamond nucleation can be determined
by the bias current change during the BEN process. The in-situ monitoring of the bias
current was also performed on 3C-SiC(111)/Si(111) substrates. An Avrami exponent of
4 was obtained in Region III indicating that this monitoring method can be applied to any

crystal orientation to optimize the epitaxial diamond nucleation.
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Figure 2.11: Schematic illustrates of (a)multi AE-MPCVD and (b) large-area nucleation

by scanning whole substrate area.

2.4 Large-area nucleation

We have performed diamond nucleation on 3C-SiC by using AE-MPCVD to concentrate
the electric field at the antenna edge. Although the electric field of an order of 10* V/m
was calculated from FEM, the plasma generation area was limited to the antenna diameter
of 1 cm. In order to increase the area of the diamond nucleation, it is necessary to perform
the nucleation over the whole Si substrate. As the outlook of research, the following two
methods are considered to obtain the large-area diamond nucleation. Importantly, there is

a trade-off relationship between the microwave power density and uniformity [[77]].

1. Increase the plasma generation area by increasing the number of the antenna (Fig.
2.1Tkh): In order to widen the plasma generation region with the same electric
field, a large microwave power is necessary. A large-area growth of diamond film,
however, the microwave power of an order of kilo watt is used. Since we use less
than 1 kW in this thesis, we would achieve it by increasing input microwave power.
Large-area nucleation would be accomplished using multi-antenna CVD and high

input microwave power. It is a future work that concerns about nonuniformity at the
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interface with adjacent plasma

2. Nucleation of diamond by moving the substrate or antenna: The plasma is fixed
at the tip of the antenna in the AE-MPCVD system. However, if the antenna or
substrate is scanned over the whole substrate area with the optimized BEN time at
each position, uniform and large-area diamond nucleation is expected to be obtained.
Our CVD configuration can move the antenna and/or substrate holder as shown in
Fig. 2.11b. In the case of multi-antenna, heterogeneous of the microwave power
density at the plasma interface considered to be a problem. The movable substrate

holder can be useful for homogeneous nucleation of diamond with large-area.

2.5 Conclusion

We have performed epitaxial diamond nucleation on both 3C-SiC(001) and (111) inter-
mediate layers on Si substrates. The diamond nucleation on 3C-SiC by the BEN method
formed the non-crystalline layer at the interface between diamond and 3C-SiC as same
as diamond nucleation on Si. In order to selectively inhibit the non-crystalline region,
we have used the high microwave power density which can be obtain applying the AE-
MPCVD. The AE-MPCVD can increase the decomposition of molecular hydrogen species
due to high electric field. Thus, the non-crystalline region at the interface was inhibited by
the well decomposed hydrogen species. In addition to inhibit the interface non-crystalline
carbon species, we have also performed in-situ monitoring of diamond nucleation during
the BEN process. The bias current variation during BEN process reflects the surface cov-
erage of diamond and its nucleation and growth process can be estimated by the Avrami
exponent. As a result, we have obtained the epitaxial diamond nanoparticles on both 3C-
SiC(001) and (111) using combination of high plasma density nucleation and optimizing

nucleation time by in-situ monitoring during the BEN process.
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Chapter 3

HETEROEPITAXTAL GROWTH

3.1 Heteroepitaxial growth of diamond(001)

The diamond(001) is a basic substrate for diamond applications because of the high
growth rate in the [001] direction, reaching 150 um/h [78]]. The diamond nuclei on Si(001)
directly formed by BEN process are not perfectly oriented and have an angular spread.
To remove misoriented diamond nuclei, a two-step growth method was performed based
on evolutionary selection [[79], which occurred due to the difference in the growth rates
between <001> and <111>. During the first step, the diamond nuclei were preferentially
grown in the <001> direction. In this process, the misoriented diamond particles were
buried, forming a pyramidal structure governed by Wulff construction. Then, during the
second step, preferential growth in the <111> direction was performed to merge and flatten
the diamond surface. The difference in the growth rates between the <001> and <111>

directions is defined as the a-parameter [79].

.
a = V3220 (3.1)

Vin

where Vo1 and Vi1 are the growth rates in the <001> and <111> crystalline directions,
respectively. Generally, @ values range from 1 to 3 according to the law of Wulff con-
struction. A high value of 3 (i.e. Vyo1 = V3Vi11) is obtained by the CVD growth under
conditions of high methane concentration, low temperature, or nitrogen atmosphere. In
order to more improve the tilt spread of diamond films on Si substrates directly, the
two-step growth process has been applied. Wild et al. has reported the highly-oriented

diamond(001) film on Si substrates even though the diamond particles on Si substrates
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were nucleated by “ scratch ” method, by which the nuclei were not epitaxially formed

on Si substrates [[79]. The two-step growth process occurs as follows:

1. The nucleated diamond nanoparticles are preferentially grown to <001> directions.
In this process. The diamond nanoparticles not facing the [001] direction are buried
in the diamond facing the [001] direction based on van der drift’s theory. According
to Wulff’s construction, the crystalline facets with the fastest growth rate disappears,
and the other crystalline facets are appear. In this condition, the growth rate of the
<001> directions are faster than that of the <111> directions. Thus, the diamond

grains form pyramidal structures (Fig[3.Ib).

2. After most of the diamond grains not facing the [001] direction are buried, they
are preferentially grown to the <111> directions. In this process, the (001) facets
appear instead of the (111) facets and they merge with neighboring diamond grains.
Finally, the Si substrate is covered by the (001) diamond facets. (Fig. 3.1k)

Using this technique, the highly-oriented diamond (001) films has been formed in spite of
diamond nanocrystal with several angular spreads on Si substrates. The heteroepitaxial
diamond on Si substrates has been demonstrated using this technique. However, the
diamond nanoparticles on Si substrates have several angular spreads of > 2° because of
large lattice mismatch with diamond. As a result, the diamond grains are not perfectly
coalesced and thus, the heteroepitaxial diamond film shows grain boundaries. In contrast,
a continuous heteroepitaxial diamond films on 3C-SiC has been achieved by utilizing
diamond nanoparticles with a smaller tilt spread after the BEN process [40]. In this
research, the two-step growth method was applied to the diamond nuclei formed by
AE-MPCVD to obtain continuous heteroepitaxial diamond(001) films. Dislocations in
heteroepitaxial diamond films are also important for the design and function of diamond-
based electronic devices. Generally, heteroepitaxial film have high-density dislocations
caused by differences in the lattice constant between the substrate (or buffer layer) and

diamond.

3.1.1 Two-step growth process

The diamond nanoparticles nucleated with the high and low microwave power densities

were further processed using the two-step growth method to obtain diamond films. Figure
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Figure 3.1: Schematic illustration of the two-step growth process.

B.2a,d show the SEM images of the diamond nanoparticles after the BEN procedure
under low and high microwave power densities, respectively. In the first step, diamond
nuclei were grown in a gas mixture of 4 % methane and 120 ppm nitrogen in hydrogen.
Nitrogen was essential for the acceleration of the <001> direction growth. Pyramidal-
shaped diamond grains were observed with the same azimuthal orientation (Fig. 3.2b,e).
However, non-epitaxial diamond grains were also observed (Fig. [3.2b). In contrast, all
diamond grains formed based on the nanoparticles by the high microwave power possess
the pyramid-shaped structure, which indicates that the diamond grains have an epitaxial
relationship with the 3C-SiC buffer layers. Next, the diamond grains were laterally
grown to obtain a film by adjusting the a-parameter. In this process, diamond grains
were grown in a gas mixture of the same methane concentration and 0.25 % oxygen in
hydrogen. The nitrogen gas was not added to reduce the a-parameter. Oxygen was used to
improve the crystallinity of the grown heteroepitaxial diamond film. Despite the utilization
of the identical processes, grain boundaries were observed in the diamond films based
on the nanoparticles formed with the low microwave power density (Fig. 3.2k), whereas
diamond films originating from the nanoparticles formed with high density plasma showed
a continuous film with no grain boundary (Fig. 3.2f). This confirms that the quality of
the heteroepitaxial diamond film can be improved by using the high density plasma. XRD
measurements were performed to measure the mosaic spread of the continuous diamond
films. Figure shows the FWHM of the (004) XRD w-rocking curve as a function
of film thickness. Thick diamond films were synthesized on the 3C-SiC/Si substrates
with an off angle of 3° towards the [110] direction, promoting the frank van der merwe
(FM) (i.e. the step-flow) growth mode. The thin diamond layer approximately 20 um in
thickness showed a large FWHM of approximately 1°. As the film thickness increases,
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Figure 3.2: SEM images after (a, d) the BEN process, (b, €) <001> preferential growth,
and (c, f) <111> preferential growth. (a-c) and (d-f) were for diamond nanoparticles

formed under the low and high plasma density, respectively.

the FWHM dramatically decreases and reaches a value of 0.52° at a thickness of 75 ym.
The optical microscope (OM) image of the 75 um thick diamond film (Fig[3.3b) shows a
step-terrace diamond structure covering the whole 3C-SiC surface. The FWHM of 0.52°
obtained from the 75 pm thick film is smaller than that in a previous report (0.62 ° for a
film thickness of 300 um)[40Q] and, to the best of our knowledge, is the smallest value for
reported diamond films grown on a 3C-SiC/Si(001) system to date.

3.1.2 Residual stress and dislocations in diamond film

The residual stress in the diamond films lead to the increase of curvature. Heteroepitaxial
diamond films usually have high residual stress caused by misfit dislocations and difference
of CTE. The stress in diamond films caused by the difference of CTE between diamond
and Si is described by

e

Othermal = YDiamond/ (a'Diamond - aSi)dT (32)
To
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Figure 3.3: (a) FWHM of XRD (004) rocking curve of heteroepitaxial diamond as a
function of the film thickness. 0.62° at a thickness of 300 um is the smallest value
previously reported in ref inset. (b) OM image of the diamond film with a FWHM of
0.52° at a thickness of 75 ym.

where Yjiamona 1S conversion elastic constant of diamond, T and 7, are temperature of
after and during growth, respectively. The stress in the diamond films at the surface caused
by difference of CTE is described as

A erma
Osur face = O-MB l 3.3)
where A and B is defined as
A=1+ ! 311+ (3.4)
B hCOVYCOV cov .
13 [+ heaYd, (1 + m)
B=1|1+ X 3 3.5
YCOV 1 + Yl
and P
Si
heoy = — (3.6)
Y hdia
Egia(1 = ugia)
Yoy = —— = 3.7
T Eg(1 - ug;) G7)
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Figure 3.4: (a) Raman spectrum of a diamond films in thickness of 280 um. (b) Average
residual stress in the diamond films as a function of the film thickness. Red point and blue
line donate the experimental results and theoretical stress caused by the difference of CTE

between Si and diamond, respectively.

where Egs; = 130 MPa and E;, = 1141 MPa are elastic constant, ug; = 0.28 and uy;, =
0.07 are Poisson’s ratio, h is film thickness. The biaxial stress in the diamond film can be

estimated by Raman scattering spectroscopy with the following relation [80]
o =034 x(v-w) (3.8)

where v and vy are the measured Raman shift of diamond films and theoretical position
of diamond Raman peak at 1332.5 cm™!, respectively. Fig. 3.4l shows a Raman spectrum
of the heteroepitaxial diamond(001) film and the estimated average residual stress. The
diamond film shows a Raman shift of 0.84 cm™, higher than the ideal position. This means
that the film possesses the compressive stress. The experimentally obtained stress in the
diamond film is much higher than the theoretical stress calculated from the difference of
CTE between the diamond and Si substrate. The extra stress in diamond film would be
caused by low angle grain boundaries [81] and/or dislocations [82] in the film. Chemical
etching, such as with oxygen plasma treatment, was used to estimate the dislocation
densities in the diamond film [83]. Etch pits are formed at the dislocations by the oxygen
plasma. Figure[3.5h shows an AFM image of an etched diamond surface. The process was
performed in a gas mixture of 1 % oxygen in hydrogen for 5 minutes in the CVD chamber.

Inverse pyramid pits were observed on the diamond surface, and the dislocation density
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can be estimated by counting the number of the etch pits in a given area. It has been
reported that the dislocation density of the heteroepitaxial film is reduced as increasing
the film thickness for diamond on an Ir buffer layer [84] and for GaAs on Si substrates
[83]]. Figure[3.3b shows the dislocation density of the diamond film grown on the 3C-SiC
buffer layer estimated from the etch pit density of the AFM images as a function of the
film thickness. The dislocation density decreases as the film thickness (h) increases. At a
film thickness of 280 um, a dislocation density of 103 cm™2 was obtained, which is close
to that of a heteroepitaxial diamond grown on Ir with the same diamond film thickness.
The dependence of the dislocation density on the film thickness can be separated into two
distinct regions. The dislocation density depends on 1/h in the region of the film thickness
< 75 um. On the other hand, when the film thickness is > 75 um, a lower dislocation
density is obtained and has an exponential relationship with the film thickness. The scaling
laws of the dislocation density of the heteroepitaxial diamond film on 3C-SiC can be given
by [85]
1

()t

where Do = 2.4 x 10'? cm™2 is the dislocation density at the diamond and 3C-SiC inter-

N(h) = (3.9)

face, estimated from the cross-sectional TEM image, and a and b are fitting parameters.
Note that a and b were defined as
a=no (3.10)

b=kl (3.11)

where n is the cross section of dislocation area, o is concentration of the scattering
matter, k = 1 is used for the diamond structure, in which the dislocations propagate
to the <110> direction and (001) surface, and [y is the reaction distance between two
neighboring dislocations. In the high dislocation density area, the distance between
neighboring dislocations is within /y; thus the dislocations merge with neighboring ones
and their number is dramatically decreased [86l]. In contrast, the dislocations do not
merge with their neighbors in the low dislocation density area, and instead participate in
cyclic reactions with themselves. Thus, the number of dislocations in the heteroepitaxial

diamond were decreased with increasing film thickness.
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Figure 3.6: Dependence of the film texture on the different methane concentration and

temperature [87].

3.2 Heteroepitaxial growth of diamond(111)

Heteroepitaxial growth of diamond(111) has been previously reported on Si(111) [36],
Ir(111) [39], and Pt(111) [3/]. The mosaic spreads of the heteroepitaxial (111) diamond
films were larger than that of (001). This indicates that (111) diamond heteroepitaxy
is more difficult compared to the growth of the (001) diamond. For the diamond(001),
non-epitaxial diamond particles can be easily buried in the epitaxial grains using a high
a-parameter. On the other hand, the growth rate of the (111) diamond is usually slower and
the twin formation also occurs on the (111) diamond facets under a-parameter ranges from
1.5 to 1.7 [877]. Moreover, epitaxial diamond(111) particles are buried in <110> diamond
particles under low a-parameter as shown in Fig. [3.6] making it hard to control its
growth conditions compared with the diamond(001) growth. Thus, the two-step growth
methods which was used for the diamond(001) heteroepitaxy cannot be applied to the
heteroepitaxial growth of the diamond(111). For this reason, the heteroepitaxy on 3C-
SiC(111) has not been so far demonstrated.

In this research, another method is proposed for obtaining the epitaxial diamond(111) films
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Figure 3.7: Schematic illustration of the proposed method for synthesizing a heteroepitax-
ial diamond(111) films on 3C-SiC(111). (a) Diamond on 3C-SiC after the BEN process.

(b) Selective etching of the non-crystalline region and removal of non-epitaxial diamond.

on 3C-SiC(111)/Si(111) substrates. A key process in the proposed method is the selective
oxidative etching of non-epitaxial diamond nuclei. In chapter 2, cross-sectional TEM
observations of non-epitaxial diamond on the 3C-SiC(001) substrate revealed that a non-
crystalline layer was formed at the interface between the non-aligned diamond and 3C-SiC.
Diamond nuclei on Si substrates were similarly formed on a-C:H at the interface between
diamond and Si during the BEN process. The presence of a-C interlayers, at the interface
of the diamond nuclei and 3C-SiC, was also suggested from XPS studies. The addition of a
small amount of oxygen gas preferentially etches away the non-crystalline layer (defective
interface) [66]], and the non-epitaxial nuclei are also spontaneously removed (Fig. [3.7).
Consequently, epitaxial diamond grains become dominant on the 3C-SiC(111) surface.
The initial diamond particle size is critical for this etching process; therefore, a rapid BEN
technique called pulse-BEN was developed. In this section, the heteroepitaxial growth of
diamond(111) on Si(111) substrates via 3C-SiC(111) will be described using the growth

under oxygen enriched conditions.

50



Figure 3.8: SEM images of diamond grains grown (a) without and (b) with oxygen.

3.2.1 Effect of oxygen gas addition for growth of diamond(111)

Figure 3.8k shows the diamond grains grown under conditions in a gaseous mixture of
2 % methane in hydrogen. The 3C-SiC(111) grown on Si(111) with an off angle of 2.5°
toward [112] was used as substrates. The diamond nucleation process was performed as
mentioned in chapter 2. Although some of the diamond nuclei were epitaxially nucleated
after the BEN procedure, the diamond became polycrystalline after the subsequent growth.
It is because the non-epitaxial diamond grains on the non-crystalline regions exist on the
3C-SiC(111) surface. To remove the non-crystalline regions along with the non-epitaxial
diamonds, 0.5 % oxygen was added to the gas mixture. The oxygen is known to be a
highly effective etching gas for carbonaceous materials compared to hydrogen. Figure
shows the SEM image of diamond grains grown with the oxygen gas. The diamond
grains showed triangular or hexagonal (111) facets. Thus, highly oriented (111) diamond

was obtained by the oxygen addition to the growth environment.

3.2.2 Highly-oriented diamond(111) film on 3C-SiC(111)/Si(111)

Figure[3.9h shows an SEM image of a film formed in the presence of the oxygen gas for 3
hours, leading to a film thickness of 3 um. The surface was perfectly covered by triangular
(111) epitaxial grains and they merge with neighboring grains to form larger facets. The
RHEED diffraction patterns (Fig. [3.9b, ¢) showed only diamond spots indicating that the
3C-SiC surface was perfectly covered by diamond. It was also found from the diffraction

that the diamond grains were oriented in the (111) direction with the same azimuthal
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Figure 3.9: (a) SEM image and (b) RHEED pattern of the diamond(111) film grown with
the oxygen gas for 3 h.

orientation. XRD measurements were performed to determine the crystal quality in more
detail. A tilt spread of 2.4° was obtained from the FWHM of the (111) w-rocking curve
(Fig. B.10a). The (1 11) w-scan shows a FWHM of 4.0°, corresponding to an azimuthal
angle spread (Fig. [3.10b). It is worth nothing that the intensities from twins are much
smaller than those from the epitaxial grains in the 360° ¢-scan (Fig. B.10c). The twin
formation is thought to be suppressed by the step-flow growth mode. Those values, i.e.
the tilt spread of 2.4° and the intensity ratio of the epitaxial diamond and twins of 10, are

much smaller than those of the diamond films grown directly on the Si substrates.
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Figure 3.10: XRD measurements of the diamond(111) film. (a) Diamond (111) w-rocking
curve, (b) diamond (111) ¢-rocking curve, and (c¢) diamond azimuthal scan (polar angle
54.7°).
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3.3 Conclusion

We have performed the heteroepitaxial growth of diamond on 3C-SiC. The diamond(001)
on 3C-SiC(001)/Si(001) was grown by two-step growth process. We have accomplished
the tilt spread of 0.53° in diamond films thickness of 75 ym which is smaller than previously
report. The residual stress and dislocation in heteroepitaxial diamond films decrease with
increasing film thickness. The scaling laws of dislocation reduction obey the that of other
semiconductor materials. Thus, the dislocation in the film reaches to 108 cm™2. The
highly-oriented diamond (111) films have been obtained using selectively oxygen etching
growth. The oxygen in the growth gas can selectively etch the non-crystalline carbon at
the interface. After growth for 3 hours, 3C-SiC(111) surface was perfectly covered with
diamond(111) facets. The tilt spread of diamond (111) of 2.4° is much smaller than that
of Si substrates directly and comparable for diamond(111) on Pt(111).
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Chapter 4

POWER AND SENSOR DEVICES

4.1 SBDs on heteroepitaxial diamond(001)

The exceptional electric properties of diamond are promising material for next-generation
power devices. Heteroepitaxial diamond film on 3C-SiC/Si substrate shown in Chapter 3
is promising materials for application of the diamond power devices. As for the first step,
performance of the diamond power device is characterized by SBDs. In this section, we
focus the boron-doped diamond films on 3C-SiC/Si(001) substrates.

4.1.1 Fabrication process of SBDs

Figure shows the fabrication process of SBDs on heteroepitaxial diamond films. The
on-axis 3C-SiC/Si(001) substrates were used as substrates. The nucleation process is
same as mentioned in chapter 2. The thick intrinsic diamond layer of 100 um was
grown by using two-step process, including <001> preferential growth layer and <111>
preferential growth layer. The nucleation and growth process are listed in Table The
film thickness was estimated by growth rate of diamond. Boron-doped diamond film was
synthesized by ASTEX type MPCVD with gas mixture of hydrogen, CH4, oxygen, and
(CH3)3B. In this process, oxygen gas was used for reducing incorporation of boron into
diamond films. Ohmic contact electrodes of Ti/Pt/Au were formed on hydrogen terminated
diamond surface. Schottky electrodes of Mo were formed on oxygen terminated diamond
surface. In order to estimate the boron doping concentration and thickness of boron doped

layers, the SIMS measurement was performed using single crystal diamond films grown
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Figure 4.1: Schematic illustration of the fabrication process of SBDs on heteroepitaxial
diamond(001) films.

on HPHT diamond (001) substrate (Fig. 4.2) under same growth condition. The boron
concentration of diamond films were estimated 2 x 10'® cm™ and thickness of 1 um. Note
that the high boron concentration on the order of 10'® cm™ with thickness of 100 nm at
interface, as shown in Fig. was formed to prevent the spread of depletion layer to
intrinsic diamond layer. Importantly, other impurities of hydrogen, oxygen, and Si reached
to detection limits of SIMS.

4.1.2 Electrical characteristics of SBDs on heteroepitaxial diamond
on 3C-SiC

Figure @3] shows the C> — V characteristic at 100 kHz. Under this high frequency,
most of the interface trapped charier cannot follow. Therefore, boron concentration of

heteroepitaxial diamond films is obtained by

1 = 2N -V) (4.1)
C?  geye NpS?

where S is surface area. Thus, we obtained the boron concentration of 9 x 103 cm™3,
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Figure 4.2: SIMS measurement of homoepitaxial diamond films.
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Figure 4.3: C% — V characteristic of the heteroepitaxial diamond at 100 kHz.

which is almost same as doping concentration of single crystal diamond as shown in Fig.
4.2l Figure 4.4 shows the typical current density-voltage (j-V) characteristic of SBDs on
heteroepitaxial diamond films measured at room temperature. The high rectification of
103 is observed at +5 V. The specific on-resistance of 0.2 Q — cm? is obtained which is
comparable for SBDs on homoepitaxial diamond film of 0.3 Q — cm?[88]. The forward
current density of SBDs is described by

14 Vv
j = sexp(I)(1 = exp(Eo)) (42)

Then, j is defined as

Cl¢bi)
kT

where jg, n, k, A*, ¢p;, and T are the saturation current density, ideality factor, Boltzmann

Js = AT exp(~ (4.3)
constant, Richardson constant, Shottky barrier height, and temperature, respectively. The
best fit result using equationd.2land 4.3]is shown in Fig. [4.4las red line. The ideality factor
(n) of 1.8 and Shottky barrier height (¢;;) of 1.1 €V were obtained. The high rectification
of 107 is observed in the temperature range from RT to 500 K (Fig. B.3h). Importantly,
the ideality factor decreases with increasing the temperature (Fig. 4.3b). Conversely, the
apparent barrier height tends to increase to 1.5 eV as the temperature rises. This behavior is
considered as a transition of the interface current transport from thermionic field emission
to thermionic emission. At the low temperature, the carrier tunneling probability through

the Schottky barrier is higher than that at high temperature. Therefore, the ideality factor
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Figure 4.6: j-V characteristic of SBDs on heteroepitaxial diamond at RT with voltage
ranges from 50 to -10 V.

is decrease to 1.2 at 500 K.

The SBDs on heteroepitaxial diamond films show the good electric characteristics
under temperature range from 300 to 500 K and voltage range of +5 V as shown in Fig.
4.3l The remaining issue of the SBDs of the heteroepitaxial diamond is the leakage
current at the high reverse bias voltage. The leakage current is rapidly increased with
increasing the reverse bias voltage, as shown in Fig. One of possible cause is
dislocation in the heteroepitaxial diamond films. In chapter 3, we have estimated the
dislocation density by H,/O; plasma treatment (Fig. ), and the dislocation density
decrease scaling laws of equation Therefore, the leakage current should be decrease
with increasing the thickness of heteroepitaxial diamond film. However, the dislocation
reduction by increasing film thickness is required very long time. Further improvement of
the heleroepotaxial growth and device technology are necessary to suppress the leakage
current.

Therefore, the new technology for reduction of dislocation is required. Figure
shows the heteroepitaxial diamond films in thickness of 15 ym grown under same growth
condition. We performed H, /O, plasma treatment for formation of etch-pit at the surface,
corresponding to dislocations at the diamond surface. Figure 4.7b,c show the SEM

images after Hy/O; plasma treatment for 1 hour. The two (large- and small-) size etch-

60



Figure 4.7: SEM images of (a) as-grown surface and (b) after H, /O, plasma treatment of
diamond films with thickness of 15 um. (c¢) magnified SEM image of marked area of (b).

pits were observed after Hy /O, plasma treatment. It has been reported that the leakage
current is proportional to the number of large etch-pits[88], and it is considered that
the leakage current is increased by this large etch pit. It have been revealed that the
dislocation in diamond can be decreased by hole. It was accomplished following ways([89]:
(i) Formation of hole in the diamond substrates (Fig. 4.8h); (ii) Diamond substrates
laterally grown by CVD (Fig. E.8b); (iii) merge the lateral growth front (Fig. 4.8k).
In the case of heteroepitaxial diamond films, the large etch pits are formed at the 45°
mixed dislocation[83]], which is considered that main component of increasing the leakage
current. Therefore, after the formation of large etch pits by H, /O, plasma treatment, the
heteroepitaxial diamond films laterally grown by CVD. Using this process, the 45° mixed

dislocation can be selectively reduced.
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films[89].
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4.2 NV centers in heteroepitaxial diamond(111)

The diamond sensors using NV centers have been predominately demonstrated by
using single-crystal diamond substrates. Heteroepitaxial diamond films on Si substrates
is expected to enable on-chip integration with well-established Si CMOS technology.
Another advantage of heteroepitaxial thin films is the fabrication of photonic structures,
as demonstrated for NV and SiV centers [25] [90]. Very bright single photon emission
was also reported from a SiV center in nanodiamond formed on the Ir surface. Regarding
the NV sensor devices, control of the alignment of the N-V axis is crucial to achieve
high-sensitivity. Perfect alignment of ensemble NV centers to one atomic direction can
maximize the contrast of ODMR [21} 22} 22 91]. The alignment of NV centers towards
one direction have been demonstrated in diamond(111) single-crystal substrates via CVD
growth. However, there have been no reports on the formation of aligned NV centers in
heteroepitaxial diamond films. In this section, we will describe the formation of aligned
NV centers in heteroepitaxial diamond(111) films on the 3C-SiC/Si substrates. The issues
of the growth on the Si substrates, SiV centers are easily formed in heteroepitaxial diamond
films. The SiV centers lead to deterioration of contrast of ODMR because their ZPL of
738 nm is located within the phonon sideband of NV centers (637-800 nm). Oxygen gas
addition during CVD growth is known to improve diamond crystal quality and inhibit the
incorporation of Si impurities [92]]. Thus, here, we demonstrate the formation of the [111]
aligned NV centers while suppressing the incorporation of the Si impurities into diamond

films by using oxygen gas.

4.2.1 Fabrication process of NV centers in heteroepitaxial diamond

Figured.9shows the experimental procedure of the formation of NV centers in heteroepi-
taxial diamond films on the 3C-SiC/Si(111) substrates. First, heteroepitaxial diamonds
were nucleated by MPCVD using the BEN procedure (Fig. 4.9%,b). The BEN process
was performed at a voltage of -150 V in a gas mixture of 20 % CHy4 in Hy. At the first,
we incorporated NV centers directly on the diamond particles to investigate the effect
of oxygen gas on the SiV formation (Fig. 4.9c). As the second experiment, non-doped
(intrinsic) diamond(111) films were fabricated without nitrogen gas (Fig. 4.9d). Then,
the subsequent growth was performed under the conditions for the NV center formation

optimized by using the diamond particles (Fig. 4.9¢). The fabricated NV centers in the
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diamond particles and films were characterized using confocal fluorescence microscope
with an excitation laser (wavelength: 532 nm) and a detector of an avalanche photo diode.
The measurements were performed with an air objective (numerical aperture: 0.95) at

room temperature.

4.2.2 NV centers in diamond particles

Figure shows the PL spectra of heteroepitaxial diamond particles grown under
different oxygen concentrations (0.1 %, 0.3 % and 0.5 % in the H, gas). The strong ZPL
of the SiV center appears at 738 nm with 0.1 % oxygen. The increase in the oxygen
concentration effectively reduces the SiV fluorescence. The 0.5 % sample clearly shows
the ZPL of the NV center, and the intensity of the SiV center is much lower than that of
0.1 % conditions. Figure shows the evolution of the peak intensity of the SiV center
plotted versus the oxygen concentration in the gas phase. The emission intensity of the
SiV color center was monotonically reduced with respect to the oxygen concentration. At
oxygen concentrations of over 0.6 %, diamond particles were not observed on the 3C-SiC
at all because the high oxygen concentration gives rise to a high etching rate of the diamond
compared with the growth rate [93]]. Thus, we defined the oxygen concentration of 0.5 %o
is suitable for the formation of NV centers while suppressing SiV centers. The reason for
the reduction of the SiV intensity by oxygen is considered to be the formation of silicon
oxide in the gas phase, which prevents the Si atoms from being incorporated in diamond.
In fact, it has been reported that the concentration of Si impurities in an epitaxial grown
diamond film decreased with increasing the oxygen concentration [92].

A confocal fluorescence microscope image of diamond particles including NV centers
isshown inFig. 4. 1Th. A typical triangle (111) facet is seen in the inset of Fig. 4. 1Th, which
indicates that the diamond particle was epitaxially nucleated on the 3C-SiC surface. The
density and size of the diamond particles were approximately 108 cm™ and 0.5 — 2 um,
respectively. Importantly, decreasing of an order of 10* of SiV centers into diamond was
obtained by oxygen addition Fig. 4.10b. However, the NV center density of an order of
10> was estimated from photon count rate, which is only one digit lower than that of single
crystal diamond formed by CVD without oxygen condition [21]]. The reason for effectively
reduction of SiV centers is considered as oxide species are more difficult to incorporate
into diamond films than the non-oxide species on the growing diamond surface. In fact, it

was reported that the concentration of oxygen in epitaxial grown diamond film is less than
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Figure 4.9: Schematic illustration of the formation procedure of NV centers on heteroepi-

taxial diamond(111) particles and films.

65



107

7107 z
— «Q
5 210% 3
S, = 2
z g10° . 2

c L]
S S 10% 5
=N : & . 3
x5 . 05% 10% ° 3

600 650 700 750 800 100 0.1 02 03 04 05 0.6
Wavelength [nm] Oxygen concentration [%]

Figure 4.10: (a) PL spectra of diamond particles. The particles were formed by the 10
seconds BEN process and subsequent growth for 30 minutes under an oxygen concentration
of 0.1 %, 0.3 % and 0.5 %. (b) Evolution of the peak intensity of SiV centers with respect

to the oxygen concentration in the H, gas.

the detection limit of SIMS even the oxygen exists in the gas phase [92]. Considering the

reaction of oxygen with Si and nitrogen, these are written as follows:
Si+ 0y — Si0+0 (4.4)

N+0Oy—> NO+O 4.5)

Then, the chemical reaction rate (v) in the plasma is described by
v = k[A][B] (4.6)

where k is rate coefficient and [A] and [B] are concentrations of A and B, respectively. The
rate coefficients of these pathways are kg; = 2.7 X 10719 [94] and ky = 4.4 x IO_IZeﬁ
[95]. Considering the growth temperature (T) of around 1400 K, the reaction rate rela-
tionship of Si > N is calculated. Thus, Si was strongly suppressed by oxygen introduction.
ODMR measurements were performed with a static magnetic field applied along the [111]
direction to investigate the atomic orientation of the NV centers in the heteroepitaxial
diamond particle (Fig. B.11b). It is possible to distinguish between the [111] orientation
and the orientation of the rest of the NV centers (i.e. [111], [111] and [111]). Figure@.11b
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Figure 4.11: (a) Confocal fluorescence microscope image of diamond particles on a 3C-
SiC/Si substrate grown for 30 minutes under an oxygen concentration of 0.5 %. An
inset shows a magnified epitaxial diamond particle, and scale bar is 500 nm. (b) ODMR
spectrum of the epitaxial diamond particle. A magnetic field was applied along the [111]

direction.

shows an ODMR spectrum from an epitaxial diamond particle. The peaks at the lowest
and highest frequencies correspond to the NV centers aligned to the [111] direction, while
the inner peaks come from the other three directions. The alignment ratio is obtained

from[96]]
St11

n=
Slll + 1-4S0thers

where S11; and Sy5ers are intensity of ODMR spectrums of [111] direction and other

4.7)

direction, respectively. By comparing the peak intensities, the alignment ratio to the
[111] direction was estimated to be 89 %, indicating that the NV centers can be prefer-
entially aligned on the (111) surface of the epitaxial diamond particle. This alignment of
NV centers in small diamond particles would be useful for high sensitivity temperature

sensors[97]].

4.2.3 NV centers in heteroepitaxial diamond films

We then formed the heteroepitaxial diamond(111) thin films and incorporate NV centers
on top. After the formation of an intrinsic diamond film, NV centers were incorporated
under the same conditions as the growth of the diamond particles above (i.e. oxygen

concentration of 0.5 %). Figure [4.12] shows the crystal orientation distribution and {001 }
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Figure 4.12: EBSD analysis of heteroepitaxial diamond films. (a) (001) pole figure of het-
eroepitaxial diamond(111) films. (b) The surface fraction of heteroepitaxial diamond(111)

films with respect to the misorientation angle from [111] direction.

pole figure of heteroepitaxial diamond films after incorporating NV centers, measured by
EBSD, which were acquired using area of 50 x 50 um? with step size of 200 nm. The
three-fold symmetry pattern indicating the epitaxial diamond particles was observed from
{001} pole figure of (111) diamond. Although the diamond films include X3{111} twins
(misorientation angle of around 60°) [98] and X5{001} twist (misorientation angle of
around 35°)[99]] components, most of diamond surface was epitaxially oriented. These
grain boundaries (£3 and X5) are often observed in homoepitaxial diamond (111). Figure
and b show a SEM and confocal images of the fabricated heteroepitaxial and ho-
moepitaxial diamond film grown under same growth condition, respectively. Considering
the growth rate in heteroepitaxial films, the thickness of the intrinsic and NV layers was
estimated to be 10 and 1.5 um, respectively. The NV center density in both the heteroepi-
taxial and homoepitaxial diamond films were estimated to be on the order of 10'> cm™.
which was obtained with comparison to a photon count rate of a single NV center. Al-
though the diamond grains are not perfectly coalesced because of a tilt spread of around 2°
(i. e. low angle grain boundary), the surface is covered by triangle and hexagonal grains
which are typical (111) facets. The grains show higher fluorescence intensities than that
at the grain boundary. We found that a high amount of amorphous carbon was formed at
the grain boundaries, which would inhibit the formation of high-quality diamonds with
NV centers. We evaluated the alignment of the NV axis using equation in both the

68



AL

W, oy Tt

Heteroepitaxial |

. o

~Homoepitaxial

2.70

280 290 3.00
Microwave fregency [GHZ]

Figure 4.13: SEM and confocal images of (a) heteroepitaxial and (b) homoepitaxial

diamond films grown under same growth condition. (c) Typical ODMR spectrums of

heteroepitaxial (upper) and homoepitaxial (bottom) films.
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Figure 4.14: (a) confocal fluorescence microscope image of a heteroepitaxial diamond
film. (b) ODMR spectrum at the heteroepitaxial grain and grain boundary, marked in

panel (b).

heteroepitaxial and homoepitaxial diamond films by ODMR measurements (Fig. 4.13k).
We obtained the alignment ratio of 66 % on average from the heteroepitaxial diamond
films, which indicates the NV centers in heteroepitaxial were preferentially aligned toward
[111] direction. However, the NV centers in homoepitaxial diamond films were perfectly
aligned toward [111] direction (i. e. the alignment ratio of 100 %). We considered
that the difference of alignment ratio between heteroepitaxial and homoetpitaxial diamond
films caused by difference of growth mode. In the case of homoepitaxial diamond films,
the step-flow growth mode promotes the formation of alignment NV centers. In fact, the
surface structure of homotepitaxial diamond films shows step-terrace structure. In con-
trast, the heteroepitaxial diamond films shows the grain boundaries caused by tilt angular
spreads estimated form EBSD. If the grain boundaries are clearly observed, it propagates
to growth direction instead of step-flow growth[100]. The measurements were performed
at the diamond grain and the grain boundary as shown in Fig. £.14l The signals from the
[111] aligned NV centers at the grain are 4.7 times stronger than that from the orientation
of the rest of the NV centers, indicating the preferential alignment of the NV centers. The
alignment ratio to the [111] direction ranges from 60 to 90 % with the average value of

70 %. In contrast, the grain boundary shows more random orientations, giving rise to the
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average ratio of 50 %. Therefore, in the case at the grain boundaries, it is thought that the
grain edges inhibits the step-flow growth, which leads to the formation of the NV centers
with more random orientations. It is expected that a flat and continuous heteroepitaxial
(111) diamond film without grain boundaries makes it possible to fabricate the sensor
platform of the perfectly-aligned NV quantum sensors. It is worth noting that, at the grain
boundary, the center position between the two ODMR dips from the [111]-aligned NV cen-
ters shifted by -10 MHz with respect to that at the grain. This means that a tensile stress of
1 GPa with uniaxial direction was generated for the NVs at the grain boundary[[101} [102].
The larger strain at the grain boundary has been also observed in a polycrystalline diamond
using NV centers[103]]. Finally, the spin coherence time (T;) of the NV centers on the
heteroepitaxial diamond film was evaluated by a Hahn-echo sequence. For comparison,
NV centers on a single-crystal (111) diamond substrate was characterized. We obtained a
spin coherence time of 6.0 us on the heteroepitaxial film, which was comparable to that on
the single-crystal diamond (6.2 us), as shown in Fig. Both the spin coherence times
are thought to be limited by substitutional nitrogen atoms (called P1 center)[[104]. This
indicates that other paramagnetic impurities and defects in the heteroepitaxial diamond

film is suppressed to the level in the homoepitaxial film.

4.2.4 Magnetic sensitivity of NV center in heteroepitaxial diamond
film

Although the NV centers in heteroepitaxial diamond films were preferentially aligned
toward [111] direction, the alignment ratio is lower than that of single crystal diamond.
In addition to alignment ratio, FWHM of ODMR is much wider than that of single
crystal diamond. In order to obtain higher sensitivity, improving both alignment ratio and
FWHM of ODMR are required. This is because that the alignment ratio and FWHM are
corresponded to contrast of ODMR and dephasing time (T5), respectively. We assumed
that the difference between heteroepitaxial and single crystal diamond is caused by grain
boundaries at the film surface and/or residual stress in the films. As mentioned above,
the growth mode at the grain boundaries are little different with diamond grain due to
the propagation of grain boundaries. The residual strain in the film is also caused by
grain boundaries because the low angle grain boundaries form the dislocation and/or
disclination. If the residual stress in the diamond films are caused by CTE difference

between diamond and Si, the stress in the diamond films is only compressive stress of 0.5
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Figure 4.15: Spin coherence time of NV centers on the heteroepitaxial diamond film
(upper curve). For comparison, spin coherence time of NV centers formed on a single
crystal diamond is shown (bottom).
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Figure 4.16: Schematic illustrates of crystal structure of 3C-SiC(110) and diamond(111).

GPa. However, the stress in heteroepitaxial diamond films existed both of compressive
and tensile stress of above 1 GPa which is estimated from shift of zero-field splitting
parameter of 2.87 GHz. Therefore, the stress in the diamond films is considered to induce
the deterioration of alignment of the NV centers. For these reasons, perfectly coalesced
diamond films (i. e. without grain boundaries films) lead to improve the alignment
ratio of NV centers and FWHM of ODMR. The grain boundaries are caused by the tilt
spread of diamond grains. One way to reduce the tilt spread of diamond(111) grains is
to reduce the lattice mismatch. The lattice mismatch with diamond of 3C-SiC(111) is
18 Y. Considering the 3C-SiC(110) surface, the lattice mismatch with diamond(111)
can be decrease (Fig. 4.16). Heteroepitaxial growth of 3C-SiC(110) have been reported
on Si(111) substrates and this system may reduce the lattice constant mismatch between
3C-SiC and Si, and then improve the crystal quality of 3C-SiC(111)[105, [106]. Thus,
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the diamond(111) on 3C-SiC(110) would be improve the crystal quality of heteroepitaxial
diamond(111) films.

We calculate the sensitivity of NV centers in heteroepitaxial diamond films using equation
The magnetic sensitivity is described by

h
]] =
2ngupC\InNT;

where & is Plank constant, g is g-factor, u; is Bohr magneton, N is the number of NV
center, C is contrast of ODMR, and T is dephasing time. Figure.17]shows the calculated

sensitivity of NV centers with thickness of 1.5 ym in heteroepitaxial diamond films. The

(4.8)

magnetic sensitivity is calculated as several nT/VHz to several hundred pT/VHz using
equation 4.8l However, it is necessary to further increase the sensitivity in order to use
as magnetocardiogram or magnetoencephalography. If a perfectly aligned stress-free film
can be realized using the above method (i. e. heteroepitaxial growth of diamond (111)
on lattice matching 3C-SiC (110)), the sensitivity will be comparable to NV centers in
homoepitaxial diamond films. Furthermore, since the film thickness of the NV center
fabricated this time is as thin as 1.5 um, if it can be increased to a thickness equivalent to

that of the (001) film, application as a magnetoencephalography can be expected.
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4.3 Conclusion

Using the heteroepitaxial diamond (001) and (111), we have demonstrated power
devices as SBDs and magnetic sensors, respectively. The diamond SBDs showed a high
rectification of 103 at +5 V. The specific on-resistance (0.2 Q — cm?) is comparable
with SBDs using single-crystal diamond films. However, the leakage current at higher
voltage (>10 V) was increased, due to the high dislocation density in the heteroepitaxial
diamond films. Further improvements in the heteroepitaxial growth and device technology
are necessary to suppress the leakage current. The sensor devices using NV centers in
diamond were formed in both the heteroepitaxial diamond (111) particles and films. The
NV centers in heteroepitaxial diamond could be preferentially aligned in the one-atomic
direction, leading to improved sensitivity as confirmed in experiments. However, the
calculated sensitivity was still lower than that of homoepitaxial films, so the crystal quality
of heteroepitaxial diamond (111) films should be further improved. These developments

in heteroepitaxial diamond films could be used as a diamond device platform.
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Chapter 5

SUMMARY

5.1 Thesis summary

In this thesis, we have performed heteroepitaxial growth of diamond on a Si substrate
via 3C-SiC intermediate layer to synthesize large-area and low-cost diamond film for both
next generation power devices and high sensitivity sensor devices.

In Chapter 2, we have developed the improving and optimizing of epitaxial diamond
nucleation on 3C-SiC during the BEN process by using the combination of high-density
plasma and in-situ monitoring of the nucleation process. At the initial stage of the BEN
process, non-epitaxial diamond nanoparticles synthesized though the non-crystalline car-
bon species. However, the non-crystalline impurities are selectively etched by atomic
hydrogens which are effectively generated by the unique system of AE-MPCVD. More-
over, the optimization of the BEN process. Moreover, optimization of the BEN duration
was performed by the in-situ monitoring of the bias current. The bias current variation
is caused by increasing diamond surface coverage. The bias current variation was good
agreement with KJMA theory. Using the KIMA theory, the diamond nucleation process
can be estimated from the Avrami exponent. In the case of 3C-SiC, the Avrami exponent
of 4 was obtained the increasing bias current of 10 % from minimum, which indicates
that the nucleation process of diamond is saturated. This characteristics were observed
form both of 3C-SiC (001) and (111). Therefore, this technique is useful for each crystal
orientations.

In Chapter 3, we have investigated the crystal orientation and dislocation reduction of

heteroepitaxial diamond(001) films and developed selectively growth method of epitax-
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ial diamond(111) films. The diamond(001) films of which nucleated by combination of
high-plasma density and optimized by the in-situ monitoring of the bias current shows the
smallest tilt value of 0.52°, compared with previously reported heteroepitaxial diamond
films on 3C-SiC. The dislocation and residual stress in the diamond films are decreased
with increasing films thickness. This suggests that the dislocation in the heteroepitaxial
diamond(001) films can be improved by increasing the films thickness. We have achieved
the dislocation density of an order of 108 cm™2 ,which is comparable for natural single
crystal diamond. The diamond(111) films have been reported first time. This is enabled
by the combination of nucleation process as mentioned in chapter 2 and selectively etch-
ing process of non-epitaxial nanoparticles by oxygen. The tilt spread of diamond(111)
on 3C-SiC is wider than that of (001), however, it is much smaller than highly-oriented
diamond(111) films on Si substrates directly and comparable that on Pt(111).

In Chapter 4, we have demonstrated power devices as SBDs and magnetic sensor by using
heteroepitaxial diamond (001) and (111), respectively. The diamond SBDs shown high
rectification of 108 at +£5 V. The specific on-resistance of 0.2 Q — cm? which are compara-
ble for SBDs on homoepitaxial diamond films. Further improvement of the heteroepitaxial
growth and device technology are necessary to suppress the leakage current. The sensor
devices using NV centers in diamond were formed in the heteroepitaxial diamond (111)
films. The NV centers in heteroepitaxial diamond could be preferentially aligned to the
one-atomic direction and leading to improving the sensitivity was confirmed. However, the
calculated sensitivity was lower than that of homoepitaxial films. In order to obtain higher
sensitivity, it is necessary to improve the crystal quality of heteroepitaxial diamond(111)
films. These development of the heteroepitaxial diamond films is expected for large-area

and low-cost power and sensor devices platform.
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Appendix A

APPENDIX

A.1 Growth of single crystal 3C-SiC on Si

We used the single crystal 3C-SiC intermediate layers grown on Si as substrates for
heteroepitaxial growth of diamond. As the 3C-SiC(001) intermediate layers, we used the
3C-SiC with thickness of 4 um with on-axis and off angle of 2.5° toward [011] direction.
The substrates with off angle which promotes step-flow growth because the dangling-
bonds of zinc-blende structure faces the [011] direction were used for improving films
quality of diamond. The 3C-SiC(111) of thickness of 1 pum with off angle of 2.5° toward
[112] direction was used for heteroepitaxial growth of diamond(111). The substrates with
off angle and direction of (111) are also formed to promote step-flow growth and formation
of aligned NV centers (mentioned in chapter 4). The growth process of 3C-SiC on Si is

as follows:

1. The Si substrates is heated by low-pressure horizontal hot-wall CVD reactor at a

temperature above 1000°C.

2. Hydrocarbon gas is introduced into CVD chamber. In this step, the 3C-SiC nanopar-

ticles are epitaxially synthesized on Si substrates.

3. After synthesizing the 3C-SiC nanocrystals on Si substrates, it is grown by hydrogen,

hydrocarbon, and silane gas mixture.

Figure[A.Ilshows the SEM and XRD rocking curve of 3C-SiC grown on Si substrates.
Although the 3C-SiC(001) shows APD boundary at the surface caused by compound
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Figure A.1: SEM image and XRD w-rocking curve of 3C-SiC (a,b) (001) and (c,d) (111).

materials, the diamond is not formed that structure because the diamond is composed only
carbon atom. The grain boundaries are existed at the 3C-SiC(111) surface. The FWHM of
XRD rocking curve of 0.16° was obtained in 3C-SiC(001) films, which is smaller than that
of heteroepitaxial diamond films. Therefore, the heteroepitaxial 3C-SiC films has enough
quality for heteroepitaxial diamond films. In fact, the heteroepitaxial diamond(001) films
on Ir has only tilt spread of 0.02° even though the tilt spread of Ir layer is around 0.2°.
This is caused by evolutionally selection theory during diamond growth. Tilt spread of
0.36° was obtained from 3C-SiC(111) heteroepitaxial films.
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A.2 Diamond nucleation and growth conditions

The nucleation and growth conditions of diamond used in this thesis are summarized as

follows:

Table A.1: Nucleation Conditions used for section 2.2
low plasma density high plasma density

Pressure [kPa] 10 20
CHy concentration [%] 1 4
Input microwave power 200 600

Distance [mm] 10 12

Bias Voltage [V] -50 -100
Temperature [°C] 750 750
Nucleation time [min] 10 5

Table A.2: Nucleation condition used for section 2.3
(001) (111)

Pressure [kPa] 20 20
CHy concentration [%] 10 20
Input microwave power 800 800

Distance [mm] 12 12

Bias Voltage [V] -150 -150
Temperature [°C] 1000 1000
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Table A.3: Growth conditions used for Fig.

growth direction

<001> preferential

<111> preferential

Pressure [kPa] 5
CH4 concentration [%o] 1
N> concentration [ppm] 120

O, concentration [%] -
Input microwave power 350
Temperature [°C] 750

5
0.5

0.25

350
800

Table A.4: Growth condition used for Fig. [3.3]

growth direction

<001> preferential

<111> preferential

Pressure [kPa] 20
CHy concentration [%] 4
N, concentration [ppm] 120

O concentration [%] -
Input microwave power 800
Temperature [°C] 800

20
4

0.25

800
800

Table A.5: Growth conditions used for section 4.1

growth direction <001> preferential

<111> preferential

Boron doping

Pressure [kPa] 30
CH,4 concentration [%] 2
N, concentration [ppm] 120

O, concentration [%] -
TMB concentration [ppm] -

Input microwave power 600

30
2

0.5

600

13
0.6
0.25
0.5
1200
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Table A.6: Growth condition used in section 4.2

intrinsic Formation of NV center

Pressure [kPa] 20 20
CHy concentration [%] 1 2
N, concentration [ppm] - 300

O, concentration [%] 0.25 % 0-0.6 %
Input microwave power 650 650
Temperature [°C] 1100 1100
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